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Abstract 

 

Haemonchus contortus (barber’s pole worm) is an economically important and highly 

pathogenic parasite of small ruminants (sheep and goats) principally residing in regions with 

summer dominant rainfall. In recent years, anecdotal reports of a change in the distribution and 

epidemiology of H. contortus have emerged, with an apparent increase of outbreaks occurring 

in the cooler, winter rainfall regions of southern New South Wales (NSW). The high level of 

genetic diversity within H. contortus populations has long been recognised, and is considered 

to be an attributing factor to the adaptive capabilities of the parasite to a range of climates, 

including those previously considered less favourable for the development of the free-living 

stages. 

The extent of genetic diversity within and among a set of 26 isolates of H. contortus originating 

from both haemonchosis endemic and sporadic regions of northern and southern NSW 

respectively, were examined to gain insight into the population structure of H. contortus on a 

regional scale. The aim was to identify differences between the isolates characterised by their 

contrasting climatic and geographical origins, using both phenotypic and molecular genetic 

markers. 

Three morphological characters were studied, namely the female vulva region and male bursa, 

including spicule lengths and distance of the left and right hooks from the spicule tips. Overall, 

a high level of morphological variation was apparent with some significant differences observed 

between isolates based on male morphologies. However, no distinct clustering of either male 

or female morphological traits could be associated with isolate origin or climate. 

Some phenotypic divergence was observed in the second study in which a cool climate isolate, 

Tooma 1 2016, appeared to be more tolerant of cold temperatures in comparison to isolates 

from warmer areas. Eggs of isolates Bundarra 2014, Book Book 2016 and Tooma 1 2016 were 

examined for their ability to hatch at different temperatures with Tooma 1 2016 the more 

successful isolate in which some hatching occurred at 8°C (1.8%) and 11°C (1.7%). 

To further test the hypothesis of discontinuity between isolates from northern and southern 

NSW, two population genetic studies utilising nuclear DNA makers were performed. In the 

first study, amplification of the guanosine triphosphate (GTP)-binding protein gene (Hc cgta) 

was undertaken to identify sequence variations and population genetic diversities amongst 17 

isolates of H. contortus representing northern NSW/Queensland and southern NSW/Victoria. 



 
 

xx 

 

Genetic variation was high and predominately within isolates (95.33%) with only minor 

differentiation (3.09%) between the two study groups. In the proceeding genetic study, a panel 

of single nucleotide polymorphisms (SNPs) was used to assess and compare the genetic 

diversity and population structure of H. contortus in NSW on a more detailed scale. Differences 

in allele frequencies were made by allelotyping pooled DNA samples from 16 different H. 

contortus isolates. No geographical differentiation between northern and southern NSW 

isolates was evident following a principal component analysis (PCA). Furthermore, pairwise 

FST values between each of the 16 isolates was low (<0.05). 

The high level of diversity observed across the successive studies, is in agreement with previous 

studies of H. contortus in Australia and many other regions of the world, and can be attributed 

to their large population size. The low levels of population structure observed in this research, 

are suggestive of high gene flow between northern and southern regions of NSW. Although 

mechanisms of gene flow were not evaluated within this study, migration of parasites through 

anthropogenic livestock movement is highly likely. This conclusion has important implications 

regarding the emergence and spread of drug resistance in nematode populations and serves as 

a timely reminder of the importance of appropriate worm control measures, including the use 

of quarantine treatments to prevent further anthelmintic resistance in not only H. contortus but 

other important gastrointestinal nematodes of sheep.  
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Chapter 1. General introduction 

 

As of June 2019, there were 66 million sheep and lambs in Australia (Australian Bureau of 

Statistics, 2020), with New South Wales (NSW) the largest sheep producing state with 25.2 

million head (Meat & Livestock Australia, 2019). Sheep production occurs primarily in the 

high rainfall, pastoral and sheep/wheat zones of NSW (Price, Lovett, & Lovett, 2005) and 

contributes significantly to the state’s economy. In 2018–19, the total value of wool exports 

from NSW was $812 million alongside $927 million in sheep meat exports (Department of 

Primary Industries, 2019). 

Internal parasite infections are a common and important health problem of sheep in Australia 

and remain a significant concern to the profitability of the industry (Besier & Love, 2003; Cole, 

1986). In Australia, the annual cost of internal parasites to the sheep industry has most recently 

been estimated at $436 million in terms of lost productivity and prevention costs (Lane, Jubb, 

Shephard, Webb-Ware, & Fordyce, 2015). The trichostrongylid species, Haemonchus 

contortus (barber’s pole worm), Trichostrongylus spp. (in particular T. colubriformis and T. 

vitrinus, black scour worms) and Teladorsagia circumcincta (small brown stomach worm) are 

the most abundant and pathogenic gastrointestinal nematode (GIN) parasites to infect sheep in 

Australia (Besier & Love, 2003; O’Connor, Walkden-Brown, & Kahn, 2006).  

The relative importance of GIN parasites to sheep production in Australia varies across the 

wide range of climatic zones and production systems in which the industry operates. The 

external environment has a profound effect on the development and survival of the free-living 

stages. Consequently, the distribution and seasonality of GIN parasites are reflections of their 

developmental requirements, in particular, temperature and moisture (O’Connor et al., 2006). 

In the temperate, summer rainfall regions of northern NSW, H. contortus is the most important 

GIN and can often be the cause of ill-thrift and heavy mortalities in sheep and goats during the 

warm, wet summers. In contrast, haemonchosis is typically an occasional or rare occurrence in 

southern NSW regions, where low winter temperatures and hot dry summers generally restrict 

larval development (Besier, Kahn, Sargison, & van Wyk, 2016b; O’Connor et al., 2006). 

However, in recent years, anecdotal reports of unexpected H. contortus burdens measured 

during the cold, winter months have emerged from parts of southern NSW and northern 

Victoria. Discussions with sheep producers, local veterinarians, NSW Local Land Services 

(LLS) and animal health product merchandisers, have strongly suggested a trend during the 
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last ten years or more with haemonchosis being more frequently encountered in environments 

with colder ambient temperatures than zones where classic endemic disease is more 

traditionally expected (R.G. Woodgate, personal communication, June 16, 2014). 

The apparent ability of H. contortus to extend its geographical range to include a wide range 

of climatic zones can perhaps be attributed to the parasite’s exceptional plasticity and genetic 

diversity that allows for adaptive changes to occur (Gilleard & Redman, 2016; Poulin, 2007). 

Changes in environmental conditions can trigger a response in parasite form, physiology or 

behaviour to allow integration of the parasite into its environment, and in time, a shift towards 

alleles with an adaptive advantage through natural selection (Gilbert, Bosch, & Ledón-Rettig, 

2015; Poulin, 2007). Consequently, the presumed increase of H. contortus in parts of southern 

NSW and northern Victoria, could be a reflection of environmental adaptation, in that local 

parasite populations have become more cold tolerant for the development and survival of the 

free-living stages (Besier et al., 2016b; Waller & Chandrawathani, 2005).  

Intraspecific variation in tolerance of environmental conditions between H. contortus in 

different geographical regions, for example northern (endemic region) and southern (sporadic 

region) NSW, could be characterised using phenotypic and molecular genetic markers. 

Analysing variation within and among parasite populations, can provide insight into their 

population structure – the organisation of the total genetic diversity within and among a set of 

populations (Anderson, Blouin, & Beech, 1998; Blouin, 1998; Gilleard & Redman, 2016), and 

the factors which influence it. An understanding of genetic variation and how it is partitioned, 

is central to understanding parasite epidemiology, which has important implications for 

parasite treatment and control (Gasser, 2006). Given the pathogenic importance of H. contortus 

to small ruminant production and the growing concern of anthelmintic resistance in NSW 

(Playford et al., 2014), there was a clear objective to investigate the population structure of this 

significant parasite in NSW. 

The purpose of this study was to determine if the population structure of H. contortus supported 

the hypothesis of discontinuity between populations from the haemonchosis endemic regions 

of northern NSW and the haemonchosis sporadic regions of southern NSW.  
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The research questions for this study were: 

1. Are morphological variations a reflection of climate and geographical origin?  

2. How does the local environment influence the development and survival of the free-

living stages? 

3. How does genetic variation relate to isolate origin?  

These questions were addressed through a series of four experiments which involved the 

characterisation of a number of H. contortus isolates from differing climatic and geographical 

areas predominantly from NSW. The first two studies utilised individual worm morphology 

(Chapter 4) and egg hatching temperatures (Chapter 5) to assess phenotypic variation within 

and between isolates. Genetic studies involving two different marker systems: single locus 

(Chapter 6) and multi-locus (Chapter 7) proceeded to investigate the genetic variation of the 

isolates. 
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Chapter 2. Literature review 

 

2.1   Introduction 

The following literature review begins with a description of the ovine parasitic nematode 

Haemonchus contortus. Aspects of its population structure including the level of diversity 

amongst populations is reviewed with a particular focus on genetic and phenotypic 

divergences. The practical relevance of this knowledge is summarised in the context of 

providing a better understanding of H. contortus, which is of fundamental importance to the 

treatment and control of this significant parasite of small ruminants worldwide. The literature 

review concludes with a statement of the rationale behind this research project. 

2.2   General description of H. contortus 

2.2.1 Origin, taxonomy and hosts 

Parasitic nematodes of the genus Haemonchus Cobb, 1898 are of major veterinary importance. 

Belonging to the family Trichostrongylidae, the genus was established for the large stomach 

worms capable of infecting domestic and free-ranging artiodactyl ungulates (even-toed 

mammals) (Hoberg, Lichtenfels, & Gibbons, 2004; Zarlenga, Hoberg, & Tuo, 2016). Of the 12 

currently recognised Haemonchus species (Table 2.1), H. contortus (Rudolphi, 1803), is one 

of the most successful and problematic endoparasites worldwide (Hoberg et al., 2004).  

The origin of H. contortus has been linked to antelopes inhabiting the African savannah during 

the late Tertiary period before colonising and developing a core association within wild and 

domestic Caprinae hosts such as sheep and goats (Hoberg & Zarlenga, 2016). The host range 

for H. contortus has been effectively broadened over time through anthropogenic translocation 

and introduction of hosts with subsequent parasitism of endemic ruminants. Consequently, H. 

contortus has been observed in ungulate species among 23 host genera in Africa and a further 

20 across North America, South America, southern Eurasia, Australia and New Zealand 

(Hoberg et al., 2004; Hoberg & Zarlenga, 2016). This extensive host range is likely to 

contribute to the success of H. contortus by providing reservoirs of viable populations and the 

potential for emergence and infection of domestic stock following suitable conditions (Hoberg 

& Zarlenga, 2016). 

The morphological attributes of adult worms have enabled the Haemonchus species to be 

identified and distinguished (Hoberg et al., 2004), however the species-level systematics of H. 
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contortus and Haemonchus placei has long been debated. Separation of the two species has 

typically been based on host specificity, with H. contortus regarded primarily a parasite of 

sheep and goats, and H. placei, a significant pathogen of cattle (Beveridge, Hobbs, & Slapeta, 

2014; Lichtenfels, Pilitt, & Hoberg, 1994). However, the validity of H. placei as a separate 

species from H. contortus is not universally accepted (Gibbons, 1979; Taylor, Coop, & Wall, 

2016) despite numerous differences described in morphology (Jacquiet, Cabaret, Cheikh, & 

Thiam, 1997; Lichtenfels et al., 1994; Roberts, Newton-Turner, & McKevett, 1954; van Wyk 

& Mayhew, 2013), disparities in the size of the X-chromosomes (Bremner, 1955) and 

molecular evidence including differences between the two species in sequence data of 

ribosomal DNA (rDNA) (Stevenson, Chilton, & Gasser, 1995; Zarlenga, Stringfellow, Nobary, 

& Lichtenfels, 1994) and mitochondrial DNA (mtDNA) (Blouin, Yowell, Courtney, & Dame, 

1997).  
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Table 2.1 Current species of Haemonchus, their primary hosts and geographic distribution  

Species Primary host Geographic distribution 

Haemonchus bedfordi Alcelaphinae*, Bovinae* Africa, sub-Saharan 

Haemonchus contortus Caprinae* Africa/Cosmopolitan+ 

Haemonchus dinniki Antilopinae* Africa, sub-Saharan 

Haemonchus horaki Reduncinae* Africa, sub-Saharan 

Haemonchus krugeri 
Aepycerotinae*, Antilopinae*, 

Reduncinae* 
Africa, sub-Saharan 

Haemonchus lawrencei Cephalophinae* Africa, sub-Saharan 

Haemonchus longistipes Camelidae^ 
Africa, north & sub-

Saharan/Eurasia/India 

Haemonchus mitchelli Antilopinae*, Bovinae* Africa, sub-Saharan 

Haemonchus okapiae Giraffidae^ Africa, sub-Saharan 

Haemonchus placei Bovinae* Africa/Cosmopolitan+ 

Haemonchus similis Bovinae* Africa/Cosmopolitan+ 

Haemonchus vegliai 
Antilopinae*, Bovinae*, 

Cephalophinae* 
Africa, sub-Saharan 

+ Cosmopolitan includes Europe, North America, South America, India, Eurasia, Australasia 

*Subfamilies of the family Bovidae: Aepycerotinae: Impala; Alcelaphinae: Bonteboks, hartebeest, 

wildebeest; Antilopinae: Gazelles, dwarf antelopes; Bovinae: Bison, buffalo, cattle, spiral-horned 

antelope; Caprinae: Sheep, goats; Cephalophinae: Duikers; Reduncinae: Rhebok, reedbucks, and 

waterbucks. Sourced from: Huffman (n.d) 

^Families: Camelidae: Camels, alpacas, llamas; Giraffidae: Giraffe, okapi. Sourced from: Huffman 

(n.d)  

Note. Adapted from “Phylogeny for species of Haemonchus (Nematoda: Trichostrongyloidea): 

Considerations of their evolutionary history and global biogeography among Camelidae and Pecora 

(Artiodactyla),” by E. P. Hoberg, J. R. Lichtenfels and L. Gibbons, 2004, Journal of Parasitology, 

90(5), p. 1094. (https://doi.org/10.1645/GE-3309). Copyright 2004 by American Society of 

Parasitologists. 

  

https://doi.org/10.1645/GE-3309
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2.2.2 Morphology 

Haemonchus contortus are large unsegmented nematodes (roundworms) found in the 

abomasum of sheep and goats. The cylindrical body of H. contortus is protected by a 

translucent cuticle secreted by the underlying hypodermis and is distinguished by 30 

longitudinal ridges (synlophe) and prominent cervical papillae (Beveridge et al., 2014; 

Lichtenfels et al., 1994). A small, single lancet (tooth) used to pierce the mucosa and feed on 

the host’s blood, is located inside the buccal cavity (mouth) of fourth stage larvae (L4) and 

adult worms (Beveridge et al., 2014; Veglia, 1915). Adult females are 2–3 cm in length and 

are recognisable by their characteristic “barber’s pole” appearance of white reproductive 

organs winding spirally around the red, blood-filled intestinal tract (Rothwell, Pomroy, & 

Woodgate, 2014). Adult males are of an even pink or red colour and are slightly shorter in 

length (1–2 cm) (Besier, 1992).  

Male H. contortus are recognised microscopically by their bursa consisting of two symmetrical 

lateral lobes and a small, asymmetrical dorsal lobe, situated against the left lateral lobe (Veglia, 

1915). A gubernaculum located in the dorsal wall, acts as a guide for two paired spicules 

measuring 425 µm (mean) in length. A barb projects forward 42 µm from the distal tip of the 

right spicule and 22 µm of the left spicule (Lichtenfels et al., 1994; Taylor et al., 2016). In the 

female, a vulval flap of various morphological types including linguiform, knobbed and smooth 

(Roberts et al., 1954), can be seen in the vulva region. The prolific oviparous female produces 

thin-shelled, oval shaped eggs measuring 65–85 µm x 40–50 µm (Besier, 1992). After hatching 

and larval development, infective third stage larvae (L3) can be distinguished as slender, with 

a prominent sheath tail, bullet-shaped head and 16 intestinal cells (van Wyk & Mayhew, 2013). 

2.2.3 Genetics and annotation of the H. contortus genome  

Haemonchus contortus is a dioecious, sexually reproducing diploid organism (Doyle et al., 

2017; Redman, Grillo, et al., 2008). Cytological techniques (Bremner, 1955) and genetic 

studies (Redman, Grillo, et al., 2008) have revealed the karyotype of H. contortus as 2n = 11 

in males or 12 in females with the sex chromosomes represented as two X chromosomes in 

females (XX) and a single X chromosome in the male (XO). The mating pattern of H. contortus 

has been shown to be polyandrous with each female mating with multiple males (Redman, 

Grillo, et al., 2008). In a cross between two genetically distinct H. contortus isolates, at least 

eight paternal genotypes were identified among the F1 progeny (n = 41) of a single female 

parent (Doyle et al., 2017). The benefits of polyandry may lie in greater genetic diversity among 
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H. contortus populations, however, multiple mating potentially incurs an expenditure in energy 

in addition to a disruption of mucosal attachment and feeding (Doyle et al., 2017; Gilleard & 

Redman, 2016; Redman, Grillo, et al., 2008).  

The genome of H. contortus was the first strongylid nematode genome to be sequenced with 

two draft assemblies published simultaneously in 2013. The first assembly was derived from 

MHco3(ISE).N1, a genetically well characterized and anthelmintic susceptible inbred strain by 

the Wellcome Trust Sanger Institute (Laing et al., 2013). Cornell University subsequently 

followed with the sequencing of an Australian strain of H. contortus, McMaster (Schwarz et 

al., 2013), a drug sensitive strain that is often used as a reference strain in anthelmintic research 

(Le Jambre, Gill, Lenane, & Lacey, 1995). The generation of these draft genomes has provided 

valuable genomic insight into the biology of H. contortus, as well as an understanding of the 

genetic basis of important traits such as pathogenicity and anthelmintic resistance (Laing et al., 

2013). Continued research has led to improvements in draft assemblies with the Wellcome 

Trust Sanger Institute releasing a new assembly for the MHco3.ISE line 

(haemonchus_contortus_MHCO3ISE_4.0; accession number GCA_000469685.2) in 

September 2018 (Howe et al., 2015; Howe, Bolt, Shafie, Kersey, & Berriman, 2017). More 

recently, AgResearch Limited (Palevich, Maclean, Baten, Scott, & Leathwick, 2019) released 

a new genome assembly for H. contortus based on the reference strain, NZ_Hco_NP, a drug 

sensitive strain originally isolated from pasture-grazed New Zealand sheep. A comparison of 

some of the assembly statistics between the three draft genomes is shown in Table 2.2. 

The availability of draft genomes especially the more recent chromosome-level assemblies of 

MHco3.ISE (haemonchus_contortus_MHCO3ISE_4.0) and NZ_Hco_NP, will greatly 

improve genomic and genetic studies on H. contortus, including the imminent completion of a 

high-quality reference genome (Laing et al., 2016) whilst continuing to serve as a key 

experimental model for other strongylid nematodes (Redman, Grillo, et al., 2008). 
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Table 2.2 Comparison of publicly available data of the three genome assemblies for 

Haemonchus contortus  

Assembly statistics McMaster MHco3.ISE NZ_Hco_NP  

    

Assembly Hco_v4_coding_submitt

ed 

haemonchus_contortus_

MHCO3ISE_4.0 

ASM763785v2 

 

Assembly accession  GCA_000442195.1 GCA_000469685.2 GCA_007637855.2 

Assembled genome size 

(Mb) 
320 283 465 

Assembly level Scaffold Chromosome Chromosome 

Number of 

chromosomes 
- 

6 plus a mitochondrial 

genome 

6 plus a mitochondrial 

genome 

Number of scaffolds  14,388 7 7 

Number of contigs 55,249 192 16,108 

Number of coding genes 23,610 19,473 22,341 

Release date 31/07/2013 05/09/2018 30/07/2019 

Contigs, refer to a stretch of DNA sequence constructed through overlapping long strings of contiguous 

bases (Laing et al., 2016). 

Scaffold, refers to an ordered set of contigs separated by gaps (Laing et al., 2016). 

Note. Adapted from: European Nucleotide Archive (2020); Howe et al. (2015); Howe et al. (2017); 

National Center for Biotechnology Information (2020); Palevich et al. (2019); Schwarz et al. (2013). 

 

2.2.4 Pathogenesis 

Of all the species of gastrointestinal nematodes (GIN) commonly found in sheep, H. contortus 

is considered one of the most pathogenic with its ability to cause disease and mortality in sheep 

and goats (Besier et al., 2016b; Cole, 1986). The clinical effects of infection are associated with 

the blood-feeding nature of L4 and adult worms which feed on blood from the mucosal vessels 

and can result in haemorrhage and anaemia in the host (Beveridge et al., 2014; Soulsby, 1982). 

Blood loss is evident 7–10 days after infection and increases rapidly in response to the feeding 

demands of developing larvae and adults (Dargie & Allonby, 1975; Hunter & Mackenzie, 

1982). With each adult worm capable of ingesting 0.05 mL of blood per day (C. H. Clark, 

Kiesel, & Goby, 1962), the severity of haemonchosis is largely dependent on the number of 

parasites present in the abomasum (Dargie & Allonby, 1975). Significant burdens of up to 
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30,000 worms, termed hyperacute haemonchosis, are relatively rare, however can result in 

severe haemorrhagic gastritis and terminal anaemia (Besier et al., 2016b; Taylor et al., 2016). 

In acute infections of 2,000–20,000 worms per sheep (Urquhart, Armour, Duncan, Dunn, & 

Jennings, 1996), clinical signs of anaemia, oedema, dark-coloured faeces, weakness and 

impaired animal production are observed and often lead to sudden stock losses, particularly in 

young sheep (Roeber, Jex, & Gasser, 2013; Taylor et al., 2016). Chronic cases of haemonchosis 

with smaller but persistent H. contortus burdens generally occur in environments and/or 

seasons that are less favourable for development of the free-living stages (Besier et al., 2016b). 

Signs can include progressive weight loss, weakness and anaemia (Roeber et al., 2013; Taylor 

et al., 2016). 

2.2.5 Distribution and prevalence of H. contortus in Australia  

Developmental success of GIN such as H. contortus, is largely dependent upon the availability 

of temperature and moisture at the free-living stage (O’Connor et al., 2006). As such, both the 

daily weather conditions and long term climatic conditions, play important roles in the 

prevalence and distribution of GIN (Levine, 1963). The high incidence of H. contortus in 

tropical, subtropical and summer rainfall climates (Cole, 1986; Gordon, 1948; O’Connor et al., 

2006), aligns with the parasite’s evolutionary origin in antelopes from the tropical African 

savannahs (Hoberg et al., 2004). Accordingly in Australia, H. contortus is the most important 

parasite in subtropical and summer rainfall regions of eastern Australia, including northern 

New South Wales (NSW) and south-eastern Queensland where warm temperatures and 

seasonal rainfall patterns combine to permit rapid L3 development and haemonchosis outbreaks 

(Besier et al., 2016b; Besier & Love, 2003; O’Connor et al., 2006).  

Outside these endemic zones, H. contortus is found sporadically in the Mediterranean region 

of south-west Western Australia and in the temperate, winter rainfall zones of south-eastern 

Australia. Here the hot, dry summers combined with low winter temperatures usually restrict 

larval development, with haemonchosis more likely to be a concern under favourable weather 

conditions such as unseasonal summer rain  (Besier et al., 2016b). Throughout the arid zone of 

inland Australia, haemonchosis is rare, with larval development severely compromised due to 

persistent high temperatures and minimal rainfall (Besier et al., 2016b). However, short periods 

of larval development and outbreaks of haemonchosis may occur during exceptionally wet 

years or rainfall events in the dry inland areas of Australia (Besier et al., 2016b; Clunies Ross 

& Gordon, 1936). 
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Historically, the incidence of H. contortus in the winter rainfall zones of Australia including 

southern NSW and Victoria, was regarded as low (Cole, 1986) or intermittent (Clunies Ross & 

Gordon, 1936), however predictive modelling based on changing climatic variables (Emery, 

Hunt, & Le Jambre, 2016), has illustrated a temporal range expansion of H. contortus in south-

eastern Australia (Figure 2.1) which includes the winter rainfall areas of southern NSW and 

parts of Victoria as highly suitable to parasite development. 

 

 

Figure 2.1 Predicted changes in the distribution of Haemonchus contortus in Australia. Note. 

From “Haemonchus contortus: The then and now, and where to from here?” by D. L. Emery, 

P. W. Hunt and L. F. Le Jambre. 2016, International Journal for Parasitology, 46(12), p. 757. 

(doi:http://dx.doi.org/10.1016/j.ijpara.2016.07.001). Copyright 2016 by the authors, 

http://creativecommons.org/licenses/by-nc-nd/4.0/.  

  

http://dx.doi.org/10.1016/j.ijpara.2016.07.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3   Aspects of the epidemiology of H. contortus 

2.3.1 Life cycle of H. contortus  

Common to the Trichostrongylidae family, H. contortus has a direct life cycle, involving 

parasitic and free-living stages (Figure 2.2) (Gordon, 1948). Sexual reproduction confined to 

the adult parasitic stage, results in the prolific production of eggs by adult females (Bailey, 

2008). Eggs are laid in the abomasum (Veglia, 1915) and pass through the gastro-intestinal 

tract before exiting the host in the faeces to begin the free-living stage (Bailey, 2008; Gordon, 

1948). Under favourable conditions of warm temperatures, moisture and oxygen, eggs 

embryonate and hatch as first stage larvae (L1) within the faecal matter (Donald, Southcott, & 

Dineen, 1978; Levine & Todd, 1975). Feeding on faecal bacteria, L1 grow and moult to emerge 

as second stage larvae (L2). These L2 continue to feed and grow before a second and incomplete 

moult gives rise to infective L3 which retain their L2 cuticle or “sheath” as a protective barrier 

(Bailey, 2008; Donald, Southcott, et al., 1978). The sheath is completely enclosed and prevents 

the L3 from feeding which must then rely on stored food reserves for survival (Rothwell et al., 

2014). Active L3 migrate within moisture to surrounding herbage ready for ingestion by grazing 

stock and commencement of the parasitic phase (Rothwell et al., 2014). Larvae entering the 

rumen are stimulated to shed (exsheathment) their protective cuticles in response to high levels 

of carbon dioxide (CO2) (Rogers, 1960) and a sudden increase in temperature (Bekelaar, 

Waghorn, Tavendale, McKenzie, & Leathwick, 2018) to become parasitic L3, before migrating 

to the abomasal glands where they moult to L4. Feeding on blood from the host, L4 continue to 

grow and sexual differentiation begins before a final moult to the adult stage (Donald, 

Southcott, et al., 1978; Emery, 2014; Rothwell et al., 2014). 
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Figure 2.2 Generalised direct life cycle of gastrointestinal nematode parasites of sheep.  

Note. From “Impact of gastrointestinal parasitic nematodes of sheep, and the role of advanced 

molecular tools for exploring epidemiology and drug resistance – an Australian perspective” 

by F. Roeber, A. R. Jex and R. B. Gasser. 2013, Parasites & Vectors, 6(153), p. 3. 

(https://doi.org/10.1186/1756-3305-6-153). Copyright 2013 by BioMed Central Ltd., 

https://creativecommons.org/licenses/by/2.0/.  

 

2.3.2 Arrested development of fourth stage larvae 

During the parasitic phase of the nematode life cycle, development of L4 to adult worms may 

temporarily cease during a process known as hypobiosis (Eysker, 1997; Gibbs, 1986). 

