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1 Introduction 

 

To maximise growth, fecundity and animal health of livestock, it is important to 

understand, control and manage nematode parasite burdens. In the pasture based 

production systems of sheep in temperate climates, gastrointestinal nematodes 

cause the greatest economic loss. A central issue regarding infection of livestock is 

the degree of contamination of pasture with the infectious larval stages of these 

nematodes, often referred to as larval challenge. Assessing the degree of larval 

challenge is essential in managing the degree of infection in grazing animals. 

 

Traditionally it has been difficult to assess the pasture contamination for two reasons: 

firstly because of the difficulty of identification and differentiation of nematode larvae 

and secondly because of poor and inconsistent recovery of these larvae from 

pasture. With regards to identification, some species, such as H. contortus, can be 

differentiated by unique morphological characteristics like a long, whip-like tail, 

whereas other species, like Teladorsagia circumcincta and Trichostrongylus 

colubriformis, are very difficult to differentiate due to their similar morphological traits, 

but nonetheless differentiation on size and morphology has been the standard 

technique for decades. The length of the worm can be used to differentiate T. 

circumcincta from T. colubriformis, but it can vary depending on developmental 

conditions in faeces. For this reason, morphological differentiation bears the risk of 

misdiagnosis, also because there is a range of size within the nematode populations, 

which overlap and it is also limited in its application due to expertise, time and cost 

requirements. 

 

An exciting new approach which binds lectin coated beads to the surface to 

differentiate nematode larvae has recently been reported in plant parasitic 

nematodes. The beads bind to the worm based on the carbohydrate profile exposed 

on the surface of the worm and whether this profile is recognised by the lectin 

proteins attached to the beads. Potentially, if sugar structures unique to different 
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sheep parasitic nematode species could be bound by differentiating lectins, beads 

coated with these lectins could enhance differentiation even further. It has been 

proposed that magnetised beads could be used to physically separate larvae of 

different species, but this requires the beads to bind to a large part of the surface of 

the larvae. Even without extensive surface binding, lectin coated beads could be 

used to easily differentiate larvae under light microscopy. If the coated beads were 

labelled with a fluorescent marker, bound beads could potentially be used to identify 

worms in the field without the need of a microscope. 

 

Critical to all of these approaches is determining the degree of lectin binding to the 

surface of third stage larvae (L3) of species of interest, and whether the species can 

be differentiated according to their lectin binding pattern. Before applying lectins to 

beads, a more sensitive measure is to apply fluorescently labelled lectins directly 

onto the larvae, since relatively weak or localised binding can be detected via this 

method with greater precision. In this study, the binding of 19 fluorescently labelled 

lectins to the surface of two sheep parasitic worms, H. contortus and T. circumcincta 

is examined with the aim of finding a method to differentiate those species according 

to their lectin binding. Ideally, some lectins will bind to one species, but not the other. 

These species have been chosen, because they are easily cultured and importantly 

can be differentiated morphologically. 

 

It is also necessary to improve the recovery of larvae from pasture to make pasture 

larval counts reliable. Routine pasture recovery methods report low and variable 

larval recovery, from 10 - 70 % of larvae on grass. Any recovery method used must 

be compatible with subsequent lectin binding assays which will follow the recovery 

technique. With this compatibility in mind, recovery techniques such as floating 

worms from the sample using iodine gradients are not ideal as they cause marked 

morphological damage to the worms and potentially damage the sugar surface of the 

worm, making subsequent identification with lectins difficult. 
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2 Literature review 

2.1 The surface of nematodes 

2.1.1 Parasite cuticle - the interface with the host 

The surface of helminths has been of special interest to parasitologists seeking new 

ways of controlling infections. The host response against helminths, like the response 

against every other pathogen, involves the host inflammatory system and immune 

system. With large pathogens such as helminths, the size of the invading organism 

presents a particular challenge to the immune system, since antigen presenting cells 

are not able to phagocytose intact worms for antigen presentation and must therefore 

recognise other antigenic structures on the surface or in secreted products (NYAME 

et al. 2004). Similarly, attempts to produce vaccines also involve the identification of 

immunological targets accessible on the parasite, either on the surface or in the gut. 

Both the parasite host and the parasitologist face the same challenge of finding a 

suitable target on the surface of the pathogenic worm, a surface which is dynamic 

and capable of rapidly changing its characteristics. So far, it has not been possible to 

produce a vaccine for most animal parasitic helminths (HEIN and HARRISON 2005), 

and there is a clear need to develop appropriate strategies to define the structures 

and immunogenicity of surface macromolecules synthesised by parasites (NYAME et 

al. 2004; HEIN and HARRISON 2005). 

During the life cycle the cuticle is shed, allowing growth (PAGE 2001). All nematodes 

undergo four postembryonic moults, each requiring the synthesis of a new cuticle 

from the basal membrane (LEE 2002). COX et al. (1989) showed in his experiments 

by raising antibodies against cuticles of a mix of L3 and fourth stage larvae (L4) 

larvae and adult H. contortus worms, that the antibodies raised against adult worms 

did not bind to L3 or L4, therefore pointing out the different antigenic structure of the 

larval stages and adult worms. Many recent studies investigating antigens on the 

surface of helminth parasites show that carbohydrates, rather than proteins, stimulate 

an immune response in the host (NYAME et al. 2004). In the last 20 years, research 
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has revealed that parasites generate a vast variety of surface carbohydrate 

structures, including glycolipids (LOCHNIT et al. 1997, 1998a, b) and both N- and O-

linked glycoproteins, on their surface and in secretions (DELL et al. 1999; HASLAM 

et al. 2001). It is proposed that some of the antigenic structures of the surface are 

shed to evade the immune response (MAIZELS et al. 1993), though some are 

moderately effective targets for the immune system, including CarLA on L3 strongylid 

nematodes (HARRISON et al. 2003a, b; MAASS et al. 2007). Although there are 

striking similarities in the carbohydrate structures in many helminth parasites which 

have been examined (NYAME et al. 2004), the literature suggests that species 

specific differences also occur. The existence of different carbohydrate structures is 

the basis for investigation of whether different surface sugar profiles can be used to 

differentiate third stage larvae of nematodes infecting the gastrointestinal tract of 

sheep, based upon their lectin binding profile. In order to define the location and 

nature of the lectin binding to the worm surface, also termed cuticle (LEE 2002), an 

overview will be provided of the composition of the cuticle, the development of the 

cuticle between life cycle stages and whether the distinct moieties on the surface of 

the cuticle can be detected by surface staining with fluorescently labelled probes. 

 

2.1.2 Cuticle structure 

The cuticle is the exoskeleton of a nematode. It is secreted by the outer epithelial 

cells in the hypodermis and by interfacial cells lining the anus, excretory pore, vulva 

and pharynx (LEE 2002). As a structure, it gives the worm the ability to move via its 

attachment to the muscle layer underlying the hypodermis, it interacts with the 

external environment, serves as a barrier and maintains body shape. Based on its 

structure revealed by electron microscopy (EM), the cuticle consists of the basal 

zone, medial zone, cortical zone, the epicuticle and the surface coat (Fig. 1, LEE 

2002).  
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Fig. 1: Structure of the nematode cuticle depicted in electron micrographs (left) and 

schematic diagrams (right) based on C. elegans (PAGE and JOHNSTONE 2007). 

Panel A: surface of an adult C. elegans. Panel B: cross-section of the adult cuticle. 

Panel C: synthesis of a new cuticle and the associated detachment of the old cuticle.  
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Underlying the basal zone of the cuticle is the epidermis (LEE 2002), also known as 

the hypodermis (WRIGHT 1987; BIRD and BIRD 1991), which is the cellular layer 

that secretes the cuticle. Though not all cuticular layers are present in every life cycle 

stage (PAGE 2001) and the structure and thickness may vary between species, all 

nematodes follow the same basic cuticular organisation (LEE 2002). In order to study 

differences in the surface structure of animal parasitic nematodes, it is important to 

understand the composition and layers of the cuticle and their accessibility to 

chemical labelling. 

 

2.1.2.1 Basal zone 

The deepest layer of the cuticle, adjacent to the hypodermis, is the basal zone. It is 

observed as a structurally striated layer which consists of vertically arranged 

collagenous rods linked by short, thin lipoprotein filaments, as described in detail by 

LEE (2002). The principal component of the basal zone is collagen (WRIGHT 1987; 

FETTERER and RHOADS, 1993; LEE 2002). Even though the arrangement of the 

collagen fibres differs between species, these differences cannot be utilised to 

distinguish species easily using light microscopy, nor can they be accessed easily by 

chemicals for labelling while the worm is intact. Therefore, the basal zone will not be 

considered further in this review. 

 

2.1.2.2 Median zone 

The median or medial zone is superficial to the basal zone, usually less dense than 

the overlying cortical zone and has a variable structure. It may be amorphous, 

vacuolated, gel-like and fluid-filled or it may contain elaborate systems of plates, 

struts and fibres. It also contains collagen, as well as other substances such as 

enzymes (LEE 1961) or haemoglobin (SHARPE and LEE 1981), as observed in adult 

Nippostrongylus brasiliensis. The function of the median zone may be to dissipate 

shearing forces occurring in the cuticle during locomotion (reviewed by LEE 2002). 
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Different species have adopted sophisticated structural arrangements of plates, 

spikes, ring fibres, struts and rods in the median zone. These structures give the 

necessary stability and stiffness to the fluid-filled canal system in the median zone, 

whilst providing flexibility and reduced friction during movement. However, as in the 

basal zone, the components of the median zone are difficult to distinguish using light 

microscopy.  

 

2.1.2.3 Cortical zone 

The cortical zone covers the median zone of the cuticle and consists of one or two 

layers, the inner and outer cortex (HINZ 1963; LEE 1977). It is often arranged in 

perpendicular striations (WRIGHT and HOPE 1968; NICHOLAS and STEWART 

1997). In the free living stage of many plant and animal parasitic nematodes, the 

cortex consists of an electron dense outer cortex and a less dense inner cortex (LEE 

2002). Besides collagen, the outer cortex contains cuticlin (FUJIMOTO and KANAYA 

1973), insoluble, highly linked networks of non-collagenous proteins, which are 

thought to make the outer cortex tougher than the inner cortex and median zone 

(LEE 2002). The cortical zone may protect the free living infective stages against the 

environment (FETTERER and RHOADS 1993) and strengthen the striae between 

the annulations (LEE 2002). The cortical layer of the epicuticle is shielded from the 

environment by the epicuticle and is, therefore, like the basal and medial zones, not 

easily accessed by chemicals. 

 

2.1.2.4 Epicuticle 

In the electron microscopic examination of the cuticle, the epicuticle appears as the 

outermost fixed surface of the cuticle of all nematodes. One function of the epicuticle 

may be to act as a permeability barrier (BIRD and BIRD 1991), but it may also 

facilitate the transport of nutrients (GOUNARIS et al. 1996). Electron microscopy 

reveals that the epicuticle of most nematode species has a trilaminar structure and is 
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mainly composed of lipids and cross linked, non-collagenous proteins (reviewed by 

LEE 2002). The trilaminar structure, which consists of an electron dense inner and 

outer layer and the less electron dense middle layer, gives the epicuticle the 

appearance of a modified plasma membrane. However, despite the optical 

similarities, the properties of the lipids of the nematode epicuticle suggest it is 

structurally very different from the lipid bilayer membrane surrounding cells. 

Measurements of the fluidity of the lipids in the epicuticle revealed lower values than 

for plasma membranes (KENNEDY et al. 1987a; PROUDFOOT et al. 1990; 

SELKIRK 1991) and it is now widely agreed that the epicuticle is not a modified cell 

membrane (WRIGHT 1987; BIRD and BIRD 1991; LEE 2002). The lipid configuration 

is unusual and is probably stabilised by associated (glyco)proteins, which may be 

required for nutrient uptake (GOUNARIS et al. 1996). 

The lipid layer in the epicuticle appears to confer some protection for the parasite 

against host attack via the immune system. In particular B. malayi cuticular lipids are 

highly resistant to oxidative attack by hydrogen peroxide or hypochlorite, possibly 

due to the low levels of unsaturated fatty acids and the presence of antioxidants like 

α-tocopherol which are present in the membrane (SMITH et al. 1998). However, 

these epicuticular properties might not exist for all nematodes, as B. malayi 

microfilaria are more resistant to peroxidation than microfilaria of other nematodes 

(SMITH et al. 1998). Besides lipids, a range of proteins and carbohydrates is also 

present in the epicuticle, as described in 2.2.3. 

 

2.1.2.5 Surface coat 

The surface coat is composed primarily of glycoproteins (LEE 2002) and therefore is 

also referred to as the glycocalyx (BLAXTER et al. 1992). It is the outermost layer of 

the worm and viewed by many as the primary host - parasite interface (DE 

MENDOZA et al. 1999). It varies in thickness between species and life cycle stages 

from 5 - 20 nm, but could not be observed on all species and stages tested (LEE 

2002). It consists mostly of glycoproteins (DELL et al. 1999) and has a net negative 
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charge (LEE 2002). Two origins of the surface coat are described in the literature. It 

may be produced in the amphidial, pharyngeal and/or secretory-excretory glands and 

passed onto the surface of the cuticle through the amphidial pores, the mouth, the 

secretory-excretory pore (BIRD 1988; DELL et al. 1999, DE MENDOZA 1999, LEE 

2002). The surface coat components might also be synthesized by the epidermis and 

passed through the cuticle (PRESTON-MEEK and PRITCHARD, 1991; LEE 2002). 

The surface coat is often absent, which may mean it is not part of the nematode 

under examination or it is not detectable because of processing techniques used 

prior to imaging, particularly if these involve alcohol dehydration, which may strip the 

surface coat from the cuticle (BLAXTER et al. 1992; PAGE et al. 1992a). Sensitivity 

to fixation technique may be why many studies of nematode cuticles using electron 

microscopy do not show a surface coat layer, especially studies prior to 1990. While 

the epicuticle is the outermost fixed surface of the nematode cuticle, it appears in 

many species to be overlaid by a surface coat (BLAXTER et al. 1992). Although 

many studies examine antigens on the surface of parasitic nematodes, the specific 

location of the antigens is often not further characterised. Therefore, it is not clear 

whether exposed carbohydrates or glycoproteins on the worm surface are on the 

surface of the epicuticle or in the surface coat. Carbohydrate structures embedded in 

the epicuticle may be more stable than those in the surface coat, as the epicuticle is 

fixed. However, they may also be masked by the surface coat, or hidden by the lipids 

also contained within the epicuticle. 

 

2.1.2.6 Surface coat during the life cycle 

The surface coat differs between different life cycle stages, presumably as an 

adaptation to the changing developmental needs and environmental conditions 

experienced during the life of the nematode. KEITH et al. (1990) demonstrated that 

the surface proteins of T. circumcincta and Ostertagia ostertagi are stage specific, 

which is probably true for surface components of most nematode parasites. The 

regular changing in characteristics of the surface components is probably a key 
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component of the ability of the parasite to evade the host immune system (MAIZELS 

et al. 1993). 

 

2.1.2.7 Excretory-secretory products 

Proteins and glycoproteins which have been identified on the nematode surface by 

antibodies have been detected in in E-S solutions, which has been taken as evidence 

that these E-S proteins were in the surface coat but have washed off (DELL et al. 

1999). In the presence of harsher detergent, such as sodium dodecyl sulphate (SDS) 

and 2-mercaptoethanol, E-S proteins may also include proteins from deeper cuticle 

layers (COX et al. 1989; RHOADS and FETTERER 1994). Therefore, a brief 

consideration of proteins identified in E-S is relevant. 

 

E-S components can originate from the same pores in the nematode cuticle as 

surface coat components. These E-S components may therefore actually be 

identified as surface components by markers, such as lectins. Four major heavily 

glycosylated surface proteins of infective T. canis larvae (TES-120, TES-70, TES- 55 

and TES-32) are recognised by the host immune system and all are present in E-S 

(DELL et al. 1999; MAIZELS and PAGE 1990). Like surface coat glycoproteins, these 

E-S glycoproteins can be localised by binding of antibodies and carbohydrate specific 

chromagens and lectins to the oesophageal gland, the midbody secretory column 

and possibly on the epicuticle itself (MEGHJI and MAIZELS 1986; PAGE et al. 