Hypobiosis serves as a highly adaptive mechanism in GIN parasites, which facilitates parasite 

survival through arrested development of early L4 within the abomasal glands of the host 

(Gibbs, 1986; Waller, Rudby-Martin, Ljungström, & Rydzik, 2004). With a low metabolism, 

hypobiotic L4 are able to persist for prolonged periods of adversity in the host before resuming 

development when climatic conditions in the external environment become more favourable 

for the free-living stages to develop and survive (Eysker, 1997). The propensity of GIN 

parasites to undergo arrested development, has been shown to have a genetic basis and can be 

induced through a variety of stimuli, including seasonal climatic changes and host resistance 

factors (Gibbs, 1986).  

https://doi.org/10.1186/1756-3305-6-153
https://creativecommons.org/licenses/by/2.0/
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For H. contortus, the ability to undergo arrested development can allow for successful between-

season transmission, with winter and dry summer patterns of inhibition often observed (Eysker, 

1997; Waller et al., 2004). For example, in the study by Southcott, Major, and Barger (1976), 

the percentage of hypobiotic larvae was shown to increase over the late autumn/winter period 

in the Northern Tablelands region of NSW. Similarly, Waller et al. (2004) demonstrated a 

tendency for H. contortus to arrest in development during the winter period in Sweden, while 

in Kenya, seasonal patterns of hypobiosis were observed by Gatongi et al. (1998), in which 

significantly higher levels of hypobiotic larvae were found during the dry months than the wet 

months in grazing ewes and kids. 

2.3.3 Ecology of the free-living stages 

Infection of the host is determined by the free-living larval population and its ability to develop 

and survive within a complex micro-climate (Cole, 1986; Levine & Todd, 1975). For H. 

contortus, the availability of moisture and warm temperatures are crucial for the hatching, 

development and survival of the parasitic eggs and larvae (O’Connor et al., 2006). 

Development between these stages, which essentially consists of two main processes: egg 

hatching and development to L3 and subsequent larval migration and survival (Levine, 1963), 

occur within critical values of environmental variables (Besier et al., 2016b). The effect of 

these variables on the ecology of H. contortus, has been the focus of numerous field and in 

vitro laboratory studies and extensively reviewed by Besier et al. (2016b); Levine (1963) and 

O’Connor et al. (2006).   

2.3.3.1    Egg hatching and development to third stage larvae 

Following faecal deposition onto pasture, eggs embryonate, hatch and develop through two 

pre-infective larval stages before reaching the infective L3 stage (Bailey, 2008). The success 

and speed of these developmental stages, is largely influenced by temperature and moisture 

(O’Connor et al., 2006; Stromberg, 1997). Provided moisture is adequate, eggs of H. contortus 

survive and develop between 10°C and < 40°C (Besier et al., 2016b), and become compromised 

under conditions of extreme heat and cold. Intolerance of H. contortus to cold conditions was 

demonstrated by McKenna (1998) who observed a steady decline in egg viability following 

incubation of sheep faeces at 4°C. Egg viability was less than 60% following 3 days of 

incubation and fell to below 10% after 7 days exposure. In comparison with other 

trichostrongyles, such as Teladorsagia circumcincta and Trichostrongylus colubriformis, H. 

contortus has a lower tolerance to cold temperatures (O’Connor et al., 2006). This was shown 
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in a laboratory study conducted by Jasmer, Wescott, and Crane (1986) who investigated the 

effects of temperature on time to hatching and hatching success in H. contortus and T. 

circumcincta. Embryonation of H. contortus eggs occurred after 96 hours of constant exposure 

to 10°C, compared to 48 hours for T. circumcincta eggs. Constant exposure to –18°C for 15 

hours also proved unfavourable to H. contortus with only 1.3% of eggs hatching compared to 

93% of T. circumcincta eggs.   

As temperature increases, so does the rate of development, until an upper limit is reached and 

survival becomes limited (Levine & Todd, 1975). This was observed in the experiment 

conducted by Silverman and Campbell (1959) who investigated the effect of temperature on 

the development rate of H. contortus eggs in faecal cultures. First stage larvae were observed 

at 6 days and L3 at 15 days in cultures kept at 11°C. In comparison, development expeditated 

at 21.7°C with L1 emerging within 2 days and L3 at 5 days. Inhibition of eggs to develop was 

apparent at 37°C with only 30% of eggs surviving to the pre-hatch stage. Similar reports of 

little or no development of the free-living stages at temperatures >37°C have been shown by 

Berberian and Mizelle (1957), Todd, Levine, and Boatman (1976) and Veglia (1915).  

Availability of sufficient moisture is crucial once the temperature has become suitable for 

development of the free-living stages, and becomes increasingly important under warm and 

dry conditions (Cole, 1986; O’Connor et al., 2006), with pre-infective stages highly susceptible 

to desiccation (J. H. Rose, 1963). Through the use of bioclimatographs, Gordon (1948) 

identified a mean monthly rainfall of 51 mm for haemonchosis to occur within sheep. However 

Besier and Dunsmore (1993b) considered rainfall distribution immediately following egg 

deposition more conducive to development with higher recoveries of L3 following 4 days of 

consecutive rain (totalling 8 mm) compared to a single rainfall event of 26 mm. The presence 

of green pasture growth was also linked to larval recovery with only 50% of the faecal 

deposition series applied to dry pasture plots yielding L3, compared to 92% made onto dense 

green pastures. More recently, Khadijah, Kahn, Walkden-Brown, Bailey, and Bowers (2013b) 

highlighted the importance of soil moisture in the development of GIN with higher recoveries 

of H. contortus L3 under conditions of high soil moisture. Increasing initial soil moisture 

content from 0 to 10 or 15% led to total L3 recoveries of 0.6%, 2.2% and 2.1% respectively. 

Initial soil moisture levels were also shown to regulate the effect of rainfall on development to 

L3. An increase in rainfall from 12 to 24 mm led to greater recovery of total L3 in dry soil but 
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had no effect on total L3 recovery when initial soil moisture was 10 or 15% as sufficient 

moisture was already present in faecal pellets.  

Faecal moisture content (FMC) has also been linked to the development of the free-living 

stages (Rossanigo & Gruner, 1995) with optimum development of H. contortus occurring at 

23°C and 70% FMC. Subsequent investigations by Khadijah, Kahn, Walkden-Brown, Bailey, 

and Bowers (2013a) found rainfall both prior and following faecal deposition (days -1, 0, 1 and 

2) supported larval development through increasing faecal moisture.  

2.3.3.2     Migration and survival of third stage larvae 

The essential final step in the free-living stage of the nematode life cycle, is the migration of 

L3 from faecal deposits to pasture for ingestion by grazing stock. A continuous film of moisture, 

in the form of rainfall or dew, is often described within the literature as facilitating larval 

migration (Donald, Southcott, et al., 1978; Gordon, 1948; Niven, Anderson, & Vizard, 2002; 

O’Connor et al., 2006). The influence of water on the migration of L3, was examined by J. van 

Dijk and Morgan (2011) in a series of laboratory experiments. Their results showed moisture 

was necessary for the emergence of larvae from faecal matter, but not for vertical migration 

onto grass. Significantly more larvae were recovered from trays of wet grass seeded with faeces 

containing H. contortus and T. circumcincta eggs, than dry treatment trays. For both nematode 

species, larval recovery from wet treatment trays declined rapidly over the first 7 days of the 

experiment compared to dry treatment trays, which indicated a strong correlation between 

moisture and larval emergence. The role of moisture in larval emergence, was also 

demonstrated by Wang, van Wyk, Morrison, and Morgan (2014). The migration of H. 

contortus L3 from sheep faeces was examined under simulated rainfall events, with the amount 

and temporal distribution of rainfall, found to be important for larval migration. In the absence 

of rain, no L3 emerged from the faecal samples. However, within 24 hours of a single, simulated 

heavy rainfall event (20 mm over 7 hours), an average of 44% of L3 were recovered outside 

the faeces. In contrast, very few larvae emerged at any stage in the second treatment group 

which received small, daily rainfall treatments of 2 mm over four days. 

The interaction of other climatic variables including temperature, relative humidity and light 

on larval migration, have also been investigated. In a 12 month study of the vertical migration 

of H. contortus, recovery of L3 from experimental grass plots was greatest when the maximum 

temperature was above 11°C and relative humidity was high (>90%) (Rees, 1950). Low light 
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intensities occurring shortly after sunrise and sunset, were also linked to improved larval 

recovery. The role relative humidity may have in the movement of larvae, through the continual 

formation of moisture films on plant surfaces, was noted by Silangwa and Todd (1964). Under 

controlled laboratory conditions, the authors found the average percentage of trichostrongylid 

larvae recovered from wet test grasses was highest at 95% relative humidity and lowest at 56% 

relative humidity with 1.36% and 0.06% L3 recovered respectively. Similarly, Callinan and 

Westcott (1986) observed a higher percent of trichostrongylid larvae on both herbage (3.64%) 

and soil (18.88%) at 90% relative humidity compared to 40% relative humidity, in which larval 

recoveries were constrained to 0.70% from herbage and 16.52% from soil. 

The majority of trichostrongyle larvae remain on the basal portion of grass swords (Silangwa 

& Todd, 1964), with >90% of H.contortus L3 found within 10 cm of faecal deposits (Skinner 

& Todd, 1980). The soil and surrounding vegetation mat form important reservoirs of larvae 

from which emergence onto herbage may occur over time (Callinan & Westcott, 1986; J. van 

Dijk & Morgan, 2011). A detailed study of the prevalence of H. contortus L3 within the 

underlaying soil and surrounding grass blades was carried out by Kauzal (1941), following the 

addition of larval suspensions to 49 grass plots. Recovery of L3 from herbage was low with 

only 16% recovered from grass blades compared to 75% from the soil.  

On reaching pasture or soil, L3 rely solely on stored metabolic reserves to survive until 

ingestion by the host. Infective larvae are the most resistant free-living stage to temperature 

extremes and desiccation (Besier et al., 2016b; Todd et al., 1976). The optimal temperature for 

survival of L3, is generally lower than the optimum temperature for development (Levine & 

Todd, 1975). In the study by Boag and Thomas (1985), an inverse relationship between 

increasing temperature and larval survival was demonstrated under controlled conditions 

following the exposure of twelve GIN species to six constant temperatures (5°C, 10°C, 15°C, 

20°C, 25°C and 30°). The medium survival time in water for H. contortus ranged from 553 

days at 5°C to 227 days at 20°C and 91 days at 30°C. Under increasing temperatures, the 

longevity of larvae may become compromised due to rising metabolic rates and rapid depletion 

of L3 energy reserves (Bailey, 2008). Shorter survival times of H. contortus and T. 

colubriformis were demonstrated by Banks, Singh, Barger, Pratap, and Le Jambre (1990) 

during the warmer months in wet tropical Fiji. Larval counts from pasture declined to 

undetectable levels between 5–9 weeks after the last pasture contamination. While an increase 

in survival of 9–13 weeks post-deposition was observed with the onset of the cool season.  
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In a winter rainfall climate, ecological studies of H. contortus (Besier & Dunsmore, 1993a), 

identified L3 survival to be greatest at mild temperatures and high rainfall. Infective larvae were 

shown to survive on pasture for an average of 53 days in autumn compared to 83 days for 

winter. Faecal depositions in spring led to larval recoveries for a mean of 67 days, before a low 

of 34 days for summer. However, the provision of a moist microclimate was found to be the 

most important factor in larval survival. Survival periods of L3 were greatest from depositions 

onto green perennial pasture plots during summer with a mean recovery of L3 from faeces of 

84 days compared to 31 days from dry pasture depositions. 

Knowledge of the local epidemiological patterns for H. contortus, including L3 survival 

periods, is of practical relevance to sustainable parasite control. An understanding of when 

pastures may be heavily infested with L3, can allow grazing strategies to be implemented and 

avoidance of excessive larval intake by susceptible animals (Besier, Kahn, Sargison, & van 

Wyk, 2016a; O’Connor et al., 2006). For example Southcott et al. (1976) demonstrated through 

seasonal pasture contaminations and tracer sheep, the availability of H. contortus to sheep in 

summer rainfall regions of NSW, is highest in summer before declining in autumn. 
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2.4   Population biology of H. contortus 

2.4.1   Genetic diversity and population structure 

Research into the genetic diversity and structure of parasite populations can have important 

implications towards the control of economically important parasites such as H. contortus. 

Determining the factors which may influence population structure are of direct relevance to 

understanding how the population may respond to an imposed selection pressure such as 

anthelmintic treatment or environmental challenges (Viney, 1998). For most parasitic 

nematode species, knowledge of their genetic structuring is poorly understood. However the 

genetics and population structure of H. contortus, has been extensively researched (Gilleard & 

Redman, 2016).  

Population structure refers to the total genetic diversity of a species and how this diversity is 

distributed within and among populations (Anderson et al., 1998; Gilleard & Redman, 2016). 

The genetic structure of parasite populations is shaped by many factors, including life history 

traits, population size, environment, geographical barriers, host dynamics and evolutionary 

processes (mutation, selection, genetic drift and gene flow), all playing a significant role 

(Gilleard & Redman, 2016; Poulin, 2007; Troell, Engström, Morrison, Mattsson, & Höglund, 

2006). Mutations accumulate over time in all regions of the nuclear and mitochondrial genomes 

(Gasser, 1999) and as such, are responsible for genetic variation. Genetic variation has been 

reported in most parasitic nematodes (Nadler, 1990), with high levels of genetic diversity 

common to the superfamily Trichostrongyloidea (Gilleard & Redman, 2016). Genetic diversity 

is directly related to mutation rate and population size (Anderson et al., 1998). Thousands of 

genotypic divergent eggs resulting from a polyandrous mating system are produced by highly 

fecund female H. contortus worms and expelled into the external environment to form 

extremely large and genetically diverse populations (Gilleard, 2013). Although no precise 

mutation rate has been established for H. contortus, it has been suggested nematodes may have 

higher mutation rates than other organisms (Anderson et al., 1998) and be of similar or even a 

higher rate than the free-living nematode Caenorhabditis elegans of 2.1 mutations per genome 

per generation (Gilleard & Redman, 2016). This constant and abundant supply of new alleles 

provides H. contortus with the capacity to respond to changes in its environment, such as 

anthelmintic treatments through selection, and spread of advantageous alleles (Gilleard & 

Redman, 2016). 
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The understanding of population genetics has been advanced through molecular studies 

utilising a wide range of molecular techniques. Sequencing of target regions within the nuclear 

and mitochondrial genomes has allowed genetic variation within and among populations to be 

analysed (Gasser, 1999). Mitochondrial DNA has proven to be a very useful molecular marker 

in population studies of H. contortus (Blouin, Yowell, Courtney, & Dame, 1995; Gharamah, 

Azizah, & Rahman, 2012; Troell et al., 2006; Yin et al., 2013), although in the study by Troell 

et al. (2006), amplified fragment length polymorphism (AFLP) markers detected substantially 

more genetic differentiation among the sampled populations than the mtDNA marker. Multi-

locus markers such as microsatellites have also been extensively used in the study of H. 

contortus populations (Hoekstra, Criado-Fornelio, Fakkeldij, Bergman, & Roos, 1997; Hunt, 

Knox, Le Jambre, McNally, & Anderson, 2008; Otsen, Plas, Lenstra, Roos, & Hoekstra, 2000; 

Redman et al., 2015; Yin et al., 2016). Future applications of larger sets of genetic markers 

such as genome-wide SNPs, are expected to detect even greater levels of genetic differentiation 

amongst parasite populations (Gilleard & Redman, 2016). 

2.4.2   Population genetic studies of H. contortus  

In one of the first population genetic studies of H. contortus, sequence analysis of the 

nicotinamide adenine dinucleotide dehydrogenase subunit 4 (nad4) gene of mtDNA revealed 

high within-population diversity but no population sub-structuring between four populations 

sampled across the United States of America (Blouin et al., 1995). This lack of population 

structure was attributed to high levels of gene flow due to animal movement and large effective 

population sizes. Host movement is the only understood dispersal mechanism for H. contortus 

as other mechanisms have not been widely examined. Anthropogenic movement of livestock 

hosts between properties and regional farming communities can potentially enable high gene 

flow through the transfer of alleles from one population to another whilst blurring any genetic 

structuring between them (Anderson et al., 1998; Poulin, 2007). Other methods of dispersal 

such as free-ranging alternative hosts for example, chamois, roe deer and alpine ibex (Cerutti 

et al., 2010), insects including flies and beetles, movement of soil, faecal and plant material by 

water or wind as well as the movement of animal wastes as fertilizer or accidentally (e.g., stock 

transport vehicles) have been suggested as mechanisms for gene flow between populations  and 

remain to be evaluated (Hunt et al., 2008).  

In contrast, limited gene flow has been linked to strong population structure in global 

populations of H. contortus (Troell et al., 2006). Using both AFLP and mtDNA markers, a 
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comparative assessment of population genetic diversity was undertaken in 19 isolates 

representing 14 different countries. Significant (P < 0.001) genetic differentiation was 

identified between continental areas based on the AFLP data. Analysis of the nad4 sequence 

data also revealed genetic subdivision, with 34.8% of the variation attributed to differences 

between continental areas, 38.0% to differences between individuals within populations and 

27.1% to differences between populations within continents. It seems likely the presence of 

geographic barriers created genetic subdivision through restricted opportunities for host 

movement and therefore minimal parasite dispersal. Similar genetic structuring was observed 

between H. contortus populations from Malaysia and Yemen following phylogenetic analysis 

of mtDNA revealed distinct clades between the two countries (Gharamah et al., 2012). 

Measurable genetic differentiation between H. contortus populations within the same country 

has been observed in Australia (Hunt et al., 2008), France (Silvestre, Sauve, Cortet, & Cabaret, 

2009), Sweden (Troell et al., 2006) and the United Kingdom (UK) (Redman et al., 2015). In 

the study by Hunt et al. (2008), observable genetic divergence was found between Australian 

isolates of H. contortus using a number of different microsatellite markers. Six isolates from 

differing climatic and geographical areas were analysed with a high level of genetic variation 

found within the isolates. Some population structure was evident with significant values of FST 

(a measure of average genetic differentiation between populations (Poulin, 2007)) for various 

combinations of markers coinciding with observations of phenotypic divergence. Similarly in 

the UK, Redman et al. (2015) identified genetic sub-structuring between seven H. contortus 

populations using a panel of 10 microsatellite markers. Pairwise FST estimates calculated 

between each of the seven farms, showed 10 out of 21 possible pairwise comparisons to be 

significantly different with FST values ranging from 0.0198 to 0.0757.  

Population sub-structuring within countries has been suggested to be related to the life history 

of the parasite (Gilleard & Redman, 2016; Redman et al., 2015; Silvestre et al., 2009). In two 

population genetic studies (Redman et al., 2015; Silvestre et al., 2009), contrasting genetic 

structures were observed in H. contortus and T. circumcincta. Both authors identified a lack of 

genetic differentiation between T. circumcincta populations compared to H. contortus and 

attributed this difference to the susceptibility of H. contortus to cold temperatures. The ability 

of T. circumcincta to develop at lower temperatures allows it to persist in cool temperate 

regions as opposed to H. contortus which is primarily adapted to warm and moist climates 

(O’Connor et al., 2006). Haemonchus contortus will often reside within the host during the 
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cooler months of the temperate regions with little or no survival of larvae through winter, due 

to natural attrition of L3 larvae exceeding development of L1 through to L3 (Besier et al., 

2016b). Consequently, H. contortus is subjected to population bottlenecks, particularly if 

anthelmintic treatment coincides with minimal larvae present on pastures, resulting in loss of 

genetic variation and a genetically distinct population  (Gilleard & Redman, 2016; Redman et 

al., 2015).  

In reviewing this possible explanation for regional sub-structuring, Gilleard and Redman 

(2016) proposed genetic structuring would be less in countries with climates more suited to the 

ecological requirements of H. contortus. In support of this, low genetic differentiation was 

identified following sequence analysis of the nad4 gene in H. contortus populations obtained 

from seven geographical locations in tropical and subtropical climate zones of China (Yin et 

al., 2013). The phylogenetic analysis did not support any particular genetic structure and 

pairwise FST values were low, ranging from −0.00005 to 0.19774. A similar lack of genetic 

structure was observed by Dey et al. (2019) in H. contortus populations originating from seven 

subtropical areas of Bangladesh with FST values obtained from nad4 sequence data ranging 

from −0.02538 to 0.12558.  

2.4.3   Phenotypic variation 

2.4.3.1    Phenotypic plasticity 

Parasites are responsive organisms and are capable of adjusting to local and current conditions 

through phenotypic changes that can be both qualitative and strategic (Mideo & Reece, 2012). 

The ability to adjust, is facilitated by the range of phenotypes a given genotype can express 

under different conditions. This flexibility in traits, is referred to as phenotypic plasticity which 

can allow for immediate responses to environmental stimuli without altering the genotypic 

frequencies in the population (Poulin, 2007; West-Eberhard, 2005). However, genetic 

accommodation may follow if environmental changes persist and the resultant phenotypic 

variation maximises parasite fitness (survival or reproductive success). The genotypes 

producing these phenotypes will be favoured and can be spread through the population – 

eventually leading to a shift in gene frequencies and a true evolutionary response (Poulin, 2007; 

West-Eberhard, 2005).  

Understanding phenotypic plasticity in parasites such as H. contortus, is important due to the 

implications it may have on the epidemiology and subsequent control of the parasite (Mideo & 
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Reece, 2012). Seasonal changes in the epidemiology of H. contortus infections in Australia, 

provide a clear example of plasticity in this parasite. With the application of modern 

anthelmintics and their ability to target inhibited larvae, it appears H. contortus is forgoing 

hypobiosis and attempting to complete its life cycle year-round, including the cooler months, 

as evidenced by a lack of inhibited larvae in post mortem reports and the presence of strongyle 

eggs in faeces throughout the year (Emery et al., 2016).  

2.4.3.2   Variation in environmental tolerance  

Haemonchus contortus is generally regarded as the most important parasite in warm and wet 

climates where small ruminant production occurs. However, the expanding distribution of H. 

contortus in Australia (Emery et al., 2016) and the increasing importance of this parasite in 

some European countries (Waller & Chandrawathani, 2005), have been associated with certain 

epidemiological features as well as adaptive changes to the development and survival of the 

free-living stages (Besier et al., 2016b; Emery et al., 2016; Waller & Chandrawathani, 2005). 

In particular, the very high biotic potential of H. contortus can allow for rapid transmission and 

infection during favourable conditions for development of the free-living stages, while the 

ability to undergo hypobiosis can allow for between-season survival (Besier et al., 2016b; 

Waller & Chandrawathani, 2005). Additionally, the very high levels of genetic diversity 

evident within H. contortus populations provides the opportunity for selection towards local 

and changing climatic conditions (Besier et al., 2016b).  

Although there are comparatively few examples, ecological adaptability can be illustrated 

through the minimum hatching temperature of H. contortus eggs which have been shown to 

vary between different geographical regions. For example Crofton, Whitlock, and Glazer 

(1965) reported a minimum hatching temperature of 9°C for H. contortus eggs originating from 

England compared to a minimum of 15°C for isolates from New York and Kentucky. In an 

Australian study (Besier, 1992), intraspecific variation in the ability to tolerate cold 

temperatures was found between H. contortus isolates representing two different climatic 

regions: warm climate and cool climate. Cool climate isolates Albany and King Island were 

found to be significantly more tolerant of cold temperatures than the warm climate isolates, 

Charleville, Lawes and Manilya, with greater proportions of hatched eggs at both 8°C and 

10°C. A subsequent cold storage experiment found eggs of the Albany isolate remained viable 

for a significantly longer time at temperatures of 4°C and 5°C with 69% of the Albany eggs 

still viable after 24 hours storage at 5°C compared to only 17% for the Manilya eggs. The 
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results of this study provide a possible explanation to changes in the seasonal distribution and 

occurrence of H. contortus in regions considered less suited to its development.  

2.4.3.3   Variation in morphology 

In addition to molecular data, morphology provides a traditional and relatively efficient 

approach to discovering diversity within and among parasite populations (Zarlenga et al., 

2016). The practical value of morphology can be illustrated by studies of the tapeworm 

Echinococcus granulosus (Kumaratilake & Thompson, 1984) in which morphological 

characterisation of the metacestode (larval stages) and adult tapeworms revealed three 

morphologically distinct populations of E. granulosus exist within Australian domestic and 

native animals. Morphological characterisation has been extensively used in the delineation of 

the Haemonchus genus (Gibbons, 1979; Lichtenfels et al., 1994; Roberts et al., 1954; Tod, 

1965; van Wyk, Cabaret, & Michael, 2004; van Wyk & Mayhew, 2013), with three 

distinguishing synapomorphies, including the presence of a single barb on each spicule tip, 

asymmetric origin of the dorsal ray, and relative size of the ventral rays, unique to the genus 

(Hoberg et al., 2004). Other morphological attributes such as the number and pattern of surface 

cuticular ridges (synlophe), male copulatory structures and female tail length, have been used 

in identifying individual specimens to species level (Lichtenfels et al., 1994). These authors 

were the first to note distinguishing differences in synlophe pattern between three Haemonchus 

species with 30 ridges present in H. contortus as opposed to 34 in both H.placei and H. similis.  

Variation of morphological characters within and among H. contortus populations have also 

been described (Das & Whitlock, 1960; Gharamah, Rahman, & Siti Azizah, 2014; Hunt et al., 

2008; McKenna, 1971b). Considerable variation has been found within the morphology of the 

female vulva region with at least 14 different morphological types described for H. contortus 

and H. placei (Roberts et al., 1954). The three main morphological types, linguiform, smooth 

and knobbed (Das & Whitlock, 1960), can usually be found within H. contortus populations 

(Le Jambre, Ractliffe, Whitlock, & Crofton, 1970), however the frequency of these phenotypes 

has been shown to vary between geographical areas (Das & Whitlock, 1960; Hunt et al., 2008; 

McKenna, 1971b). The clear morphological differences observed by Das and Whitlock (1960) 

were considered to be taxonomically significant and led to the classification of two subspecies 

and one variety of H. contortus. The divergence in morphology was assumed to be a 

consequence of ecological adaptation, however subsequent studies (Le Jambre, 1977; Le 

Jambre & Royal, 1977) have demonstrated the variations seen in female morphology to be 
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genetically determined. The use of vulval morphology as a discriminant marker was dismissed 

by Gibbons (1979) in her review of the Haemonchus genus based on the vastness of the 

morphological types and considered male structural attributes more reliable for species 

identification. 

The application of male morphology characters in population studies of H. contortus has been 

relatively limited compared to the use of female vulval morphology. The spicules in male H. 

contortus worms are easily observed and serve as useful markers for screening Haemonchus 

populations to species level (Lichtenfels, Pilitt, & Le Jambre, 1988). Spicule length along with 

the lengths of the body and cervical papillae were the most important characters that 

distinguished H. contortus populations from Malaysia and Yemen (Gharamah et al., 2014). 

The majority of H. contortus male worms obtained from sheep and goats from Malaysia and 

Yemen were separated into two distinctive groups using morphometeric characteristics by 

principal component analysis (PCA), with only a slight overlap between countries. Several 

explanations were given for the observed morphological differentiation including phenotypic 

plasticity, geographical isolation and strong barriers to host movement and therefore limited 

gene flow, and the possible existence of two different H. contortus isolates. This global 

structuring of H. contortus population was supported in an earlier molecular study by 

Gharamah et al. (2012) and more importantly, provides confidence to the use of some 

morphological characters as phenotypic markers in population studies.  

More recently, Sargison et al. (2019) completed a detailed comparison of three genetically 

divergent H. contortus strains (MHco10(CAVR), MHco3(ISE) and MHco4(WRS)), using an 

extensive range of morphological characters of adult male and female worms. Observable 

differences between the strains were noted for 11 of the 14 different male characters measured 

including significant differences in spicule and oesophagus lengths. Differences in the 

proportions of vulval morphotypes were also found, with the Australian strain 

MHco10(CAVR) predominantly smooth as opposed to the two African strains which were 

mainly linguiform.   

2.4.3.4    Variation in life history traits 

In populations of parasites, heterogeneity in life history strategies is often exhibited (Barrett, 

Thrall, Burdon, & Linde, 2008). Life history strategies are combinations of physiological and 

demographic traits, such as growth pattern, body size, age at maturity, life span, fecundity and 
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offspring size, which have the ability to influence parasite fitness and epidemiology in 

particular environments (Barrett et al., 2008; Poulin, 2007). From a small number of studies, 

notable differences in life history traits of H. contortus isolates have been found. For instance 

in the study by Hunt et al. (2008), significant differences in female fecundity and worm 

infectivity (rate of increase in faecal worm egg counts (eggs/g) between days 18 and 29) were 

found between experimental groups of ten Merino wethers infected with four different isolates 

of H. contortus (McMaster 1931, Kirby 1981, Wallangra 2003 and Gold Coast 2004). 

Haematological measures including platelet and leukocyte cell counts (eosinophil and 

neutrophils) also varied significantly between isolates. 

Differences in isolate pathogenicity were also shown by Angulo-Cubillán, García-Coiradas, 

Alunda, Cuquerella, and de la Fuente (2010) in a comparative study of three different H. 

contortus isolates by experimental infection of Manchego lambs. A significantly lower packed 

cell volume (PCV) was seen in lambs infected with the MRI (Moredun Research Institute, 

Edinburgh UK) isolate. Differences in the duration of the pre-patent periods were also 

observed, with the Spanish isolate, Aran 99, significantly longer (mean 28.1 days) than both 

the MSD (Merck Sharp and Dohme) and MRI isolates with means of 21.3 and 21.7 days 

respectively. Conversely, a shorter pre-patent period was observed in the H. contortus 

MHco3(ISE) strain by Sargison et al. (2019), in which a significantly higher worm egg count 

(WEC) was recorded day 18 of the infection period. However, by day 21, no significant 

difference in WECs between the three strains investigated was evident nor was there in 

establishment rate and fecundity.  
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2.5   Anthelmintic resistance and management of H. contortus 

Gastrointestinal nematode parasites are a constant threat to the health, welfare and productivity 

of livestock systems (Cole, 1986) and are regarded as one of the most economically damaging 

diseases, with production losses and control measures amounting to an estimated annual cost 

of $436 million to the Australian sheep industry (Lane et al., 2015).  

Sheep worm control is typically approached through a number of control options of which 

administration of anthelmintics from a limited number of chemical groups has been integral 

for control. In Australia these groups include broad-spectrum compounds such as 

benzimidazoles (BZs), levamisole (LV), macrocyclic lactone (ML) group, amino-acetonitrile 

derivatives (AAD) and spiroindoles (SI). Targeted actives for H. contortus and other 

haematophagous parasites, include the organophosphate group and narrow spectrum 

compounds, such as closantel (Besier & Love, 2003; Playford et al., 2014). In general, 

anthelmintics have proven to be highly effective, practical and relatively inexpensive, which 

has led to their heavy reliance in controlling parasites (Love, 2011). The ability of parasites to 

survive treatment, enables resistance to develop by passing resistance-associated genes to 

offspring and subsequent parasite generations if selection is maintained (Gilleard & Beech, 

2007; Sangster, Cowling, & Woodgate, 2018). Anthelmintic resistance (AR) is now a common 

and major problem on many Australian sheep farms. Compilation of faecal egg count reduction 

tests (FECRTs) obtained from Australian parasitology laboratories in 2009–12 (Playford et al., 

2014) showed resistance of H. contortus to closantel on 42% of properties in NSW. Severe 

resistance was also detected in this state for the ML group where resistance to ivermectin was 

found on 81% of properties, 56% to moxidectin and 84% to abamectin.  

The exceptional genetic diversity of H. contortus populations has assisted in the development 

of AR through the selection and spread of drug resistance mutations (Gilleard & Redman, 

2016), with resistance now reported in H. contortus to all major drench actives (Kotze & 

Prichard, 2016). However, knowledge gaps remain in how resistance alleles arise, are selected 

and spread in parasite populations, and also if the loci and development of resistance differs 

between isolates of the same species (Gilleard, 2006; Prichard, 2001). Understanding the 

mechanisms and genetics of anthelmintic resistance is paramount to the application of effective 

parasite control strategies that limit the development of resistance and maintain the efficacy of 

currently available anthelmintics (Gilleard, 2006; Kotze & Prichard, 2016). 
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The risk of AR spreading is greatly increased through domestic sheep trading which is 

generally unrestricted within Australia. Preventing the importation of resistant worm strains in 

sheep, is integral to sustainable worm control (Leathwick, 2004). Quarantine strategies can 

allow for the effective removal of worms in introduced sheep. Treatment with a minimum of 

three unrelated drench actives, either in combination or sequentially, is recommended for all 

new sheep followed by a period of containment (at least 24 hours after treatment) to allow eggs 

laid before treatment, to pass through the gastrointestinal tract. Additionally, sheep should be 

released onto a contaminated pasture to allow the proportion of resistant worms surviving 

treatment to be diluted with worms in refugia (Dobson et al., 2001).  

The use of specific resistance management tools, including quarantine treatments and drench-

resistance tests, have largely been adopted within the industry. Respondents of parasite control 

surveys in 2011 (67%) (Reeve & Walkden-Brown, 2014) and 2018 (60.6%) (Colvin, Reeve, 

Peachey, & Walkden-Brown, 2021), indicated a quarantine drench for worms was applied. A 

slight upward trend in the utilisation of drench tests was also shown between the surveys of 

2011 and 2018 with the proportion of respondents conducting drench tests over the past 5 years 

increasing from 29% to 36.7% respectively. 

The focus of parasite control has shifted to a more integrated approach in an effort to maintain 

control. A combination of planned stock and farm management practices, genetic selection of 

worm resistant sheep and the use of diagnostic tools (WECs and FECRTs) to allow for strategic 

and effective worm treatment, can all form part of sustainable control programs (Love, 2011). 

In a recent survey of Australian sheep producers (Colvin et al., 2021), planned preventative 

treatments (74%) were the most widely used method of worm control followed by spelling of 

paddocks to create low worm-risk ("clean") pastures (62%) and treatment based on WEC 

results (54%).  
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2.6   Summary of the literature review  

Haemonchus contortus is the one of the most intensively researched parasitic nematodes. 

Ecological studies have provided a depth of knowledge on the dominant influences on the free-

living stages with moisture and warm temperatures essential to the development of eggs and 

larval stages. The free-living stages exist within a complex micro-climate of faecal material, 

soil and vegetation that interact and modify the effects of temperature and rainfall. Although 

H. contortus is the most prevalent parasite of small ruminants in tropical and summer rainfall 

regions, its global distribution and occurrence over a wide range of climatic zones has been 

attributed to its innate biotic potential, developmental plasticity and large, genetically diverse 

populations.  

Analysis of molecular data and to a lesser extent, variation in phenotypic traits, have found 

broad applicability in discerning the population structure of H. contortus inhabiting a wide 

range of geographical regions of the world including Australia. Studies have indicated most of 

the genetic variation occurs within, rather than between regional populations of H. contortus. 

However, characterisation of parasites at the intraspecific level can provide greater 

understanding of differences among traits of epidemiological importance that may have 

implications towards the treatment and control of haemonchosis. 

Although population genetic studies have been completed on Australian isolates of H. 

contortus, further research utilizing different isolates and marker systems would enable greater 

knowledge of the genetic variation and population structure of this significant parasite under 

Australian farming systems. 
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2.7   Research objectives  

The objectives of this research are to:  

1. Examine the morphology of individual adult worms to determine the existence of 

variation between isolates from differing climatic and geographical areas of eastern 

Australia.   

2. Investigate the possibility of ecological adaptation in cool climate isolates by 

investigating hatching temperatures. 

3. Investigate the degree of genetic sub-structuring between northern and southern NSW 

isolates through sequence diversity of nuclear rDNA and variability in allele and 

genotype frequencies. 

It is anticipated this study will help to explain the perceived changes to the seasonal 

epidemiology and increased prevalence of H. contortus in some NSW regions previously 

thought unfavourable to its existence. An understanding of parasite epidemiology is required 

to underpin the treatment and control of GIN parasites and is particularly relevant to H. 

contortus given its pathogenicity and increasing resistance to anthelmintic treatments, both of 

which are of major concern to the welfare, productivity and sustainability of the sheep and goat 

industries worldwide.  
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Chapter 3. General materials and methods 

 

This chapter details the general materials and methods used within the research project.  

3.1   Parasitology  

3.1.1 Worm egg counts 

To estimate the burden of adult worms within a mob or individual sheep, worm egg counts 

(WEC) were conducted using a modification of the method described by Whitlock, Kelly, 

Porter, Griffin, and Martin (1980) to determine faecal egg output. A schematic diagram of the 

process is shown in Figure 3.1. For each mob, a minimum of 10 faecal samples were collected 

from freshly deposited piles of manure and examined separately. For an individual animal, a 

minimum of three faecal samples were collected over a 2–3 hour period to allow for WECs 

and sufficient egg recovery as described in Chapter 5. From each faecal sample, 3 g of faeces 

was added to 60 mL of saturated sodium chloride solution (NaCl, specific gravity 1.20) in a 

measuring cylinder. Using a brass plunger, the faecal solution was mixed until the faeces were 

broken up and a homogenous solution obtained. To filter floating debris from the solution, a 

sieve (1 mm aperture) was inserted and a sub-sample immediately withdrawn using a plastic 

pipette. The sub-sample was then dispensed into one chamber of a Whitlock Universal (4 x 0.5 

mL) slide. This method was continued until all individual faecal samples were processed. Eggs 

were enumerated at 40 x magnification and counted with one egg detected equivalent to 40 

eggs per gram (epg) of faeces. The mean of the 10 counts for a mob sample or three for an 

individual animal, were calculated to indicate the average level of worm infection throughout 

the mob or animal. 
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Figure 3.1 A schematic diagram of the steps involved in a worm egg count test. Note. From 

“Ruminant and equine faecal egg count” by Charles Sturt University. 2017, Register of 

Standard Operating Procedures, ACEC SOP073, p. 2. 

(https://cdn.csu.edu.au/__data/assets/pdf_file/0009/2788488/ACEC-SOP073-Ruminant-and-

Equine-Faecal-Egg-Count.pdf).  

 

3.1.2 Faecal culture and larval differentiation 

Faecal cultures and larval collection techniques were adopted from the method described by 

Hutchinson (2009). For bulk faecal cultures, fresh faecal samples were collected from a 

representative number of sheep. A small amount of water and vermiculite was added to the 

faecal material to form a crumbly mixture. The mixture was lightly packed into a labelled, glass 

jar and the sides rinsed with a small amount of water. Lids were loosely placed onto culture 

jars and incubated at 26°C for 7 days. Following incubation, culture jars were removed and 

positioned in full light for 1 hour to stimulate larval movement. Jars were then filled with warm 

water (30°C) and inverted in a glass petri dish. Additional warm water was added to the moat 

formed around the neck of the jar. The cultures were left to stand between 3–8 hours to enable 

larval migration. 

The entire liquid moat was collected in a 10 mL conical centrifuge tube using a plastic pipette 

and allowed to settle. The supernatant was discarded and the remaining solution thoroughly 

https://cdn.csu.edu.au/__data/assets/pdf_file/0009/2788488/ACEC-SOP073-Ruminant-and-Equine-Faecal-Egg-Count.pdf
https://cdn.csu.edu.au/__data/assets/pdf_file/0009/2788488/ACEC-SOP073-Ruminant-and-Equine-Faecal-Egg-Count.pdf
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mixed. One drop of larval solution was pipetted onto a microscope slide followed by one drop 

of Lugol’s iodine (to fix and stain the larvae). A cover slip was placed over the droplet and the 

slide examined using a compound microscope at 40 and 100 x magnification. One hundred 

larvae were differentiated to genus or species according to the key of van Wyk and Mayhew 

(2013). 

Cultures identified to be predominately (>90%) H. contortus were kept for future research 

including artificial infection of experimental sheep. Larvae were transferred to tissue culture 

flasks at a volume of 1000 larvae/mL of water to ensure oxygenation and survival. Flasks were 

placed horizontally in a fridge maintained at 10°C (through weekly thermometer recordings) 

to lower the metabolic rate and sustain the energy reserves of larvae. Water levels were checked 

weekly, with the water from each flask been completely changed at day 7 and subsequently 

replaced on a monthly basis by allowing the larvae to settle in a conical centrifuge tube and 

withdrawing 90% of the water. Fresh, tap water equivalent to the volume withdrawn, was added 

to the larval solution and returned to the flask. 

3.1.3 Collection of H. contortus isolates 

A total of 26 H. contortus isolates were obtained from sheep properties originating from various 

geographical regions in eastern Australia, including New South Wales (NSW), Queensland and 

Victoria (Table 3.2 and Table 3.3). The spatial extent of the geographic area in which the 

isolates were obtained from, is depicted in Figure 3.2. The term “isolate” refers to worms 

obtained from one or more hosts that had been co-grazed on a single farm (field isolate) or 

from sheep artificially infected with a previously defined H. contortus isolate (lab-derived). 

Samples of adult worms were provided by the CSIRO F.D. McMaster laboratory, Armidale, 

NSW, local veterinarians and the principal investigator following routine post mortems of 

sheep (Table 3.1 and Appendix 1). Further isolates were obtained in collaboration with the 

sheep producer and local abattoir to obtain offal from sold sheep, as well as the euthanasia of 

opportunistic donor sheep. All donor sheep were sacrificed for removal of the abomasum. 

During necropsy, the abomasum was located and opened along the greater curvature. Abomasal 

contents were emptied into a 250 µm sieve and repeatedly washed with a gentle jet of water. 

Worms were collected from the washings and scraped from the mucosal lining. A minimum of 

50 male and 50 female adult worms were collected for each isolate and preserved in 70% 

ethanol. Worms were later identified as H. contortus based on the morphologically descriptions 

of Lichtenfels et al. (1994) and Taylor et al. (2016). In instances when adult worms could not 
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be obtained, third stage larvae (L3) were cultured from bulk faecal collections obtained by the 

farmer and/or the principal investigator. Collection details for each isolate are provided in 

Table 3.1. 

 

Figure 3.2 The geographical distribution of the Haemonchus contortus isolates   
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Table 3.1 Collection details of Haemonchus contortus isolates used in this research project 

+denotes no adult female worms were collected                                                                                    

*denotes no adult worms were collected  

Isolate Origin Date collected Season Source 

Balala 2013 Field 2013 Unknown CSIRO 

Book Book 2014 Field 17/12/2014 Summer Principal investigator 

Book Book 2016 Lab-derived 

Faecal sample: 01/09/2016; 

L3: 08/09/2016; 

Adults: 19/01/2017 

Spring Principal investigator 

Bundarra 2014+ Field 2017 Unknown CSIRO 

Burrowye 2015 Field February 2015 Summer Veterinarian 

Burrumbuttock 2015 Field 12/06/2015 Winter Veterinarian 

Cathcart 2015 Field 19/04/2015 Autumn Veterinarian 

Cookardinia 2015 Field 20/02/2015 Summer Principal investigator 

Coreen 2015 Field 22/05/2015 Autumn Veterinarian 

Emmaville 2012 Field 2012 Unknown CSIRO 

Forest Hill 2016 Field 26/07/2016 Winter Veterinarian 

Galong 2015 Field 11/08/2015 Winter Veterinarian 

Gerogery 2016 Lab-derived 

Faecal sample:02/08/2016; 

L3:09/08/2016; 

Adults: 19/01/2017 

Winter 
Farmer and principal 

investigator 

Goondiwindi 2011 Field 2011 Unknown CSIRO 

Mangoplah 2014 Field 01/05/2014 Autumn Veterinarian 

Mangoplah 2015 Field 18/08/2015 Winter Principal investigator 

Old Junee 2013 Field 31/03/2013 Autumn Veterinarian 

Ournie 2015 Field 24/06/2015 Winter Veterinarian 

Table Top 2015 Field 07/04/2015 Autumn Veterinarian 

Talmalmo 2017* Field 
Faecal sample: 29/08/2017; 

L3: 11/09/2017 
Winter 

Farmer and principal 

investigator 

The Rock 2015 Field 23/03/2015 Autumn Veterinarian 

Thologolong 2015 Field February 2015 Summer Veterinarian 

Tintaldra 2015 Field May 2015 Autumn Veterinarian 

Tooma 1 2016* Field 
Faecal sample: 04/07/2016; 

L3: 20/07/2016 
Winter 

Farmer and principal 

investigator 

Tooma 2 2016 Lab-derived 

Faecal sample: 12/08/2016 

L3: 19/08/2016 

Adults: 19/01/2017 

Winter 
Farmer and principal 

investigator 

Wallangra 2003 Lab-derived 19/01/2017 Summer CSIRO 
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3.2    H. contortus isolates 

3.2.1 Classification 

Isolates were named according to the closet location (town) they were obtained from and 

allocated to represent either haemonchosis endemic regions of northern NSW and Queensland 

(Table 3.2) or haemonchosis sporadic regions of southern NSW and Victoria (Table 3.3). These 

allocations were based on the climate and rainfall zone of the geographic region in which the 

isolate originated from. Geographic regions are defined by state government agencies including 

Local Land Services (NSW Government), Department of State Development, Manufacturing, 

Infrastructure and Planning (Queensland Government) and Regional Development Victoria 

(Victorian Government). Climate and rainfall zones were identified for each geographic region 

based on climate classification maps obtained from the Bureau of Meteorology (2016) (Figure 

3.3). Average, annual rainfall, based on 15–100 year reporting periods, was gathered for each 

isolate (Tables 3.2 and 3.3) from the closest and most extensive meteorological station 

(Appendix 2) to the original location of the isolate. 
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Table 3.2 The geographical origin, climate classification and long-term average rainfall of the Haemonchus contortus isolates from northern 

New South Wales and Queensland used in this research project 

 Sourced from: Bureau of Meteorology (2016, 2019); Local Land Services (2019); Queensland Government (2019) 

 

  

Isolate Geographic region State Climate classification Climate zone 
Rainfall 

zone 

Average annual 

rainfall (mm) 

Balala 2013 Northern Tablelands NSW Temperate Warm summer, cold winter Summer 794 

Bundarra 2014 North West NSW Temperate Warm summer, cold winter Summer 767 

Emmaville 2012 Northern Tablelands NSW Temperate Warm summer, cold winter Summer 830 

Wallangra 2003 Northern Tablelands NSW Temperate Hot dry summer, cold winter Summer 730 

Goondiwindi 2011 Darling Downs South West Queensland Subtropical Hot dry summer, cold winter Summer 619 
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Table 3.3 The geographical origin, climate classification and long-term average rainfall of the Haemonchus contortus isolates from southern 

New South Wales and Victoria used in this research project  

Sourced from: Bureau of Meteorology (2016, 2019); Local Land Services (2019); Regional Development Victoria (2019) 

Isolate Geographic region State Climate classification Climate zone 
Rainfall 

zone 

Average annual 

rainfall (mm) 

Book Book 2014 Riverina NSW Temperate Hot dry summer, cold winter Winter 631 

Book Book 2016 Riverina NSW Temperate Hot dry summer, cold winter Winter 631 

Burrumbuttock 2015 Murray NSW Temperate Hot dry summer, cold winter Winter 582 

Cathcart 2015 South East NSW Temperate Mild/warm summer, cold winter Uniform 806 

Cookardinia 2015 Murray NSW Temperate Hot dry summer, cold winter Winter 678 

Coreen 2015 Murray NSW Temperate Hot dry summer, cold winter Winter 509 

Forest Hill 2016 Riverina NSW Temperate Hot dry summer, cold winter Winter 572 

Galong 2015 Riverina NSW Temperate Warm summer, cold winter Winter 613 

Gerogery 2016 Murray NSW Temperate Hot dry summer, cold winter Winter 592 

Mangoplah 2014 Riverina NSW Temperate Hot dry summer, cold winter Winter 539 

Mangoplah 2015 Riverina NSW Temperate Hot dry summer, cold winter Winter 539 

Old Junee 2013 Riverina NSW Temperate Hot dry summer, cold winter Winter 508 

Ournie 2015 Murray NSW Temperate Mild/warm summer, cold winter Winter 811 

Table Top 2015 Murray NSW Temperate Hot dry summer, cold winter Winter 700 

Talmalmo 2017 Murray NSW Temperate Warm summer, cold winter Winter 879 

The Rock 2015 Riverina NSW Temperate Hot dry summer, cold winter Winter 565 

Tooma 1 2016 Murray NSW Temperate Mild/warm summer, cold winter Winter 742 

Tooma 2 2016 Murray NSW Temperate Mild/warm summer, cold winter Winter 742 

Burrowye 2015 Ovens Murray Victoria Temperate Warm summer, cold winter Winter 879 

Thologolong 2015 Ovens Murray Victoria Temperate Warm summer, cold winter Winter 753 

Tintaldra 2015 Ovens Murray Victoria Temperate Mild/warm summer, cold winter Winter 809 
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Figure 3.3 Climate classifications of Haemonchus contortus isolates based on their respective 

geographical region: (A) climate zones based on vegetation (Köppen), (B) climate zones based 

on temperate and humidity, (C) seasonal rainfall zones. Source: Bureau of Meteorology (2016). 
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Figure 3.3 Climate classifications of Haemonchus contortus isolates based on their respective 

geographical region: (A) climate zones based on vegetation (Köppen), (B) climate zones based 

on temperate and humidity, (C) seasonal rainfall zones. Source: Bureau of Meteorology (2016). 
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3.2.2 Experimental use of H. contortus isolates 

The specific isolates used within each study is outlined in Figure 3.4. 

A 

 

Figure 3.4 Summary of the Haemonchus contortus isolates used within each experimental 

chapter: (A) Chapter 4 and Chapter 5, (B) Chapter 6 and Chapter 7. 

 

 

 

 

 

 

 

 

 

 

  

Chapter 4

Phenotype study - worm 
morphology

Morphology x geographical regions of 
eastern Australia

- Northern NSW/QLD isolates

- Southern NSW/VIC isolates

Morphology x climate

- Subtropical and temperate summer             
rainfall isolates

- Temperate winter rainfall isolates

Chapter 5 

Phenotype study - hatching 
temperature 

Northern NSW isolate

- Bundarra 2014

Southern NSW isolates

- Book Book 2016

- Tooma 1 2016
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Figure 3.4 Summary of the Haemonchus contortus isolates used within each experimental 

chapter: (A) Chapter 4 and Chapter 5, (B) Chapter 6 and Chapter 7.  

 

 

Chapter 6 

Single locus population 
genetic study  

Haemonchosis endemic regions

(northern NSW/QLD isolates)

- Balala 2013

- Bundarra 2014

- Emmaville 2012

- Goondiwindi 2011

- Wallangra 2003

Sporadic haemonchosis regions

(southern NSW/VIC isolates)

- Book Book 2014

- Book Book 2016

- Burrowye 2015

- Burrumbuttock 2015

- Cathcart 2015

- Gerogery 2016

- Mangoplah 2015

- Old Junee 2013

- Ournie 2015

- Talmalmo 2017

- Tooma 1 2016

- Tooma 2 2016

Chapter 7

Multi locus population 
genetic study

Haemonchosis endemic regions

(northern NSW/QLD isolates)

- Balala 2013

- Bundarra 2014

- Emmaville 2012

- Goondiwindi 2011

- Wallangra 2003

Sporadic haemonchosis regions

(southern NSW/VIC isolates)

- Book Book 2014

- Book Book 2016

- Burrowye 2015

- Burrumbuttock 2015

- Cathcart 2015

- Gerogery 2016

- Old Junee 2013

- Ournie 2015

- Talmalmo 2017

- Tooma 1 2016

- Tooma 2 2016
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Chapter 4. A comparative morphological study of Haemonchus contortus 

isolates from eastern Australia 

 

4.1   Introduction 

Haemonchus contortus is one of the most significant livestock parasites to affect small 

ruminants worldwide. The morphology of this pathogenic nematode has been extensively 

explored and from its earliest descriptions, variations in adult morphology have been noted, 

with particular reference to the female vulva region and male bursa (Das & Whitlock, 1960; 

Roberts et al., 1954; Tod, 1965; Veglia, 1915). One of the most comprehensive morphological 

studies of H. contortus was carried out by Roberts et al. (1954), who described at least 14 

morphological types for the female vulval flap. The authors observed a distinction between 

hosts, with worms obtained from sheep primarily linguiform (88.9%), in contrast to mainly 

knobbed types in cattle (93.5%). Further differences in male and infective larvae morphometry, 

led the authors to conclude H. contortus and H. placei were two separate species.   

Comparative studies have also suggested differences in morphology occur between 

geographically distinct H. contortus populations. For example Das and Whitlock (1960) noted 

the relative proportions of the three main vulval morphology types (linguiform, smooth and 

knobbed), differed consistently between female H. contortus worms originating from the 

United States of America, India and the Philippines. This divergence between geographic 

regions was assumed to be ecologically based and evidence of subspeciation in H. contortus. 

Similarly in New Zealand, two morphologically distinct populations of H. contortus were 

identified by McKenna (1971b). Comparison of female worms across 37 locations, identified 

linguiform as the main morphological type present in the North Island districts, while smooth 

morphological types were more common to the Otago-Canterbury districts of the South Island. 

The high prevalence of smooth types was attributed to genetic drift, in which the small 

populations of H. contortus, as evidenced by low infections, were precluded from gene 

migration due to the natural barrier to host movement presented by the Southern Alps.  

In addition to vulval morphology, the use of morphometric analyses of the male bursa including 

spicule lengths and distances of the left and right hooks from the spicule tips have been used 

to differentiate Haemonchus species (Gibbons, 1979; Hoberg et al., 2004; Roberts et al., 1954) 

and are considered to be practical measures for easy and rapid identification of individual 

worms to species level (Jacquiet et al., 1997). However there are limited studies in which these 
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characters have been used to identify divergences between H. contortus populations. The 

morphological study carried out by McKenna (1971b) also included a comparison of spicule 

dimensions in male worms but no significant differences were found. Somewhat different 

results were found by Gharamah et al. (2014) in a study of male H. contortus worms taken 

from sheep and goat populations in Malaysia and Yemen. Statistical analysis showed the 

existence of morphological variation between samples of H. contortus from the countries, with 

spicule lengths a distinguishable character. The authors suggested the variation could be due 

to a variety of factors including parasite developmental plasticity, geographical isolation or the 

potential existence of two separate isotypes.  

Morphological comparisons of Australian H. contortus isolates have been published (Besier, 

1992; Hunt et al., 2008; Le Jambre & Royal, 1977), however these have been limited to the 

comparison of female vulval morphology. In the study by Hunt et al. (2008), various 

phenotypic markers were used to gain an understanding of the genetic structure of H. contortus 

in Australia. Female vulval morphology was one marker which revealed Queensland isolate 

Gold Coast 2004 to be clearly divergent to three northern New South Wales (NSW) isolates. 

In support of this observation, genetic divergences were also found following a multi-locus 

population analysis. The population structure of H.contortus in Australia was found to be 

complex, however, the study highlighted the potential implications of imported strains of H. 

contortus and how the processes of gene flow can contribute to genetic diversity along with 

the emergence and spread of drug resistance loci in parasite populations. 

In this chapter, a comparative morphological picture of H. contortus isolates originating from 

differing geographical regions of eastern Australia is presented. The study encompasses the 

haemonchosis endemic regions of northern NSW and Queensland, as well as southern NSW 

and Victoria, where haemonchosis occurs more sporadically. Based on previous studies which 

have observed morphological variation between geographically distinct populations (Das & 

Whitlock, 1960; Gharamah et al., 2014; Hunt et al., 2008; McKenna, 1971b), observations of 

the female vulva and morphometric measures of the male bursa, were chosen as morphological 

markers to investigate possible phenotypic divergence between the isolates. To seek further 

insight into the population structure of H. contortus in eastern Australia, climatic variables 

including seasonal effects, climate and rainfall zones, were analysed to determine if 

morphological variation is due to differences in regional climates.  
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4.2   Materials and methods 

4.2.1 Collection and examination of H. contortus isolates 

A comparative morphological assessment was completed on 23 H. contortus isolates from 

various geographical regions in eastern Australia, including NSW, Queensland and Victoria 

(Figure 4.1 and Table 4.1). Collection details and procedures for each isolate are outlined in 

section 3.1.3. Similar to other comparative studies of H. contortus (e.g., Lichtenfels et al., 1994; 

Sargison et al., 2019), up to 25 individual male and 25 individual female worms were randomly 

selected from each isolate for characterisation of morphological features. Individual worms 

were cleaned in tap water using forceps and gently dried on tissue paper. Worms were 

positioned lengthwise on a glass microscope slide and cleared in lactophenol before placement 

of a cover-slip over the specimen.  

4.2.1.1     Morphology of female H. contortus 

The morphology of the female vulva region was observed under a compound microscope at 10 

x magnification and classified according to the morphological descriptions of Roberts et al. 