1992b). TES-32 is believed to be in the epicuticle, whereas TES-70 is released from 

the oesophageal gland (PAGE et al. 1992a). GP31, a major component of the E-S of 

T. circumcincta larvae, is recognised by sera from resistant sheep and is located in 

the secretory organelles of the oesophageal glands (MCGILLIVERY et al. 1989, 

1990). Extracts of T. colubriformis and H. contortus L3 also contain a predominant 

antigen similar to GP31 (MCGILLIVERY et al. 1990), possibly released from the 

same location. 
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Other E-S glycoproteins originate from the nematode alimentary canal. Well 

characterised antigens of this nature for H. contortus larvae are H-11 and H-gal-GP 

(SMITH 2000, 2001). Though these antigens are immunogenic and are possibly 

found in E-S, there is no evidence that these molecules are also found on the outer 

surface of L3. In contrast, a 94 kDa protein associated with the intestinal cells of T. 

colubriformis L3 is predominant in post-exsheathment E-S products and is 

recognised by IgG and IgA antibodies of infected animals (O’DONNELL et al. 1989). 

Surface and E-S antigens can be similar between nematode species, even between 

animal and plant parasites. Antibodies raised against second stage larvae (L2) of M. 

javanica cross reacted with H. contortus and T. spiralis antigens in E-S and on the 

surface of live and cryopreserved worms (DE MENDOZA et al. 1999). Five of the 

seven antibodies reacted to carbohydrate groups and three only with E-S products, 

not the surface of H. contortus and T. spiralis. The other two antibodies reacted to 

protein antigens and both bound to E-S and the surface of cryo-preserved sections of 

both species (DE MENDOZA et al. 1999). 

 

2.2 Identification and differentiation of cuticle surface 

components 

Nematode antigens which are exposed to the host immune system can be derived 

from the cuticle, or from amphidial, pharyngeal and secretory-excretory glands 

secretions. Cuticular components are likely to be derived from the epicuticle and the 

overlying surface coat. 

 

2.2.1. Nematode collagens 

Collagens, the principal structural proteins of the cuticle of nematodes, constitute 

most of the basal and median layers, particularly in adults (COX et al. 1981a, b; 
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FETTERER and URBAN 1988; FETTERER 1989), in which they account for up to 80 

% or more of the cuticle (FETTERER and RHOADS 1993). As they are the main 

material present in the cuticle, nematode collagens have attracted some attention in 

the investigation of nematode surfaces, particularly the differences between 

nematode collagens and those present in the tissue of their hosts. 

Nematode collagen has a typical triple-helical structure. The three polypeptide chains 

of the triple helix consist of a (Gly-X-Y)n repeat and are twisted around each other like 

a rod. The identities of the other two amino acids are flexible, but they are usually 

proline or hydroxyproline. There are a variety of different types of collagens observed 

in nematodes, which results from a large number of genes and posttranslational 

modifications. Four different types of collagens have been established for 

vertebrates, according to their form and function, and two types of collagens have 

been distinguished for nematodes: the basement membrane collagens and cuticle 

collagens. The basement membrane collagen is found exclusively in the basal lamina 

underlying the hypodermis. While the basement membrane collagen shows similar 

characteristics to vertebrate collagen (GUO and KRAMER 1989), cuticle collagen is 

different (KRAMER et al. 1982a, b, 1985; SHAMANSKY et al. 1989). The cuticular 

collagen consists of peptides of about 30 kDa weight and it contains repeats of Gly-

Pro-X units, which are interrupted by areas not containing those repeating units. 

Vertebrate collagen on the other hand consists of uninterrupted repeats. The 

lightweight peptide units are bound together to build higher weight peptides. These 

are cross linked by disulfide bonds and tyrosine - tyrosine cross links to form 

collagen. The predominant tyrosine cross-link in H. contortus, as well as in A. suum, 

is the isotrityrosine cross link (FUJIMOTO et al. 1981, FETTERER and RHOADS 

1990). Another specific feature of cuticle collagen of H. contortus, A. suum and C. 

elegans is that hydroxylysine is absent and only small amounts (less than 5 % in 

weight) of neutral or amino sugars are present. 

Although there are species differences in collagen proteins, collagen is not dominant 

on the surface of the parasites and differences cannot be distinguished by staining. 

Similarly, antibodies raised in sheep after immunisation with H. contortus collagens 
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failed to protect animals against a H. contortus infection, as the antibodies probably 

did not reach the collagen which was obscured by the surface coat (BOISVENUE et 

al. 1991). 

 

2.2.2 Lipid 

As the epicuticle is potentially the outermost fixed surface layer of the worm and it 

has a structure distinct from a cellular lipid bilayer, its structure, composition and 

turnover are of interest. The structure and composition of the lipids in the epicuticle of 

nematodes have been studied using fluorescent lipid analogues. The immobility of 

one of these analogues, AF-18, is characteristic of the rigidity of the lipid layer, 

although the non-polar lipid probe NBP-col is more mobile in some adult parasitic 

species, such as Acanthocheilonema vitae, Brugia pahangi and Trichinella spiralis 

(PROUDFOOT et al. 1990). This variation in probe mobility shows that epicuticle lipid 

fluidity is heterogeneous. Further, PROUDFOOT et al. (1990) also showed in the 

parasitic species mentioned above, that there is no affinity for lipid probes in larvae 

during the non-parasitic stage, but their affinity increases once the larvae infect the 

host. Larvae can also be activated to take up AF-18 by incubation in cell culture 

media, especially in conditions of alkaline pH and high sodium ion concentration 

(PROUDFOOT et al. 1993; DE MENDOZA et al. 2000). The change in lipid mobility is 

stimulated by elevation of cyclic GMP and inhibited by inhibition of the Na+/H+ 

antiporter or calcium mobilisation (PROUDFOOT et al. 1993; DE MENDOZA et al. 

2000). This observation could be due to alteration in lipid composition, or 

reorganisation of the surface after activation. Even though the mechanisms of the 

epicutiular changes might not be fully understood, these results show the epicuticle 

varies according to the stage of development and environmental conditions. 
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2.2.3 Proteins and glycoproteins 

Many host antibodies are raised against the surface coat components, which can be 

both proteins and glycoproteins (MAIZELS and PAGE 1990; BLAXTER et al. 1992; 

DE MENDOZA et al. 1999; DELL et al. 1999). Surface antigens are varied during the 

life cycle, particularly between larvae and adult worms, shown by the failure of 

antibodies raised against the adult H. contortus cuticle to bind to L3 or L4 (COX et al. 

1989) and the stage specific nature of the surface proteins of T. circumcincta and O. 

ostertagi (KEITH et al. 1990). The same is true for different larval stages. The anti-H. 

contortus antibody Hc2 bound to both the cuticle of L2 and the sheath of L3, but not 

to the cuticle of L3, while Hc22 recognised a 70 - 90 kDa protein in L3, but it was 

absent in L4 (RALEIGH et al. 1996). Also, SELKIRK and BLAXTER (1990) identified 

two non-structural water soluble proteins, Gp29 and a 15 kDa protein, on the surface 

of B. pahangi and B. malayi. The 15 kDa protein was present in L3, L4 and adults, 

but Gp29 was found in L4 and adults of B. malayi (SELKIRK and BLAXTER 1990), 

and in L3 of B. pahangi (DEVANEY et al. 1990). 

Of the nematode parasites infecting livestock, H. contortus is probably the best 

studied in terms of its surface components. Glycoproteins extracted from L3, L4 and 

adult H. contortus can have up to 30 % of their apparent molecular weight accounted 

for by carbohydrate components (COX et al. 1989, RHOADS and FETTERER 1994). 

COX et al. (1989) showed that SDS treatment could extract most, if not all, of the 

antigenic compounds present in native exsheathed L3 and L4 of H. contortus. The L3 

extracts contained six major proteins ranging in size from 24 to 180 kDa, two of 

which, the 30 and 36 kDa proteins, were glycosylated; the L4 extracts contained 12 

proteins ranging from 16 - 200 kDa, of which four, the 27, 29, 36 and 72 kDa 

proteins, were glycosylated (COX et al. 1989). RHOADS and FETTERER (1994) 

similarly extracted four different proteins from the adult H. contortus surface with 

molecular weights of 30, 58, 81 and 143 kDa, of which the latter three were 

glycosylated. The lectin Wheat germ agglutinin (WGA) bound to these glycoproteins, 

suggesting that they could be detected and differentiated with lectins. In addition, 

surface antigens could be shed from the cuticle. For example, Hc6 bound to three 
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different glycoproteins of molecular weight around 100 kDa from H. contortus larvae, 

but did not bind to living L3 themselves (RALEIGH et al. 1996). 

One complication with lectin binding to carbohydrates on the surface of nematodes is 

that the carbohydrate may be hidden. ASHMAN et al. (1995) described that the 70 - 

90 kDa antigen, which bound the H. contortus antibody Hc22, also bound lectins after 

the protein was isolated, but lectins could not detect this antigen on the intact worm, 

even though the protein could still be bound by antibody. The proposed lack of 

recognition of carbohydrates on the surface of L3 could be due to the carbohydrate 

group being oriented away from the larval surface and it was therefore not accessible 

to the lectin. 

A range of proteins and carbohydrates is also present in the epicuticle. The proteins 

in the epicuticle of Ascaridia galli can be visualised by positive reaction with ninhydrin 

reagent and the presence of hexose sugars is revealed by reactivity with Periodic 

Acid Schiff reagent (MAJUMDAR et al. 1996). These proteins are potentially targets 

for characterisation and immunological attack. The surface of A. suum larvae 

contains 19 antigenic proteins ranging from 32 to 66 kDa, which are both stage 

common and stage specific (KASUGA-AOKI et al. 2000). The proteins may not be 

structural, as in D. immitis larvae the epicuticular proteins can be at least partly 

removed by SDS treatment and the trilaminate epicuticle structure still remains intact 

(MOK et al. 1988). Further, in some species, the proteins associated with the 

epicuticle rapidly diffuse laterally, which suggests these proteins may be associated 

with neutral lipids or only loosely associated with polar lipids (PROUDFOOT et al. 

1991). Cuticlin may be present in the epicuticle of some species (BETSCHART and 

JENKINS 1987; LEE 2002), but equally it may only be located in the cortical layer of 

the cuticle (POLITZ 1992; PAGE and JOHNSTONE 2007). The Periodic Acid Schiff 

(PAS) staining in A. galli suggests that at least some of the epicuticular proteins may 

be glycoproteins, as has been demonstrated for B. pahangi (PHILLIPP et al. 1986; 

DEVANEY and JECOCK 1991). In addition, antibodies have been raised against 

epicuticular glycoproteins of Toxocara canis (MAIZELS et al. 1987b; KENNEDY et al. 
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1987b). However, according to PROUDFOOT et al. (1990), these antibodies are 

specific for carbohydrate epitopes which may be bound to lipids rather than proteins.  

Many proteins and glycoproteins are present on the surface of more than one 

nematode species, even those in diverse host environments. For example antibodies 

raised against Meloidogyne incognita, a plant nematode, cross react with E-S 

products and the surface coat of H. contortus and T. spiralis (DE MENDOZA et al. 

1999). Within sheep parasitic nematodes, three major groups of surface antigens 

have been identified by the binding of antibodies from field immune sheep to live L3 

or proteins of T. colubriformis, T. circumcincta and H. contortus in Western blots 

(MAASS et al. 2007). One antibody identified a group of high molecular weight 

antigens common to all three species, which are believed to include the 70 - 90 kDa 

protein of H. contortus (ASHMAN et al. 1995; RALEIGH and MEEUSEN 1996; 

RALEIGH et al. 1996; JACOBS et al. 1999) and a 90 - 110 kDa antigen on the 

surface of T. circumcincta (BALIC et al. 2003). A second antibody bound low 

molecular weight antigens common to T. colubriformis, T. circumcincta and H. 

contortus, which are assumed to be the same antigen reported in D. viviparus 

(GILLEARD et al. 1995a) and the L3 of several other nematode species (GILLEARD 

et al. 1995b). MAASS et al. (2007) believed there was a third group of antigens with 

some biochemical properties in common, but could not identify these with one 

common antibody.  

Recently, a carbohydrate structure resistant to peptide digestion referred to as CarLA 

(carbohydrate larval antigen) has been isolated from T. colubriformis L3 using 

antibodies (HARRISON et al. 2003a), but the identity of the carbohydrates on this 

structure has not yet been determined. Antibodies raised to this carbohydrate are 

IgG1 and IgA forms, with antibody studies showing this component to be present on 

the epicuticle of sheathed L3, but not on eggs, L1, L2, L3 four days after infection, L4 

or adult worms (HARRISON et al. 2003b). Further, antibodies raised to this 

component cross react with similar molecular weight antigens from H. contortus and 

T. circumcincta larvae and with a 22 kDa antigen on Cooperia cuticuli and 

Nematodirus spathiger larvae (HARRISON et al. 2003b). CarLA seems to be a 
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carbohydrate structure on the surface of L3 T. colubriformis which can be detected 

by antibody binding and cross reacts with a range of gastrointestinal nematode 

parasites. No lectin binding to CarLA has been reported.  

 

2.2.4 Glycolipids 

The main studies on glycolipids have been on glycosphingolipids in ascarids. 

Glycosphingolipids have been isolated from the neutral glycolipids fraction of A. 

suum, Litomosoides carinii and N. brasiliensis (DENNIS et al. 1995). There were two 

groups identified as fast and slow moving glycosphingolipids, but only the slow 

moving are immunoreactive (DENNIS et al. 1995). Analysis of these molecules in A. 

suum showed they are amphoteric molecules, containing neutral monosaccharide 

constituents and a zwitterionic phosphodiester linkage, probably phosphocholine 

(DENNIS et al. 1995). The following sugars were isolated from A. suum 

glycosphingolipids (LOCHNIT et al. 1997): 

1. Glc(β1-1)ceramide 

2. Man(β1-4)Glc(β1-1)ceramide 

3. GalNac(β1-3)Man(β1-4)Glc(β1-1)ceramide 

4. Gal(α1-3)GalNac(β1-4) GlcNac(β1-3)Man(β1-4)Glc(β1-1)ceramide 

These glycans were attached to C24 cerebronic acid and C17 sphingoid bases 

(LOCHNIT et al. 1997). The glycosphingolipid fraction from A. suum contained mainly 

two glycosphingolipids termed components A and C, which have sugar chain number 

4 with either an additional phosphocholine (component A) or additional 

phosphocholine and phosphoethanolamine (component C) (LOCHNIT et al. 1998a). 

Both components were immunologically active, stimulating TNF, IL1 and IL6 release 

from mononuclear blood cells (LOCHNIT et al. 1998b). WUHRER et al. (2000) 

showed serum from humans infected with O. volvulus recognised glycolipids from 

this species and from other parasitic nematodes such as A. suum, Setaria digitata 

and L. sigmodontis. All of these sugars contained phosphocholine which was 
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attached to O. volvulus sugars in similar fashion as in A. suum, but bound sugar type 

3 as well as 4. In contrast to those in A. suum, the lipid groups included C22 and C23 

ceramides, as well as C24 and C17 (WUHRER et al. 2000). Glycolipids were mainly 

found in the hypodermis and it is hypothesised that their function is to maintain an 

intact cuticular shield for the parasite (LOCHNIT et al. 2001). 

 

2.2.5 Glycans 

Glycans are the target structure for lectins on the parasite surface and have been 

examined in regards to their antigenic structure. Parasite derived glycans have 

unique modifications to the core structures and unique groups of antennae which 

distinguish them from mammalian glycans, making them potential vaccine targets 

(NYAME et al. 2004). Glycans can be either N- or O-linked to the protein. In N-

glycosylation, the glycan is attached to an asparagine in a tripeptide sequence, Asp-

X-Ser/Thr, where X can be any amino acid except proline (KORNFELD and 

KORNFELD 1985), whereas in O-glycosylation, the glycan is attached to a serine or 

threonine residue (HASLAM et al. 2001). There are both N- and O-glycosylated 

integral glycoproteins in the surface coat of T. canis (BLAXTER and ROBERTSON 

1998) and probably also in other species.  

N-glycans have been characterised in many parasitic nematode species, including H. 

contortus, T. spiralis, T. canis and A. vitae (DELL et al. 1999). A key feature of H. 

contortus N-glycans is the novel fucosylation of their chitobiose core structures 

(DELL et al. 1999). Adult H. contortus N-linked glycans have one to three α1�6 or 

α1�3 linked fucose groups (HASLAM et al. 1996), whereas in L3 there are one to 

two α1�3 linked fucosylations on the chitobiose core (HASLAM et al. 1998). The 

importance of these stage specific modifications relates to antigenicity, as α1�3 

linked N-glycan cores are highly antigenic and contribute to IgE production and the 

Th2 response to helminths (VAN DIE et al. 1999), plants and insects (HASLAM et al. 

1996). Mammalian cells produce α1�6 core fucoses, which are recognised as ‘self.’ 

H. contortus adults are unusual in producing both core types (HASLAM et al. 1998).  
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Antigens from B. pahangi and B. malayi contain phosphorylcholine (MAIZELS et al. 