(1954) as either linguiform, knobbed or smooth. Linguiform subtypes (A, B, C and I) were 

applied, however knobbed and smooth subtypes were indistinguishable and simply scored as 

either “smooth” or “knobbed”. Photos of the different morphological types of the female vulva 

region are presented in Figure 4.2. 

4.2.1.2     Morphology of male H. contortus 

The length of the left and right spicules was viewed at 10 x magnification, whilst a higher 

magnification (40 x) was required to distinguish and measure the distance of the left and right 

hooks from the spicule tips. The spicule adjacent to the asymmetrical dorsal lobe of the bursa 

was considered to be the left spicule (Veglia, 1915). Figure 4.3 shows the bursa of the male 

nematode including location of spicules, spicule tips and hooks.  

Specimens were measured with a calibrated ocular micrometer. The eyepiece graticule was 

calibrated to a 0.01 mm stage micrometer slide at each magnification (4 x, 10 x and 40 x). 

Alignment of both scales, enabled the value of one eyepiece graticule unit (µm) to be 

determined and the subsequent multiplication factor to be applied to the measurements.  
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4.2.2 Climatic data 

Isolate collection details, specifically the month and season, were obtained, if possible, for each 

isolate and included in Table 3.1. Climatic data including climate and rainfall zone, was also 

obtained for each isolate (Table 3.2, Table 3.3 and Figure 3.3) to further evaluate the potential 

association of morphological variation and climate.  

 

 

Figure 4.1 The geographical origin of the isolates of Haemonchus contortus used for 

morphological characterisation   
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Table 4.1 Geographic origin of Haemonchus contortus isolates and the total number of adult 

worms included for the morphological characterisation 

Isolate Geographic location 
Individual males 

included 

Individual females 

included 

Balala 2013 Northern NSW 25 25 

Emmaville 2012 Northern NSW 25 25 

Wallangra 2003 Northern NSW 25 25 

Goondiwindi 2011 Queensland 25 25 

Book Book 2014 Southern NSW 25 25 

Book Book 2016 Southern NSW 25 25 

Burrumbuttock 2015 Southern NSW 25 25 

Cathcart 2015 Southern NSW 25 25 

Cookardinia 2015 Southern NSW 24 24 

Coreen 2015 Southern NSW 25 25 

Forest Hill 2016 Southern NSW 25 25 

Galong 2015 Southern NSW 25 25 

Gerogery 2016 Southern NSW 25 25 

Mangoplah 2014 Southern NSW 25 25 

Mangoplah 2015 Southern NSW 18 25 

Old Junee 2013 Southern NSW 25 25 

Ournie 2015 Southern NSW 25 25 

Table Top 2015 Southern NSW 25 25 

The Rock 2015 Southern NSW 25 25 

Tooma 2 2016 Southern NSW 7 25 

Burrowye 2015 Victoria 25 25 

Thologolong 2015 Victoria 25 25 

Tintaldra 2015 Victoria 25 25 
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I   II  III   

IV  

V  VI  

Figure 4.2 The different morphological types of the vulva region of female Haemonchus 

contortus: (I) Linguiform A, (II) Linguiform B, (III) Linguiform I, (IV) Linguiform C, (V) 

Smooth and (VI) Knobbed. Source: Alice Bunyan.  
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Figure 4.3 The bursa of the male Haemonchus contortus showing the left and right spicules, 

spicule hook and tip and asymmetrical dorsal lobe. Source: Alice Bunyan. 

 

4.2.3 Statistical analysis 

Differences in the frequency of female morphological types between the isolates were analysed 

initially using a Chi-squared test of independence. However this test was invalid due to small 

frequencies (less than 5) within the contingency table. Consequently, a Fisher’s exact test was 

performed to test the null hypothesis of no association between morphological types and 

isolate.  

The association between isolate and male morphometrics was evaluated using a one-way 

analysis of variance (ANOVA). The response variables included right spicule length, left 

spicule length, tip to hook of right spicule and tip to hook of left spicule. The assumption of 

equality of variance between the isolates for each of the response variables were analysed using 

Levene’s test and a weighted least squares ANOVA following the identification of 

heteroscedasticity. Model assumptions were met through normal distribution of residual plots. 

Significant differences between means were determined using Tukey’s HSD test.  
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In addition, mean values for spicule lengths and distance of the left and right hooks from the 

spicule tips were collated from previously published morphological studies on H. contortus 

and used for comparisons. 

All analyses were conducted with R 3.4.3 (R Core Team, 2017) and utilised readxl (Wickham 

& Bryan, 2017), RcmdrMisc (Fox, 2016), ggplot2 (Wickham, 2016), dplyr (Wickham & 

Francois, 2016), tidyr (Wickham, 2017) and agricolae (de Mendiburu, 2016) packages.  

4.3   Results 

4.3.1 Female vulval morphometry  

Almost all morphological types were observed across the isolates with distinction between the 

different types easily made. Of the three main types, linguiform was the dominant 

morphological type observed, followed by smooth and knobbed (Figure 4.4). Linguiform, in 

particular subtypes A and B were the predominant types in all isolates. A Fisher’s exact test 

indicated the proportion of vulval morphology types differed significantly between the isolates 

(P = 0.001). The percentage of the morphological types in each isolate is shown in Figure 4.5. 

The linguiform subtypes A and B were present in all 23 isolates and occurred at a higher 

frequency than subtypes C and I.  Subtype A was observed more than B in Book Book 2014 

and Mangoplah 2014 while subtype B was more prevalent in Cathcart 2015, Coreen 2015, 

Forest Hill 2016, Table Top 2015 and Burrowye 2015. Subtype I was only identified in the 

southern NSW isolates of Cookardinia 2015, Forest Hill 2016 and Mangoplah 2015, Victorian 

isolate Tintaldra 2015 and the northern NSW isolate Emmaville 2012. Knobbed morph types 

occurred the least with the highest occurrence (16%) found in both Mangoplah 2015 and 

Ournie 2015. Smooth morph types were also sparse with the highest frequency (40%) occurring 

in Old Junee 2013. Emmaville 2012 and Mangoplah 2015 were the only two isolates in which 

all morphological types were present. Wallangra 2003 was the only isolate to be deficient in 

both smooth and knobbed morph types. 

4.3.2 Male morphometrics 

The male morphological characters, spicule length and distance of the left and right hooks from 

the spicule tips, also varied across the isolates (Table 4.2). The range of the spicule lengths 

between the isolates overlapped considerably, but there were some significant differences (P = 
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0.001) (Figure 4.6 A and B). This was also apparent in the distance of the left and right hooks 

from the spicule tips (P = 0.001) (Figure 4.6 C and D).  

Within each isolate, the length of the left and right spicules was similar, however the proximity 

of the hook to the spicule tip was different between the left and right (Table 4.2). The distance 

between the right hook and spicule tip was consistently greater than the left. Published work 

by Lichtenfels et al. (1994); Roberts et al. (1954); Tod (1965); and Veglia (1915) reported 

similar measurements and suggests this is a common attribute of male H. contortus. 

Raw mean values of spicule lengths and distance of the left and right hooks from the spicule 

tips were calculated for eastern Australia and compared to those published from Queensland, 

Australia (Roberts et al., 1954), North America (Lichtenfels et al., 1994), Malaysia and Yemen 

(Gharamah et al., 2014) (Table 4.3). Spicule lengths in this study were similar to H. contortus 

specimens from Queensland and North America, and were considerably different to the two 

Asian countries. The distance of the left and right hooks from the spicule tips varied between 

the countries. 

4.3.3 Interaction between climate and male and female morphology  

In the present study, no distinct clustering of male or female morphological characters were 

found between isolates of H. contortus representing subtropical/temperate summer rainfall 

regions or temperate winter rainfall climates. The season in which the isolate was collected 

(Table 3.1) and other climatic variables including climate and rainfall zone (Table 3.2 and 

Table 3.3) were also considered, however no correlations between particular morphological 

characters and these variables could be established.  

There were however, indications of possible changes in the frequency of female morphological 

types (Figure 4.5) and male spicule lengths over time (Table 4.2). Isolates were obtained from 

the Book Book site twice, with a two-year intervening period. The frequency of morphological 

types varied between the two Book Book isolation dates with smooth and knobbed types being 

more common, and linguiform types less common in the second isolate. Similarly, the 

collection at Mangoplah in 2015 had linguiform subtype I and smooth types which weren’t 

seen previously in the worms from Mangoplah during 2014. The spicule lengths varied 

significantly (P = 0.001) between the two times for both Book Book and Mangoplah, as did 

the distance between the tip to hook of the left spicule in the Mangoplah isolates. 
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Figure 4.4 The relative percentages of the three main morphological types (linguiform, smooth 

and knobbed), between the isolates of female Haemonchus contortus used in this study. The 

three main types of vulval morphology are represented in the key. 
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Figure 4.5 Differences in the frequency of morphological types between the isolates of female 

Haemonchus contortus used in this study. The different types of vulval morphology are 

represented in the key: Linguiform subtypes (A, B, C and I), knobbed (K) and smooth (S).  
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Table 4.2 Morphometrics (predicted mean ± SE) of male Haemonchus contortus from 

eastern Australia 

Note. All measurements are in micrometres.  

Isolate 
Right spicule 

length 

Left spicule 

length 

Tip to hook of 

right spicule 

Tip to hook of 

left spicule 

Balala 2013 424.80 ± 3.16  425.60 ± 2.77 47.25 ± 0.69 24.97 ± 0.50 

Book Book 2014  428.33 ± 4.15 428.33 ± 4.28 47.42 ± 0.70 26.17 ± 0.51 

Book Book 2016  457.60 ± 2.31 458.20 ± 2.43 46.77 ± 0.69 24.27 ± 0.50 

Burrowye 2015 405.60 ± 2.00 401.60 ± 2.05 44.88 ± 0.69 23.97 ± 0.49 

Burrumbuttock 2015  421.00 ± 2.38 420.00 ± 2.39 45.68 ± 0.67 25.16 ± 0.49 

Cathcart 2015  402.20 ± 2.50 402.40 ± 2.58 43.53 ± 0.69 22.89 ± 0.49 

Cookardinia 2015  434.34 ± 4.39 434.16 ± 4.46 46.26 ± 0.72 25.23 ± 0.51 

Coreen 2015 411.45 ± 2.15 410.20 ± 2.30 46.57 ± 0.69 23.62 ± 0.50 

Emmaville 2012  433.26 ± 3.35 431.95 ± 3.18 48.08 ± 0.73 25.00 ± 0.51 

Forest Hill 2016  419.00 ± 3.62 417.80 ± 3.85 47.08 ± 0.67 25.05 ± 0.49 

Galong 2015  440.80 ± 2.64 440.62 ± 2.45 48.60 ± 0.70 25.23 ± 0.51 

Gerogery 2016 459.58 ± 3.28 455.41 ± 3.25 46.77 ± 0.69 24.20 ± 0.49 

Goondiwindi 2011 430.40 ± 2.67 429.20 ± 2.51 46.83 ± 0.70 26.23 ± 0.51 

Mangoplah 2014  428.63 ± 3.24 426.81 ± 3.56 45.64 ± 0.73 23.93 ± 0.52 

Mangoplah 2015 445.27 ± 5.36 443.61 ± 5.35 48.60 ± 0.79 26.85 ± 0.58 

Old Junee 2013  413.86 ± 2.58 413.40 ± 2.53 45.00 ± 0.73 23.80 ± 0.52 

Ournie 2015  405.62 ± 2.90 405.62 ± 2.98 43.08 ± 0.69 23.51 ± 0.50 

Table Top 2015  401.66 ± 3.47 400.80 ± 3.63 42.75 ± 0.69 22.78 ± 0.49 

The Rock 2015  408.20 ± 2.98 407.80 ± 3.16 44.38 ± 0.67 23.54 ± 0.49 

Thologolong 2015  414.80 ± 3.00 413.20 ± 3.45 47.08 ± 0.67 24.73 ± 0.49 

Tintaldra 2015  428.60 ± 2.76 427.20 ± 3.17 46.65 ± 0.67 25.27 ± 0.49 

Tooma 2 2016  437.14 ± 6.44 434.28 ± 5.16 45.35 ± 1.27 24.28 ± 0.93 

Wallangra 2003  457.60 ± 3.41 456.60 ± 3.30 46.04 ± 0.69 24.50 ± 0.49 
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Figure 4.6 Variation in the length (predicted mean ± SE) of (A) right spicule, (B) left spicule, 

(C) tip to hook of right spicule, and (D) tip to hook of left spicule in male worms across 23 

isolates. Means not sharing the same letter differ significantly (P < 0.001). 
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Figure 4.6 Variation in the length (predicted mean ± SE) of (A) right spicule, (B) left spicule, 

(C) tip to hook of right spicule, and (D) tip to hook of left spicule in male worms across 23 

isolates. Means not sharing the same letter differ significantly (P < 0.001). 
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Table 4.3 Comparison of mean values for male morphometrics 

Note. Ranges are in parentheses. 

  

Number 

examined 

Spicule length 

(µm) 

Right spicule 

(µm) 

Left spicule 

(µm) 

Tip to hook of 

right spicule (µm) 

Tip to hook of 

left spicule (µm) 
Country Author 

Spicules: 200 

Hook-tip: 100 

424 

(410-434) 
NA NA 

41 

(40-43) 

21 

(21-22) 
Australia Roberts et al. (1954) 

23 
425 

(383-475) 
NA NA 

42 

(37-48) 

22 

(19-24) 
North America Lichtenfels et al. (1994) 

50 NA 399.22 395.37 38.92 21.83 Malaysia Gharamah et al. (2014) 

50 NA 442.05 436.59 43.56 22.60 Yemen Gharamah et al. (2014) 

549 NA 
425.96  

(370-490) 

424.88  

(370-490) 

46.08 

(32.4-56.7) 

24.55 

(13.5-32.4) 
Australia Present study 
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4.4   Discussion 

This study of the morphological characteristics of H. contortus isolates from eastern Australia 

principally confirms the high level of diversity often observed in this parasite. The study 

analysed a large number of individuals in comparison to studies published previously. 

Morphological variation was readily seen both within and between isolates for both male and 

female characters, but there was no discernible association with geography or climate observed. 

Although this result is in contrast to the findings of Das and Whitlock (1960) and McKenna 

(1971b), a previous study by Besier (1992) also found no association between vulval 

morphology and six different regions of Australia.  

The occurrence of almost all female morphological types across the isolates was similar to the 

observations made by Hunt et al. (2008) and McKenna (1971b) in their respective studies, 

although unusual frequencies of morphological types were found in the Gold Coast 2004 isolate 

with a particular excess of knobbed morph types (Hunt et al., 2008). The occurrence of knobbed 

morph types was low in both the present study and the New Zealand study by McKenna 

(1971b). Seasonal trends in the occurrence of linguiform subtypes A and B were reported by 

Le Jambre and Whitlock (1968) in the Finger Lakes region of New York and by McKenna 

(1971a) in New Zealand. Similar to this study, both authors observed no seasonal differences 

in the relative proportions of the three main vulval types. However, the incidence of subtype A 

was particularly common in both regions during spring and were later replaced by subtype B 

during summer. No evidence of seasonal fluctuations in linguiform subtypes were apparent in 

eastern Australia following the assessment of collection times or within subsequent collections 

of isolates, namely Book Book and Mangoplah isolates. The data collected for these isolates 

was however limited, and given the findings of Le Jambre and Whitlock (1968) and McKenna 

(1971a), it would be beneficial to investigate this fluctuation further, by obtaining successive 

collections of female specimens over a period of seasons and years.  

The cuticular inflations of linguiform subtypes A, C and I, which appear within the vicinity of 

the female vulval flap (Figure 4.2), were suggested by Daskalov (1972) as having no genetic 

basis and are instead, related to host species, duration of infection and worm development. A 

greater number of linguiform females with inflations were recovered from lambs (60.22%) than 

kids (30.18%) following infection with a H. contortus strain carrying the recessive linguiform 

allele. Whilst a simultaneous infection of two different H. contortus strains, linked longer 

infection periods with increased worm maturity and subsequent development of cuticular 
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inflations. Only 12.44% of females were observed with a cuticular inflation at autopsy 

following an average infection period of 23.5 days as opposed to 39 days in which 52.02% of 

females had developed cuticular inflations (Daskalov, 1972). Host induced changes to parasite 

morphology have also been observed in Teladorsagia circumcincta, with Waller and Thomas 

(1978) noting a host response to prior parasitic infection with suppression of vulval flap 

development in the parasite.  

A genetic link to the variations seen in female morphology was however made by Le Jambre 

and Whitlock (1968) and later supported in subsequent studies of H. contortus by Le Jambre 

(1977) and Le Jambre and Royal (1977). The authors found the alleles responsible for 

expressing the particular phenotype (smooth, knobbed and linguiform) varied in dominance 

between geographical regions. Le Jambre (1977) found linguiform to be the dominant type over 

knobbed and smooth phenotypes in isolates from the Finger Lakes region of New York while 

the converse was found in H. contortus from the Northern Tablelands of NSW (Le Jambre & 

Royal, 1977). A feature of both studies was the observation that the recessive phenotype was 

more prevalent than the dominant one. Linguiform types are more prevalent than knobbed or 

smooth in all the isolates shown in Figure 4.5, similarly to the findings of Le Jambre & Royal 

(1977).  

Although no association was found between isolate origin and male morphological characters 

in this study, divergences between countries in the mean distance of the left and right hooks 

from the spicule tips were noted when the data was compared with published work. This 

observation is broadly supported by Gharamah et al. (2014) who established differentiation 

between H. contortus populations from Malaysia and Yemen based on male morphological 

characters. Geographical isolation was one possible explanation given for the morphological 

differences observed by Gharamah et al. (2014), and is also a likely reason for the apparent 

differences noted in this study and other global locations. Population genetic studies (e.g., Otsen 

et al., 2000; Redman, Packard, et al., 2008; Troell et al., 2006) add further support of strong 

global population structure in H. contortus. On a regional scale, clear differences exist between 

the present study of mainly NSW isolates and Roberts et al. (1954) who exclusively used male 

worms from Queensland. The exact locations of the Queensland specimens collected by 

Roberts et al. (1954) were not provided in the publication, which therefore excludes further 

comparisons such as climate, between the two studies. In considering these examples of global 

and regional population structure, it is reasonable to suggest distance of the left and right hooks 
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from the spicule tips as a phenotypic marker for future morphological investigations rather than 

spicule lengths and female morphology. Further studies will be needed to validate the 

measurement’s potential using a wider collection of isolates.   

The low level of morphological differentiation between isolates reflects a high level of within 

isolate variation – a common feature of H. contortus populations (Blouin et al., 1995; Gilleard 

& Redman, 2016). The degree of diversity observed within H. contortus populations has been 

attributed to large population sizes, resulting from the parasite’s high fecundity and biotic 

potential (Besier et al., 2016b; Blouin et al., 1995). Gene flow between populations is also cited 

as a contributor and offers an explanation to the lack of morphologically differentiation seen in 

this study. Gene flow among parasite populations could be mediated by many mechanisms 

including movement of hosts, movement of parasites by free-ranging alternative hosts such as 

feral goats, movement of soil, faecal and plant material by water or wind, the movement of 

animal wastes as fertilizer or accidentally (e.g., stock transport vehicles), the lateral movement 

of larvae in pastures or transport by faecal and phylloplane dwelling invertebrate animals, 

particularly flies and beetles. It is not known which of these dispersal mechanisms is 

quantitatively more important in the Australian context, nor is it known whether these 

mechanisms differ in importance geographically or temporally, however dispersal can allow 

for genetic mixing of individuals among populations and the eventual loss of genetic structuring 

between populations (Blouin et al., 1995; Hunt et al., 2008; Poulin, 2007). 

In summary, despite female vulval morphology and male spicule dimensions being easily 

identifiable and measurable, few consistent differences were found between H. contortus 

isolates from differing geographical and climatic areas of eastern Australia. A limitation of this 

study, was that only three morphological characters were examined. The use of a wider set of 

morphological characters along with the application of genetic markers, could provide 

additional insight for future population studies of H. contortus. Collection of detailed isolate 

histories such as the stage of infection, may also assist in the understanding of diversity patterns 

whilst allowing previously described hypotheses such as the influence of worm age on worm 

morphology (Daskalov, 1972) to be tested.  
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Chapter 5. The influence of temperature on egg hatching in Haemonchus 

contortus: A pilot study of isolates from New South Wales 

 

5.1   Introduction  

Development and survival of the free-living stages of Haemonchus contortus is primarily 

influenced by temperature and moisture, and this is thought to determine the geographical 

distribution and epidemiology of this important parasite of small ruminants. In general, H. 

contortus thrives in warm and humid climates, making it the most prevalent gastrointestinal 

nematode (GIN) parasite of small ruminants in tropical, sub-tropical and summer rainfall 

regions, where conditions are ideal for the free-living stages (Besier et al., 2016b; O’Connor et 

al., 2006).   

The optimum temperature for the development of H. contortus eggs to infective larvae (L3) is 

between 25°C–37°C (Figure 5.1), with little or no development under conditions of extreme 

heat and cold (O’Connor et al., 2006). In comparison to other trichostrongylid parasites, the 

free-living stages of H. contortus are far less tolerant of cold temperatures (O’Connor et al., 

2006). In the study by Todd et al. (1976), unembryonated H. contortus eggs were found to be 

the most cold-susceptible free-living stage, with only 1% of eggs surviving for 1 hour at –10°C 

and 17% surviving for 4 days at 4°C, whilst the survival of L3 was much greater, with 61% 

surviving for 1 hour at –10°C and 74% surviving for 4 days at 4°C. 

Egg hatching and larval development rates in H. contortus have been shown to be proportional 

to temperature. Silverman and Campbell (1959) identified a minimum hatching temperature of 

9°C after eggs failed to hatch at 0°C and 7.2°C in faecal cultures. In the same experiment, L3 

were observed at a minimum of 5 days following constant exposure to 21.7°C compared to 9 

days at 14.4°C and 15 days at 11°C. As temperatures approach the upper limit for hatching 

(Figure 5.1), development is rapid with hatching occurring within 12 hours and L3 appearing 

after 3 days at 37°C (Silverman & Campbell, 1959). Under extreme temperatures, the viability 

of the egg often becomes compromised, with eggs disintegrating at 37.8°C (Berberian & 

Mizelle, 1957) and minimal egg survival (4%) at 45°C (Todd et al., 1976).   
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Figure 5.1 Temperature range for development of Haemonchus contortus from unembryonated 

egg to infective larvae (L3). “Optimum temperature indicated by box, with most optimum 

temperature marked by high colour intensity. Dashed lines (–) extend to the upper and lower 

temperature limits for development”.  Note. Adapted from “Ecology of the free-living stages 

of major trichostrongylid parasites of sheep” by L. J. O’Connor, S. W. Walkden-Brown and L. 

P. Kahn. 2006, Veterinary Parasitology, 142(1–2), p. 6. 

(http://dx.doi.org/10.1016/j.vetpar.2006.08.035). Copyright 2006 Elsevier B.V.  

 

In the temperate, winter rainfall zone of south-east Australia, low temperatures generally 

restrict the development of H. contortus with sporadic outbreaks occurring in response to 

unseasonal summer rain (Besier et al., 2016b). However, haemonchosis has been suspected in 

sheep flocks grazing the Riverina and Murray regions of southern New South Wales (NSW) 

during the cooler winter months (R.G. Woodgate, personal communication, June 16, 2014).  

Ecological adaptation to cooler climates is a possible explanation for unusual haemonchosis 

outbreaks, with differences in temperature thresholds for egg hatching identified in 

geographically diverse populations. For example, Crofton et al. (1965) reported a difference in 

minimum hatching temperature for H. contortus eggs originating from England and North 

America (New York and Kentucky). The authors found hatching occurred at a low of 9°C for 

the English isolate compared to a minimum of 15°C for both North American isolates. Similar 

results were described in Australia by Besier (1992) in which cool climate isolates (Albany, 

Western Australia and King Island, Tasmania) outperformed their warm climate counterparts 

(Lawes and Charleville, Queensland and Manilya, Western Australia) at 8°C and 10°C for both 

hatching rate and proportion hatched.  

Somewhat different results were found in a study by Troell, Waller, and Höglund (2005), who 

compared isolates from Sweden and Kenya. Following incubation at a constant temperature of 

either 5°C or 15°C, no significant difference was found in development of eggs to L3 despite 

the geographic, climatic and genetic differences between the isolates. 

http://dx.doi.org/10.1016/j.vetpar.2006.08.035


 
 

63 
 

In the previous study (Chapter 4), no discernible population structure was observed in isolates 

from different geographical and climatic regions of eastern Australia using worm morphology 

as a phenotypic marker. Subsequently, minimum hatching temperature was investigated in this 

study as a potential marker for cold tolerance in an attempt to discover phenotypic divergences 

between H. contortus isolates. It was hypothesized the egg hatching temperature would be 

lower in H. contortus isolates from southern NSW as a result of exposure to a cooler climate. 

Two isolates from southern NSW were compared with one isolate from northern NSW, a region 

in which H. contortus occurs endemically.  

 

5.2   Materials and methods 

5.2.1 Experimental site and design 

The study was conducted at the CSIRO F.D. McMaster laboratory, New England Highway, 

Armidale, NSW, Australia.  

A 3 x 5 x 7 factorial, completely randomized design was conducted in vitro to determine the 

influence of temperature on egg hatching in three geographically distinct H. contortus isolates. 

Under controlled environmental conditions, eggs from each isolate were incubated at one of 

five constant temperatures (5°C, 8°C, 11°C, 25°C and 37°C) with larval development assessed 

seven times (24, 48, 72, 96, 120, 144 and 168 hours) after seeding. There were eight replicates 

per isolate for each temperature for all seven time points.   

5.2.2 H. contortus isolates 

Three H. contortus isolates from differing climatic and geographical areas were used in this 

study (Figure 5.2). The ability to access faecal samples for culture of sufficient L3 for passage 

through donor sheep, was also a contributing factor in isolate selection. Detailed climatic data 

for each isolate is described below with mean maximum and minimum air temperatures (50–

80 year average), displayed in Figures 5.3 and 5.4 below. The isolates used were: 

Bundarra 2014 – originally isolated by the CSIRO F.D. McMaster laboratory from the North 

West region of NSW. Temperate, summer rainfall region (767 mm) with a warm summer and 

cold winter. The isolate originated from goats that had grazed pastures previous to sheep on the 

property. The isolate was twice passaged in sheep to obtain sufficient larvae for subsequent 

work.  
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Book Book 2016 – an isolate from the Riverina region of NSW. Temperate, winter rainfall 

region (631 mm) with a hot, dry summer and cold winter. 

Tooma 1 2016 – isolated from the Murray region of NSW, near Kosciuszko National Park. 

Temperate, winter rainfall region (742 mm) with a mild/warm summer and cold winter. 

Book Book 2016 and Tooma 1 2016 were originally isolated from naturally infected sheep. 

Isolation of these isolates involved faecal cultures and harvesting of L3 (refer to section 3.1.2) 

for subsequent infection of immuno-suppressed sheep. Larvae were stored at 10°C for 2–4 

weeks prior to dosing of sheep. The purity of the infections was validated through larval 

differentiation by Invetus (formerly Veterinary Health Research), Armidale, NSW, 28 days 

following artificial infection and 7 days prior to the egg hatching assay. A second artificial 

infection of Tooma 1 2016 was necessary 9 weeks after the initial dosing to boost the level of 

H. contortus infection. Faecal samples from the Tooma 1 2016 infected wether were cultured 

to provide L3 that were <2 week of age for successive infection of this animal. 

 

 

 

 

 

Figure 5.2 The geographical origin of the isolates of Haemonchus contortus used for the egg 

hatching test. 
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Figure 5.3 Mean monthly maximum air temperatures of the three locations from which isolates 

were obtained and used in this study. Source: Bureau of Meteorology (2019). 

 

Figure 5.4 Mean monthly minimum air temperatures of the three locations from which isolates 

were obtained and used in this study. Source: Bureau of Meteorology (2019). 
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5.2.3 Donor sheep  

Three Merino wethers, aged 12 months, were randomly selected from the CSIRO Chiswick 

station flock and relocated to the animal house. Sheep were kept in individual pens (1.8 m x 

1.16 m) on raised wooden battens with free access to water and stimuli (tree branches) for 

environmental enrichment. A ration of 700 g of pellets and 200 g of chaff was offered per head 

per day. On entry to the animal house, sheep were weighed and treated at recommended oral 

dose rates with monepantel (Zolvix®, Novartis Animal Health Australasia), levamisole, 

oxfendazole and abamectin (Triguard®, Merial Australia) and triclabendazole and oxfendazole 

(Flukazole®C, Virbac Australia) succeeded by naphthalophos (Rametin® Sheep Drench, Bayer 

Animal Health Australia), monepantel (Zolvix®, Novartis Animal Health Australasia) and 

abamectin and praziquantel (Firstmectin®, Virbac Australia) 48 hours later to remove any 

remaining GIN infection. Worm eggs counts (WEC) were conducted using the method outlined 

in section 3.1.1 on each sheep 14 days after anthelmintic treatment to confirm sheep were worm 

free.  

To suppress immunity and try and improve parasitic infection, sheep were injected 

intramuscularly with 0.5 mL of dexamethasone trimethylacetate (5 mg/ mL) (Ilium 

Trimedexil®, Troy Laboratories Pty Ltd) 7 days prior to L3 infection and subsequently on a 

weekly basis.  

Confirmed worm free sheep were each artificially infected with one of the H. contortus isolates 

via oral administration. Dosage rates were dependent upon the availability of L3 and are detailed 

in Table 5.1. Individual WECs were carried out 28 days after infection to confirm establishment 

of GIN and continued monthly to monitor the level of infection.  
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Table 5.1 Oral dose rates of each Haemonchus contortus isolate administered  

a Initial number of L3 administered 

b Subsequent L3 administered   

 

5.2.4 Egg hatching test 

The protocol for recovering worm eggs from faecal samples was adapted from Besier (1992). 

Each isolate was processed separately with separate equipment to avoid contamination. 

Individual WECs were completed prior to the assay to determine the amount of faeces (g) 

required for sufficient egg recovery. Sheep were fitted with a faecal collection bag and allowed 

to empty over a 2–3 hour period. All faecal samples were kept in air tight specimen jars at room 

temperature and used within 8 hours of being collected. Following faecal collection, samples 

were homogenised with a small volume of water and sequentially flushed through 1000, 225, 

90 and 34 µm sieves with tap water. The filtrate retained on the 34 µm sieve was washed with 

saturated sodium chloride solution (NaCl, specific gravity 1.20) kept at 10°C and collected into 

a plastic jar. Additional NaCl solution was added to the filtrate until a positive meniscus was 

achieved and a plastic petri dish placed on top to capture the floating eggs. Eggs were floated 

for 15 minutes and then washed from the surface of the petri dish with distilled water kept at 

10°C into a 10 mL centrifuge tube. The egg suspension was centrifuged at 1000 revolutions per 

minute (rpm) for 3 minutes at 10°C and supernatant removed to leave 2 mL of pelleted eggs. 

Pellets of the same isolate were pooled and centrifuged at 1000 rpm for 3 minutes at 10°C. The 

supernatant was again removed to leave 2 mL of concentrated eggs. The amount of eggs 

recovered was quantified by averaging the total number of eggs in three 20 µL aliquots. Based 

Tag 

number 

H. contortus 

isolate 

Date 

infected 

Larval 

dosea 

Date        

re-infected 

Larval 

doseb 

2015C8296 Bundarra 2014 19/09/2016 8,000 - - 

2015C8343 Book Book 2016 22/09/2016 9,000 - - 

2015C8510 Tooma 1 2016 18/08/2016 1,500 19/10/2016 5,000 
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on this figure, a final solution was prepared by diluting the concentrate with distilled water kept 

at 10°C to provide 2 eggs/µL.  

Eggs were added to 24 well assay plates with each well of the plate containing 1 mL of 

distilled water. Plates were maintained at 10°C prior to the addition of eggs as a standard for 

maintaining the metabolic reserves of stored Haemonchus larvae. Twenty microlitres of egg 

concentrate solution was subsequently added to the appropriate well to provide 40 eggs per 

well. Plates were gently mixed and transferred to incubators in which the temperature was set 

and monitored daily.  

Eggs were incubated at one of five constant temperatures: 5°C, 8°C, 11°C, 25°C and 37°C and 

assessed for larval development at 24, 48, 72, 96, 120, 144 and 168 hours. The temperatures 

were chosen to span the upper and lower limits of development of the unembryonated egg to 

L3 based on the temperature range described by O’Connor et al. (2006) (Figure 5.1).  

5.2.5 Measurements 

At each time interval, one plate was removed from each incubator (five plates in total). A drop 

of Lugol’s iodine was added immediately to each well (120 wells) to stain and fix egg 

development. The total number of eggs and first stage larvae (L1) in each well were counted 

using an inverted microscope at 40 x magnification. Plates were discarded after been counted. 

The percentage of hatched eggs for each well was calculated using the following formula: 

hatching percent = (number of L1 / total number of eggs) × 100. 

5.2.6 Statistical analysis 

The statistical analysis involved two models, a generalised linear model to analyse the Binomial 

response of wells with hatched eggs (yes/no) followed by a linear model using analysis of 

variance (ANOVA) methods for the proportion of hatched eggs. 

A Binomial generalised linear model with a logit link function was applied to investigate the 

effect of experimental factors on the dependent binary response (hatched or not hatched). The 

experimental factors in the model included isolate, temperature and time. Separation of 

significant (P < 0.05) factors was by analysis of deviance with a Chi-squared distribution.  

Following the Binomial analysis, a weighted least squares ANOVA proceeded to determine the 

effect of isolate, temperature and time and the interaction of these on hatching percent. The 

ANOVA model assumptions involved the distribution of the residuals which required normal 
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distribution, constant variance and independence. The assumption of equality of variance 

between isolate and hatching percent was tested using Levene’s test. Other model assumptions 

were checked through inspection of residual plots. Interactions which were not statistically 

significant (P < 0.05) were removed from the model for prediction purposes. Significant 

differences between predicted means were determined using Tukey’s HSD test at 5% family 

significance level. 

All analyses were conducted with R (version 3.4.0) (R Core Team, 2017) and utilised readxl 

(Wickham & Bryan, 2017), ggplot2 (Wickham, 2016), car (Fox & Weisberg, 2011 ) and readr 

(Wickham, Hester, & Francois, 2017) packages. 

5.3   Results  

5.3.1     Effect of experimental factors on hatching 

A summary of the statistical significance of experimental factors on hatching success is 

provided in Table 5.2. Averaged across all temperatures and times, Tooma 1 2016 had the 

greatest proportion of wells with hatched eggs (49%) and was significantly different (P = 0.001) 

to Book Book 2016 (41%) and Bundarra 2014 (39%). At 5°C, no development had occurred 

for any isolates and any of the times combined. There was a small proportion of wells 

containing larvae at 8°C (5%) and 11°C (3%). Hatching in response to the warmer temperatures 

(25°C and 37°C) was significant (P = 0.001) and much higher with 100% of the wells 

containing larvae. Hatching was constant over 96 hours for all isolates and temperatures before 

increasing with time. The missing values in the data set for 11°C and 72 hours are explained 

by the decline in the proportion of wells with hatched eggs for these measurements. The 

similarity of isolates across all temperatures and times (Table 5.2), indicates the differences in 

hatching proportions are related to temperature and not differences in viability between isolates.  

A snapshot of the hatching profiles of the three different isolates over the course of the 

experiment is shown in Figure 5.5. 

  



 
 

70 
 

Table 5.2 Proportion of wells with hatched eggs (predicted proportion ± SE) when averaged 

across the effects of isolate, temperature and time 

Experimental  

factor 
Level 

Predicted 

proportion 
PP-value 

Isolate Book Book 2016 0.41a (0.031)  

 Bundarra 2014 0.39a (0.030) < 0.001 

 Tooma 1 2016 0.49b (0.033)  

Temperature (°C) 5 0 a  

 8 0.05b (0.018)  

  11 0.03 ab (0.015) < 0.001 

 25 1c  

 37 1c  

Time (hour) 24 0.42bc (0.048)  

 48 0.42ab (0.046)  

 72 0.33a (0.049)  

 96 0.42ab (0.046) < 0.001 

 120 0.44b (0.047)  

 144 0.47c (0.052)  

 168 0.48bc (0.048)  

 

Predicted proportions not sharing the same letter differ significantly (P < 0.001). 
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Figure 5.5 Raw data analysis of the influence of temperature on the hatching of isolate eggs 

over time (x-axis). The red dots represent the raw mean of proportion hatched values, indicated 

by the y-axis (left). The temperatures (°C) utilised are represented at the right. 
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5.3.2     Prediction of egg development and hatching  

A significant interaction (P = 0.001) between isolate and temperature on egg development and 

hatching was found (Figure 5.6). No development of eggs occurred at 5°C however a small 

proportion of Tooma 1 2016 eggs hatched at 8°C (1.8%) and 11°C (1.7%). Tooma 1 2016 was 

also found to be significantly different to Book Book 2016 and Bundarra 2014 at both 25°C 

and 37°C with a greater proportion of hatched eggs. No significant differences were found 

between Book Book 2016 and Bundarra 2014 at 25°C but these isolates were significantly 

different at 37°C.  

Egg hatching across the three isolates peaked at 25°C with Tooma 1 2016 recording the highest 

hatching percent (94%) followed by Book Book 2016 at 84% and 82% for Bundarra 2014. The 

proportion of eggs hatched declined with the increase in temperature above 25°C. At 37°C, the 

hatching percent dropped considerably in Bundarra 2014 to 54% while only 76% and 85% of 

eggs of Book Book 2016 and Tooma 1 2016 hatched respectively.  
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Figure 5.6 Proportion of hatched eggs in relation to isolate and temperature with 95% CI. 

Means not sharing the same letter differ significantly (P < 0.001). 

 

There was also a significant interaction between the effects of isolate and time (P = 0.05) on 

larval development. Development of eggs to L1 varied between the isolates throughout the 

different time points (Figure 5.7). No isolate was unique in its development over time however 

all isolates were significantly different at 144 and 168 hours. Bundarra 2014 was significantly 

different to both Book Book 2016 and Tooma 1 2016 at 48, 72, 144 and 168 hours. 

Development between the two southern isolates (Book Book 2016 and Tooma 1 2016) was 

significantly different except at 48 and 72 hours. Bundarra 2014 recorded the lowest proportion 
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of hatched eggs throughout the 7 days. The decline in hatching proportions over time, is most 

likely a reflection of extreme lethal temperatures for egg development.  

 

 

Figure 5.7 Proportion of hatched eggs in relation to isolate and time with 95% CI. Means not 

sharing the same letter differ significantly (P < 0.05). 
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5.4   Discussion 

In the present study, differences in egg hatching temperatures were found between isolates from 

different climatic and geographical areas when compared under controlled conditions. The 

hypothesis tested was that the egg hatching temperature would be lower for parasites from the 

southern Tooma locality which has cooler temperatures compared to the northern Bundarra 

locality, and a warmer southern locality, Book Book. This hypothesis was confirmed with a 

small proportion of Tooma 1 2016 hatching at 8°C and 11°C, whereas no hatching was 

observed for Book Book 2016 and Bundarra 2014 at these temperatures.  

The susceptibility of H. contortus to cold temperatures was clearly evident. As in previous 

ecological studies (Crofton, 1965; Silverman & Campbell, 1959; Troell et al., 2005; Veglia, 

1915), hatching failed at 5°C for all isolates and was minimal at 8°C and 11°C for Tooma 1 

2016. In contrast to the low temperatures, hatching was rapid at 25°C with L1 evident within 

24 hours across all isolates. Rapid development continued at 37°C but was not sustainable with 

all three isolates experiencing a decline in egg development with the temperature close to the 

upper limit for hatching (Figure 5.1). A limitation of this study was that the stages of 

development of the unhatched egg were not included. Observations of embryogenesis (e.g., 

Christie & Jackson, 1982), may have provided insight into the development and survival of  

isolates at different temperatures. 

The ability of a small proportion of Tooma 1 2016 eggs to hatch at low temperatures in this 

study supports the findings of Besier (1992), Crofton et al. (1965) and Silverman and Campbell 

(1959) in which cooler climate isolates appear to be more cold tolerant. Tooma is a distinctively 

cooler region, with monthly temperatures lower than Book Book and Bundarra (Figures 5.3 

and 5.4). The region experiences minimum, monthly temperatures close to or below the lower 

temperature limits for egg development (Figure 5.1) even throughout the summer months. 

Therefore, the occurrence of H. contortus in sheep properties across the Tooma region can be 

considered unusual.  

The increasing detection of H. contortus in climates considered marginal for development has 

been surprising and has generated much speculation of the reasons behind its persistence. 

Adaptation to cooler climates has been attributed to the plasticity of H. contortus (Crofton et 

al., 1965) with selection for cold tolerance apparent in isolates from cooler climatic regions 

(Besier, 1992; Crofton et al., 1965). Besier (1992) proposed selection for cold tolerance is likely 
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to occur in populations exposed to cold temperatures for extended periods. The significance of 

Tooma 1 2016 in this study is suggestive of selection for cold tolerance as a consequence of 

cooler temperatures throughout the year. The poor performance of Book Book 2016 and 

Bundarra 2014 at low temperatures was similar to the observations made by Besier (1992) on 

an isolate originating from Armidale, NSW. Armidale experienced the coldest winters within 

the experiment, however, hatching was minimal at 8°C and 10°C. Although the winter is 

generally cold within the Armidale region, Besier (1992) concluded limited exposure (one to 

two months) to cold conditions, reduced the potential selection of cold tolerance. The inability 

of both Book Book 2016 and Bundarra 2014 to hatch at low temperatures may therefore be a 

consequence of minimal exposure to cold temperatures (Figure 5.4).  

Hypobiosis, or arrested larval development, is a common feature of GIN and offers an effective 

over-winter survival strategy (Emery, 2014). Hypobiosis was identified as the key to H. 

contortus survival and seasonal transmission in Sweden in the epidemiological study by Waller 

et al. (2004). Developmental success of H. contortus over the long, cold winters was assessed 

using tracer lambs which found no free-living stages present on pasture and almost 100% of 

fourth stage larvae (L4) arrested in the parasitic phase of development. Seasonal changes in the 

availability of infective nematode larvae to grazing sheep, has also been observed within past 

epidemiological studies in NSW. In the Northern Tablelands, a summer rainfall region, high 

levels of hypobiotic larvae of H. contortus were recovered in autumn, winter and early spring 

from tracer lambs, which appeared to be associated with times when egg depositions on to 

pastures were unlikely to yield appreciable levels of L3 (Southcott et al., 1976). Similarly, 

Donald, Morley, Waller, Axelsen, and Donnelly (1978) observed a decline in the availability 

of H. contortus larvae in early autumn with a high proportion of inhibited L4 recovered from 

tracer animals grazing experimental plots in a uniform rainfall region near Canberra, Australian 

Capital Territory (ACT).   

The advent of modern anthelmintics with their ability to treat and control inhibited larvae has 

however, been speculated as a reason behind the change in seasonal epidemiology of H. 

contortus in Australia (Emery et al., 2016). Unfavourable conditions within the host can be 

avoided by foregoing arrested development and completing development as soon as ingested. 

The results of this study do not preclude the possibility of epidemiological changes in southern 

NSW isolates. The presence of strongyle eggs in the initial faecal samples of Book Book 2016 

and Tooma 1 2016 (refer to Table 3.1) were interesting given it was mid-late winter and 

suggests, a possible shift from overwintering hypobiotic larvae in the host to completion of the 
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life cycle during the winter months. The ability of some Tooma 1 2016 to hatch at low 

temperatures, adds further support to this theory. It must be emphasized that detailed 

longitudinal epidemiological studies of these cold region isolates such as Tooma 1 2016, would 

be beneficial for gaining a better understanding of the nature of these parasites, and for 

developing appropriate advice for their control in sheep. 

With the free-living stage of the nematode life cycle being completed outside the host, climatic 

factors, mainly temperature and rainfall, are of particular importance to the development and 

survival of parasitic eggs and larvae. The free-living stages of trichostrongylid parasites are 

therefore, particularly vulnerable to climate change (J. van Dijk, Sargison, Kenyon, & Skuce, 

2009). Under a warming climate, development of eggs and larvae is expected to increase along 

with changes in the spatial distribution and prevalence of parasitic nematodes (H. Rose et al., 

2016; J. van Dijk et al., 2009). However, climate-driven increases in parasite abundance may 

be counteracted through increased parasite mortality and a shorter life span of L3 due to 

metabolic rates rising under warmer temperatures (Morgan & van Dijk, 2012). Periods of 

below-average rainfall and drought, may also have implications towards the longevity of the 

free-living stages through desiccation, reduced larval migration (Morgan & van Dijk, 2012) 

and irradiation of L3 with ultraviolet (UV) light (J.  van Dijk, de Louw, Kalis, & Morgan, 2009). 

The effects of a changing climate have been associated with the increasing prevalence of H. 

contortus in south-eastern Australia (Emery et al., 2016). Australia’s weather and climate 

continues to change with a shift towards a warmer climate with day and night-time temperatures 

increasing throughout Australia in all seasons (Bureau of Meteorology & Commonwealth 

Scientific and Industrial Research Organisation [CSIRO], 2018). The impact of warming on 

the free-living stages of H. contortus may be significant with increased development and 

prevalence of haemonchosis in areas previously thought to be low-risk (Besier et al., 2016b; J. 

van Dijk et al., 2009). The hot, dry summers of the Riverina are considered detrimental to the 

free-living stages of H. contortus as are the cold winters. Likewise, the low winter temperatures 

experienced in parts of the Murray region are the main restriction to development. 

Consequently haemonchosis within these respective regions is either sporadic or rare (Besier 

et al., 2016b). The occurrence of H. contortus in the Book Book and Tooma regions during the 

winter is surprising given historical climate data for these localities. However, this study 

showed that the Tooma 1 2016 isolate had to some extent adapted to these lower temperatures; 

a warning that H. contortus may adapt to survive even unfavourable climatic conditions. A 

warming environment poses some interesting questions in the Tooma and Book Book localities. 
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Will the locally adapted H. contortus persist and expand under a warmer climate? Will a 

warmer climate be unfavourable for cold-adapted isolates? And will a warmer climate allow 

the ingress of other isolates to the regions which are not cold-adapted? Collection of the 

seasonal patterns of nematode infection and the pertaining climatic conditions in these regions 

and warmer surrounding regions, would be beneficial for further exploring the possible risk of 

haemonchosis in the Riverina and Murray regions. 

This pilot study has provided preliminary evidence of differences in cold tolerance amongst H. 

contortus isolates from differing climatic and geographical areas. More detailed studies are 

necessary, with development and survival of eggs assessed at a greater range of lower 

temperatures considered. Changes to the ecology of the free-living stages has the potential to 

affect the geographical distribution, incidence and seasonality of H. contortus, with far reaching 

implications on parasite control, animal productivity and welfare. More comprehensive 

epidemiological studies are needed before any findings can be extrapolated to the field. The 

inclusion of molecular techniques through the study of specific genes or larger scale genome-

wide approaches, would also prove beneficial in discovering genetic markers of divergence 

between H. contortus isolates from different geographical and climatic regions of NSW.   
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Chapter 6. Genetic variability of the guanosine triphosphate (GTP)-binding 

protein gene (Hc cgta) of Haemonchus contortus isolates 

 

6.1   Introduction 

Discovering the extent of genetic diversity within and between populations enables an 

understanding of the population genetic structure which is paramount to both applied and basic 

parasitology research (Gilleard & Redman, 2016; Grillo, Jackson, Cabaret, & Gilleard, 2007). 

There are many factors which may contribute to the population genetic structure of parasites of 

domesticated ruminants including population size and life histories, environment, geographical 

barriers and host management including husbandry, grazing strategies and breeding (Hunt et 

al., 2008; Troell et al., 2006).  

The accessibility of molecular techniques has enabled the genetic structures of nematode 

populations, such as Haemonchus contortus, to be explored and can provide a more accurate 

approach to discovering intraspecific variation in parasites than traditional criteria such as 

morphology (R. C. A. Thompson & Lymbery, 1988). There have been numerous population 

genetic studies of H. contortus using different molecular approaches and target regions, 

including nuclear ribosomal DNA (rDNA), mitochondrial DNA (mtDNA), amplified fragment 

length polymorphisms (AFLPs) and microsatellites (Blouin, 2002; Gharamah et al., 2012; Hunt 

et al., 2008; Otsen et al., 2000; Redman, Packard, et al., 2008; Troell et al., 2006; Yin et al., 

2013). Studies have consistently reported high levels of genetic diversity within H. contortus 

populations, however genetic diversity between populations originating from the same country 

is often apparent but small (Gilleard & Redman, 2016).  

Population sub-structuring has been reported for H. contortus in Sweden, Australia and the 

United Kingdom (UK). In a comparative assessment of global populations of H. contortus, 

Troell et al. (2006) used both AFLP and nucleotide sequences of the nicotinamide 

dehydrogenase subunit 4 gene (nad4) of the mitochondria to examine the population genetic 

structure of the nematode. Although considerable genetic structure was observed between 

continents, most of the variation was among individuals within the population. The only 

exception to this was four Swedish isolates in which strong genetic structure was observed 

through measures of DNA divergence with an overall FST of 0.13 (AFLP data) and an NST of 

0.16 (nad4 data). Similarly Hunt et al. (2008) revealed detectable population structure in 

Australian H. contortus isolates. A multi-locus population genetic approach using 11 
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microsatellite markers, was used to investigate the genetic structure of six geographically 

diverse isolates. Population structure was evident with pairwise FST values ranging from –

0.00007 to 0.05765 and the notable divergence of Cannawigara 2005 (FST 0.03421) from all 

other isolates following an analysis of molecular variance (AMOVA). More recently, Redman 

et al. (2015) also implemented a microsatellite marker study to analyse the genetic diversity 

and population structure of H. contortus on seven UK farms. The results suggested some 

genetic sub-structuring with 10 out of 21 possible pairwise comparisons significantly different 

with FST values ranging from 0.0198 to 0.0757.  

Both Redman et al. (2015) and Gilleard and Redman (2016) hypothesized that regional sub-

structuring is related to the life history of H. contortus. This warm weather parasite will often 

reside predominantly in the host during the cooler months of the temperate regions. 

Anthelmintic treatment of such hosts can lead to a population bottleneck resulting in loss of 

genetic variation and a genetically distinct population. This may help to explain the sub-

structuring observed in the temperate populations of Sweden, UK and Cannawigara 2005 which 

originated from a winter rainfall region of south-eastern South Australia.  

To explore this hypothesis further, a population genetic study on H. contortus isolates from 

differing geographical regions of eastern Australia was conducted. The study included isolates 

from the previous two studies (Chapter 4 and 5) and represented regions endemic to H. 

contortus including northern New South Wales (NSW) and Queensland and the cooler, 

temperate zones of southern NSW and Victoria where haemonchosis occurs sporadically. 

Genetic variation within and among the isolates was investigated using a single-locus approach 

with the aim of identifying genetic markers, including single nucleotide polymorphisms (SNPs) 

or indels within the guanosine triphosphate (GTP)-binding protein gene of nuclear rDNA. The 

GTP-binding protein gene was selected as the target region after an analysis of predicted 

genetic variation from expressed sequence tag (EST) contigs. Screening of ESTs has proven to 

be successful in identifying usable markers for population genetic studies. For example, in the 

study by Grillo, Jackson, and Gilleard (2006), three different approaches were used to isolate 

microsatellites from the gastrointestinal parasite, Teladorsagia circumcincta. Bioinformatic 

screening of a T. circumcincta EST database, proved to be the most efficient approach with 

five markers identified as suitable population genetic markers.  

The GTP-binding proteins are found in all organisms (Bischoff, Molendijk, Rajendrakumar, & 

Palme, 1999) and are involved in many cellular functions, including signal transduction, cell 
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growth and protein synthesis. There are two general classes of GTP-binding proteins: 

heterotrimeric G-proteins and monomeric G-proteins or small G-proteins (Augustine, 2004). 

In nematode parasites, the enzyme guanosine triphosphate-cyclohydrolase I (GTP-CH), has 

been shown to facilitate nematode survival (Baker et al., 2012). GTP is the substrate for the 

biosynthesis of tetrahydrobiopterin (BH4) as the first enzymatic step (GTP-CH). BH4 is an 

essential cofactor for several enzymes, including phenylalanine hydroxylase for the conversion 

of phenylalanine to tyrosine (National Library of Medicine (US), 2020). Tyrosine is a precursor 

to melanin, which has been suggested to provide protection against ultraviolet (UV) radiation 

in pre-parasitic stages of T. circumcincta (Baker et al., 2012). The function of GTP-CH in T. 

circumcincta was examined through exposure of third stage larvae (L3) to natural sunlight. 

Significantly higher melanin levels were found in L3 exposed to sunlight along with a 32% 

increase in GTP-CH enzyme activity compared to unexposed larvae. GTP-CH has also been 

shown to assist in larval development. Using real-time quantitative PCR (RT-PCR), transcript 

levels of cat-4, the gene which encodes GTP-CH, were measured in the trichostrongylid 

nematode Dictyocaulus viviparus and shown to be highest during the free-living stages on 

pasture (Baker et al., 2011). In particular, the mean levels of Dvi-cat-4 transcript increased 

during the transition between first stage larvae (L1) and L3 and were lowest during the parasitic 

larvae and adult stages. 

6.2   Materials and methods 

6.2.1 H. contortus isolates 

A total of 17 H. contortus isolates from separate geographical locations in eastern Australia, 

including NSW, Queensland and Victoria were analysed (Figure 6.1 and Table 6.1). Collection 

procedures and individual isolate details, including geographical region and climatic 

information, are outlined in sections 3.1 and 3.2. Nematodes were collected from 15 isolates 

with each isolate consisting of 10 individual adult males. The only exception to this was the 

Tooma 2 2016 isolate, which included five females and five males as insufficient males were 

found. The sample size was similar to previous population genetic studies of parasitic 

nematodes (e.g., Blouin et al., 1995; Troell et al., 2006). To ensure that only the individual 

worm’s DNA was sampled, the heads of the five female worms were used, discarding the 

posterior end where fertilised eggs could have been present. Female worm heads or entire male 

worms were placed separately into 1.5 mL tubes and stored at –20°C until preparation of the 
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DNA template. Third stage larvae were cultured as outlined in section 3.1.2 and provided in 

place of adult worms for isolates Talmalmo 2017 and Tooma 1 2016.  