1987a) bound to an N-acetylglucosamine attached to the trimannosyl core (HASLAM 

et al. 1997). Phosphorylcholine can inhibit B- and T-lymphocyte function and 

disruption of B-lymphocyte proliferation has been reported in response to the antigen 

ES62 (DEEHAN et al. 1998). Therefore, the N-glycans of filarial parasites may be 

immunosuppressive, which might be critical for the survival of the filarial nematode. 

Phosphorylcholine groups have been reported on the N-glycans of other nematode 

species also (DELL et al. 1999), including C. elegans (CIPOLLO et al. 2004), A. 

suum (PÖLTL et al. 2007) and T. spiralis (MORELLE et al. 2000a, b). Expression 

and release of phosphorylcholine containing glycans is stage specific (STEPEK et al. 

2002) and they are not always on the surface (MORELLE et al. 2000a, b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Antennae on helminth N-glycans, from DELL et al. (1999)
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As well as distinctive core structures, distinct antennae have also been identified on 

several nematode species (Fig.2). These include the immunodominant N-glycans of 

T. spiralis L1 which are capped with D-tyvelose (WISNEWSKI et al. 1993a, b; 

REASON et al. 1994; ELLIS et al. 1997). Protective monoclonal antibodies against 

L1 are thought to be against the tyvelose containing N-glycans (APPLETON et al. 

1988; ELLIS et al. 1997; MCVAY et al. 1998). The antennae in H. contortus are 

mainly high mannose types or truncated cores (HASLAM et al. 1996). H. contortus 

do not seem to produce Lewis x or sialyl Lewis x antigen and appear only to 

fucosylate the lacdiNAc motifs as seen in Fig. 2 (DEBOSE-BOYD et al. 1998). 

Although much of the IgG2 response appears to be against the fucosylated lacdiNAc 

motifs in H-gal-GP, this antigen is not protective (GELDHOF et al. 2005). 

 

2.2.6 Nematode C-type lectins 

C-type lectins are proteins which bind glycoprotein ligands in a calcium dependent 

fashion. They have been associated with vertebrate immune cell signalling and the 

activation of innate immunity (WEIS et al. 1998; ANDREWS and BERNDT, 2000). 

The T. canis surface proteins TES-32, also referred to as Tc-CTL-1 (T. canis C-type 

Lectin 1), and TES-70, both first identified by PAGE et al. (1992a, b), have been 

identified as C-type lectins (LOUKAS et al. 1999, 2000a, b). Helminth C-type lectins 

share high sequence and structural similarities with mammalian immune cell lectins 

(LOUKAS et al. 2000a, 2002), especially for the carbohydrate recognition domains 

(LOUKAS et al. 2000a). LOUKAS et al. (2002) proposed that a C-type lectin 

expressed by adult N. americanus, which is very similar to C-type lectin proteins from 

mammalian antigen presenting cells, may be used to interfere with the host immune 

response or the host blood clotting mechanism. 
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2.2.7 Galectins 

The galectins are a family of lectins with specific affinity for β-galactoside sugar 

structures in their target molecules (GREENHALGH et al. 1999a, b, 2000). Galectins 

are present in both vertebrates and invertebrates, including nematodes, and are 

involved in the establishment of the parasite, as well as the immune response of the 

host (YOUNG and MEEUSEN 2002). Based on antibody binding studies, the 

galectins appear to share relatively high sequence homology across several parasite 

species. There are two T. circumcincta galectins (NEWTON et al. 1997): Tci-gal-1 is 

very similar to Hco-gal-1 in H. contortus, while Tci-gal-2 is very similar to Tco-gal-2 in 

T. colubriformis (GREENHALGH et al. 1999a). Antibodies to Tci-gal-1 recognised 

lactose-extracted 30 - 31 kDa proteins from Oesophagostomum dentatum, A. suum, 

T. canis, Parascaris equorum and Dictyocaulus filaria as well as the cestode Taenia 

serialis and the trematode Fasciola hepatica, but not extracts from Schistosoma 

japonicum (GREENHALGH et al. 1999a, b). In H. contortus, at least two more 

families of galectins have been identified in cDNA-libraries. Of these, Hco-gal-3a/b 

family is expressed mainly in adults and at lower levels in other stages, while Hco-

gal-4 is upregulated in sheathed L3 (GREENHALGH et al. 2000). 

The cDNA for the galectin ova-gal-11 expressed in epithelial cells in the abomasa of 

sheep infected with H. contortus larvae was inducible by infection and may be 

involved in the inflammatory or immune response (DUNPHY et al. 2000). Parasite 

galectins are considered attractive targets for vaccine development because of the 

high degree of sequence identity between species. Vaccination of goats with two 

recombinant H. contortus adult galectins reduced egg counts by 37.25 % and worm 

burdens by 41.1 % (YANMING et al. 2007). Interestingly, these galectins caused 

haemagglutination of erythrocytes from dogs, rabbits, mice, humans, but not from 

goats, which are the host (LI et al. 2007).  
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2.3 Lectin binding to carbohydrates on the surface of 

nematodes 

Lectins are a class of proteins which recognise and bind with very high affinity to 

specific carbohydrate moieties, either as monosaccharides or these sugars within a 

polysaccharide structure. In nature, lectins appear in both the plant and animal 

kingdoms. In animals, lectins are involved in cell - cell recognition and immune 

function. Lectins in the host could recognise antigenic sugars present on the surface 

of the worm. Host eosinophils recognise and bind specifically to surface antigens on 

worms, as observed with O. volvulus L3, where binding of eosinophils stimulates 

their degranulation. As these antigens are not present on L4, no binding of 

eosinophils occurs (BRATTIG et al. 1991) 

 

2.3.1 Lectin binding to sugars 

The target sugar of a lectin can be defined by inhibition of lectin binding by addition of 

the target monosaccharide in monomeric form. However, the affinity of the lectin for 

monosaccharides is much lower than for the same sugar in a polysaccharide 

structure, suggesting that the sugars surrounding the target in the polysaccharide aid 

binding, making the true target for the lectin a very specific structure, to which it binds 

with very high affinity so that binding to sugars at concentrations as low as 10-18 M 

can be detected. Some lectins bind only N-linked glycans, while others bind O-linked 

glycans. As lectins are relatively large protein molecules, they can be fluorescently 

tagged without hindering the affinity of the lectin for its target.  

 

2.3.2 Lectin binding to nematodes 

Lectin binding has been used to study the surface sugars of nematodes of a number 

of species and life cycle stages. Not only are there differences between species, but 

also at different development stages within a species. 
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2.3.2.1 Eggs 

Identification of nematode species by lectin staining has been most successful with 

eggs present in faeces. PALMER and MCCOMBE (1996) used 10 lectins to 

distinguish H. contortus, T. circumcincta and T. colubriformis eggs. Overall, mixed 

field infections of H. contortus and Trichostrongylus could be differentiated by lectin 

staining, though T. circumcincta identification was more difficult. Using Ricinus 

communis agglutinin (RCA), Haemonchus spp. could be identified and then using 

Peanut agglutinin (PNA) or Concavalin A (ConA) H. contortus and T. circumcincta 

could be distinguished from Trichostrongylus spp.. PNA bound only to H. contortus 

eggs, making this lectin definitive for this species. Maclura pomifera agglutinin (MPL) 

bound to all three species, while ConA bound to both H. contortus and T. 

circumcincta. In contrast, COLDITZ et al. (2002) found that PNA bound weakly to T. 

circumcincta as well as H. contortus eggs, but RCA could be used to identify 

Haemonchus spp.. COLDITZ et al. (2002) also reported that only MPA would bind to 

Trichostrongylus spp., while T. circumcincta was weakly positive for MPA, PNA and 

ConA. Haemonchus spp. stained strongly with PNA and was also positive for MPA, 

ConA and RCA. Thus, using RCA, Haemonchus spp. could be identified and then 

using PNA or ConA, H. contortus and T. circumcincta could be distinguished from 

Trichostrongylus spp.. The eggs of O. volvulus (TAYLOR et al. 1986) exhibited lectin 

binding with ConA, PNA, SBA, WGA and Limulus polyphemus agglutinin (LPA), 

whereas O. gibsoni (FORSYTH et al. 1984) bound ConA, PNA, Sambucca nigra 

agglutinin (SBA), WGA and Helix pomatia agglutinin (HPA). TAYLOR et al. (1986) 

also noted two populations of eggs with respect to lectin binding of both embryonated 

and non-embryonated forms. Lectin bound to some eggs with a strong affinity, while 

others bound weakly, but there was no clear explanation for this. 

 

2.3.2.2 Adult worms 

BONE and BOTTJER (1985) examined the surface sugars of adult stages of N. 

brasiliensis, T. colubriformis and H. contortus using 11 different lectins. In contrast to 
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L3, which showed binding only with HPA on N. brasiliensis, all except three of the 11 

lectins tested bound to adult worms. Slight variations between sex and species and 

distribution across the adult surface were observed (BONE and BOTTJER 1985). 

Staining with the lectins Phytohaemagglutinin (PHA), Helix pomatia agglutinin (HPA) 

and Bandeiraea simplicifolia isolectin I (BGS I) showed that N-acetyl-galactosamine 

was commonly present on the body region of all adults, as well as on the head and 

tail region of male and female H. contortus and male T. colubriformis, but not on the 

head or tail region of N. brasiliensis, nor on the tail region of female T. colubriformis 

(BONE and BOTTJER 1985). Staining with WGA and Bandeiraea simplicifolia 

isolectin II (BGS II) revealed another common surface sugar N-acetyl-glucosamine, 

which was present on various body regions on both sexes of all three species of 

worms (BONE and BOTTJER 1985). Soybean agglutinin (SBA) binding showed that 

D-galactose was present on N. brasiliensis female tails, while Con A and Lens 

culinaris agglutinin (LCA) binding revealed that D-mannose and D-glucose were 

present on either the head and/or tail regions of T. colubriformis males (BONE and 

BOTTJER 1985). Neither adult males nor females bound Ulex eurpaeus (UEA), Poke 

weed mitogen (PWM) and Limulus polyphemus agglutinin (LPA) which shows that no 

L-fucose, N-acetylchitobiose and sialic acid was available for binding on the surface 

(BONE and BOTTJER 1985). Adult O. volvulus bound ConA, LPA, WGA, PNA and 

SBA, similar to the binding pattern of lectins to eggs of this species (TAYLOR et al. 

1986). 

 

2.3.2.3 Larvae 

Fluorescently labelled lectins have been used for a variety of studies on L3 of 

different nematode species. The studies all examined surface structures on parasitic 

nematodes, which all complete development stage(s) in the gut of the host. The aims 

for these studies vary from identification of species and the carbohydrate groups on 

the cuticular surface to blocking of chemotaxis and examining the utilisation of 

macromolecules by L3.  
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2.3.2.3.1 Plant parasitic nematodes 

The surface coats of the larvae of M. incognita, Meloidogyne javanica, Meloidogyne 

arenria, Meloidogyne hapla and Anguina agrostis have also been studied with lectins. 

The lectin binding used to distinguish L2 of these plant parasites is summarised in 

Tab. 1.  

LIN and MCCLURE (1996) extracted surface coat proteins from M. incognita races 

and showed that from a similar range of lectins to MCCLURE and STYNES (1988), 

only ConA bound to the isolated proteins. These isolated surface coat proteins may 

be similar across the Meloidogyne species, as some monoclonal antibodies raised 

against M. incognita cross react with the surface coat of M. javanica (SHARON et al. 

2002). The surface coat of A. agrostis, a parasite of ryegrass, contains glycoproteins 

which bind WGA and can be digested with pepsin or trypsin (BIRD and 

ZUCKERMAN 1989). This surface coat seems loosely adherent, as it can leave an 

imprint on glass slides and cover slips (BIRD 1988, BIRD and ZUCKERMAN 1989). 

Such imprints were also seen in this study. 

 

Tab.1: Lectin binding to plant parasitic nematodes 

Species Lectins tested Lectins 
bound 

Site of 
binding 

Study 

M. incognita 
M. javanica 
M. arenria  
M. hapla   
L2 
 
 

ConA, WGA, 
PNA, SBA, 
MPL, UEA, 
BGSI and 
BGSII, RCA, 
DBA and LPA 
 

ConA, WGA, 
MPA, UEA I, 
RCA  
 
 
 
 

amphids  
ConA also 
cuticle 
 
 
 
 

MCCLURE and 
STYNES 1988 
 
 
 
 
 

A. agrostis WGA WGA surface coat BIRD and 
ZUCKERMAN 
1989 
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2.3.2.3.2 Hookworms 

Lectin binding could be used to distinguish sheathed L3 of three species of human 

hook worms, see Tab.2. 

Binding of UEA I and RCA distinguished N. americanus from Ancylostoma duodenale 

and Ancylostoma ceylanicum, neither of which bound these lectins (KUMAR and 

PRITCHARD 1992). A. ceylanicum could be distinguished from A. duodenale, 

because A. ceylanicum bound SBA and DBA, whereas A. duodenale did not 

(KUMAR and PRITCHARD 1992). Only sheathed human hookworms could be 

distinguished, since none of the lectins used in the study bound any of the larvae 

after exsheathment (KUMAR and PRITCHARD 1992, 1994).  

Tab. 2: Lectin binding to N. americanus, A. duodenale, A. ceylanicum larvae 

Species Lectin 
tested 

Lectin bound Site of binding Study 

N. 
americanus 

ConA, WGA, 
SBA, DBA, 
UEA I,PNA, 
RCA, BGS I, 
LCA, PHA-E, 
PHA-L, PSA, 
SJA, s- WGA 

ConA, WGA, 
SBA, DBA, UEA 
I,  PNA, RCA 

Patchy, mostly 
whole surface 

KUMAR and 
PRITCHARD 
1992 

A. 
duodenale 

As above ConA,  
WGA, PNA 

Whole surface 
Patchy surface 

KUMAR and 
PRITCHARD 
1992 

A. 
ceylanicum 

As above ConA,  
WGA, SBA, 
DBA, PNA  

Whole surface 
Patchy surface 

KUMAR and 
PRITCHARD 
1992 

 

 

2.3.2.3.3 Filaria 

Many lectin binding studies have been carried out on the microfilarial and larval 

stages of filarial nematodes and also used to differentiate between species. In 

general, infective stages of microfilaria and L3 show the least lectin binding during 
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the life cycle, suggesting reduced surface antigens when entering a host. Results 

from lectin binding studies on the microfilarial stage are summarised in Tab. 3. 

The studies of FURMAN and ASH (1983a, b) in B. pahangi identified that the sugar 

coating of B. pahangi microfilaria may increase as they mature in utero, but is 

progressively lost or hidden to a high degree as the microfilaria mature ex utero. 

Microfilaria recovered in utero bound ConA, WGA, LPA, PNA, RCA and SBA and 

during in vitro culture of adults, there was an progressive increase in lectin staining in 

microfilariae recovered from days 1 - 4 after which they were bound by PNA, RCA, 

SBA, WGA and ConA, though never LPA (FURMAN and ASH 1983b). However, 

microfilaria recovered from the host in vivo showed reduced binding, with only ConA 

and WGA binding to their surface (FURMAN and ASH 1983a).  

Of the eight lectins used by RAO et al. (1989) only WGA bound to the microfilaria of 

B. patei. B. malayi microfilaria raised in vitro bound ConA as well as WGA, while 

microfilaria recovered in vivo only bound WGA, suggesting the loss or masking of 

filarial antigen during development (KAUSHAL et al. 1984). Also, the microfilaria of B. 

malayi showed increased cuticular lectin binding after encapsulation and 

melanisation in host insect haemocoel (NAYAR et al. 1995). In contrast to these 

results, ultrastructural studies on sections of microfilaria of W. bancrofti and B. malayi 

using gold labelled lectins showed the sheath had an electron dense outer layer, 

which did not bind lectins and a less dense inner layer, which stained intensely (see 

Tab. 3, ARAUJO et al. 1993). Lack of lectin staining on the outer surface of the 

sheath could be due to removal of carbohydrate moieties during fixation for EM. In 

contrast to Brugia spp., which showed some lectin binding, O. volvulus (TAYLOR et 

al. 1986) and Oncocerca gibsoni (FORSYTH et al. 1984) microfilaria recovered in 

utero and from skin after infection of host did not bind lectins. 
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Tab. 3: Lectin binding to the microfilarial stage of filarial parasites. 