 

 

Figure 6.1 The geographical origin of the isolates of Haemonchus contortus used for the 

population genetic analysis. 
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Table 6.1 The Haemonchus contortus isolates and the total number of adult worms or third 

stage larvae (L3) included in the population genetic analysis  

 

  

Isolate Isolate code 
Geographic 

location  

Number of 

worms/infective 

larvae 

Balala 2013 Hco18 Northern NSW 10 

Bundarra 2014 HcoBun Northern NSW 10 

Emmaville 2012  Hco17 Northern NSW 10 

Wallangra 2003  HcoWall Northern NSW 10 

Goondiwindi 2011 Hco19 Queensland 10 

Book Book 2014  Hco3 Southern NSW 10 

Book Book 2016 HcoBook Southern NSW 10 

Burrumbuttock 2015  Hco12 Southern NSW 10 

Cathcart 2015  Hco10 Southern NSW 10 

Gerogery 2016 HcoGero Southern NSW 10 

Mangoplah 2015 Hco16 Southern NSW 10 

Old Junee 2013  Hco8 Southern NSW 10 

Ournie 2015  Hco14 Southern NSW 10 

Talmalmo 2017 Fury L3 Southern NSW Pooled L3 

Tooma 1 2016 Tooma 1 L3 Southern NSW Pooled L3 

Tooma 2 2016  HcoT2 Southern NSW 10 

Burrowye 2015 Hco6 Victoria 10 
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6.2.2 DNA extraction and GTP-binding protein gene amplification  

Genomic DNA (gDNA) was extracted from 150 individual adult worms using the DNeasy 

Blood & Tissue Kit (Qiagen) according to the manufacturer’s protocol and eluted in a volume 

of 200 µL. For isolates Talmalmo 2017 and Tooma 1 2016, DNA was extracted from >1000 

pooled L3 according to the DirectPCR Lysis Reagent (Tail) protocol from Viagen Biotech with 

1:10 proteinase K and incubated at 56°C for 6–8 hours. DNA was recovered following the 

MinElute PCR Purification Kit (Qiagen) instructions and eluted in a volume of 10 µL. All 

samples were stored at –20°C prior to use. A 400 bp fragment of the GTP-binding protein gene 

was amplified by polymerase chain reaction (PCR) (Mullis et al., 1986) from gDNA using the 

following primer pairs: forward primer CN513-F2a, 5’- GTAATGGAGGTCATGTTTTGT- 

3’, and reverse primer CN513-R3a, 5’- ATTGAGCAATTCGTACACCACT- 3’. Final 

concentrations of the PCR reaction used were: 1X PCR Buffer (Qiagen), 200 µM of each dNTP 

(Promega), 0.5 µM of each primer, 0.5 IU HotStarTaq DNA Polymerase (Qiagen) and 5 µL of 

gDNA in a total volume of 20 µL. The PCR cycle conditions consisted of a required heat-

activation step at 95°C for 15 minutes before initial denaturation at 94°C for 5 minutes followed 

by 40 cycles of 94°C for 40 seconds, 55°C for 40 seconds and 72°C for 1 minute with a final 

extension at 72°C for 5 minutes. Positive (H. contortus: Cannawigara 2005, an Australian ovine 

field isolate) and negative (no gDNA) controls were included in each PCR reaction. PCR 

products were detected by 1.5% agarose gel electrophoresis and only single, clear DNA bands 

of appropriate size were purified using Wizard® SV Gel and PCR Clean-Up System (Promega) 

according to the manufacturer’s protocol. Purified DNA was quantified using a 

spectrophotometer and sent to the Australian Genome Research Facility (AGRF, Sydney) for 

sequencing (Sanger dideoxy nucleotide method (Sanger, Nicklen, & Coulson, 1977)), in which 

99.99% accuracy per base read can be achieved (Shendure, Mitra, Varma, & Church, 2004). 

The purified DNA was sequenced in the forward direction only.  

6.2.3 Data analysis 

Obtained gDNA sequences were edited and aligned using the Geneious Prime 2019.1.3 

software package. Sequences with a percentage of low-quality bases (less than 40% HQ) were 

discarded and any unresolved bases at the beginning and end of the nucleotide sequences were 

trimmed. Indistinguishable peaks were replaced with International Union of Pure and Applied 

Chemistry (IUPAC) ambiguity codes.  



 
 

85 
 

One individual nucleotide sequence was translated to amino acid sequence and used to search 

the GenBank database via the protein Basic Local Alignment Search Tool (BLAST) (Altschul 

et al., 1997). The BLAST identified a hit of 92.68% to the GTP-binding subdomain and GTP-

binding protein domain containing protein [Haemonchus contortus] (accession no. 

CDJ96183.1) annotated from the MHco3.ISE scaffold (accession no. HF967197.1) (Laing et 

al., 2013). The associated coding sequence of CDJ96183.1 identified the position of the gene 

(94633–97550) and the coding and noncoding regions within the complementary DNA (cDNA) 

sequence of HF967197.1.  

BLASTp (protein BLAST) searches revealed that the closest named protein is the Obg family 

GTPase gene CgtA, from the parasite D. viviparus (accession no. KJH51110.1). Obg family 

GTPases are found across all domains of life and are involved in many cellular functions 

including the maturation of the ribosome in both bacteria and mitochondria (Kint, Verstraeten, 

Hofkens, Fauvart, & Michiels, 2014; Maiti, Kim, Tu, & Barrientos, 2018). For simplicity we 

designate the H. contortus gene Hc cgta in this chapter, using the name from D. viviparus.  

Individual sequences were aligned to HF967197.1 using the Geneious multiple alignment 

algorithm. Variant nucleotides within the alignment of Hc cgta were identified (SNPs and 

indels) based on a minimum variant frequency of 0.25 using Geneious Prime 2019.1.3.  

Phylogenetic analysis was performed using Neighbor-Joining, Maximum Likelihood and 

Maximum Parsimony methods. A sequence of Haemonchus placei cgta from GenBank 

(accession no. LM583190.1) was employed as an outgroup taxon and aligned to the individual 

sequences using the program ClustalW (J. D. Thompson, Higgins, & Gibson, 1994). The 

Neighbor-Joining tree was based on the genetic distance model Hasegawa-Kishino-Yano 

(HKY). The substitution model Hasegawa-Kishino-Yano, 85 (HKY85) was assigned to the 

Maximum Likelihood tree as evaluated by jModelTest 2.1.10 (Darriba, Taboada, Doallo, & 

Posada, 2012; Guindon & Gascuel, 2003). Clade support values were assessed using bootstrap 

procedure (1000 replicates) for all three trees. Both the Neighbor-Joining and Maximum 

Likelihood phylogenetic trees were constructed using Geneious Prime 2019.1.3 while the 

Maximum Parsimony tree was created using MEGA version X (Kumar, Stecher, Li, Knyaz, & 

Tamura, 2018). 

Genetic variance between and within isolates and between groupings of isolates were evaluated 

using fixation indices (F-statistics) and AMOVA. For this analysis, the data set was categorised 

into two groups. The groups were: group 1 contained isolates from haemonchosis sporadic 
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regions of southern NSW and Victoria (Book Book 2016, Burrowye 2015, Burrumbuttock 

2015, Cathcart 2015, Gerogery 2016, Old Junee 2013, Ournie 2015, Talmalmo 2017, Tooma 1 

2016 Tooma 2 2016) while group 2 contained isolates from haemonchosis endemic regions of 

northern NSW and Queensland (Balala 2013, Bundarra 2014, Emmaville 2012, Goondiwindi 

2011, Wallangra 2003). All statistical analyses utilised Arlequin version 3.5.2.2 (Excoffier & 

Lischer, 2015). 

6.3   Results 

6.3.1 Sequence analysis 

A 400 bp length of the Hc cgta gene was successfully amplified for 96 individual worms and 

two pooled L3 from 14 different geographical locations in eastern Australia. Sequence data for 

isolates Book Book 2014 and Mangoplah 2015 was poor (<40% HQ) and subsequently 

excluded from the analysis. These results could have been due to insufficient or excess DNA 

template or insufficient purification of PCR products. After sequence editing and alignment, a 

consensus length of 287 bp was obtained for all samples. Sequence identities ranged from 

80.4% to 100%, when compared with each other or the reference sequence. Mapping of the 

exon-intron boundaries against the reference genome revealed an error in the predicted gene 

structure following alignment of EST sequences with the reference contig HF967197.1. The 

gene structure for Hc cgta within HF967197.1 was elucidated through alignment of six 

individual EST sequences (retrieved from the initial primer design work) and three individual 

worm sequences (from this study) with the reverse complement of the reference sequence 

(Appendix 4). Both forward and reverse primers were found to be contained within exons, with 

the forward primer in exon 3 and reverse primer in exon 5. An unexpected starting point of the 

amplicons analysed was also noted and may have occurred due to mis-priming of the forward 

primer. The mis-priming of DNA template does occur during PCR – often because of the 

sensitive nature of the reaction and can lead to inefficiencies in the amplification of the target 

region (Green, Venkatramanan, & Naqib, 2015).  

Annotation of the corrected coding sequence identified the region of interest to include two 

exons and two introns (Figure 6.2). Single nucleotide polymorphisms and indels were 

distributed across the alignment with 22 polymorphisms identified within the non-coding 

regions and seven within the coding regions (Table 6.2). Translation of the sequences to amino 

acids (frame 1) found one non-synonymous SNP in exon 4.                                                                                                                                                                             
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       375 - 395                                                                                                                                             694 - 716 

 

                  
   

331                                        433                                               Aligned sequences                               720 

 

Figure 6.2 Schematic diagram showing the alignment position of 96 individual worms and two 

pooled infective larvae (L3) samples with HF967197.1 (Haemonchus contortus ISE/inbred ISE 

genomic scaffold, scaffold_pathogens_Hcontortus_scaffold_736, whole genome shotgun 

sequence). 

 

 

Table 6.2 Polymorphisms within the coding regions of the Hc cgta gene 

Position in 

alignment 

Genomic 

region 

Reference 

base 

Alternative 

base 

Polymorphism 

(SNP/INDEL) 

No. with 

reference 

base 

No. with 

alternative 

base 

Functional 

variation 

(yes or no) 

Amino acid 

change 

499 Exon 4 A ─ Indel (deletion) 36 50 No Ala → Ala 

500 Exon 4 ─ G Indel (insertion) 34 63 Yes Cys → Val 

563 Exon 4 T C SNP TS 20 62 No Phe → Phe 

569 Exon 4 A G SNP TS 55 43 No Gly → Gly 

578 Exon 4 A C SNP TV 8 77 No Ser → Ser 

600 Exon 4 G A SNP TS 7 91 No Glu → Glu 

678 Exon 5 G A SNP TS 18 64 No Arg → Arg 

         

 

Note. TS: Transition – interchanges of purine bases (A ↔ G) or pyrimidine bases (C ↔ T); TV : Transversion – 

interchanges of purine for pyrimidine bases; Indel: Insertion and/or deletion of nucleotides.  

 

  

HF967197.1 (reverse complement) 

 
Exon 3 Intron 3 Exon 4 Intron 4 Exon 5 

Reverse primer Forward primer 
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6.3.2 Phylogenetic analysis 

Trees utilising Neighbor-Joining, Maximum Likelihood and Maximum Parsimony methods 

were constructed using the Hc cgta sequence data from 96 individual worms, two pooled L3 

samples and the outgroup taxon H. placei (accession no. LM583190.1). All three trees produced 

similar results with little phylogenetic resolution between geographical regions. For 

convenience, the Maximum Parsimony tree has been chosen for presentation (Figure 6.3). The 

bootstrap consensus tree inferred from 1000 replicates revealed three main clades. The first 

clade was supported with bootstrap confidence level of 84%. The second clade was well 

supported with 88% bootstrap confidence; this second clade was divided into two subclades, 

both consisting of mixed geographical isolates. The third clade had a lower support of 67% and 

is not shown in Figure 6.3. All clades showed a polytomy of individuals from mixed 

geographical locations. No geographical population structure was supported by the analysis. 
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First clade 

Second clade with two subclades 

nested within 

Key 

Southern NSW/Vic isolates 

Northern NSW/Qld  isolates 

 

Outgroup taxon 

Figure 6.3 Compressed view of the Maximum Parsimony analysis of 98 Hc cgta gene sequences. Bootstrap values of >50% are 

displayed in the tree. Haemonchus placei (accession no. LM583190.1) was used as the outgroup taxon. Refer to Table 6.1 for isolate 

codes; Abbreviations: M: male; F: female. 
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6.3.3 Population genetic analysis 

Interpopulation genetic diversity was measured through AMOVA and F-statistics (Table 6.3). 

The results of the AMOVA indicated most of the variation occurred within populations 

(95.33%). Genetic differentiation between the groups of southern NSW/Victoria and northern 

NSW/Queensland was small with a FST value of 0.04669. Variation among populations within 

groups was also low (FSC = 0.01627). Pairwise FST values (Table 6.4) revealed some interesting 

results with values ranging from 0 to 1. All negative values were replaced with a zero according 

to Wright (1965). Complete divergence was observed between Tooma 1 2016 and Talmalmo 

2017 (FST = 1). Tooma 1 2016 was also strongly divergent to northern NSW isolate Balala 2013 

and Queensland isolate Goondiwindi 2011 with FST values of 0.472 and 0.348 respectively. 

Similarly, Ournie 2015 another southern isolate, was largely divergent to Balala 2013, 

Emmaville 2012 and Goondiwindi 2011.  

 

Table 6.3 AMOVA results for percentage of variation and F-statistics of the Hc cgta gene 

  

Source of variation Percentage of 

variation 

F-statistics P-value 

Among groups 3.09 FST  = 0.04669 0.16325 

Among populations 

within groups 

1.58 FSC = 0.01627 0.33138 

Within populations 95.33 FCT = 0.03093 0.12219 
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Table 6.4 Pairwise FST values between Haemonchus contortus populations from 14 different geographical locations in eastern Australia. Shading intensity is 

proportional to increasing genetic differentiation between the isolates 

 

 

  

Isolate
Burrowye 

2015

Old Junee 

2013

Cathcart 

2015

Burrumbuttock 

2015

Ournie 

2015

Book Book 

2016

Gerogery 

2016

Tooma 2 

2016

Tooma 1 

2016

Talmalmo 

2017

Emmaville 

2012

Balala 

2013

Goondiwindi 

2011

Bundarra 

2014

Wallangra 

2003

Burrowye 2015 ─

Old Junee 2013 0.057 ─

Cathcart 2015 0 0 ─

Burrumbuttock 2015 0 0 0 ─

Ournie 2015 0.087 0.065 0.090 0.201 ─

Book Book 2016 0 0 0 0 0.160 ─

Gerogery 2016 0.180 0.012 0 0.092 0.289 0 ─

Tooma 2 2016 0 0 0 0 0.128 0 0.088 ─

Tooma 1 2016 0 0 0 0 0 0 0.192 0 ─

Talmalmo 2017 0 0 0 0 0.057 0 0 0 1 ─

Emmaville 2012 0.100 0.026 0 0.012 0.283 0 0 0.028 0 0 ─

Balala 2013 0.186 0.133 0.072 0.005 0.433 0.043 0.106 0.075 0.472 0 0.003 ─

Goondiwindi 2011 0.157 0.065 0 0.031 0.370 0 0 0.027 0.348 0 0 0 ─

Bundarra 2014 0 0 0 0 0.034 0 0.032 0 0 0 0.026 0.128 0.064 ─

Wallangra 2003 0 0.021 0 0 0.206 0 0.066 0 0 0 0 0 0 0 ─
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6.4   Discussion  

Population sub-structuring in regions has been reported on a discernible level and has been 

attributed to the life history of the parasite (Gilleard & Redman, 2016; Redman et al., 2015). 

This hypothesis was tested by quantifying the structure of genetic variation among 15 isolates 

of H. contortus, representing populations from domesticated ruminants from regions known to 

be endemic to H. contortus and regions where the parasite occurs sporadically. In this study, 

sequence data of the Hc cgta gene was analysed to determine the presence and extent of genetic 

differentiation among the isolates. Overall, genetic variance was most apparent within isolates 

at 95.33% with only minor differentiation (3.09%) between the two study groups: southern 

NSW/Victoria and northern NSW/Queensland.   

In agreement with the morphological study (Chapter 4), a high degree of diversity was observed 

in H. contortus isolates from eastern Australia. Similar studies of specific genes, namely of the 

mitochondrial genome (e.g., Blouin et al., 1995; Gharamah et al., 2012; Troell et al., 2006), 

have also shown high levels of genetic diversity within H. contortus populations with large 

population sizes the most likely explanation for high genetic diversity (Gilleard & Redman, 

2016). While no population sub-structuring was observed on a phylogenetic basis, statistical 

analysis of the sequence data revealed some population sub-structuring. In particular, very high 

FST values were reported between two southern NSW (Ournie 2015 and Tooma 1 2016) and 

three northern NSW/Queensland (Balala 2013, Emmaville 2012 and Goondiwindi 2011) 

isolates. Although these isolates all originate from temperate climates (Table 3.2 and Table 

3.3), the Northern Tablelands and Darling Downs South West are summer rainfall regions in 

which H. contortus thrives. The Murray region in southern NSW is dominated by either 

uniform or winter rainfall with low temperatures potentially triggering arrested development 

(Rothwell et al., 2014). Given the climatic background of these divergent isolates, it is plausible 

to assume the sub-structuring is related to the life history of H. contortus as proposed by both 

Redman et al. (2015) and Gilleard and Redman (2016). However, this association between sub-

structuring and climate wasn’t consistently observed across all southern NSW isolates, 

suggesting that instances of gene flow between populations may be masking geographically 

driven divergence, and/or that the patterns of divergence observed may be associated with other 

life history traits such as reproductive strategies and pathogenicity instead of geography. 

While the divergence of Tooma 1 2016 to northern NSW isolate Bundarra 2014 described in 

Chapter 5 wasn’t reflected genetically in this study, the distinctiveness of this isolate to other 
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isolates from haemonchosis endemic regions was further supported with Tooma 1 2016 

genetically divergent (as measured by FST) to both Balala 2013 and Goondiwindi 2011.   

The occurrence of sequence heterogeneity within the coding regions of the Hc cgta gene was 

notable given the concerted evolution of rDNA sequences (Gasser, 1999) which are more 

commonly used to identify species (e.g., Gasser, Chilton, Hoste, & Stevenson, 1994; Stevenson 

et al., 1995). However only one of the identified polymorphisms resulted in a functional change 

to the protein sequence with further investigation warranted to determine its legitimacy as a 

genetic marker for population studies. The presence of genetic variation in the Hc cgta gene 

may also indicate a phenotypic difference in H. contortus isolates from eastern Australia. 

Mutations accumulate over time in all regions of the nuclear and mitochondrial genomes 

(Gasser, 1999) and as such, are responsible for both genetic and phenotypic variation. The 

implications of a mutation on parasite phenotype can be demonstrated in the nematode 

Caenorhabditis elegans and the cat-4 gene which has been linked to lower levels of melanin 

and hypersensitivity of the cuticle (Baker et al., 2012; Calvo, Pey, Ying, Loer, & Martinez, 

2008). Mean melanin concentrations were found to be 21% higher in the C. elegans wild-type 

strain than the cat-4 mutants which also showed increased sensitivity to sodium hypochlorite 

exposure (Baker et al., 2012). Given these findings, it would be interesting to undertake wider 

studies to explore the role of GTP-binding proteins further in H. contortus. 

In summary, molecular data derived from the Hc cgta gene, was used to investigate the 

population structure of H. contortus isolates from eastern Australia. The study revealed 

minimal genetic differentiation between the isolates examined which included populations 

from both haemonchosis endemic and sporadic regions. Although the use of single locus 

markers in population studies of H. contortus such as this one, have proven to be informative, 

the use of much larger sets of genetic markers, for example SNPs, may provide greater insight 

into the genetic diversity and population structure of parasitic nematodes (Redman, Packard, 

et al., 2008). The discovery of incorrect gene content in this study is perhaps a reflection of a 

draft genome and reiterates the need for a fully completed H. contortus reference genome 

which would benefit future population studies (Laing et al., 2016). The elucidation of the 

correct coding sequence for Hc cgta presented in this study, is a potential contribution to the 

improvement of the MHco3.ISE assembly.   
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Chapter 7. The use of single nucleotide polymorphisms to characterise the 

population genetic structure of Haemonchus contortus in New South Wales  

 

7.1   Introduction 

In the summer rainfall regions of northern New South Wales (NSW) and south-eastern 

Queensland, the parasitic nematode, Haemonchus contortus, is an endemic threat to small 

ruminant production, with the free-living stage thriving in the warm and wet conditions. 

Unexpected occurrences of haemonchosis have been observed in southern NSW outside the 

parasite’s specific ecological requirements. Seasonally dry summers and low winter 

temperatures generally restrict H. contortus in southern NSW, with only sporadic outbreaks 

occurring during favourable conditions such as unseasonal summer rain (Besier et al., 2016b). 

The occurrence of H. contortus in less traditional areas such as southern NSW, could be a 

reflection of intraspecific variation in environmental tolerance, with southern NSW 

populations becoming more cold-tolerant for the development and survival of the free-living 

stages or it could be due to frequent migration of infective larvae from northern regions.  

To explore this question further, the population structure of H. contortus in NSW was examined 

using a multi-locus approach to determine the degree of genetic structure within and between 

populations through variability in allele and genotype frequencies (A. G. Clark, 2001). The 

advent of high-throughput DNA molecular tools allows multiple genetic markers such as single 

nucleotide polymorphisms (SNPs) to be examined. These techniques present an alternative and 

powerful approach to population differentiation such as the discovery of adaptive loci 

(Allendorf, Hohenlohe, & Luikart, 2010) and the link between genes and phenotype (Perkel, 

2008). Given some population sub-structuring was evident in the previous study (Chapter 6), 

the use of a multi-locus population genetic approach, may provide greater resolution of the 

population structure and support to the phenotypic divergence observed in Chapter 5. 

Single nucleotide polymorphisms represent the most abundant form of genetic variation 

between individuals (Perkel, 2008). The study and use of SNPs has provided far reaching 

benefits including human genetic analysis (Gray, Campbell, & Spurr, 2000), marker-assisted 

selection of useful genotypes in plant breeding (Edward, Poole, & Barker, 2008) and 

identification of quantitative trait loci for economically important traits in production animals 

(Nicholas, 2010). In the field of parasitology, SNPs have been linked with resistance, in 

particular the benzimidazole (BZ) class of anthelmintics in H. contortus. The molecular work 
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of Kwa, Veenstra, and Roos (1994) confirmed the correlation between BZ resistance and beta-

tubulin isotype 1 gene following an allele-specific polymerase chain reaction (PCR) (Mullis et 

al., 1986) which identified the substitution of phenylalanine with tyrosine at codon 200 in BZ 

resistant populations. The discovery of such SNPs provides an understanding of the molecular 

basis of anthelmintic resistance and the development of PCR-based diagnostic tools which can 

be used for detecting resistant alleles in nematode field populations (Kotze & Prichard, 2016). 

For example, von Samson-Himmelstjerna et al. (2009) developed pyrosequencing assays for 

the detection and measurement of specific SNPs (codons 167, 198 and 200 of beta-tubulin 

isotypes 1 and 2) in H. contortus isolates with varying levels of resistance to thiabendazole. 

The ability to measure allele frequencies based on the assays was successful and a proven 

method to assess BZ resistance status. 

The use of multiple genetic markers with high discriminating power are essential in analysing 

the population structure of parasitic nematodes (Otsen et al., 2000; Redman, Packard, et al., 

2008). Microsatellites have been extensively used as markers in population genetic studies of 

H. contortus due to their polymorphic nature (Hoekstra et al., 1997; Hunt et al., 2008; Otsen et 

al., 2000; Redman, Packard, et al., 2008). However, the use of larger sets of genetic markers, 

such as SNPs, coupled with advances in technology and genetic analysis, provides the 

opportunity for greater clarification of population genetic structure (Gilleard & Redman, 2016; 

Gray et al., 2000). For example, genome-wide SNPs were used by Khan et al. (2019) to provide 

insight into the population structure of H. contortus populations from China. Detectable 

population sub-structuring was observed among four geographically different populations with 

pairwise FST values ranging from 0.2921 to 0.3668.  

High levels of polymorphism are common to parasitic nematode populations (Redman, 

Packard, et al., 2008), with this clearly shown in the development of a “SNP panel” by Hunt 

(2019). Over 13 million high confidence SNPs were identified following the alignment of two 

divergent H. contortus isolates to both the MHco3.ISE (Laing et al., 2013) and McMaster 

(Schwarz et al., 2013) reference genomes. Subsequently, a panel of over 100 high confidence, 

neutral and anthelmintic related SNPs were selected and used to allelotype pooled H. contortus 

individuals. This rapid and sensitive diagnostic tool has the ability to evaluate genetic diversity 

and track genetic change in H. contortus populations (Hunt, 2019) 

The development of a SNP panel illustrates the potential use of SNPs to detect genetic variation 

between H. contortus isolates from NSW. This chapter details the results of a multi-locus 
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approach, using a selection of SNPs identified by Hunt (2019) to investigate the genetic 

structure of this important parasite in eastern Australia. 

7.2   Materials and methods 

7.2.1 H. contortus isolates 

Sixteen isolates originating from both haemonchosis endemic (northern NSW) and sporadic 

regions (southern NSW) were collected to analyse the population genetic structure of H. 

contortus in NSW (Figure 7.1 and Table 7.1). The south-east Queensland isolate Goondiwindi 

2011 was classified as a “northern NSW” isolate and Burrowye 2015 from north-east Victoria, 

as “southern NSW” given their geographical location (Figure 7.1) and climatic alignment with 

their respective isolates (section 3.2). The five northern isolates were provided by the CSIRO 

F.D. McMaster laboratory, Armidale, NSW, while the southern isolates were collected using 

previously described techniques outlined in section 3.1. Each isolate consisted of 10 female, 

adult worms except isolates Talmalmo 2017 and Tooma 1 2016 in which third stage larvae (L3) 

were cultured and provided in place of adult worms. 

 

 

Figure 7.1 The geographical origin of the isolates of Haemonchus contortus used in this study. 
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Table 7.1 The Haemonchus contortus isolates and the total number of adult worms or third 

stage larvae (L3) included in the population genetic analysis  

 

7.2.2 DNA extraction  

A single DNA sample was derived from each isolate. Pooling DNA provides an alternative and 

effective approach to estimating allele frequencies for large numbers of individuals, 

populations and polymorphic markers (Futschik & Schlotterer, 2010). Genomic DNA was 

extracted from the pooled samples of adult worms or L3 according to the DirectPCR Lysis 

Reagent (Tail) protocol from Viagen Biotech Inc. with 1:10 proteinase K and incubated at 55°C 

for 6–8 hr. DNA was recovered following the MinElute PCR Purification Kit (Qiagen) 

instructions and quantified using a spectrophotometer. Extracted DNA was stored at –20°C 

prior to use.  

  

Isolate Geographic location  
Number of 

worms/infective larvae 

Balala 2013 Northern NSW 10 

Bundarra 2014 Northern NSW 10 

Emmaville 2012  Northern NSW 10 

Wallangra 2003 Northern NSW 10 

Goondiwindi 2011 Queensland 10 

Book Book 2014  Southern NSW 10 

Book Book 2016 Southern NSW 10 

Burrumbuttock 2015  Southern NSW 10 

Cathcart 2015  Southern NSW 10 

Gerogery 2016 Southern NSW 10 

Old Junee 2013  Southern NSW 10 

Ournie 2015  Southern NSW 10 

Talmalmo 2017 Southern NSW Pooled L3 

Tooma 1 2016 Southern NSW Pooled L3 

Tooma 2 2016  Southern NSW 10 

Burrowye 2015 Victoria 10 
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7.2.3 SNP identification and panel development  

A genome-wide SNP panel characterising 163 neutral markers for H. contortus was developed 

by Hunt (2019) to assess changes within and between H. contortus isolates. The discovery and 

selection of H. contortus SNPs and subsequent development of the SNP panel, are described 

in the final report by Hunt (2019). The SNPs chosen were high quality neutral markers with no 

known association with anthelmintic selection.  

7.2.4 Allelotyping reaction 

The 163 biallelic (the two alternative nucleotides) SNPs were used to design multiplex assays 

for genotyping based on the commercially available Sequenom MassARRAY® platform 

(Agena Bioscience) at Neogen Australasia, Gatton, Queensland. The ≥ 40-plex allelotyping 

assay (Figure 7.2) consisted of an initial locus-specific PCR reaction, followed by shrimp 

alkaline phosphatase (SAP) treatment to convert excess deoxynucleotides (dNTPs) into 

deoxynucleosides. Single base extension using custom primers, extension enzyme and mass-

modified dideoxynucleotide terminators, was performed to identify locus-specific allele(s) by 

annealing directly to each SNP to generate extension products. The extension products were 

desalted and dispensed onto a SpectroCHIP® Array prior to analysis in triplicate using matrix-

assisted laser desorption-ionization-time-of-flight (MALDI–TOF) mass spectrometry. 

Separation of extension products by time-of-flight enabled the corresponding nucleotide to be 

identified based on its distinct mass (daltons) and recorded along with allele form (homozygous 

or heterozygous) and population-level frequencies for each isolate.  

The assay design including PCR reaction, primer sequences for amplification and extension 

and the multiplex sets, are confidential, sensitive intellectual property and therefore have been 

excluded from this chapter.  



 
 

99 
 

 

PCR Reaction 

 

 

 

 

Extension Reaction 

 

 

 

 

 

 

Mass Spectrometry Analysis  

 

 

Figure 7.2 Workflow of the allelotyping assay. Note. Adapted from “Single nucleotide 

polymorphism detection with the iPLEX® assay and the MassARRAY® system,” [Application 

note] by Agena Bioscience, Inc. 2015, p. 3. (https://agenabio.com/wp-

content/uploads/2015/07/51-20061R1.0-iPLEX-Application-Note_WEB.pdf). Copyright 2015 

Agena Bioscience, Inc.   

 

7.2.5 Data analysis 

Differences in allele frequencies between the isolates were analysed using multivariate data 

analysis, population genetics and diversity measures. Prior to analysis, non-target species 

amplification and failed amplifications were removed from the data set. The frequency of the 

alternate allele (the base pair which was not present in the reference sequence), both 

polymorphic and non-polymorphic, and mean frequency uncertainty was subsequently 

calculated for each isolate and used for further analyses.  

https://agenabio.com/wp-content/uploads/2015/07/51-20061R1.0-iPLEX-Application-Note_WEB.pdf
https://agenabio.com/wp-content/uploads/2015/07/51-20061R1.0-iPLEX-Application-Note_WEB.pdf
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Using the R programming language (R Core team 2017) and the packages ade4 (Bougeard & 

Dray, 2018; Chessel, Dufour, & Thioulouse, 2004; Dray & Dufour, 2007; Dray, Dufour, & 

Chessel, 2007), factoextra (Kassambara & Mundt, 2017) and FactoMineR (Le, Josse, & 

Husson, 2008), a principal component analysis (PCA) was used to summarise and visualize the 

multiple SNPs. The dimensionality of the multivariate SNP analysis was reduced to a sufficient 

number of principal components based on eigenvalues to therefore enable the maximum 

amount of variance contained in the data set to be expressed (Kassambara, 2017). 

Fixation indexes (FST) and P-values were computed using the R package StAMPP (Pembleton, 

Cogan, & Forster, 2013) and adegenet (Jombart, 2008; Jombart & Ahmed, 2011) to explore 

population differentiation between isolates. Pairwise fixation indexes were calculated across 

each locus based on allele frequency (Pembleton et al., 2013). 

Alternate allele frequencies were used to construct a phylogenetic tree using the R package ape 

(Paradis, Schliep, & Schwartz, 2019) and phangorn (Schliep, 2011; Schliep, Potts, Morrison, 

& Grimm, 2017). The distance between the frequencies was obtained through the Euclidean 

distance method before phylogenetic tree reconstruction using an unweighted Neighbor-

Joining method. Support values were calculated using a bootstrap method using 1000 

permutations and the Maximum Likelihood method. 

Mean heterozygosity values were calculated based on the alternate allele frequency as a 

measure of genetic variation within the isolates. Common diversity indices including Shannon 

index (H´) (Shannon & Weaver, 1949), Stoddart and Taylor’s index (G) (Stoddart & Taylor, 

1988), Simpson’s diversity index (D) (Simpson, 1949) or lambda and Evenness (E5) index 

(Ludwig & Reynolds, 1988) were utilised through the use of the R package poppr (Kamvar, 

Brooks, & Grünwald, 2015; Kamvar, Tabima, & Grünwald, 2014) to compare the richness 

(number of alleles observed) and evenness (the degree of allele distribution among isolates) 

(Grünwald, Goodwin, Milgroom, & Fry, 2003) of alternate allele frequencies between isolates. 

All statistical analyses were performed in R 3.6.1 (R Core Team, 2017). 
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7.3   Results 

7.3.1 Allelotyping analysis 

A total of 2608 allelotyping reactions were performed on the 16 isolates using two 47 plexes, 

one 35 plex and one 34 plex reactions. Out of the 163 SNPs tested, 11 SNPs failed the quality 

control step and were removed from the analysis leaving a total of 152 polymorphic and non-

polymorphic markers. There were some isolates that failed to amplify for multiple SNPs with 

Gerogery 2016 recording the highest percentage of missing SNPs with 47%. The presence of 

null alleles is a likely reason for the failed amplifications. Null alleles have been commonly 

reported within microsatellite marker studies of H. contortus (Hunt et al., 2008; Otsen et al., 

2000; Redman, Packard, et al., 2008) and occur due to sequence polymorphisms (SNPs and 

indels) at the primer sites (Redman, Packard, et al., 2008). A total of 16 SNPs were common 

to all 16 isolates and are detailed in Table 7.2 along with their position and potential function 

following alignment with the current MHco3.ISE assembly 

(haemonchus_contortus_MHCO3ISE_4.0; Accession number GCA_000469685.2)   published 

by the Wellcome Trust Sanger Institute (Howe et al., 2015; Howe et al., 2017). Thirteen of the 

SNPs are located in non-coding regions (introns or intergenic regions), two within exons and 

one does not map (SNP 14) to the reference genome. 
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Table 7.2 Annotation of the 16 SNPs common to the 16 Haemonchus contortus isolates 

SNP Genomic region 
  

Genomic annotation 
Genomic 

chromosomea 

Reference 

allele 
Alternative 

allele 

Synonymous or non-synonymous 

SNP 

1 Intergenic   Intergenic or intron X C T Non-synonymous 

2 Intergenic   Intergenic or intron 4 G A Non-synonymous 

3 Intron   HCON_00162070 5 C A Non-synonymous 

4 Intron 
  HCON_00076600; DH-quinone oxidoreductase ferredoxin-type%2C iron-sulphur binding 

domain 
3 

T 
A Non-synonymous 

5 Intron   HCON_00163380; Uncoordiintergenic or intronted protein 83 5 T C Non-synonymous 

6 Intergenic   Intergenic or intron X C T Non-synonymous 

7 Intergenic   Intergenic or intron X C G Non-synonymous 

8 Intergenic   Intergenic or intron 5 T C Non-synonymous 

9 Exon   HCON_00037660; Peptidase M13 Metallopeptidase%2C catalytic domain superfamily 2 T C Synonymous 

10 Intron 
  HCON_00140160; ELM2 domain Homeobox-like domain superfamily Zinc finger C2H2-

type 
5 

A 
G Non-synonymous 

11 Intron 
  HCON_00135090; F-box associated (FBA) domain Galactose-binding-like domain 

superfamily 5 
G 

T Non-synonymous 

12 Intergenic   Intergenic or intron 5 T C Non-synonymous 

13 Intron   HCON_00191210.2; Glycogen synthase X G A Non-synonymous 

14 NA   NA NA C T Non-synonymous 

15 Intergenic   Intergenic or intron 1 C T Non-synonymous 

16 Exon   HCON_00060080; Glycosyltransferase%2C ALG3 methyltransferase 2 G A Non-synonymous 

a Refers to the chromosomal location (1, 2, 3, 4, 5 or X) of the SNP based on the haemonchus_contortus_MHCO3ISE_4.0 assembly  
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7.3.2 Genetic differentiation between isolates from different geographical locations 

The PCA was used to demonstrate differentiation between H. contortus isolates from northern 

and southern NSW based on data from 152 SNPs and 16 common SNPs. The PCA of 16 

isolates using all 152 SNPs (Figure 7.3 A) and the analysis using only the 16 common SNPs 

(Figure 7.3 B), showed different spatial distributions. The PCA indicated Bundarra 2014, 

Burrumbuttock 2015, Tooma 2 2016, Wallangra 2003 and Emmaville 2012 contributed the 

most to the principal components using the 152 SNPs data set, with 31% of the variation 

explained by the two axes (20.6 + 10.4%). Within the 16 SNPs data set, Gerogery 2016, 

Wallangra 2003, Tooma 2 2016, Goondiwindi 2011 and Cathcart 2015 had the highest 

contributions with 55% of the variation explained by the two axes (36.1 + 18.5%). Geographic 

location of the isolates was added as an explanatory variable to the PCA to account for the 

distribution of isolates. The spatial distribution of both the 152 (figure not shown) and 16 SNPs 

(Figure 7.4) observed as an ellipse, formed an overlapping cluster to suggest no geographical 

differentiation between northern and southern NSW isolates.  
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Figure 7.3 Principal component analysis of 16 Haemonchus contortus isolates using (A) 152 

SNPs, and (B) 16 SNPs. The x-axis represents the first principal component (highest proportion 

of variation observed) and the y-axis represents the second principal component (second 

highest proportion of variation observed). The colour indicates the contribution of the variables 

to the principal components and are expressed in percentage (see key).  
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Figure 7.3 Principal component analysis of 16 Haemonchus contortus isolates using (A) 152 

SNPs, and (B) 16 SNPs. The x-axis represents the first principal component (highest proportion 

of variation observed) and the y-axis represents the second principal component (second 

highest proportion of variation observed). The colour indicates the contribution of the variables 

to the principal components and are expressed in percentage (see key).  
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Figure 7.4 Spatial distribution of 16 Haemonchus contortus isolates using geographical 

location as an explanatory variable. The x-axis represents the first principal component (highest 

proportion of variation observed) and the y-axis represents the second principal component 

(second highest proportion of variation observed). The two geographical areas are represented 

in the key.  

 

Pairwise FST values were calculated between each of the 16 isolates, based on the 16 common 

SNPs (Table 7.3). The majority of the pairwise FST values were low (<0.05), indicating little 

genetic differentiation between the isolates. Gerogery 2016 showed the highest level of genetic 

differentiation when compared to most of the isolates with values ranging between 0.013 and 

0.096. Gerogery 2016 and Tooma 2 2016 were one of the most divergent within the isolates 

tested here (FST = 0.096, P = 0.012) as were Wallangra 2003 and Tooma 2 2016 (FST = 0.066, 

P = 0.058). Interestingly, Wallangra 2003, a northern NSW isolate was also moderately 

divergent to the southern NSW isolates Book Book 2016 (FST = 0.041, P = 0.23) and Ournie 

2015 (FST = 0.038, P = 0.18).  



 
 

107 
 

 

A phylogenetic tree utilising an unweighted Neighbor-Joining method was constructed using 

the Euclidean distance between alternate allele frequencies of the 16 common SNPs (Figure 

7.5). Bootstrapping of 1000 replicates revealed no clear grouping of isolates based on 

geographical location. The Wallangra 2003 and Gregory 2016 clade was however well 

supported with a bootstrap confidence level of 85%. The remaining clades all showed weak 

support of <50%. 

 

 

Figure 7.5 Unweighted Neighbor-Joining tree of the 16 Haemonchus contortus isolates using 

Euclidean distance between alternate allele frequencies on 16 common SNPs. 
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Table 7.3 Pairwise FST values for the 16 SNPs common to the 16 Haemonchus controtus isolates. Shading intensity is proportional to increasing 

genetic differentiation between the isolates 

 

Isolate Balala               

2013

Book Book 

2014

Book Book 

2016

Bundarra           

2014

Burrowye 

2015

Burrumbuttock 

2015

Cathcart           

2015

Emmaville 

2012

Talmalmo 

2017

Gerogery           

2016

Goondiwindi 

2011

Old Junee 

2013

Ournie              

2015

Tooma 1          

2016

Tooma 2          

2016

Wallangra 

2003

Balala 2013 ─

Book Book 2014 0 ─

Book Book 2016 0.033 0 ─

Bundarra 2014 0 0 0 ─

Burrowye 2015 0.034 0.013 0 0 ─

Burrumbuttock 2015 0 0 0 0 0 ─

Cathcart 2015 0.045 0.005 0.001 0.017 0 0.002 ─

Emmaville 2012 0 0 0 0 0 0 0 ─

Talmalmo 2017 0 0 0 0 0 0 0 0 ─

Gerogery 2016 0.013 0.020 0.045 0.001 0.054 0.040 0.028 0 0.018 ─

Goondiwindi 2011 0 0 0 0 0.010 0 0.019 0 0 0 ─

Old Junee 2013 0.020 0 0 0 0 0 0 0 0 0.033 0 ─

Ournie 2015 0.015 0 0 0.007 0 0 0 0 0 0.049 0.005 0 ─

Tooma 1 2016 0.003 0 0 0 0 0 0 0 0 0.041 0 0 0 ─

Tooma 2 2016 0.035 0.025 0.019 0.026 0 0.001 0.023 0 0 0.096 0.045 0 0 0 ─

Wallangra 2003 0.023 0.029 0.041 0.008 0.029 0.033 0.031 0 0.003 0 0 0.024 0.038 0.003 0.066 ─
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7.3.3 Genetic diversity within and between isolates 

From the 16 common SNPs, mean heterozygosity values for each of the 16 isolates were 

calculated based on the alternate allele frequency. The level of diversity was similar for all 

isolates, with mean heterozygosity values ranging from a low of 0.171 in Gerogery 2016 and 

highest in Talmalmo 2017 with 0.267 (Table 7.4). Diversity indices also revealed the alternate 

allele frequency between isolates were similar (Table 7.4). The most obvious trend was the 

evenness of the alternate allele frequency across the entire set of isolates as indicated by the E5 

figures. Results of two of the diversity indices (H´ and G) showed Wallangra 2003, Talmalmo 

2017 and Old Junee 2013 to be the most diverse isolates respectively. Both Wallangra 2003 

and Talmalmo 2017 were significantly different (P = 0.05) to six other isolates following a 

pairwise comparison of Shannon index figures (Table 7.5).   
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Table 7.4 Heterozygosity values and diversity statistics for each of the 16 Haemonchus 

contortus isolates 

Isolate Mean 

heterozygosity 

SD 

heterozygosity 

H´ G D E5  

Balala 2013 0.189 0.187 2.527 11.536 0.913 0.915  

Book Book 2014 0.198 0.192 2.549 11.960 0.916 0.929  

Book Book 2016 0.191 0.190 2.567 12.333 0.919 0.942  

Bundarra 2014 0.210 0.200 2.560 12.118 0.917 0.932  

Burrowye 2015 0.206 0.202 2.566 12.273 0.919 0.938  

Burrumbuttock 2015 0.206 0.194 2.549 11.925 0.916 0.927  

Cathcart 2015 0.211 0.204 2.565 12.251 0.918 0.937  

Emmaville 2012 0.237 0.223 2.563 12.166 0.918 0.933  

Gerogery 2016 0.171 0.162 2.540 11.897 0.916 0.933  

Goondiwindi 2011 0.201 0.197 2.545 11.921 0.916 0.930  

Old Junee 2013 0.210 0.202 2.571 12.378 0.919 0.942  

Ournie 2015 0.213 0.210 2.542 11.778 0.915 0.921  

Talmalmo 2017 0.267 0.206 2.605 12.505 0.920 0.918  

Tooma 1 2016 0.223 0.214 2.563 12.214 0.918 0.937  

Tooma 2 2016 0.188 0.184 2.541 11.860 0.916 0.928  

Wallangra 2003 0.206 0.178 2.615 12.867 0.922 0.937  

 

SD = standard deviation  

H´ = Shannon index, a nonparametric measure of genotypic diversity  

G = Stoddart and Taylor’s index, measure of genotypic diversity  

D = Simpson’s diversity index, measures both dominance and evenness of genotypic data 

E5 = Evenness (E5) index, a measure of the distribution of genotype abundances  
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Table 7.5 Significantly different (P = 0.05) pairwise comparisons (Shannon index H´) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.4   Discussion 

The application of high throughput polymorphic genetic markers such as SNPs, is a relatively 

new approach to nematode parasite population studies. Single nucleotide polymorphism 

analysis offers a more extensive view of genetic variation and population structure as many 

markers can be used which can be easily validated (Gilleard & Redman, 2016; Hunt et al., 

2010). Within this study, a panel of neutral SNPs were utilised to investigate the genetic 

structure of H. contortus in NSW. Statistical patterns of population-level allele frequencies 

were assessed in 16 isolates originating from differing geographical areas of northern and 

southern NSW. The results of the PCA, pairwise FST values and diversity indices, showed the 

majority of the genetic variation was within individual isolates. There was minor variation 

between isolates, but no distinct geographical sub-structuring was observed between northern 

and southern NSW isolates. These results are consistent to those of the morphology (Chapter 

4) and Hc cgta gene (Chapter 6) findings. There was also no genetic support to the phenotypic 

divergence observed in Chapter 5.  

In the study by Hunt (2019), PCA plots were able to explain differentiation of 34 H. contortus 

populations more clearly on drench resistance profile as opposed to geographical origin. There 

Isolate pair P-value 

Talmalmo 2017 – Gerogery 2016 0.04 

Talmalmo 2017 – Tooma 2 2016 0.04 

Wallangra 2003 – Book Book 2014 0.03 

Wallangra 2003 – Burrumbuttock 2015 0.03 

Wallangra 2003 – Gerogery 2016 0.02 

Wallangra 2003 – Goondiwindi 2011 0.02 

Wallangra 2003 – Ournie 2015 0.02 

Wallangra 2003 – Tooma 2 2016 0.02 
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was no distinct clustering of known, locally derived populations, however the populations 

clustered clearly by country with two South African populations appearing to be more closely 

related to each other and distinct to the Australian populations. Genetic differentiation of H. 

contortus populations between countries has been recognised (Redman, Packard, et al., 2008; 

Troell et al., 2006) with restrictions to gene flow the most likely explanation given the limited 

dispersal capabilities of the parasite and restricted opportunities for host movement between 

countries (Troell et al., 2006). On the other hand, the transfer of alleles between parasite 

populations, known as gene flow, is highly achievable within regions of a country, principally 

through domestic and feral host movements (Blouin et al., 1995). Geographical sub-structuring 

of H. contortus populations has been the subject of similar multi-locus studies, with 

microsatellite markers most commonly used. Of particular similarity was the study by Hunt et 

al. (2008) in which microsatellite markers were used to investigate genetic divergence between 

isolates of H. contortus in Australia. A high degree of within-isolate variation was reported 

however some geographical population sub-structuring was evident. Based on a combination 

of three markers, significant pairwise FST values were found between McMaster 1931: 

Cannawigara 2005, Wallangra 2002: Cannawigara 2005 and Gold Coast 2004: Cannawigara 

2005 with genetic distances of 0.03877, 0.01771 and 0.03305 respectively. These combinations 

represent regional sub-structuring of northern NSW (McMaster 1931 and Wallangra 

2002)/Queensland (Gold Coast 2004) isolates with the south-eastern South Australian isolate 

Cannawigara 2005. Likewise, in the current study, some sub-structuring was seen between 

northern and southern NSW isolates including Wallangra 2003: Tooma 2 2016, Tooma 2 2016: 

Goondiwindi 2011 and Cathcart 2015: Balala 2013 with the respective pairwise values (FST) 

of 0.066, 0.045 and 0.045.  

The occurrence of gene flow between parasite populations consequently increases genetic 

diversity but also blurs any genetic signature of geographical boundaries (Poulin, 2007). Gene 

flow was suggested as a likely reason for the results obtained from the microsatellite analysis 

by Hunt et al. (2008) and also provides a possible explanation for the high levels of genetic 

diversity and lack of geographical differentiation seen in this study. High gene flow was also 

linked to low geographical sub-structuring among seven Chinese populations of H. contortus 

(Yin et al., 2016). A panel of eight polymorphic microsatellite markers indicated the majority 

(96.1%) of genetic variation was within H. contortus populations, with no clear geographical 

sub-structuring seen following principal coordinate analysis (PCoA). The authors cite high 

gene flow as a reflection of the frequent trade and transport of H. contortus infected sheep and 
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goats throughout the country. However, high levels of genetic diversity have been observed in 

isolated populations of H. contortus (Silvestre et al., 2009) despite these having been closed to 

external animal movements for 30 years and hence the possibility of host-mediated gene flow 

from outside populations. In this study, neutral microsatellite markers revealed high genetic 

diversity, with a mean allele richness ranging from 4.9 to 5.4 alleles per population per locus.  

Large population sizes are common to trichostrongylid nematodes (Redman et al., 2015) and 

are a particular feature of H. contortus given the fecundity of female adult worms. The high 

levels of genetic diversity consistently observed within H. contortus populations is likely to be 

a result of large effective population sizes (Gilleard & Redman, 2016) which enable allele 

frequencies and genetic heterogeneity to be transmitted to the next generation, therefore leading 

to highly diverse populations with low genetic drift (Charlesworth, 2009; Nadler, 1995; Poulin, 

2007).  

In conclusion, the findings of this study of high within-isolate genetic variation and low sub-

structuring is consistent with other multi-locus studies (e.g., Hunt et al., 2008; Redman et al., 

2015; Troell et al., 2006). The contribution of various evolutionary processes such as genetic 

drift and gene flow, population size, geographical barriers and host management all play an 

integral role in determining the genetic diversity and population genetic structure of parasites. 

Understanding this diversity and structure and how it relates to the epidemiology of H. 

contortus, is necessary for prevention and control. However the ability of Hunt (2019) to 

differentiate populations on explanatory variables other than geographical origin, provides an 

incentive for future studies encompassing individual isolate history, including animal origin 

and management practices to explain patterns of diversity and structure further. 
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Chapter 8. General discussion 

 

8.1   Introduction 

This thesis reports on the results of four experiments that were designed to gain an 

understanding of the population structure of Haemonchus contortus and the degree of 

divergence between populations from haemonchosis endemic regions of northern New South 

Wales (NSW) and the haemonchosis sporadic regions of southern NSW. Genetic and 

phenotypic markers were used to detect and measure patterns of variation both within and 

between parasite populations. Based on the findings of this research, implications of the 

population structure of H. contortus in eastern Australia and how it relates to its epidemiology 

are discussed. 

8.2   Research synthesis 

Gastrointestinal nematodes (GIN) occur ubiquitously in grazing sheep, however their 

distribution and seasonality is a reflection of their developmental requirements, namely 

temperature and moisture, which lead to distinctive epidemiological features for each GIN 

species (O’Connor et al., 2006). Knowledge of parasite epidemiology in a defined environment 

is essential for sustainable worm control (Barger, 1999). Climatic conditions can vary 

dramatically on and between farms, and farming regions within Australia. The impact this may 

have on parasite diversity is still relatively unknown with limited comparative studies of 

Australian H. contortus isolates completed (Besier, 1992; Hunt et al., 2008; Le Jambre & 

Royal, 1977; Roberts et al., 1954). This thesis presents an analysis of 26 H. contortus isolates 

from differing climatic and geographical areas of eastern Australia with a particular focus on 

northern and southern regions of NSW. 

The first objective of this study, was to explore the phenotypic diversity of the isolates. 

Comparisons of worm morphology and egg hatching temperatures (Chapters 4 and 5), were 

used to investigate the extent to which phenotypic variation may be occurring between the H. 

contortus isolates. Morphology provides a traditional approach to parasite identification upon 

which alternative and more sensitive techniques such as molecular characterisation, can be 

applied (Gasser, 1999; Zarlenga et al., 2016). In this study, comparative morphology of the 

female vulva region and male bursa, including spicule lengths and distance of the left and right 

hooks from the spicule tips, revealed a high degree of variation both within and between H. 
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contortus isolates. No discernible sub-structuring was observed despite previous studies 

identifying a level of variance in morphological traits between geographical regions (Das & 

Whitlock, 1960; Gharamah et al., 2014; Hunt et al., 2008; McKenna, 1971b). Nevertheless, 

notable variations in the distance of the left and right hooks from the spicule tips were found 

between countries when data from this study was compared to similar analyses. Further work 

on this character would be worthwhile in determining its potential as a phenotypic marker. It 

seems likely the high level of diversity observed in this study, is a reflection of very large 

population sizes combined with anthropogenic gene flow among the isolates (Gilleard & 

Redman, 2016).  

Some evidence of intraspecific variation was found in the second phenotypic study which 

investigated hatching temperatures of three H. contortus isolates from differing climatic and 

geographical areas of NSW. Haemonchus contortus displays a remarkable ability to exploit a 

wide range of climatic zones. The prevalence and distribution of H. contortus in temperate and 

cool climatic regions of Australia can perhaps be attributed to its unique biological 

characteristics including biotic potential, resilient infective larvae (L3), hypobiosis (Besier et 

al., 2016b) and developmental plasticity (Poulin, 2007). It appears from this study and in 

similar studies (Besier, 1992; Crofton et al., 1965; Silverman & Campbell, 1959), H. contortus 

isolates can become adapted to their local environment in permitting a lower temperature range 

for egg hatching to occur. In this study, Tooma was the distinctively cooler region with some 

eggs from this locality (Tooma 1 2016), hatching at both 8°C and 11°C, whereas no hatching 

was observed at these temperatures by the warmer climate isolates Book Book 2016 and 

Bundarra 2014. Haemonchosis outbreaks in temperate zones which experience mild-warm 

summers and cold winters such as Tooma, are generally an occasional or rare occurrence, with 

low temperatures imposing the greatest restriction to L3 development (Besier et al., 2016b). 

Overwintering within the host as hypobiotic fourth stage larvae (L4) can facilitate the survival 

and between-season transmission of this parasite in these climates. The presence of strongyle 

eggs in the initial faecal samples of Tooma 1 2016, Tooma 2 2016 and Talmalmo 2017 during 

the winter months (Table 3.1) does however raise questions regarding the epidemiology of H. 

contortus in these southern NSW regions. These findings along with the preliminary 

observations of Tooma 1 2016 hatching at low temperatures, is suggestive of H. contortus 

forgoing hypobiosis and attempting to complete its life cycle year-round. However, it is 

important to emphasise that only a small number of isolates were examined in this study and a 

much wider sample set including more climatically divergent isolates would be beneficial in 
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elucidating ecological adaptation in H. contortus. Further studies on the seasonal patterns of 

naturally occurring parasite infections in sheep grazing cool climate areas, would also allow 

the hypothesis of epidemiological changes to the parasite’s life cycle to be tested. 

Molecular genetic approaches were subsequently utilised to seek further clarification of the 

population structure of H. contortus in eastern Australia (see Chapters 6 and 7). Various 

molecular methods have enabled the genetic diversity of parasite populations to be explored 

with single locus markers, in particular, mitochondrial DNA (mtDNA) and multi-locus markers 

such as microsatellites, dominating population genetic studies of H. contortus. Within this 

research project, variability among H. contortus isolates was examined using nuclear genome 

DNA markers. 

The study of the Hc cgta gene was used as a conservative approach to discovering genotypic 

diversity, with the aim of identifying single nucleotide polymorphisms (SNPs) or indels within 

sequence data generated from a polymerase chain reaction (PCR) based assay. Analysis of the 

sequence data showed little phylogenetic resolution between the two regions examined – 

northern NSW/Queensland (endemic regions) and southern NSW/Victoria (sporadic regions). 

Genetic differentiation between the groups, as measured by FST, was also low and lower than 

other population studies of regional isolates of H. contortus within countries (Gharamah et al., 

2012; Yin et al., 2013), although these other studies utilised mtDNA which experiences more 

rapid molecular evolution and consequently greater sequence heterogeneity on average 

compared to nuclear DNA (Gasser, 1999). Some population structure was identified through 

pairwise FST values. The southern NSW isolates Ournie 2015 and Tooma 1 2016 were distinct 

from northern NSW isolate Balala 2013 and Queensland isolate Goondiwindi 2011 (FST values 

ranged from 0.370 to 0.472). 

In an effort to achieve better resolution of the population structure of H. contortus, a multi-

locus approach was used in the second genetic study. A panel of SNPs was used to allelotype 

pooled samples of H. contortus isolates. The results of the principal component analysis (PCA), 

pairwise FST values and diversity indices, showed that the majority of genetic variation was 

within individual isolates. There was no distinct geographical sub-structuring observed 

between northern and southern NSW isolates – only minor variation between some isolates as 

measured by pairwise FST values. Northern NSW isolate Wallangra 2003 was notably divergent 

to southern NSW isolates Ournie 2015 and Tooma 2 2016. These genetic differences were also 

reflected in significantly different spicule lengths (P < 0.001) and pairwise comparisons of 
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Shannon index figures (P = 0.05). Likewise in the microsatellite study by Hunt et al. (2008), 

Wallangra 2003 and two other isolates originating from haemonchosis endemic areas of eastern 

Australia, were found to be significantly divergent to Cannawigara 2005, an isolate originating 

from the temperate, winter rainfall region of south-eastern South Australia, based on pairwise 

FST values. The strong phylogenetic grouping of Wallangra 2003 with southern NSW isolate 

Gerogery 2016 was an interesting result although there was no correspondence between this 

genetic similarity and morphology. The potential reasons for this genetic similarity could be 

explained through the migration of parasites mediated by sheep introduced to the Gerogery 

2016 property, however this is difficult to analyse without corresponding flock history. 