 

Species Lectins 
tested 

Stage Lectins 
bound 

Site of 
binding 

Study 

B. patei ConA, 
WGA, DBA, 
SBA, UEAI, 
LCA, PSA, 
HPA,  

microfilaria WGA  RAO et al. 
1989 

B. malayi ConA, 
WGA, DBA, 
SBA,  LCA, 
PSA, HPA, 

microfilaria  
in vivo 
microfilaria  
in vitro 

WGA 
ConA, WGA 

 KAUSHAL 
et al. 1984 

B. malayi ConA, 
WGA, PNA, 
WFH, UEA 
I, BGS I and 
II RCA, 
LFA, HPA 

microfilaria ConA, BGSI 
and II, WGA, 
RCA, PNA, 
HPA, WFH 
UEA I, BGS I 
and II, RCA, 
WFH 

Inner 
surface of 
sheath  
 
cuticle 
(EM) 

ARAUJO 
et al. 1993 

B. malayi ConA, 
WGA, PNA, 
LCA, HPA 

melanized 
microfilaria 

ConA, WGA, 
PNA, LCA, 
HPA 

Outer 
cuticle 

NAYAR et 
al. 1995 

B. pahangi ConA, WGA 
LPA, PNA, 
RCA, SBA 

microfilaria  
in vitro 
microfilaria 
in utero 

ConA, WGA 
LPA, PNA, 
RCA, SBA 

 FURMAN 
and ASH 
1983a, b 

W. 
bancrofti 

ConA, 
WGA, PNA, 
WFH, UEA 
I, BGS I and 
II RCA, 
LFA, HPA 

microfilaria ConA, PNA, 
WFH, UEA I, 
BGS I, RCA, 
LFA, HPA 
ConA, WGA, 
PNA, UEA I,  
BGS I and II 
RCA, HPA 

Inner 
surface of 
sheath  
 
 
cuticle 
(EM) 

ARAUJO 
et al. 1993 

O. gibsonii ConA, 
WGA, PNA, 
UEA, SBA, 
HPA 

microfilaria neg  FORSYTH 
et al. 1984 

O. volvulus ConA, 
WGA, PNA, 
SBA, LCA, 
PHA 

microfilaria neg  TAYLOR 
et al. 1986 
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Tab. 4: Lectin binding to the larval stages of filarial parasites 

 

Species Lectins tested Stage Lectins 
bound 

Site of 
binding 

Study 

D. immitis ConA L3, L4 ConA Amphids, 
phasmids 

BOWMAN et 
al. 1988 

D. immitis ConA, L4 
(L3 
neg) 

ConA  ABRAHAM et 
al. 1988 

A. agrostis WGA L2 WGA Surface 
coat 

BIRD and 
ZUCKERMAN 
1989 

B. patei ConA, WGA, 
DBA, SBA, 
UEAI, LCA, 
PSA, HPA,  

L3 neg  RAO et al. 
1989 

B. malayi ConA, WGA, 
LCA, HPA, 
SBA, DBA, 
PNA, LCA, 
LPA, UEA I 

L3 neg  KAUSHAL et 
al. 1984, RAO 
et al. 1987 

B. pahangi ConA, WGA, 
LCA, HPA, 
SBA, DBA, 
PNA, LCA, 
LPA, UEA I 

L3 neg  RAO et al. 
1987 

W. 
bancrofti 

As above L3 WGA Surface RAO et al. 
1987 

O. volvulus ConA, WGA, 
SBA, UEA I, 
PNA, RCA 

L4 
(L3 
neg) 

WGA, 
RCA 

Surface LUSTIGMAN 
et al. 1990 

O. linealis ConA, WGA, 
PNA, LCA, 
HPA, LTL, 
PHA 

L1, L2 
 
L3 
 

ConA, 
WGA, LCA 
PNA, HPA 

Surface, 
rectal pore 
Surface, 
rectal pore 

HAM et al. 
1988 

A. vitea ConA, WGA, 
LTL, JBL, 
PNA, PHA, 
BGS I 

L3  
 
L4 

ConA, 
WGA, PNA 
PNA 

Surface 
 
Surface 

APFEL et al. 
1992 

A. vitea WGA, HPL L3 WGA, HPL Cuticular 
matrix 

KIEFER et al. 
1989 
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Surface studies on larvae of filarial nematodes showed little or no lectin binding to L1 

or L3, but more binding to L4 (Tab. 4). Apart from the results from O. lienalis, L1 to 

L3 of filarial nematode species bound little lectin to their outer surface and the 

surface changed during development in the intermediate and definitive host. Though 

encapsulated, melanised L1s of B. malayi in the haemocoel of the host insect bound 

lectins (NAYAR et al. 1993), whereas very little lectin binding is reported in non-

encapsulated L3 Host invading L3 of A. viteae exhibited WGA and ConA binding, but 

this rapidly decreased upon infection of the host (APFEL et al. 1992). Lectin binding 

remained low until the onset of ecdysis to L4, when progressively more lectin bound 

to worms and greater variety of proteins and surface lipids were observed (APFEL et 

al. 1992). This surface protein and lectin binding profile was similar to those observed 

later on L4 Acanthocheilonema viteae. A. viteae L3 isolated from the vector and 

sectioned for EM staining showed very weak staining on the cuticle with WGA and 

HPL only stained the cuticular matrix, but not the surface the secretory pores 

(KIEFER et al. 1989). The authors suggest this might be due to the degradation of 

the late L3 cuticle, allowing L4 surface components to be detected. 

.L3 of B. patei, B. malayi and B. pahangi do not bind lectins to their cuticular surface 

(KAUSHAL et al. 1984; RAO et al. 1987, 1989), In contrast, WGA bound to W. 

bancrofti L3, so that WGA could be used to distinguish L3 of W. bancrofti from Brugia 

spp. (RAO et al. 1987). LUSTIGMAN et al. (1990) used ConA, PNA, RCA, SBA, 

WGA and UEA and found that none bound to the surface to L3 O. volvulus, but RCA 

and WGA bound to the surface of L4. Similarly, ABRAHAM et al. (1988) reported no 

lectin staining on L3, but staining of ConA on L4 D. immitis. In contrast, HAM et al. 

(1988) observed PNA and HPA binding on the surface of L3s, WGA and ConA and 

LCA on the surface of L1 and L2 and no staining on microfilaria of O. lienalis.  

 

2.3.2.3.4 Ascarids 

The lectins used and those binding to ascarids are summarised in Tab. 5. A study of 

surface carbohydrate in A. suum using the four lectins: ConA, WGA, DBA and PWM 
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showed stage specific variation in lectin binding. WGA and PWM binding were 

present on late L2, late L3 and L4 worms, but not on early L3, while neither DBA nor 

ConA bound to A. suum larvae (HILL et al. 1991). It appeared that the N-acetyl-

glucosamine to which these lectins bound was present on structural molecules and 

not on loosely associated epicuticular components, since the distribution on the 

surface was uniform, it was not shed during prolonged incubations and was removed 

only by strong reducing agents (HILL et al. 1991). 

 

Tab. 5: Lectin binding to the surface of ascarids 

Species Lectins 
tested 

Lectins 
bound 

Site of 
binding 

Study 

A. suum L2, 
late L3, early 
L4 (L3 neg) 

ConA, WGA, 
DBA, PWM 

ConA, WGA, 
DBA, PWM 

weak surface HILL et al. 
1991 

T. canis  
L3 E-S 

 ConA, HPA  MEGHJI and 
MAIZELS 
1986 

T. canis L3 sh. WGA, HPA, 
UEA I, ConA 

WGA, UEA 
 
 
 
HPA, PNA  
 
 
 
 

Cuticular 
alae, 
secretory 
column,  
Amphids 
cuticular 
alae, surface 
coat, 
oesophageal 
lumen 

PAGE et al. 
1992b 

T. canis L3 ConA ConA Amphids and 
phasmids 

BOWMAN et 
al. 1988 

T. canis L2 + 
L3 late (early 
L2 + L3 neg) 

ConA, WGA, 
DBA, PWM 

WGA, PWM Surface 
 

HILL et al. 
1991 
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ConA was also reported to bind to the amphids and phasmids of T. canis L3 

(BOWMAN et al. 1988). HILL et al. (1991) tested ConA, WGA, DBA and PWM 

binding to T. canis and reported no binding to early L2 or L3, but binding of both 

WGA and PWM to late L2 and late L3 derived from both the gut and in vivo. As the 

sugar groups to which these lectins bound to could be removed only by strong 

reducing agents, it was suggested that the lectins were binding to sugar structures 

which became uncovered or exposed in late L2 and L3 just prior to moulting (HILL et 

al. 1991). 

Many studies of the glycoproteins and carbohydrate groups using lectins have been 

performed on T. canis L3, examining E-S proteins, surface coat binding and 

ultrastructure. L3 E-S proteins binding of ConA and HPA was examined, with ConA 

binding to the protein bands (TES proteins) of 32, 55 and 70 kDa, while HPA bound 

to proteins of 120 and 400 kDa (MEGHJI and MAIZELS 1986). At least some of 

these secreted proteins were also surface antigens (MAIZELS et al. 1987b; 

MAIZELS and PAGE 1990). Ultrastructural studies of sheathed T. canis L3 have 

utilised gold labelled HPA, WGA UEA, PNA and ConA to show the differential 

location of staining and therefore different carbohydrate groups present in the cuticle, 

the surface coat, in the secretory pores and the amphidial pores (PAGE et al. 1992b). 

Common preparative methods for ultrastructural studies strip carbohydrate groups 

which bind these lectins (PAGE et al. 1992b), suggesting they are present in the 

surface coat (BLAXTER et al. 1992). With appropriate fixation, lectin binding was 

observed with both WGA and HPA binding to the cuticular alae, while only HPA 

bound to the electron dense region of the cuticle (the surface coat) and the 

oesophageal lumen, and only WGA bound to the secretory column and 

chemosensory amphids; the other lectins produced non-specific binding so results 

were discounted (PAGE et al. 1992b). The surface of T. canis is probably the best 

understood of all parasitic nematode surfaces and some of the potential proteins 

which bind lectins have been identified. The surface coat E-S proteins TES-32, TES-

70 and TES-120 are c-type lectins and TES-120 consists of 4 closely migrating 

bands on SDS-PAGE, three of which are mucins, termed MUC-1, MUC-2 and MUC-3 

(LOUKAS et al. 2000b). These glycoproteins could be localised by binding of 
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antibodies and carbohydrate specific chromagens and lectins (MEGHJI and 

MAIZELS 1986; PAGE et al. 1992b). 

2.3.2.3.5 Strongylidae 

The lectins used and those binding to strongylids are summarised in Tab. 6. In a 

chemokinesis study on sheathed Strongyloides ratti L3 ConA, WGA and SBA bound 

to the amphids and ConA also weakly to the surface of the worm (TOBATA-KUDO et 

al. 2005a, b). In Oesophagostamum dentatum, lectin staining was negative on the 

surface of sheathed and freshly exsheathed L3, but as exsheathed L3 developed to 

L4, progressively more lectin staining was observed, particularly with ConA, SBA, 

WGA, RCA and PNA (JOACHIM et al. 1999). The pharyngeal cuticle in L1 and adult 

O. dentatum was also stained with WGA in sections of the parasite (NEUHAUS et al. 

1997). 

 

Tab. 6: Lectin binding to strongylids 

Species Lectins 
tested 

Lectins 
bound 

Site of 
binding 

Study 

S. ratti L3 ConA, WGA, 
SBA 

ConA, WGA, 
SBA 

Amphids, 
surface (ConA) 

TOBATA-
KUDO et al. 
2005a, b 

O. dentatum L3 
and L4 in 
culture (L3 sh., 
fresh Exsh. 
neg) 
 

ConA, WGA, 
SBA, DBA, 
UEA I, RCA, 
PNA 

ConA, WGA, 
SBA, DBA, 
RCA, UEA I, 
PNA 

Surface JOACHIM et al. 
1999 

O. dentatum L1 WGA WGA Buccal canal NEUHAUS et 
al. 1997 

 

 

2.3.2.3.6 Trichostrongylidae 

The lectins used and those binding to the different species are summarised in Tab. 7. 
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Tab.7: Lectin binding to Trichostongylidae 

Species Lectins tested Lectins 
bound 

Site of 
binding 

Study 

T. 
colubriformis 
L3 sh. 

ConA, WGA, HPA, 
PHA, PNA, LCA, 
BGS I and II, LPA, 
SBA, UEA 

HPA  BONE and 
BOTTJER 
1985 

N. brasiliensis 
L3 sh. 

As above HPA Surface BONE and 
BOTTJER 
1985 

T. 
colubriformis 
L3 

ConA, WGA, SBA, 
PNA, RCA 

WGA Anterior tip, 
excretory 
pore 

MILNER and 
MACK 1988 

 

Results for the use of lectins for identification studies vary greatly between studies. 

BONE and BOTTJER (1985) reported relatively little lectin binding to the L3 stages of 

T. colubriformis and N. brasiliensis. Of the 11 lectins tested, only one (HPA) bound to 

sheathed L3 of these two species. Binding of HPA indicates the presence of N-

acetyl-glucosamine and/or N-acetyl-galactosamine on the surface. However, WGA 

staining has been demonstrated on the excretory pore of exsheathed T. colubriformis  

larvae (MILNER and MACK 1988). 

 

2.3.2.3.7 Functional inhibition by lectin binding  

Sugars in the sensory pore are involved in chemotaxis in C. elegans and this may 

also be true for other nematode species. In C. elegans, binding of ConA or Limulus 

polyphemus lectin (Limulin) retarded chemotaxis towards the filtrates of E. coli in 

newly hatched larvae and adults (JEYAPRAKASH et al. 1985). Lectin binding to the 

amphids also influenced chemokinesis (TOBATA-KUDO et al. 2005a) and 

thermokinesis (TOBATA-KUDO et al. 2005b) in S. ratti, showing the importance of 

the carbohydrate groups in the amphids for perception of environmental cues (BONE 

and BOTTJER 1985; TOBATA-KUDO et al. 2005a, b). Chemosensory neurons can 

alter the development of nematodes in response to their environment (OLSEN et al. 
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2007), so host lectin binding to the amphids may trigger developmental changes. 

Further, detection of host lectins by sugars in the amphids may be critical for host 

recognition, as shown in Gyrodactylus salaris and Gyrodactylus derjavini 

(JØRNDRUP and BUCHMANN 2005). 

 

2.4 Pasture larval counts 

Recovery of larvae in order to assess pasture contamination by nematode parasites 

and larval challenge has been reported in studies from around the world, including 

Australia (MARTIN et al. 1990; O’CONNOR et al. 2006), South Africa (KRECEK et al. 

1991, KRACEK and MAINGI, 2004), New Zealand (MCKENNA, 1999; WAGHORN et 

al. 2002), the Netherlands (EYSKER and KOOYMAN, 1993) and the United Kingdom 

(GETTINBY et al. 1985). All reported methods require an effective means of 

separating the pasture or herbage from the washing solution and concentrating the 

larvae in the washing solution into a relatively clean concentrate in which the larvae 

can be counted. Most methods use an initial filtration step to separate the washing 

solution from the herbage and the sediment is collected. The next step is to separate 

the larvae from the sediment. The methods used for this separation can be 

categorised into three approaches: 1. filtration, by allowing larval migration through a 

Baermann apparatus, 2. floatation of larvae on a medium with a higher density or 3. 

larval migration through agar. An alternative to the use of a sieve or filter to separate 

the washing solution from the herbage is to centrifuge the sample and allow the 

washing solution to settle. 

 

2.4.1 Baermannisation 

The Baermannisation method is based on the concept that larvae will actively 

migrate from a pasture sample through a filter into the solution in which it is 

immersed and concentrate at the bottom in response to the effects of gravity. This 

method is used either as a one step process as first described by BAERMANN 
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(1917), or to separate the larvae from the sediments of previous sample washings. 

The Baermann apparatus consists of a sieve lined with a paper towel placed into a 

funnel with a piece of rubber hose. The rubber hose is clamped off at the bottom end 

during the Baermannisation process. The sample is placed on the tissue paper, the 

funnel is filled with water to cover the sample and the larvae swim through the tissue 

paper and sink. This process can be modified by washing grass in solution and then 

applying the washing solution and its sediment to the Baermann apparatus 

(CROFTON 1954). The sample is left to soak for 24 h (WAGHORN et al. 2002) to 

allow the larvae to migrate to the bottom of the apparatus and to concentrate in the 

clamped hose tip. The recovered larvae are collected from the funnel tip and counted 

under the microscope. This method is cheap and simple and variants of it are 

reported for pasture larval recovery for T. circumcincta L3 (WAGHORN et al. 2002), 

H. contortus (TEMBELY et al. 1996; TEMBELY, 1998), T. colubriformis (TEMBELY et 

al. 1996, 1998) and D. viviparus (ANDERSON and WALTERS 1973). 

Although the Baermann method is a standard method for recovering larvae from 

faeces, relatively few studies report the percentage of larvae recovered. Recovery 

can be assessed by adding known numbers of larvae to a pasture sample and 

counting how many are recovered. DINABURG (1942) reported that recovery of 

larvae from the Baermann apparatus alone averaged 24 % (range 3 - 45 %) when 

less than 600 larvae were applied and Baermannised for 48 h. This percentage 

dropped to 11 % (range 0 - 31 %) when larvae were in soil and 5 % (range 0 - 23 %) 

when larvae were in faeces. WAGHORN et al. (2002) also reported 24 % recovery of 

T. circumcincta larvae from the Baermannised sediment of herbage which had been 

previously soaked for 24 h. The same authors reported Baermann extraction for 24 h 

resulted in 31 % recovery from faecal samples and 32 % from soil samples 

(WAGHORN et al. 2002). The recovery percentage increased with increased 

numbers of larvae (DINABURG 1942). 

Since the initial reports on the Baermann technique, the application of this method 

has varied prodigiously (VIGLIERCHIO and SCHMITT 1983). Modification of the 

apparatus (funnel size and membrane pore size), incubation time and temperature 
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have been applied to increase recovery by maximising larval motility and to obtain 

cleaner samples for detection of the larvae.  

 

2.4.1.1 Effect of time 

The time of Baermannisation has been observed to influence the percentage of 

larvae recovered. Methods incorporate between 1 - 24 h as standard incubation 

times. ANDERSEN and WALTERS (1973) monitored the recovery of D. viviparus in 4 

h time intervals up to 96 h, with the highest recovery observed after 8 h or 12 h. In 

general agreement with these times TODD et al. (1970) observed that most H. 

contortus were recovered in the first 6 h of Baermannisation. Other reports suggest 

longer incubation times are necessary, for example RODE and JØRGENSEN (1989) 

observed higher recoveries after 24 h of incubation of D. viviparus. VIGLIERCHIO 

and SCHMITT (1983) reported that, when using Baermann extraction of the plant 

parasitic nematodes Meloidogyne incognita and Ditylenchus dipsaci, most larvae had 

passed through the tissue layer in 24 h, but this depended on the degree of motility. 

A longer recovery period may be beneficial when larval motility is low.  

 

2.4.1.2 Effect of temperature 

The extent of larval recovery appears to be temperature dependent. The optimum 

incubation temperature may depend upon the species of nematode. Ancylostoma 

spp. and Necator spp. for example were best recovered in water temperatures of 35 - 

45 °C (CORT et al. 1922). Similarly, ANDERSON and W ALTERS (1973) observed 

that 30 °C was optimal for recovery of D. viviparus larvae. In contrast, other 

Trichostrongylus larvae were best recovered by incubation at lower temperatures. 

KAUZAL (1940) reported higher recoveries of L3 H. contortus and Trichostrongylus 

spp. at temperatures from 5 - 22 °C than at 37 °C, in agreement with TODD et al. 

(1970), who reported highest recovery for H. contortus at 20 °C. Overall, all species 
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showed moderate recoveries at room temperatures and generally lower recoveries 

over 35 °C. 

 

2.4.1.3 Funnel size and filter type 

EYSKER (1997) reported that the slope of the Baemannising funnel could affect 

recovery rates, as larvae can become trapped on any shallow angle in the apparatus. 

MCKENNA (1999) showed that recovery doubled from using a conical flask 

compared with that from a funnel, which may relate to the slope of the funnel 

(MCKENNA 1999). TODD et al. (1970) also reported that fewer larvae were 

recovered when the funnel size was increased and separation of samples into 

several, smaller funnels produces higher recovery, possibly due to the increased total 

surface area of the filter. When tested, a cellulose based material was preferred to a 

cloth based Baermann filter. The small pore size in the cellulose based filter reduced 

particulate contamination, but did not reduce larval recovery compared with cloth 

(TODD et al. 1970; McKENNA 1999). 

 

2.4.1.4 Solutions containing detergents 

Many investigators added ionic and non-ionic detergent to the washing water used to 

wash or soak the herbage. These detergents include 0.005 % lissapol (GETTINBY et 

al. 1985), 1 - 2 % Pyroneg (CALLINAN and WESTCOTT 1986), 0.02 % Teepol 

(JØRGENSEN 1975b), 0.2 % Teepol (EYSKER and KOOYMAN 1993) and 0.01% 

polargric (KRECEK and MAINGI 2004). None of these studies reported an increase 

in recovery due to the presence of the detergent and had overall recoveries varied 

from 20 % (GETTINBY et al. 1985; KRECEK and MAINGI 2004) to 60 % 

(JØRGENSEN 1975b). Although ROHRBACHER (1957) reported that 0.5 % Triton 

X-100 significantly increased the recovery of T. axei and O. ostertagi, TODD et al. 

(1970) reported that L3 H. contortus recovery was reduced in solutions containing 0.2 

% Tween-80 or 0.2 % Tergitol Penitrant 4 compared with pure tapwater, isotonic 
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saline or Ringer’s solution. Therefore, there appears to be little quantitative evidence 

that detergents increase recovery, despite it being used routinely in many recovery 

protocols. 

 

2.4.2 Other methods for processing herbage washings 

2.4.2.1 Sieving followed by floatation 

Separation of larvae by floatation utilises the specific gravity of larvae to separate 

them from debris. Larvae are suspended in a high concentration of iodine, sucrose, 

sodium chloride or sodium sulphate and they then float to the top of this solution 

while debris remains in or below the solution. Generally, these methods are effective 

for extracting larvae from faecal samples, but become less effective for assays of 

herbage samples as the plant material as well as the larvae tend to float on the 

dense solution. KRECEK et al. (1991) used a modification of a floatation method 

described by CAVENESS and JENSEN (1955) in which the herbage samples are 

Baermannised for 24 h at 25 °C prior to sugar float ation. This method resulted in a 

recovery of 24 - 27 % from grass and 44 % from soil samples. 

 

2.4.2.2 Sieving followed by agar migration 

Migration of worms from an agar gel into an overlying solution has been reported for 

recovering larval and adult stages. The major advantage of worm migration through 

agar is that the emerging worms are clean and well separated from sediment. The 

disadvantage is that only very active worms are recovered, which reduces recovery 

of lethargic species or older larvae. 

JØRGENSEN (1975a) found that in the absence of grass or soil, bile activated 

infective larvae of D. viviparus showed 98 % recovery after 24 h at 38 °C from 2 % 

agar. This optimum recovery temperature of 38 °C (J ØRGENSEN 1975a) was higher 

than the reported value in a Baermann apparatus (see 2.4.1.2). Even when used to 



 50

recover larvae from grass, recovery of D. viviparus larvae was 60 - 80 % 

(JØRGENSEN 1975b). The higher recovery using agar migration as opposed to a 

Baermann funnel alone as reported in other papers may be due to higher efficiency 

in separating larvae from herbage debris rather than from the grass itself. Although 

extraction with agar is efficient for the young larvae of Dictyocaulus species, 

recoveries are low with older larvae, dropping from 60 - 70 % to 3 - 6 %, and are 

lower with H. contortus and Trichostrongylus spp. (EYSKER and KOOYMAN, 1993) 

and induced exsheathment in these species.  

 

2.4.2.3 Agitation of grass using a washing machine followed by floatation 

As most larvae appear to be lost at the filtration stage of separation from herbage, 

separation of washing solutions from herbage using centrifugation has been 

attempted. Results from these experiments appear to give varying results, ranging 

from a consistent recovery of 50 % to 18 - 41 % of larvae on herbage. EYSKER and 

KOOYMAN (1993) report recoveries of 68 - 77 % of L1 D. viviparus and 28 - 35 % of 

L3 H. contortus from herbage by washing the herbage with a 0.2 % teepol solution, 

followed by concentration of the washed herbage sediment by centrifugation and 

resuspension of the pellet in a sucrose solution with a density of 1.17. AUMONT et 

al. (1996) reported 55 % recovery of L3 H. contortus and Trichostrongylus spp. from 

herbage sediment using a sucrose solution, when the sieving step was replaced by 

washing herbage and extracting larvae in a washing machine. MATTHEE et al. 

(2002) also reported the use of a washing machine to mechanically wash herbage to 

remove larvae followed by a sugar centrifugal floatation technique described by 

KRECEK et al. (1991). Unfortunately, recovery data were not reported for this study, 

but KRECEK and MAINGI (2004) used this method and reported systematically 

higher recoveries of 18 - 41 % of larvae from grass compared to 0 - 27 % with the 

Baermann method. The difference in recoveries between studies reported by 

AUMONT et al. (1996) and KRECEK and MAINGI (2004) may be due to the inclusion 

of a 25 µm sieve in the latter study, which was specifically avoided by AUMONT et al. 

(1996). 
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2.5 Conclusions 

It is well established that carbohydrate groups which could bind lectins are present 

on the surface of nematodes in some life cycle stages with variations between 

nematode species and life cycle stage. However, it is not clear whether the L3 stage 

of T. circumcincta and H. contortus express enough specific carbohydrate moieties 

on their surface to allow identification and differentiation by lectins, as the L3 stage in 

other species examined seems to bind lectins least. Experiments in this thesis will 

therefore examine the lectin binding by L3 in simple phosphate buffer. The lectin 

binding of adult worms will also be tested as this stage should bind lectins strongly 

due to heavy surface glycosylation and therefore act as a positive control for the 

lectin binding methods used for L3. Similarly, lectin binding to eggs will be tested as 

lectins have been shown to bind to eggs of sheep parasitic nematodes. Lectin 

binding to exsheathed L3 will also be tested, in case this stage binds lectins better 

than sheathed L3. In the case of weak binding to sheathed and exsheathed L3, 

attempts will be made to optimise to lectin binding conditions, to maximise possible 

binding of lectins to L3, exsheathed L3, adult and egg stages alike. 

For the recovery of larvae from herbage, experiments will test whether floatation of 

larvae or filtering through Baermann funnel give the best recovery as a field method. 

The most effective method reported for recovery of larvae from herbage seems to be 

the use of centrifugation to remove larvae from grass. However, this technique 

requires specialised equipment, so is not ideal for crude field testing. For all other 

methods tested filters or sieves are used to separate herbage from washing, but the 

greatest loss of larvae is at this stage. Therefore, this process rather than the 

separation of larvae from wash sediment needs to be optimised. Floatation methods 

will be tested using sucrose and iodine gradients. Baermann filtering using different 

detergents, different incubation times and temperatures and different filter types will 

be examined. Finally the best recovery method will be used to recover a mixed larval 

population which will then be examined using identifying lectins to show lectin binding 

and recovery methods can be combined as a field method. 
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3 Materials and Methods 

3.1 Parasites 

Pure strains of T. circumcincta and H. contortus were maintained by regular passage 

through sheep to provide sheathed L3. Animals were housed and parasites collected 

in accordance with Massey University Animal Ethics protocol AEC 06/117. 

 

3.1.1 Sheep 

Briefly, male Romney cross lambs between 3 and 4 months of age were brought 

indoors, fed on lucerne chaff and water ad libitum. The animals were drenched just 

prior to housing with a double dose of 2 ml/ 5 kg Matrix® (Ancare New Zealand Ltd, 

Auckland, New Zealand), followed by a single dose of 1 ml/ 5 kg Matrix® the next day 

to remove any parasites persisting from pasture. Matrix® is a triple drench, contained 

1 g/ l Abamectin, 40 g/ l Levamisole and 22.7 g/ l Oxfendazole. Prior to infection with 

a monoculture, faecal examinations (3.1.2) were conducted on two subsequent days 

at varying times of the day, to ensure lambs were parasite free. The fecal 

examinations were conducted 28 days after drenching before infection with T. 

circumcincta larvae and 35 days after drenching before infection with H. contortus 

larvae. 

 

3.1.2 Faecal examinations 

Faecal examinations were conducted prior to infection with a larval monoculture by 

weighing 2 g of faeces into a sieve and mixing it with 30 ml of saturated NaCl solution 

using a pastille. The solution was poured into a 30 ml glass flask and covered with a 

glass cover slip ensuring contact with the solution. After 10 min allowing the eggs to 

float to the surface and stick to the cover slip, the cover slip was carefully removed 

onto a glass slide and examined under a standard light microscope (Olympus OM2, 

Olympus, Japan) for the presence of eggs.  
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3.1.3 Infection of sheep 

Parasite free lambs were infected per os with either 50,000 L3 T. circumcincta or 

10,000 L3 H. contortus larvae. After 18 days of infection, a faecal egg count was 

conducted to confirm a positive egg count of a minimum of 400 eggs/ g. The faecal 

egg count was conducted using the modified McMaster method (STAFFORD et al. 

1994). A household sieve was placed into a plastic weighing boat and a 2 g faecal 

sample was weighed into the sieve. The faeces was soaked briefly in 30 ml of 

saturated NaCl solution and then mixed into the solution using a pastille. The sieve 

was removed and a McMaster counting chamber was filled with faecal solution using 

a glass pipette. The McMaster counting slide has two chambers, each holding a 

volume of 0.15 ml. All strongylid eggs in and on both grids were counted using a 

standard light microscope (Olympus OM2, Olympus, Japan) to calculate the number 

of eggs/ g faeces. Each egg counted in one chamber accounts for 100 eggs/ g 

faeces. If the egg count had reached the threshold of 400 eggs/ g, the faeces were 

collected into a canvas bag, which was kept in place by a harness, and incubated to 

generate L3 after collection. 

 

3.1.4 In vitro culture of L3s from eggs 

On the day of collection, faeces were placed into a plastic tray, covered with water 

and the tray covered with a glass lid and incubated at 27 °C. The next day, faeces 

were mixed with Vermiculite (Farmlands, NZ) and then incubated for a further 10 

days at 27 °C. During incubation the faecal material was turned by hand to aerate 

twice a week. 

 

After 10 days of incubation the faeces were placed on tissue paper on a metal sieve, 

and immersed into a bowl of deionised water and incubated at room temperature 

over night. The faeces were then discarded and the water filtered through a 20 μm 

sieve to collect L3. The larvae were washed out of the 20 μm sieve onto a single 

layer of tissue in a Baermann funnel and Baermannised for 24 h. The recovered 
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larvae were stored at 4 °C for T. circumcincta and 10 °C for H. contortus in deionised 

water until used. 

 

3.1.5 Age of larvae 

L3 T. circumcincta and H. contortus were incubated with lectins either immediately 

after collection or 1 - 7 months after collection. L3 older than 3 months were re-

Baermannised prior to use. 

 

3.1.6 Exsheathed L3 

Sheathed larvae were cultured from parasite eggs in faeces of sheep infected with a 

monoculture of H. contortus or T. circumcincta as described in 3.1.4. To exsheath the 

larvae, larvae stored in the fridge were sub sampled and exsheathed with CO2, soda 

water or bleach.  

 

3.1.6.1 Exsheathment with CO2 

Sub-samples of up to 25,000 L3 T. circumcincta or H. contortus, which had been 

stored refrigerated until exsheathment, were pipetted into 15 ml or 50 ml Falcon 

tubes (Greiner Bio One GmbH, Frickenhausen, Germany) and centrifuged at 3,000 g 

for 5 min (Eppendorf 5810 R, Eppendorf, Germany) and the supernatant removed 

and discarded. The larvae were resuspended in 1 ml phosphate buffered saline 

(PBS) and transferred into a 200 ml conical flask. The Falcon tube was rinsed with 

PBS into the conical flask and the volume increased to 150 ml. The exsheathing 

procedure of PRESIDENTE et al. (personal communication, Attwood, 2005) was 

modified and the larvae exsheathed in three steps: 

 

1. Activation: larval solution was gassed with 100 % CO2 for 20 sec, then the conical 

flask was sealed quickly with a piece of Parafilm (American National Can, Chicago, 

USA) and placed into a shaking water bath (Heraeus, Germany) preheated to 40 °C. 
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The flask was secured from tipping over by ring weights (Sigma Chemical Company, 

St Louis, USA) and shaken at a rate of 100 strokes/ min for 15 min. 

 

2. Exsheathing: after the activation period, the conical flask containing the larval 

suspension was removed from the water bath and gassed with 100 % CO2 for 2 min. 

Again, the bottle was sealed tightly with Parafilm and placed back in the shaking 

water bath for 90 min. 

 

3. Further exsheathing: once the first 90 min of exsheathing had passed, the state of 

exsheathment and motility of the larvae was checked under the light microscope. If 

the rate of exsheathing was greater than 75 % the process was stopped, if the 

exsheathing rate was still low, the larvae were kept in the water bath for a further 5 - 

12 h. Then the exsheathing rate and larval concentration was determined prior to 

lectin binding experiments. 