In summary, both genetic studies revealed a high degree of diversity with low, but recognisable 

population structure within regional areas of eastern Australia. This is in agreement with earlier 

published data on H. contortus in Australia (Hunt et al., 2008) and consistent with previous 

observations of H. contortus populations (Gilleard & Redman, 2016). The underlying reasons 

for this population genetic structure can most likely be attributed to large effective population 

sizes and a high degree of gene flow.   

8.3   Research summary 

Within this research, the use of genetic and phenotypic markers confirmed a lack of population 

structure between H. contortus isolates from northern and southern NSW. The hypothesis of 

discontinuity between the two locations was therefore dismissed. This lack of population 

structure, may be a reflection of high levels of gene flow between northern and southern 

regions, with parasite migration due to animal movement likely to be the main contributor to 

gene flow. Although mechanisms of gene flow were not evaluated within this study, movement 

of livestock between farms, regional districts and interstate does occur within Australian 

farming systems, with movement in the eastern states recognised to occur mainly from north 

to south (Hassall & Associates Pty Ltd, 2006). These general movements of sheep, could 

potentially assist in the movement of GIN parasites and therefore, facilitate the transfer of 

alleles from one population to another. Sheep movement across Australia is driven primarily 

by the type of enterprise with self-replacing breeding systems generally having fewer 

movements compared to crossbred or feedlot systems which require replacement stock. 

Seasonal conditions, high value sheep, transport efficiencies and favourable commodity prices 

have also been linked to increased stock movements and the distances stock are moved or 
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obtained from (Hassall & Associates Pty Ltd, 2006). Given the possible correlation of gene 

flow and stock movements with low regional population structure, re-evaluation of the extent 

of sheep movements on both a regional and national scale, may prove beneficial to our 

understanding of gene migration in parasites.  

The observation of high within population diversity was not unexpected given similar and 

consistent findings, which have attributed high diversity to large population sizes (Blouin et 

al., 1995; Gilleard & Redman, 2016). Perhaps more surprising, were the notable morphological 

and genetic divergences identified among localities within the north and south. Even 

geographically close isolates within southern NSW showed relatively strong population 

structure with complete genetic divergence identified between Tooma 1 2016 and Talmalmo 

2017 (Chapter 6) and significant differences in morphological traits (Chapter 4), in particular, 

spicule lengths between isolates originating from the same property, namely Book Book and 

Mangoplah. It is interesting to speculate why this divergence between regions and within 

individual farms, is occurring. Adaptation to local climatic conditions as seen in Chapter 5, the 

presence of anthelmintic resistance in some flocks and differences in host (sheep and goats) 

specificity, could allow for genetic and phenotypic divergences whilst a closed flock structure 

and the presence of geographical barriers may present as barriers to gene flow and the 

emergence of genetically distinct populations over time. Within this study, history relating to 

the animal/s in which the isolate was obtained from including enterprise details, flock structure 

and management and worm treatment and control programs could not be obtained. This 

information may have been useful in elucidating such differences between regions and farms 

by identifying factors contributing to the population structure.  

With a lack of population structure identified within this study, other plausible explanations for 

the occurrence of H. contortus in less traditional areas of southern NSW should be considered. 

It is possible sub-clinical infections of H. contortus have been present for some time in southern 

NSW regions. Outside the major endemic zones, the prevailing cold winters and seasonally dry 

summers experienced across the southern NSW localities examined in this study, would 

generally be regarded as being restrictive to the distribution and annual availability of H. 

contortus given the vulnerability of the free-living stages to cold temperatures and desiccation. 

Perceptions regarding the occurrence of H. contortus in regions other than tropical and summer 

rainfall zones may exist amongst the industry given the African origin of the parasite and 

persistence in the literature of H. contortus being a summer rainfall parasite. Such complacency 
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may lead to H. contortus being disregarded in worm control programs with dire consequences 

of rapid infection and haemonchosis outbreaks during periods of favourable weather conditions 

(Besier et al., 2016b). Conversely, the economic importance of GIN parasites and the threat of 

increasing anthelmintic resistance to the Australian sheep industry could have resulted in the 

increased application of diagnostic tools such as worm egg counts (WECs) and larval 

identification which may have indicated a greater presence of H. contortus than previously 

anticipated. 

The increasing prevalence and distribution of this parasite in locations where it has previously 

been rare (Besier et al., 2016a), is indicative of the adaptive capabilities of H. contortus. 

Numerous studies (e.g., Blouin et al., 1995; Redman, Packard, et al., 2008; Troell et al., 2006) 

including this one, have shown H. contortus to be highly polymorphic which underlies the 

capacity of the parasite to adapt to changes within its environment (Gilleard & Redman, 2016).  

The opportunity to exploit atypical environments can also be attributed to the high biotic 

potential of H. contortus which enables rapid development and subsequent pasture 

contamination under suitable weather conditions as well as changing climatic conditions 

(Besier et al., 2016a; J. van Dijk et al., 2009). Climate driven changes to the abundance, 

seasonality of infection and distribution of H. contortus are expected under climate change 

given the direct impact climatic factors (temperature and rainfall) have on the free-living stage 

(H. Rose et al., 2016; J. van Dijk et al., 2009). However changes to parasite population 

dynamics, including increased parasite mortality, are also predicted under a changing climate 

which may lessen the extent of accelerated parasite development and consequential disease 

outbreaks with warming temperatures (Morgan & Wall, 2009).  

It is reasonable to assume the occurrence of H. contortus in southern NSW is perhaps a 

reflection of climate change, with NSW becoming warmer on average by 0.5°C per decade 

since 1990 (Office of Environment and Heritage, 2014b) and anecdotal reports of seasonal 

changes such as more frequent summer rainfall. However further investigations are necessary 

to evaluate the impact of climate change on H. contortus at a regional scale. For H. contortus, 

a shift towards a warmer climate (Bureau of Meteorology & Commonwealth Scientific and 

Industrial Research Organisation [CSIRO], 2018) accompanied by an increase in summer and 

autumn rainfall throughout the warm temperate regions of southern NSW (Office of 

Environment and Heritage, 2014a, 2014c), could allow for H. contortus to be re-classified as 
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being endemic to these regions whilst eroding any potential phenotypic differences between 

northern and southern NSW populations.  

8.4   Implications of the research findings  

The low level of population structure highlighted within this research project, is suggestive of 

high levels of gene flow between NSW regions. The implications of gene flow for the spread 

of anthelmintic resistance is an important consideration. Resistance is already both widespread 

for older active compounds and progressing for newer ones in H. contortus and is of major 

concern for the sustainability of the Australian sheep industry. In acknowledging the role 

animal movement may play in parasite migration, the requirement for strict farm biosecurity 

measures including the application of quarantine treatments for introduced sheep, is re-

emphasised in the effort to avoid the introduction of anthelmintic resistant worms and 

minimising the spread of resistance between farms and geographical regions (Gilleard & 

Redman, 2016). Other mechanisms of dispersal for H. contortus should also be examined, so 

that the importance of sheep mediated transmission can be properly quantified, and strategies 

for preventing the spread of resistance adjusted if necessary. 

The global presence of H. contortus and its increasing importance over a wide range of climates 

(Besier et al., 2016b) is indicative of its adaptive capability. Climatic trends within the southern 

regions of NSW in particular, the Murray, Riverina and South East regions, are predicted to 

change in the near future (2020–2039) with warming temperatures, fewer cold nights and 

rainfall projected to increase in summer and autumn (Office of Environment and Heritage, 

2014a, 2014c). These predictions come as a potential warning of increasing importance of H. 

contortus in these areas due to reasons highlighted within this body of work including biotic 

potential, phenotypic plasticity and high genetic diversity in which selection of advantageous 

alleles can occur and spread. 

8.5   Future research directions 

It is evident a major knowledge gap exists on parasite dispersal. Greater insight into parasite 

gene flow and the mechanisms involved, is of practical significance for parasites of veterinary 

importance such as H. contortus, in which anthelmintic resistance is common and the 

emergence and spread of drug resistance alleles amongst parasite populations is extremely 

likely. Research with a focus on how parasites move, may assist in our ability to slow down 

anthelmintic resistance and maintain the sustainability of small ruminant production 
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worldwide. The movement of alternative hosts, such as feral goats, along with the incidental 

movement of soil, faeces and plant material by water or wind, vehicles and/or insects (Hunt et 

al., 2008), are all mechanisms which may facilitate movement of living parasites and therefore, 

gene flow between populations. Further studies to elucidate the relative importance of these 

different mechanisms is necessary for understanding gene flow in parasites. The response of 

parasite infracommunities to translocated parasite strains via host movement, has also been 

highlighted by Sargison et al. (2019) as an important knowledge gap and the implications it 

may have on parasite fitness, competition and mating compatibility. The ability of dual strain 

co-infections to interbreed, could lead to the amalgamation and spread of anthelmintic resistant 

alleles or even some level of reversion to susceptibility within parasite populations (Sargison 

et al., 2019). 

Future studies would also benefit from the collection of detailed isolate history, including farm 

and industry level practices, to allow the effect of different management systems, especially 

those that limit gene flow, to be explored and identified as having an impact on the population 

structure of H. contortus in Australia. The application of different and much larger panels of 

genetic markers may also provide greater insight into the population structure and diversity of 

the H. contortus isolates included within this study. Greater appreciation of the diversity of this 

significant parasite and its ability to adapt not only to drug treatments, but also a changing 

climate, will enable effective control strategies to be developed and implemented.  
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Chapter 10.   Appendices 

 

Appendix 1: H. contortus isolate providers  

Table 10.1 Sources of the Haemonchus contortus isolates used in this research project 

 

  

Isolate Collector 

Balala 2013 CSIRO F.D. McMaster laboratory  

Book Book 2014 Alice Bunyan 

Book Book 2016 Alice Bunyan 

Bundarra 2014 CSIRO F.D. McMaster laboratory  

Burrowye 2015 Dr David Hall, Walwa Vet Practice 

Burrumbuttock 2015 Dr Scott Ison, Murray Local Land Services 

Cathcart 2015 Dr Libby Summerrell, Charles Sturt University, Wagga Wagga 

Cookardinia 2015 Alice Bunyan 

Coreen 2015 Dr Scott Ison, Murray Local Land Services 

Emmaville 2012 CSIRO F.D. McMaster laboratory 

Forest Hill 2016 Dr Tim Biffin, Riverina Local Land Services 

Galong 2015 Dr Rahul Shankar, Riverina Local Land Services 

Gerogery 2016 Mr Stuart Bryne and Alice Bunyan 

Goondiwindi 2011 CSIRO F.D. McMaster laboratory  

Mangoplah 2014 Dr Rob Woodgate, Charles Sturt University, Wagga Wagga 

Mangoplah 2015 Alice Bunyan 

Old Junee 2013 Dr Tim Biffen, Riverina Local Land Services 

Ournie 2015 Dr David Hall, Walwa Vet Practice 

Table Top 2015 Dr Scott Ison, Murray Local Land Services 

Talmalmo 2017 Mr George Fury and Alice Bunyan 

The Rock 2015 Dr Amy Shergold, Riverina Local Land Services 

Thologolong 2015 Dr David Hall, Walwa Vet Practice 

Tintaldra 2015 Dr David Hall, Walwa Vet Practice 

Tooma 1 2016 Mr Mark Bourke and Alice Bunyan 

Tooma 2 2016 Alice Bunyan 

Wallangra 2003 CSIRO F.D. McMaster laboratory 
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Appendix 2: Meteorological stations  

Table 10.2 Bureau of Meteorology stations used to obtain rainfall and temperature data for 

each Haemonchus contortus isolate used in this research project 

Abbreviations: BOM: Bureau of Meteorology; AWS: automatic weather station; AMO: Aeronautical 

Meteorological Office  

Sourced from: Bureau of Meteorology (2019) 

  

Isolate BOM rainfall station BOM temperature station  

Balala 2013 Uralla (Dumaresq Street) Armidale Airport AWS 

Book Book 2014 Tarcutta (Wollumbi) Wagga Wagga AMO 

Book Book 2016 Tarcutta (Wollumbi) Wagga Wagga AMO 

Bundarra 2014 Bundarra Post Office Barraba (Clifton Lane) 

Burrowye 2015 Burrowye Station  Hunters Hill 

Burrumbuttock 2015 Burrumbuttock (Holyrood) Albury Airport AWS 

Cathcart 2015 Cathcart (Old Post Office) Bombala (Therry Street) 

Cookardinia 2015 Holbrook (Croft Street) Wagga Wagga AMO 

Coreen 2015 Balldale Post Office Corowa Airport 

Emmaville 2012 Emmaville Post Office Glenn Innes Ag Research Station  

Forest Hill 2016 Wagga Wagga AMO Wagga Wagga AMO 

Galong 2015 Boorowa Post Office Burrinjuck Dam 

Gerogery 2016 Culcairn Bowling Club Albury Airport AWS 

Goondiwindi 2011 Goondiwindi Airport Goondiwindi Airport 

Mangoplah 2014 Mangoplah (Forest Vale) Wagga Wagga AMO 

Mangoplah 2015 Mangoplah (Forest Vale) Wagga Wagga AMO 

Old Junee 2013 Old Junee (Millbank) Wagga Wagga AMO 

Ournie 2015 Walwa Tumbarumba Post Office 

Table Top 2015 Albury Airport Albury Airport AWS 

Talmalmo 2017 Burrowye Station Hunters Hill 

The Rock 2015 The Rock Post Office Wagga Wagga AMO 

Thologolong 2015 Wymah (Gwandallen) Hunters Hill 

Tintaldra 2015 Corryong Airport  Corryong Airport 

Tooma 1 2016 Tooma (Eudlo) Tumbarumba Post Office 

Tooma 2 2016 Tooma (Eudlo) Tumbarumba Post Office 

Wallangra 2003 Wallangra (Wallangra Station) Pindari Dam  
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Appendix 3: Additonal egg hatching assay  

A replicate egg hatching study of the experiment described in Chapter 5 was conducted. Three 

different Haemonchus contortus isolates were obtained for this experiment and their purity 

assessed as outlined in section 5.2.2. The isolates used were: 

Gerogery 2016 – originally isolated from naturally infected sheep from the Murray region of 

NSW. Temperate, winter rainfall region (592 mm) with a hot, dry summer and cold winter. 

Tooma 2 2016 – originally isolated from naturally infected sheep from the Murray region of 

NSW, near Kosciuszko National Park. Temperate, winter rainfall region (742 mm) with a 

mild/warm summer and cold winter. 

Wallangra 2003 – first isolated by Love, Neilson, Biddle, and McKinnon (2003) from the 

Northern Tablelands of NSW. Temperate, summer rainfall region (730 mm) with a hot, dry 

summer and cold winter. Infective larvae (L3) cultured from eggs of freshly infected sheep was 

used and provided by the CSIRO F.D. McMaster laboratory, Armidale, NSW.  

Three randomly selected Merino wethers were relocated from the CSIRO Chiswick station 

flock to the animal house. The procedure outlined in section 5.2.3 was followed to ensure each 

sheep was worm free prior to artificial infection. Sheep were artificially infected with one of 

the H. contortus isolates via oral administration. Dosage rates were dependent upon the 

availability of L3 and are detailed in Table 10.3. Individual worm egg counts (WECs) were 

carried out 28 days after infection to confirm establishment of gastrointestinal nematodes 

(GIN) and continued monthly to monitor the level of infection.  
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Table 10.3 Oral dose rates of each Haemonchus contortus isolate administered 

 

a Initial number of L3 administered 
b Subsequent L3 administered   

 

 

The egg hatching methodology described in section 5.2.4, was applied accordingly to this 

experiment, however a higher concentration of eggs was used in the assay. Twenty microlitres 

of egg concentrate solution was dispensed to provide 100 eggs per well. 

The higher seeding rate proved impractical with an inability to count the total number of eggs 

and first stage larvae (L1) in each well following incubation. The presence or absence of L1 at 

each temperature was instead noted using an inverted microscope at 40 x magnification. 

Consequently, hatching percent and statistical analyses were unattainable.  

Acknowledgement of the difficulty in counting a high number of eggs and L1 (>100) occurred 

at the 24 hour time interval for larval assessment. Subsequently the seeding rate was reduced 

for the experiment described in Chapter 5 to 40 eggs per well by diluting the concentrate to 

provide 2 eggs/µL.  

Results are provided in Table 10.4 with show notable differences in development between the 

three isolates, in particular, the ability of Wallangra 2003 to hatch at both 5°C and 8°C. 

However, caution must be taken when interpreting the results of Gerogery 2016 and Tooma 2 

2016. Larval differentiation of the Gerogery 2016 isolate identified 97% of the larvae present 

were Haemonchus and 3% were Teladorsagia spp. For the Tooma 2 2016 isolate, 98% were 

Haemonchus and 2% Oesophagostomum spp. The presence of species other than Haemonchus 

are confounding factors which prevent any clear interpretation of the results obtained for these 

two isolates. It would be worthwhile though, to consider using the methodology described in 

Chapter 5 to re-examine these isolates once pure cultures of H. contortus are obtained.  

Tag 

number 

H. contortus 

isolate 

Date 

infected  

Larval 

dosea 

Date  

re-infected 

Larval 

doseb 

2015C8327 Gerogery 2016 18/08/16 6,600 
 

- 

2015C8473 Tooma 2 2016 22/09/16 2,500 31/10/16 5,275 

2015C8311 Wallangra 2003 19/09/16 8,000 
 

- 
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Table 10.4 Detection of first stage larvae (L1) of Gerogery 2016, Tooma 2 2016 and 

Wallangra 2003 isolates at various temperatures  

                                                             Hours    

Temperature Isolate 24 48 72 96 120 144 168 

         

5°C Gerogery 2016 ─ ─ ─ ─ ─ ─ ─ 

 Tooma 2 2016 ─ ─ ✓ ─ ─ ─ ─ 

 Wallangra 2003 ─ ─ ─ ─ ─ ✓ ✓ 

         

8°C Gerogery 2016 ─ ─ ─ ─ ✓ ✓ ✓ 

 Tooma 2 2016 ─ ─ ─ ─ ─ ─ ✓ 

 Wallangra 2003 ─ ─ ✓ ✓ ✓ ✓ ✓ 

         

11°C Gerogery 2016 ─ ─ ─ ✓ ✓ ✓ ✓ 

 Tooma 2 2016 ─ ─ ─ ─ ─ ✓ ✓ 

 Wallangra 2003 ─ ─ ─ ✓ ✓ ✓ ✓ 

         

25°C Gerogery 2016 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 Tooma 2 2016 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 Wallangra 2003 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

         

37°C Gerogery 2016 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 Tooma 2 2016 ✓ ✓ ✓ ✓ ✓ ─ ✓ 

 Wallangra 2003 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

         
 ─     indicates L1 were absent 

✓ indicates L1 were present  
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Appendix 4: Alignment  

 

HF967197.1   ATGCTTCAACCACGGTTACAAATATGGATAACTTGTAATAAGTTGCTTTCTTCCTGTGTG 

HF967197.1   GGCCTTTCTAAGAAGCCAGTTCTTCCAAAGAAAGCGAGATCGAGTGGAGAAGTATGTTCG 

HF967197.1   TTGTTGCGTCGATTTTGTTGTTGTGGTCTGCGTCATCTACGAGCTATTTTGTAGGCAGGT 

HF967197.1   TCTTTTGTCGACTACCGTCGAGTCCGATGCATTGCTGGGAATGGCGGTGACGGAATGGTC 

HF967197.1   TCCTTTTTTAGGTGGTGTATTTTAAAATAGAATCACGATTAGCATCTTTCTGCTTTGCTT 

HF967197.1   CATATTTCTACATTCCACCCCAACCTTTAGAGGCTATCGAAAACCATTTGGTGGTCCGGA 

Hco8_M1      ------------------------------------------------------------ 

Hco10_M1     ------------------------------------------------------------ 

Hco18_M5     ------------------------------------------------------------ 

CA956772.1   -----------------------------GAGGTTATCGGAAACCATTTGGTGGTCCGGA                                                             

CA956955.1   -----------------------------GAGGTTATCGAAAACCATTTGGTGGTCCGGA                                                               

CA956974.1   -----------------------------GAGGTTATCGAAAACCATTTGGTGGTCCGGA                                                              

CB021155.1   -----------------------------GAGGTTATCGGAAACCATTTGGTGGTCCGGA 

CB021499.1   -----------------------------GAGGTTATTGAAAACCATTTGGTGGTCCGGA                                                              

CB064974.1   -----------------------------GAGGTTATCGAAAACCATTTGGTGGTCCGGA                                                             

  

HF967197.1   TGGTGGCGATGGCGGTAATGGAGGTCATGTTTTGTTCAAAGGTACTCCAATATTCCTTTG 

Hco8_M1      ------------------------------------------------------------ 

Hco10_M1      ------------------------------------------------------------ 

Hco18_M5     ------------------------------------------------------------ 

CA956772.1   TGGTGGCGATGGCGGAAACGGAGGTCATGTTTTGTTCAAAG-------------------     

CA956955.1   TGGTGGCGATGGCGGAAACGGAGGTCATGTTTTGTTCAAAG-------------------                                                              

CA956974.1   TGGTGGCGATGGCGGAAACGGAGGTCATGTTTTGTTCAAAG-------------------   

CB021155.1   TGGTGGCGATGGCGGAAACGGAGGTCATGTTTTGTTCAAAG-------------------   

CB021499.1   TGGTGGCGATGGCGGAAACGGAGGTCATGTTTTGTTCAAAG-------------------                                                             

CB064974.1   TGGTGGCGATGGCGGAAACGGAGGCCATGTTTTGTTCAAAG-------------------   

 

HF967197.1   CCTACGGCGACATGTTGGTGTAGTTACGTCCACTCGACACTTCGGGCTTATGGGTTCTCA 

Hco8_M1      ------------TGTTGGTGTATTTACGTCCTCTCGATACTTCGGGTTCATGGGTTCTCA                                        

Hco10_M1     ------------TGTTGGTGTATTTACGTCCTCTCGATACTTCGGGTTCATGGGTTCTCA         

Hco18_M5     ------------TGTTGGTGTATTTACGTCCTCTCGATACTTCGGGTTCATGGGTTCTCA 

CA956772.1   ------------------------------------------------------------        

CA956955.1   ------------------------------------------------------------  

CA956974.1   ------------------------------------------------------------   

CB021155.1   ------------------------------------------------------------ 

CB021499.1   ------------------------------------------------------------                                                               

CB064974.1   ------------------------------------------------------------  

  

HF967197.1   CTTTTTCAAGCATGCCATCACACAAAAGATCTCTCGCACCTGCGATCTACAGAAAAGGCT 

Hco8_M1      TTTTTTCAAGCGTGCCATCACACAAAAGATCTCTCGCACCTGCGATCTACAGAAAAGGCT 

Hco10_M1     TTTTTTCAAGCGTGCCATCACACAAAAGATCTCTCGCACCTGCGATCTACAGAAAAGGCT 

Hco18_M5     TTTTTTCAAGCGTGCCATCACACAAAAGATCTCTCGCACCTGCGATCTACAGAAAAGGCT 

CA956772.1   ----------CGTGCCATCACACAAAAGATCTCTCGCACCTGCGATCTACAGAAAAGGCT 

CA956955.1   ----------AATGCCATCATACAACAGATCTCTCGCATCTGCGATCTACAGAAAAGGCT                         

CA956974.1   ----------CATGCCATCATACAAAAGATCTCTCGCATCTGCGATCTACAGAAAAGGCT                       

CB021155.1   ----------CGTGCCATCACACAAAAGATCTCTCGCACCTGCGATCTACAGAAAAGGCT                         

CB021499.1   ----------CATGCCATCATACAAAAGATCTCTCGCATCTGCGATCTACAGAAAAGGCT                    

CB064974.1   ----------CATGCCATCATACAAAAGATCTCTCGCATCTGCGATCTACAGAAAAGGCT                       

 

Figure 10.1 Alignment of cDNA sequences (accession numbers CA956772.1, CA956955.1, 

CA956974.1, CB021155.1, CB021499.1, CB064974.1) and gDNA sequences (Hco8_M1, 

Hco10_M1, Hco18_M5) with the Haemonchus contortus reference genome (accession no. 

HF967197.1). 
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HF967197.1   GAAAGGGGTGAATTTGGAGGATCGAAGTCATGCCATGGCAAATCAGCTGAGCATCTCGAG 

Hco8_M1      GAAAGGGGTGAATTCGGAGGGTCGAAGTCCTGCCATGGCAAATCAGCTGAACATCTCGAG 

Hco10_M1     GAAAGGGGTGAATTCGGAGGGTCGAAGTCCTGCCATGGCAAATCAGCTGAACATCTCGAG 

Hco18_M5     GAAAGGGGTGAATTCGGAGGGTCGAAGTCCTGCCATGGCAAATCAGCTGAACATCTCGAG 

CA956772.1   GAAAGGGGTGAATTCGGAGGGTCGAAGTCCTGCCATGGCAAATCAGCTGAACATCTCGAG    

CA956955.1   GAAAGGGGTGACTTTGGAGGATCGAAGTCGTGCCATGGCAAATCAGCTGAACATCTCCAG 

CA956974.1   GAAAGGGGTGAATTTGGAGGATCGAAGTCGTGCCATGGCAAATCAGCTGAACATCTCGAG 

CB021155.1   GAAAGGGGTGAATTCGGAGGGTCGAAGTCCTGCCATGGCAAATCAGCTGAACATCTCGAG 

CB021499.1   GATAGGGGTGAATTTGGAGGATCGAAGTCGTGCCATGGCAAATCAGCTGAACATCTCGAG 

CB064974.1   GAAATGGGTGAATTTGGAGGATCGAAGTCGTGCCATGGCAAATCAGCTGAACATCTCGAG 

 

HF967197.1   GTATCCTCCATGAATATACACTTTGTTATCGAAAAAAATCTTTCGACTTTAAGATCCGGG 

Hco8_M1      GTATTCGCCATGAATGCACTTTTTTATCGAAAAGAATCTTTTTCAACTTTAAGATCCGGG 

Hco10_M1     GTATTCGCCATGAATGCACTTTTTTATCGAAAAGAATCTTTTTCAACTTTAAGATCCGGG 

Hco18_M5     GTATTCGCCATGAATGCACTTTTTTATCGAAAAGAATCTTTTTCAACTTTAAGATCCGGG 

CA956772.1   -----------------------------------------------------ATCCGGG 

CA956955.1   -----------------------------------------------------ATCCGGG                                                                                                                 

CA956974.1   -----------------------------------------------------ATCCGGG                                                                                                                

CB021155.1   -----------------------------------------------------ATCCGGG 

CB021499.1   -----------------------------------------------------ATCCGGG                                                                                                                   

CB064974.1   -----------------------------------------------------ATCCGGG                                                                                                                   

HF967197.1   TACCGGTTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAATGATG 

Hco8_M1      TACCGATTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAATAA-- 

Hco10_M1     TACCGATTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAAT---- 

Hco18_M5     TACCGATTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAAT---- 

CA956772.1   TACCGATTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAATGATG    

CA956955.1   TACCGGTTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACCAATTGCTCAATGATG 

CA956974.1   TACCGGTTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAATGATG 

CB021155.1   TACCGATTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAATGATG 

CB021499.1   TACCGGTTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAATGATG                                                       

CB064974.1   TACCGGTTGGCACGCTTTTCAAAAACGATGGCACAGTGGTGTACGAATTGCTCAATGATG                               

                                                 

HF967197.1   GCGAAGTATGTGCGATTTTGCTCGTCTTCAAGCACCTGTTTCTACTGTTGTAATGAAGTT 

HF967197.1   ATTTAGATTTTTGTCGGAGCACGTGGTGGTGCTGGTGGCCATGGCAATCAATTTTACGTT 

 

Figure 10.1 Alignment of cDNA sequences (accession numbers CA956772.1, CA956955.1, 

CA956974.1, CB021155.1, CB021499.1, CB064974.1) and gDNA sequences (Hco8_M1, 

Hco10_M1, Hco18_M5) with the Haemonchus contortus reference genome (accession no. 

HF967197.1). 

 
Note. Primer sites are shown in bold text with grey highlight; introns are underlined in red; single base 

variation is highlighted in yellow.  

 