 

3.1.6.2 Exsheathment with soda water 

To exsheath larvae with carbonated water (soda water, Coca-Cola Amatil Ltd, 

Auckland, New Zealand), 4 ml T. circumcincta L3 larval suspension was mixed with 

96 ml carbonated water in a 150 ml conical flask to obtain a larval concentration of 

about 60 larvae/ 100 ml. The conical flask was sealed with a piece of Parafilm and 

the larvae were incubated either at room temperature or in a shaking water bath at 

40 °C at 60 strokes/ min for 2 h. After that period the exsheathing solution was 

transferred into 50 ml Falcon tubes and centrifuged at 3,000 g for 5 min and the 

supernatant removed and discarded.  

 

3.1.6.3 Exsheathment with bleach 

For bleach exsheathment larvae were pipetted from the storage flask into a 50 ml 

beaker and 4 % sodium hypochlorite solution in form of domestic bleach (Budget, 

Auckland, New Zealand) was added to make a 0.12 % sodium hypochlorite 
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exsheathing solution. For each 10 ml larval suspension, 0.3 ml of bleach were added, 

mixed into the larval suspension and incubated at room temperature for 30 min. After 

exsheathing, the larvae were transferred into 15 or 50 ml Falcon tubes, centrifuged at 

3,000 g for 5 min and the supernatant removed and discarded. The larvae were 

washed by adding 10 ml of reverse osmosis water (RO water) then centrifuged at 

3,000 g for 5 min and the supernatant removed and discarded. The larvae were 

washed 3 times and after the last wash resuspended in the buffer used for lectin 

binding. 

 

3.1.7 Meloidogyne javanica larvae 

Eggs from the plant parasitic nematode M. javanica were kindly donated by Chris 

Mercer, AgResearch, New Zealand, for the culture of M. javanica L2 for lectin binding 

experiments. The eggs of M. javanica were washed out of root knots of infected 

tomato plants and 256,000 eggs were collected. For culture to L2, a round metal 

sieve with 20 μm mesh size was placed into a tray which contained tap water to a 

depth of about 1.5 cm. The eggs were placed into the sieve and incubated at room 

temperature for 7 days to develop to the L2 stage, which swam through the sieve into 

the tray. After 7 days, the contents of the tray were poured into two funnels with an 

attached hose, which was clamped off at the bottom. After 15 h incubation at room 

temperature, the L2 had collected in the hose and were recovered - eggs which had 

not hatched were left in the sieve and incubated for another 7 days to collect more L2 

M. javanica following the described method. 

 

3.1.8 Adult T. circumcincta and H. contortus 

Adult worms were harvested from lambs 21 days after infection with either 50,000 T. 

circumcincta or 10,000 H. contortus larvae. Adult worms were isolated using the 

method of SIMPSON et al. (1999). Briefly, sheep were euthanased by captive bolt 

followed by exsanguination and the abomasum removed. Abomasal contents were 

collected and the abomasum washed with 0.9 % NaCl solution to remove any adult 

worms adhering to tissue. The saline and abomasal contents were combined and 
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then mixed 2:1 with a 3 % agar solution at 40 °C. The agar solution was then poured 

into plastic dishes, allowed to set and then covered with 0.9 % NaCl solution and 

incubated for 15 min at 37 °C. Adult worms were collected after they moved from the 

agar into the saline solution. 

 

3.1.9 Adult Longidorus elongatus 

Adult L. elongatus plant parasitic nematodes were kindly supplied for lectin binding 

experiments by Dr. Gregor Yeates, Landcare, New Zealand. The strain of L. 

elongatus was originally isolated from the Free Air CO2 Enrichment (FACE) site of 

Landcare and kept in culture. 

 

3.1.10 Eggs 

To collect clean eggs, adult H. contortus or T. circumcincta were collected within 5 

min of emerging from the gut contents - agar mix into the NaCl solution. 70 - 100 

adults of mixed gender were pipetted into 1.5 ml Eppendorf tubes and the saline 

solution was then replaced in each tube with 1.5 ml PBS, previously warmed in a 37 

°C water bath. The Eppendorf tubes were closed and transferred quickly into a 37 °C 

CO2 (5 % CO2, 95 % room air) incubator (Contherm Mitre 4,000 series, Contherm 

scientific, Upper Hutt, New Zealand) and the tubes opened. After 48 h incubation, the 

adults were removed from the Eppendorf tube with a hook, and the tubes centrifuged 

at 3,000 g for 1 min to concentrate the freshly laid eggs. The eggs were used 

immediately for lectin labelling. 

 

3.1.11 Immobilising larvae for lectin binding 

Immobilisation of larvae prior to lectin binding was attempted using cyanide, sodium 

azide, microwaving and liquid nitrogen. Liquid nitrogen immobilised the larvae within 

1 min and did not change the larval surface structure, so this method was used in 

preference to the others mentioned which took much longer to immobilise larvae. 
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Adult worms were also immobilised by chilling on a microscope slide on ice, which 

caused the worms to straighten and die.  

3.2 Lectins 

A panel of 19 biotinylated lectins (Vector Laboratories, Burlingame, USA) was used 

for lectin binding experiments. Lectins are described in Tab. 8. The biotinylated 

lectins were obtained in powder form and were reconstituted with 1 ml sterile H2O 

according to supplier product specifications and stored refrigerated in the dark at 4 

°C. The biotinylation rate of the lectins was 79 - 99 %, with the majority being 99 % 

biotinylated. The reconstituted lectins contained 87 - 99 % active conjugate, with 

most lectins containing more than 95 %. All lectins were used at a final concentration 

of 20 μg/ ml, which was the maximum concentration recommended by the supplier  

 

3.2.1 Lectin Buffer  

The binding of lectins was conducted in two different buffer solutions PBS and 

HEPES. PBS consisted of 136.7 mM NaCl, 5.0 mM KCl and 9.0 mM phosphate 

buffer. PBS was made by adding 4 g NaCl, 0.2 g KCl, 0.575 g Na2HPO4 and 0.1 g 

KH2PO4 (all salts Sigma Chemical Company, St Louis, USA) to 100 ml of MilliQ water 

in a 500 ml beaker, which was placed on a magnetic plate for mixing. The pH was 

adjusted to pH 7.2 by adding either 1 M HCl or 1 M NaOH and the solution was made 

up to 500 ml with MilliQ water. HEPES buffer consisted of 150 mM NaCl, 0.08% 

sodium azide and 10 mM HEPES, pH 7.5. The HEPES buffer was prepared by 

adding 8.766 g of NaCl, 0.8 g sodium azide and 2.383 HEPES buffer (chemicals 

supplied by Sigma Chemical Company, St Louis, USA). The solution was made by 

adding the chemicals to 100 ml of Milli Q water, mixing the solution on the magnetic 

plate and adjusting the pH to 7.5 before more Milli Q water was added to make up a 

volume of 1l. In addition, a lectin buffer consisting of 50 mM Tris base, 149 mM NaCl, 

2 mM MgCl2, 1 mM CaCl2 (chemicals supplied by Sigma Chemical Company, St 

Louis, USA) was also used to suspend lectins but showed a tendency to precipitate 

and was not used in lectin binding studies. 
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Tab. 8: Glycan specificities of the 19 biotinylated lectins used in lectin binding 

experiments on eggs, L3 and adult T. circumcincta and H. contortus  

 

Lectin Lectin name Carbohydrate binding site 

DBA Dolichos Biflorus 
Agglutinin α-linked N-acetylgalactosamine 

SBA Soybean Agglutinin 
Oligosaccharide terminal α-or β-linked N-

acetylgalactosamine or to a lesser extent, galactose 
residues 

PNA Peanut Agglutinin Galactosyl (β-1,3) N-acetylgalactosamine 

BGS I Griffonia Simplicifolia I α-N-acetylgalactosamine (“A”-rich lectin) α-galactose 
(“B”-rich lectin) 

MPL Maclura Pomifera 
Lectin α- linked N-acetylgalactosamine structures 

BPL Bauhinia Purpurea 
Lectin 

galactosyl (β-1,3) N-acetylgalactosamine structures 
and oligosaccharides with a terminal α linked N-

acetylgalactosamine 

PTL II 
Psophocarpus 

Tetragonolobus Lectin 
II 

N-acetylgalactosamine 

RCA Ricinus Communis 
Agglutinin 

Oligosaccharides with galactose, but also N-
acetylgalactosamine 

WGA Wheat Germ Agglutinin Oligosaccharides with terminal N-acetylglucosamine 
or chitobiose 

BGS II Griffonia Simplicifolia II α- or β- linked N-acetylglucosamine on the non-
reducing terminus 

ConA Concavalin A α-linked mannose 

LCA Lens Culinaris 
Agglutinin 

sequences containing α-linked mannose residues 
(especially with fucose residue on N-acetylchitobiose 

cores) 

PSA Pisum Sativum 
Agglutinin 

α-linked mannose-containing oligosaccharides, with 
an N-acetylchitobiose-linked α-fucose residue 

UEA I Ulex Europaeus 
Agglutinin I Glycolipids containing α-linked fucose residues 

LTL Lotus Tetragonolobus 
Lectin α-linked L-fucose residues 

AAL Aleuria Aurantia Lectin fucose linked to (α-1,6)  N-acetylglucosamine or (α-
1,3) N-acetyllactosamine 

SNA Sambucus Nigra 
Agglutinin 

sialic acid on  terminal galactose in (α-2,6), and some 
(α-2,3) linkage 

MAA Maackia Amurensis 
Agglutinin II sialic acid in an (α-2,3) linkage 

PHA E+L Phaseolus Vulgaris 
Leucoagglutinin 

E subunit for erythroagglutinin, L subunit for 
leucoagglutinin 
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3.2.2 Addition of divalent cations to buffers 

As 13 of the lectins tested require additional Ca2+ and/or Mn2+ (Tab. 9) for optimum 

binding according to the lectin specification sheets, these ions were added to PBS 

and HEPES buffers to test their effect during binding to L3 T. circumcincta. 

 

Tab. 9: Lectins used for experiments with starting concentration, additional ion 

requirements and volumes used for lectin binding 

 

Lectin Lectin stock 
concentration 

Ion requirement Lectin amount 
added to buffer 

ConA 5 mg/ml Ca2+ Mn2+ 1.6 μl/400 μl 

DBA 5 mg/ml Ca2+ 1.6 μl/400 μl 

PNA 5 mg/ml Ca2+ Mn2+ 1.6 μl/400 μl 

RCA 5 mg/ml - 1.6 μl/400 μl 

SBA 5 mg/ml Ca2+ 1.6 μl/400 μl 

WGA 5 mg/ml Ca2+ 1.6 μl/400 μl 

LCA 5 mg/ml Ca2+Mn2+ 1.6 μl/400 μl 

PSA 5 mg/ml Ca2+ Mn2+ 1.6 μl/400 μl 

PHA E+L 5 mg/ml Ca2+ 1.6 μl/400 μl 

BGSII 2 mg/ml Ca2+ 2 μl/200 μl 

LTL 2 mg/ml Ca2+ 2 μl/200 μl 

UEAI 2 mg/ml Ca2+ 2 μl/200 μl 

SNA 2 mg/ml Ca2+ 2 μl/200 μl 

AAL 2 mg/ml - 2 μl/200 μl 

MPL 2 mg/ml - 2 μl/200 μl 

BPL 2 mg/ml - 2 μl/200 μl 

PTLII 2 mg/ml - 2 μl/200 μl 

MAA 1 mg/ml - 4 μl/200 μl 

BGSI 0.5 mg/ml Ca2+ 8 μl/200 μl 
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In experiments to test cation requirements, 0.1 mM Ca2+ and/or 0.01 mM Mn2+ ions 

were added to both PBS and HEPES buffer during lectin binding studies carried out 

according to the specifications of the lectin suppliers. For these experiments, stock 

solutions were prepared. A 10 mM CaCl2 solution was prepared by dissolving 1.11 g 

CaCl2 in 1 l MilliQ water. A 1 mM MnCl2 solution was prepared by dissolving 0.1979 g 

MnCl2·4H2O in 1 l MilliQ water. Stock solutions were added 1:100 to either PBS or 

HEPES buffers prior to addition of lectins (lectins and concentrations of cations are 

listed in Tab. 9). All chemicals used were obtained from Sigma Chemical Company 

(St Louis, USA). 

 

3.2.3 Classification of intensity of lectin binding 

Lectin binding intensity to worms was classified using the following scale: + very 

weak fluorescence, ++ weak fluorescence, +++ moderate fluorescence, ++++ bright 

fluorescence. 

 

3.2.4 Lectin binding to L3 T. circumcincta and H. contortus 

Larvae were collected as described in 3.1.4. Prior to lectin binding experiments, the 

motility of the sheathed larvae which had been stored refrigerated in flasks was 

assessed under the light microscope. If larvae were considered to include worms 

with low motility, the contents of the flask were re-Baermannised or if motility of the 

whole population was low, the flask was discarded. For binding experiments, sub-

samples of about 1,000 larvae were pipetted into 1.5 ml Eppendorf tubes. The larvae 

were centrifuged at 3,000 g for 30 sec (IEC microfuge) and the supernatant 

discarded and replaced with 1ml PBS to wash the larvae. After two washes, the 

supernatant was discarded and replaced with 200 or 400 μl of the buffer used for 

lectin binding. 

 

Similarly, for binding experiments on exsheathed larvae, worms were checked under 

the light microscope for motility after the exsheathing process, the larval density was 

determined by counting 200 μl sub-samples and suspensions of about 1,000 larvae 
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were pipetted into Eppendorf tubes. Larvae were then washed and resuspended in 

200 or 400 μl of the buffer used for lectin binding as described for sheathed larvae. 

 

If larvae were killed before lectin binding, about 6,000 sheathed or exsheathed larvae 

were pipetted into 15 or 50 ml Falcon tubes, centrifuged at 3,000 g and transferred 

into 1 ml cryocontainers to be frozen in liquid nitrogen for 1 min. The containers with 

the frozen larvae were thawed in a beaker containing warm tap water and aliquotted 

into 200 μl sub-samples in 1.5 ml Eppendorf tubes. 

 

3.2.5 Lectin binding to adult H. contortus and T. circumcincta 

Adult T. circumcincta and H. contortus were used directly after recovery from the 

donor sheep. The adult worms were collected as described in section 3.1.8. Once the 

adults emerged into the saline solution at 37 °C, 3 - 5 adults in saline were pippetted 

into 1.5 ml Eppendorf tubes. After collection, the saline solution in the Eppendorf tube 

was replaced with 200 or 400 μl of the buffer used for lectin binding at 37 °C. 

 

3.2.6 Lectin binding to H. contortus and T. circumcincta eggs 

Eggs were collected from adult worms, as described in section 3.1.10. Around 1,500 

eggs were pipetted into 1.5 ml Eppendorf tubes and centrifuged at 3,000 g for 1 min. 

The supernatant was discarded and replaced with 200 or 400 μl of the buffer used for 

lectin binding. 

 

3.2.7 Lectin binding procedure 

Sheathed and exsheathed L3, adults and eggs were incubated with the panel of 

lectins using the following procedure. The lectin to be tested was pipetted into the 

sample at the concentration listed in Tab. 2. The sample was vortexed for 2 sec to 

thoroughly mix in the lectin and was then incubated in a dark cupboard at room 

temperature for 1 h. After incubation, the sample was washed by centrifuging the 

sample at 3,000 g for 30 sec and replacing the supernatant with 1 ml buffer. Washing 
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was repeated three times and then replaced with the buffer used for lectin binding. 

Next, 1.5 μl of 1 mg/ml streptavidin (Alexa Fluor 546, Invitrogen, USA) was added to 

the sample and incubated in the dark cupboard at room temperature for 1 h. After 

incubation, the sample was washed 3 times in buffer as described previously in this 

section. After the final wash about 50 μl buffer were added to resuspend the sample 

and 15 μl of larval or egg suspension was placed on a microscope slide and covered 

with a 15 mm square cover slip for microscopy. Slides of adult worms were prepared 

by moving single worms with a 22 gauge injection needle with a bent tip onto a 

microscope slide, adding 15 μl buffer and covering with a 15 mm cover slip. 

 

3.2.8 Fluorescence microscopy 

For imaging, labelled slides were examined using a Nikon Eclipse E600 fluorescence 

microscope equipped with a DS-Fi1-U2 digital camera (Nikon, Tokyo, Japan). The 

worms were located under bright field using 10 x and 40 x objectives and then 

photographed using fluorescence excitation from a mercury lamp at the appropriate 

excitation wavelength. 

 

3.2.9 Confocal microscopy 

For confocal fluorescence microscopy, samples were prepared as for fluorescence 

microscopy, except that larvae were resuspended - after the final wash - in 50 μl 

antifade reagent (Slow Fade, Invitrogen, USA). For adult worms, Slow Fade solution 

was pipetted directly onto the microscope slide to cover the worm, before application 

of the cover slip. The samples were examined using a Nikon C1 confocal scan head 

on a Nikon Eclipse TE2000 microscope (Nikon, Tokyo, Japan) using bright field and 

fluorescence excitation from a mercury lamp at the appropriate excitation 

wavelength. 

 



64 

 

3.2.10 Inhibition of lectin binding 

As a negative control, lectins which bound to adult worms were incubated with their 

specific sugar substrate to inhibit binding. Stock 1 M solutions of were made for the 

following sugars: fucose (Applichem GmbH, Darmstadt, Germany) 0.82 g/ 5 ml, N-

acetyl- galactosamine (Sigma Chemical Company, St Louis, USA), 1.1 g/ 5 ml, 

galactose (Serva GmbH, Hiedelberg, Germany) 0.9 ml/ 5 ml, N-acetyl – glucosamine 

(Sigma Chemical Company, St Louis, USA) 1.1 g/ 5 ml and mannose (Sigma 

Chemical Company, St Louis, USA) 0.9 g/5 ml. Sugars were added to buffer 

solutions to make a final concentration of 250 mM, lectins were added accordingly 

and incubated for 1 h on a shaker. After this incubation lectin, binding assays on 

adults were performed as previously described in 3.2.7. 

 

3.3 Recovery of larvae from grass samples 

Recovery experiments were carried out with L3 H. contortus, cultured as described in 

3.1.4. Prior to use in recovery experiments, L3 were labelled with Hoechst dye 

(Sigma Chemical Company, St Louis, USA) to distinguish them from any L3 H. 

contortus which may have already been on the grass sample. Hoechst dye labelled 

worms were counted using a Nikon Eclipse E600 fluorescence microscope (Nikon, 

Tokyo, Japan) larvae were also counted in bright field using this microscope.  

 

3.3.1 Hoechst dye labelling 

Hoechst Dye has an affinity for cell nuclei and was used for labelling larvae used in 

recovery experiments. A 2 mM solution of Hoechst dye was prepared as follows: 11 

mg of Hoechst dye powder (Sigma Chemical Co., St Louis, USA) (molecular mass 

562 g/ mol) were dissolved in 1 ml sterile PBS. 10 μl of this stock solution and 90μl 

PBS were pipetted into 1.5 ml Eppendorf tubes and stored at -18 °C until used. 
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Aliquots were thawed immediately prior to experiments and diluted to a final 

concentration of 15 μg/ml by adding 13 μl of stock solution to 1 ml sample solution 

containing the larvae to be labelled. 

 

3.3.2 Recovery of larvae from the Baermann apparatus 

The basic Baermann apparatus consisted of a 10 cm diameter glass funnel with a 15 

cm rubber hose attached to the funnel outlet which was clamped to retain the 

Baermannising solution (tap water, unless stated otherwise). A sieve of 1 mm mesh 

size was lined with Kleenex tissue paper (Kimberley Clark, Auckland, New Zealand) 

and placed into the funnel. The funnel was filled with water to cover the sieve. The 

sample was placed on top of the tissue paper so that larvae could swim through the 

mesh and collect in the hose. After incubation the sieve was removed and the 

Baermannsolution remaining in the top of the funnel (around 300 ml, leaving 5 ml in 

the hose) was pipetted into 50 ml conical bottom centrifuge tubes and the larvae 

concentrated by centrifuging at 3,000 g for 5 min. The supernatant was discarded 

and all larvae in the remaining 1ml were counted in 200 µl subsamples in a counting 

slide (area 2.82 cm2, 1.3 ml volume). The 5 ml remaining in the hose tip were 

collected into a beaker after removing the clamp and the larvae collected in this 

volume were counted in sub-samples in the counting slide. Assessment of recovery 

was tested at least 3 times in the basic apparatus and at least 3 times in all of the 

variations of this method described below. 

 

3.3.3 Baermannising larvae without grass 

The recovery of larvae from the basic Baermann apparatus alone was tested by 

placing a counted number of larvae (around 100) onto either one layer of tissue, two 

layers of tissue paper or 25 μm nylon mesh (Global Science, Auckland, New 

Zealand) in the Baermann funnel and then incubated at room temperature for 12 h.  
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3.3.4 Application of larvae to grass 

Two methods were used for counting of larvae before their addition to the grass 

sample prior to recovery: a calculated method from the stock suspension and the 

counted larval method. 

 

3.3.4.1 Adding a calculated number of larvae to grass 

For the calculated method, the number of larvae in a flask was determined by 

counting multiple subsamples to determine larval concentration and then a calculated 

volume of larval suspension (around 1 - 2 ml) containing the desired number of 

larvae, was added to the 2 g grass sample. The estimate of larval concentration in a 

stock culture flask was made by thoroughly shaking a T250 culture flask (Corning, 

USA) containing L3 in 200 ml of water, counting the number of larvae in 10 aliquots 

of 200 µl to estimate the number per ml, and then adding enough solution onto grass 

to obtain the desired number of larvae for recovery by Baermannising. 

 

3.3.4.2 Application of a known number of larvae to grass 

For the counting method, larvae from the culture flask were pipetted into a counting 

slide (area 2.82 cm2, 1.3 ml volume), the larvae were counted following the engraved 

grid (2 mm) of the counting slide and then all were placed onto the 2 g grass sample. 

The counting slide was then examined using a light microscope to make sure all 

larvae had been removed and the slide washed with 1 ml of water, which was also 

added to the grass if any larvae were remaining. Counted samples of around 100, 

500 or 1,000 L3 were used. 

 

3.3.5 Baermannising larvae with grass – the basic method 

To assess recovery in the Baermann apparatus of larvae which had been mixed with 

a grass sample, either a counted or calculated number of larvae was applied to a 2 g 

grass sample. With both counted and calculated samples, the larval suspension was 
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applied to the grass and the pipette tip rinsed with an equal volume of water, which 

was also applied onto the grass. The larvae were incubated with the grass in a 100 

ml beaker at room temperature overnight prior to Baermannisation. The grass 

sample with the larvae was then placed into the Baermann apparatus. The beaker 

was also rinsed and this solution was also placed in the Baermann funnel with the 

grass. The grass was then incubated in a total of 300 ml of tap water, completely 

immersing the grass in water, at room temperature for 4 - 6 h.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Baermannising apparatus consisting of funnel, rubber hose and sieve. The 

apparatus containing a 2 g grass sample (left) and grass plants used for 

larval recovery experiments (right) 

 
After incubation, the sieve was removed and the solution remaining in the top of the 

funnel (around 300 ml, leaving 5 ml in the hose) was pipetted into 50 ml conical 

bottom centrifuge tubes and the larvae concentrated by centrifuging at 3,000 g for 5 

min. The supernatant was discarded and all larvae in the remaining 1ml were 

counted in 200 µl subsamples in a counting slide, as described in 3.3.4.2. The 5 ml 
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remaining in the hose tip were collected into a beaker after removing the clamp and 

the larvae collected in this volume were also counted in sub-samples in the counting 

slide 

 

3.3.6 Variations of the Baermannising conditions 

The effects of Baermannising worms with added detergents, in different incubation 

media and at different temperatures were examined using calculated numbers of 

larvae added to the Baermann funnel. For Baermannising with detergents, the effects 

of the addition of dishwashing liquid (Sunlight, Pental Products Pty Ltd, Shepparton, 

Australia) 0.01 %, Pyroneg (Johnsondiversity Pty, Smithfield, Australia), 1.5 g per 

500 ml, Triton X-100 (Sigma Chemical Company, St Louis, USA) 0.5 % or 1 % to 

water were tested. To estimate the effects of temperature, Baermannising was 

performed at room temperature or 37 °C. During incubation at 37 °C the Baermann 

funnel was covered with a glass petri dish to prevent evaporation. The effects of 

different media were tested by Baermannising in tap water, 100 % rumen fluid or 50 

% rumen fluid in water.  

 

The effects of incubation time, different filters in the Baermann funnel and different 

numbers of larvae were assessed also using counted numbers of larvae. To test the 

effects of incubation time, Baermannising incubation times of 4 - 6 h, 24 h and 48 h 

were used. To test the effects of the filtering medium, the sieve was lined with either 

one or two layers of Kleenex tissue paper or nylon mesh. 

 

3.3.7 Assessment of the funnel surface 

To test the effect of the funnel surface on recovery of counted numbers of larvae, the 

glass funnel was substituted with either a plastic funnel of the same size or a 

siliconised glass funnel of the same size. Siliconising was conducted by immersing 

the funnel into Silanization Solution I (Sigma Chemical Company, St Louis, USA) for 

1 min and drying at room temperature for 24 h. Following collection of the solution 

after Baermannisation, the apparatus was rinsed with 30 ml of water dispensed from 
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a wash bottle. The rinsing solution was collected in a beaker; the larvae were allowed 

to sediment and then counted. 

 

3.3.8 Recovery of larvae using flotation 

A counted number of larvae of around 100 - 150 L3 H. contortus were incubated in 

solutions of higher density than the larvae to recover them via flotation. For this 

experiment, sucrose and potassium iodide (KI) solutions were used. 

 

3.3.8.1 Recovery using sucrose 

A sucrose flotation solution was prepared by dissolving 60 g of sucrose (Sigma 

Chemical Company, St. Louis, USA) in a final volume of 100 ml. The density of this 

solution is 1.31. For flotation experiments, 0.5 ml of water containing a known 

number of L3 (around 100) was added to 50 ml of the sucrose solution in a 50 ml 

centrifuge tube with a diameter of 25 mm. The flotation was conducted for 30 min, 

then the top 1 ml of solution was pipetted into a counting slide and the number of 

larvae recovered was determined. 

 

3.3.8.2 Recovery using potassium iodide 

The KI flotation method was adapted from a similar method described by 

O’CONNOR et al. (2007). Briefly, KI flotation solutions were prepared by dissolving 

82 g KI (Sigma Chemical Company, St. Louis, USA) in 70 ml of deionised water to 

make a solution of density of 1.4 and 94 g KI was dissolved in 70 ml of deionised 

water to make a solution of density of 1.6. The density was confirmed by weighing 

the solutions. The sample was mixed with 50 ml KI-solution of density of 1.4 during 

an incubation for 30 min at room temperature, then the top 5 ml were removed in 200 

µl aliquots and pipetted into 500 µl KI-solution of density of 1.6 in the counting slide 

for counting, using a light microscope at 40 x magnification.  
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In addition, this KI method was used for recovering larvae placed on grass. Larvae 

were pre-incubated with 2 g of grass over night at room temperature. The grass 

sample was then covered with 50 ml KI-solution of density of 1.4 and incubated at 

room temperature for 30 min. The top 5 ml were removed in 200 µl aliquots and 

placed on top of 0.5 ml of KI-solution with a density of 1.6 in a counting slide and 

larvae were counted using a light microscope at 40 x magnification.  

 

3.3.9 Recovery of larvae using exsheathing 

For recovery of larvae by exsheathing, grass was pre-incubated with calculated 

numbers of larvae (see section 3.3.4.1) which were then exposed to exsheathing 

procedures, either CO2 or sodium hypochlorite. 

 

3.3.9.1 Exsheathing and recovery with sodium hypochlorite 

The grass sample with the larvae was placed into the sieve in the Baermann 

apparatus and incubated in Baermannising solution containing water with 0.12 % 

sodium hypochlorite for either 4 h or 24 h at 37°C. Larvae were collected and 

counted as described in section 3.3.5. 

 

3.3.9.2 Exsheathing and recovery with CO2 

After pre-incubation, the grass sample with larvae was retained in the 100 ml beaker 

and 50 ml of water were added. Larvae were activated and exsheathed with CO2 for 

90 min as described in the CO2 exsheathment method in section 3.1.6.1. After the 

exsheathing process, the contents of the beaker were transferred into the Baermann 

apparatus and incubated for 24 h at room temperature. Larvae were collected and 

counted as described in section 3.3.5.  
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3.3.10 Data presentation and statistics of recovery data  

Results presented are expressed as mean percentage of larvae recovered in at least 

three separate replicates in the Baermann apparatus. The coefficient of variation 

(CV) is presented to express the variation between replicate recoveries under the 

same conditions. Where calculated numbers of larvae were used, the larvae were 

counted in subsamples. Three or more subsamples were counted both for 

determining the larval concentration added to the Baermann apparatus and to 

determine the larvae recovered. The average number of larvae counted per 

subsample was between 50 and 100 larvae, replicate counts were made until the CV 

for the subsamples was less than 10 %.  

 

The effects of modifications of the Baermannising method were analysed using 1-

way ANOVA. If the test revealed a significant difference, a Tukey post-hoc test was 

performed to evaluate within which group the differences were. Analyses were 

performed in GraphPad Prism (GraphPad software Inc.). 

 

For all results, the number of times an experiment was repeated with a new larval 

preparation was reported as n = number of repeats. 

 

3.4 Lectin binding to a mixed population of H. contortus and T. 

circumcincta L3 recovered through a Baermann apparatus 

The Baermannising of larvae was combined with identification of larvae to examine 

whether these procedures were compatible. A counted number of T. circumcincta 

and H. contortus larvae (approximately 100 of each) were applied to a 2 g grass 

sample as described in 3.3.4.2. The grass was then placed in the Baermann 

apparatus and incubated for 48 h at room temperature. After incubation, the larvae 

were collected and counted then placed into an Eppendorf tube for washing and 

processing with AAL or BGS I, as described in 3.2.4. 
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4 Results 

4.1 Lectin binding in PBS 

4.1.1 Sheathed L3 

In initial testing with five lectins (DBA, SBA, BGS II, WGA and ConA) in PBS, the 

binding to sheathed H. contortus (n = 4) and T. circumcincta (n =5) was weak and 

very inconsistent. Binding varied within the experiments and between individual 

larvae tested, with some L3 not showing any binding and others varying in the 

amount of fluorescence and binding pattern. All of the five lectins tested showed 

some binding. DBA, SBA and BGS II bound to most of the H. contortus L3, while 

WGA and ConA bound to some T. circumcincta. Both lectins binding to T. 

circumcincta showed weak patchy binding to the surface (Fig. 4). However, as an 

example of the inconsistency, BGS II binding on H. contortus varied between days, 

and those that did bind showed irregular patchy binding to the sheath or the head 

region. In contrast, the binding of DBA and SBA was confined to the head region 

(Fig. 5), but these lectins also did not bind to all the larvae in the test.  

 

Increasing the number of washes with PBS (n = 3) from 3 to 5 times prior to addition 

of lectins did not improve the binding. Similarly, decreasing the number of washes of 

the sub-sampled larvae prior to lectin addition (n = 2) did not improve the binding 

either, but did increase nonspecific background fluorescence. 
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Fig. 4: Sheathed T. circumcincta L3 with ConA (top) and WGA (bottom) at 200/ 400 x 

magnification (fluorescence and bright field) showing weak patchy surface 

binding 
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Fig. 5: Sheathed H. contortus L3 with DBA binding to head region at 400 x 

magnification (left fluorescent, right bright field image) 

 

 

4.1.2 Adult T. circumcincta 

Lectin binding to adult T. circumcincta (n =3) was consistent in pattern and intensity 

between replicate experiments and individual worms. Seven lectins (DBA, SBA, 

PNA, RCA, WGA, UEA and LTL), tested with adult worms under the same binding 

conditions as L3, showed positive binding with to all worms examined. Binding was 

seen across the surface showing the striation pattern of the adult cuticle and was 

assessed as ++++ with SBA and WGA; +++ with LTL, RCA and PNA and ++ with 

UEA and DBA. An exception was UEA, which did not bind to the surface, only to the 

mouth and anal pore. The different binding intensities are illustrated in Fig. 6, 

showing WGA, PNA and DBA as an example of ++++, +++ and ++ binding. 
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Fig. 6:  Lectin binding intensity in PBS on T. circumcincta adults binding WGA (++++, 

image A), PNA (+++, image B) and DBA (++, image C) at 200 x magnification 
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4.1.3 Exsheathed L3  

Exsheathing L3 using bleach, prior to lectin binding, was conducted with L3 T. 

circumcincta using the same five lectins as described in 4.1.1 (n = 4). Results 

showed the binding pattern was patchy on the surface with WGA and ConA for a few 

larvae. Sometimes binding was observed on the head region with DBA, SBA, WGA 

and BGS II. In these experiments, 5 – 9 % of the L3 did not exsheath. Some 

individual L3 which remained sheathed showed increased binding on the surface with 

DBA, SBA, WGA and RCA.  

 

For H. contortus, exsheathed with bleach and tested with the same 5 lectins as in 

4.1.1 (n = 3), the binding pattern was inconsistent. BGS II binding was not apparent 

and DBA and SBA still only bound to the head region, as with sheathed larvae. In 

most experiments using bleach treatments, most of the larvae “exsheath”, as the 

sheath appears to be broken up by the bleach and only small floating fragments of 

sheath were observed as opposed to whole sheathes observed after exsheathing 

with CO2 (Fig. 7) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Binding of WGA to H. contortus L3 after bleach exsheathing treatment 
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To compare binding after different exsheathment methods, 10 lectins (listed in Tab. 

10) were tested on bleach (n = 3) or CO2 (n = 3) exsheathed T. circumcincta. For 

bleach exsheathed T. circumcincta the results were variable, but only a few of the 

exsheathed larvae showed positive binding (Tab. 11). In contrast to bleach treatment, 

exsheathing with CO2 resulted in negative binding to the surface with all lectins 

tested, but increased consistency of binding to the head region (Tab. 10). 

Exsheathing in soda water (n = 3) produced only 0 - 20 % exsheathed larvae at room 

temperature and 50 -60 % at 40 °C, therefore this method of exsheathing was not 

pursued further.  

 

Tab. 10: Lectin binding to L3 T. circumcincta in PBS after bleach or CO2 

exsheathing 

 
Tc bleach exsheathed Tc CO2 exsheathed Lectin 

site % L3 site % L3 

DBA head < 20 head > 50 

SBA head < 20 head > 50 

PNA head < 20 head > 50 

BGS I neg  neg  

RCA neg  neg  

WGA 
head and 

surface 
< 20 head > 50 

BGS II head < 20 head > 50 

ConA surface < 20 head > 50 

UEA I surface < 20 neg  

LTL surface < 20 neg  

 

 



78 

4.1.4 Treatment with detergents 

Washing adult (n = 2) and sheathed L3 (n = 4) T. circumcincta with Triton X- 100 

before and after CO2 exsheathing did not improve lectin binding. In some individual 

adult worms, binding of DBA, WGA and ConA was reduced. Similarly, washing with 

commercial dishwashing detergent did not improve binding to L3 (n = 3). 

4.2 Comparison of lectin binding in HEPES and PBS  

Lectin binding was assessed with the full panel of 19 lectins on sheathed T. 

circumcincta larvae (n = 3) and adults (n = 3) comparing PBS or HEPES buffers with 

ions added to the buffer solutions when required (see 3.2.2).  

4.2.1 No added cations 

4.2.1.1 T. circumcincta larvae 

For the lectins not requiring additional ions, binding in HEPES buffer was similar or 

slightly better than binding in PBS (Tab. 11). Notably MPL bound to the surface of L3 

in HEPES, but not in PBS and also binding with RCA was slightly better in HEPES. 

 

Tab. 11: Lectin binding to sheathed L3 T. circumcincta, lectins with no ion 

requirements in two different buffers: PBS, HEPES 

 

PBS HEPES Lectin 

site % L3 bind site % L3 bind 

MPL    surface 90 - 100 ++ 

 head 100 ++ head 70 + 

BPL head 10 ++ surface 10 ++ 

PTL II neg   neg   

RCA surface 10 - 40 ++ surface 40 - 60 ++ 

AAL neg   neg   

MAA neg   neg   
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4.2.1.2 T. circumcincta adults 

With the six lectins which did not require cations, binding was similar with T. 

circumcincta adults incubated in PBS or HEPES buffers except for PTL II, which only 

bound in PBS buffer (Tab. 12). 

 

Tab. 12: Lectin binding to adult T. circumcincta, lectins with no ion requirements in 2 

different buffers: PBS, HEPES 

 

intensity Lectin 

PBS HEPES 

MPL +++ +++ 

BPL +++ +++ 

PTL II ++ neg 

RCA +++ +++ 

AAL + + 

MAA neg neg 

 

4.2.2 Lectin binding with divalent cations 

4.2.2.1 Sheathed L3 

Because PBS may react with Ca2+ and Mn2+ and cause precipitation of phosphate 

salts, the ions were added to HEPES buffer, which is free of phosphate, to see how 

the binding was affected.  

 

The effects of additional Ca2+ and/or Mn2+ ions to PBS and HEPES buffers showed 

that lectin binding to L3 T. circumcincta was different in different sites and intensity to 

lectin binding in PBS alone (Tab. 13). The highest percentages of larvae binding with 

the highest intensity were observed in the experiments using lectins in HEPES buffer 

with additional ions. 
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Tab. 13: Lectin binding to sheathed L3 T. circumcincta, lectins with ion requirements 

in three different buffers: PBS with no additional ions, PBS plus ions, 

HEPES plus ions  

 

PBS PBS + ions HEPES + ions Lectin 

site %L3 bind site %L3 bind site %L3 bind

surface 30-50 ++       
DBA 

   head 20-40 + head 0-40 ++ 

surface 40-60 + surface 30-70 ++ 

head 20-40 + head 20-50 ++ SBA 

surface 

head 

tail 

20 

80 

10 

++ 

++ 

++       

surface 0-10 ++ neg   surface 0-50 ++ 
PNA 

      head 0-50 ++ 

BGS I nt head 60-90 ++ surface 30-90 ++ 

   surface 40-90 ++ surface 60-90 ++ 
WGA 

head 100 ++ head 50-60 ++ head 80-90 ++ 

BGS II nt surface 0-10 + surface 0-10 ++ 

surface 0-20 ++ surface 70-90 + surface 40-80 ++ 
ConA 

head 30-40 ++ head 20-40 + head 30 ++ 

LCA neg   neg   surface 0-80 ++ 

UEA I neg   neg   neg   

LTL surface 0-10 + neg   neg   

PHA 

E+L 
neg   neg   neg   

nt = not tested 

 

 

For the 13 lectins requiring ions, results from binding in the presence of Ca2+and/or 

Mn2+ were diverse compared to PBS without additional ions (Tab. 13). PBS plus ions 

reduced the intensity of binding as in the case of ConA for example (Tab. 13). In 

contrast to PBS plus ions, incubation in HEPES plus ions produced binding of similar 
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intensity (for example SBA and ConA) to PBS alone. Incubation in HEPES plus ions 

also increased the number of larvae showing positive binding compared to PBS 

alone as seen in SBA, PNA, WGA and LCA. LCA had shown no binding in PBS 

alone, but showed binding to the surface with HEPES plus ions, even though these 

results were variable and inconsistent. On the other hand, the weak inconsistent 

binding of LTL previously seen with PBS alone, could not be detected using HEPES 

plus ions. Strangely, for DBA the binding profile changes after addition of ions from 

binding to the surface in PBS alone to binding to the head when ions are added. 

 

4.2.2.2 Adults 

Results from experiments comparing lectin binding to adult T. circumcincta in PBS 

alone to PBS plus ions and HEPES plus ions are summarised in Tab. 14. When 

compared with PBS alone, lectin binding in the presence of PBS plus ions was 

similar (SBA, PNA, WGA, SNA) or less intense (DBA, LCA, PSA, UEA and LTL). 

 

Compared to PBS alone, HEPES plus ions improved binding with SBA and 

compared with PBS plus ions. Compared to PBS plus ions, HEPES plus ions 

improved binding with DBA, SBA, BGS I, ConA, LCA, PSA and LTL, but reduced 

binding with SNA and did not bind with BGS II. However, binding of BGS II in PBS + 

ions was very weak and could only be detected on the surface of some worms 

(symbolised as +/-). 
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Tab. 14: Lectin binding to T. circumcincta adults showing lectins with ion 

requirements in three different buffers: PBS with no additional ions, PBS 

plus ions, HEPES plus ions 

 

Lectin PBS PBS + ions HEPES + ions 

DBA ++ neg ++ 

SBA +++ +++ ++++ 

PNA +++ +++ +++ 

BGS I nt neg ++ 

WGA ++++ ++++ ++++ 

BGS II nt +/- neg 

ConA nt +++ ++++ 

LCA ++++ +++ ++++ 

PSA ++++ +++ ++++ 

UEA + neg neg 

LTL ++ neg ++ 

SNA +++ +++ ++ 

PHA E+L neg neg neg 

 

 

4.3 Specificity of lectin binding 

Preincubation of 12 lectins with their specific monosaccharides which are shown in 

Tab. 15 inhibited or reduced lectin binding to H. contortus (n = 3). The 7 lectins which 

did not bind to adult H. contortus were not tested. SNA was tested on adult T. 

circumcincta (n = 3) and binding was inhibited by preincubation with N-acetyl-

neuramic-acid. 
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Tab. 15: Inhibition of lectin binding after preincubation of lectins with their target 

sugars. Incubations were conducted in PBS and HEPES with added Ca++/ 

Mn++ ions. Only lectins which previously bound H. contortus adults were 

tested. 

 

binding to adult Hc 
Lectin target sugar 

PBS HEPES 

DBA GalNAc neg neg 

SBA GalNAc neg neg 

PNA GalNAc + + 

BGS I GalNAc, Gal neg neg 

MPL GalNAc neg neg 

BPL GalNAc neg neg 

RCA Gal, GalNAc neg neg 

WGA GlcNAc ++ + 

BGS II GlcNAc neg neg 

ConA Man neg neg 

PSA Fuc, Man neg neg 

AAL Fuc, GlcNAc neg neg 

 

neg = no binding, + = weak fluorescence, ++ = moderate fluorescence,  

Man = mannose, GalNAc = N-acetyl-galactosamine, GlcNAc = N-acetyl-glucosamine, 

Fuc = fucose, Gal = Galactose 
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4.4 Stage specific binding of abomasal nematodes 

The binding of 19 lectins was tested on sheathed and exsheathed L3 T. circumcincta 

and H. contortus of various ages using HEPES buffer with ions added as required. 

 

4.4.1 Sheathed L3  

4.4.1.1 H. contortus 

Lectin binding to H. contortus was assessed on L3 after either 14 days (n = 2) or 3 

months (n = 3) culturing (Tab. 16). The binding pattern varied between ages 

regarding the structures bound, the percentage of worms binding the lectin and 

binding intensity. Overall, there was greater binding to L3 14 days old than 3 months 

old. However, for 4 lectins, the opposite effect was observed. The binding of some 

lectins, SBA, RCA, LTL, PHA E+L and SNA was very weak and only visible under 

400 x magnification. Binding of AAL to the head region and BGS I to the head region 

and surface in 14 day old L3 is illustrated in Fig. 8. 

 

4.4.1.2 T. circumcincta 

Of the 19 lectins tested, 11 bound to 3 month old sheathed T. circumcincta L3 (Tab. 

17). Of these 11 lectins, eight bound to the surface. The best binding was observed 

with MPL, BGS I, WGA and ConA, but the binding pattern was generally inconsistent, 

patchy and weak, except MPL, which was more consistent and bound to more 

surface area (Fig. 9). SBA, PNA, MPL, WGA and ConA bound to the head region of 

sheathed T. circumcincta larvae as well as to the surface, while DBA and PTL II only 

bound to the head. None of the lectins tested showed binding to the tail region. 
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Tab. 16: Lectin binding to sheathed L3 H. contortus in HEPES plus ions either 3 

month or 14 days after culturing 

 

3 month 14 days Lectin 

site % L3 binding site % L3 binding 

DBA head 50 - 80 + head 100 ++ 

 surface 0 - 20 + tail 100 ++ 

SBA surface 0 - 10 + surface 100 + 

PNA surface 10 - 60 + surface 100 + 

    head 80 - 100 + 

BGS I surface 100 + surface 90 - 100 ++ 

    head 30 + 

MPL surface 100 + surface 60 ++ 

 head 0 - 20  head 100 ++ 

BPL head 50 + surface 40 + 

    head 100 + 

PTL II surface 10 - 50 + surface 30 ++ 

RCA surface 30 + neg   

WGA surface 90 - 100 ++ head 90 - 100 + 

BGS II surface 60 - 100 + surface 20 + 

ConA surface 100 + surface 100 ++ 

LCA surface 80 - 100 + surface 90 - 100 ++ 

 head 80 - 100 + head 80 - 100 + 

PSA surface 10 - 50 + surface 70 - 100 + 

UEA I neg   surface  60 ++ 

LTL head 10 - 70 + neg   

AAL head 50 - 100 + head 100 ++ 

SNA surface 90 + head 100 + 

MAA neg   neg   

PHA E+L neg   surface 80 - 100 + 
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Fig. 8: Optimised binding sheathed H. contortus, binding to head with AAL (top), 

binding to sheath with BGS I (bottom) 
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Tab. 17: sheathed T. circumcincta L3 in HEPES buffer plus ions 

 

Tc sheathed 3 month Lectin 

site % L3 bind 

DBA head 0 - 40 ++ 

SBA surface 30 - 70 + 

 head 20 - 50 + 

PNA surface 0 - 50 + 

 head 0 - 50 + 

BGS I surface 30 - 90 + 

MPL surface 90 - 100 ++ 

 head 70 + 

BPL surface 0 - 10 + 

PTL II neg   

RCA surface 40 - 60 ++ 

WGA surface 60 - 90 ++ 

 head 60 - 80 ++ 

BGS II surface 0 - 10 + 

ConA surface 40 - 80 ++ 

 head 30 ++ 

LCA surface 0 - 80 + 

PSA neg   

UEA I neg   

LTL neg   

AAL neg   

SNA neg   

MAA neg   

PHA E+L neg   

 



88 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9:  MPL binding to L3 T. circumcincta (top: fluorescent image, bottom: bright 

field image) 
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Tab. 18: Comparison of lectin binding to 3 month old sheathed L3 T. circumcincta 

and H. contortus.  

 

H. contortus T. circumcincta Lectin 

% binding Site % binding Site 

DBA 0 - 30 

50 - 80 

surface 

head 

 

0 - 40 

 

head 

SBA 0 - 10 surface 30 - 70 

20 - 50 

surface 

head 

PNA 10 - 60 surface 0 - 50 

0 - 50 

surface 

head 

BGS I 100 surface 30 - 90 surface 

MPL 100 

30 - 50 

surface 

head 

90 - 100 

70 

surface 

head 

BPL 50 head 0 - 10 surface 

PTL II 10-50 surface neg  

RCA 30 surface 40 - 60 surface 

WGA 90 - 100 surface 60 - 90 

60 - 80 

surface 

head 

BGS II 60-100 surface 0 - 10 surface 

ConA 100 surface 40 - 80 

30 

surface 

head 

LCA 80 - 100 

80 - 100 

surface 

head 

0 - 80 surface 

PSA 10 - 50 surface neg  

LTL 10-70 head neg  

AAL 50 - 100 head neg  

SNA 90 surface neg  
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4.4.1.3 Differentiation sheathed L3 

Of the 19 lectins tested, the only difference in binding which was consistent was AAL 

binding to the head of H. contortus but not T. circumcincta larvae (Tab. 18). SNA also 

only bound to H. contortus, but occurred on different locations with changing age and 

the binding was barely visible on many larvae. 

 

4.4.2 Exsheathed L3 

4.4.2.1 H. contortus 

None of the lectins tested bound to the surface of exsheathed H. contortus L3, but 

bound relatively consistent to the head and tail regions, even in larvae of different 

ages (Tab. 19). 

 

Of the 19 lectins tested, 13 bound to 4 month old larvae (n =3) and 13 bound to 2 

month old larvae (n = 3). PNA only bound to 2 month old larvae and PSA only bound 

to 4 month old larvae, though the other lectins which exhibited positive binding bound 

to both age groups. 7 lectins, DBA, SBA, PNA, MPL, RCA, WGA and ConA, bound 

better to the 2 month old larvae than the 4 month old larvae. Generally that was due 

to the lectin binding not only to the amphids on the head, but also to the phasmids, 

as observed with DBA, SBA, MPL, BGS II and LCA. In addition, WGA binding was 

brighter and ConA was more consistent on 2 month old larvae. In contrast, 5 lectins: 

BGS I, LCA, PSA, LTL, and AAL, showed better binding on 4 month old larvae. Of 

these, BGS I, PSA, LTL, and LCA were more consistent on the 4 month old larvae 

and BGS I, LCA and AAL were brighter. All larvae tested bound MPL, BPL, RCA, 

WGA and AAL. 

 

Typical binding of lectins to exsheathed L3 H. contortus is illustrated with WGA 

binding 2 month old larvae in Fig. 10. 
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Tab. 19: exsheathed H. contortus L3 in HEPES plus ions 

 
Lectin Hc exsheathed 4 month Hc exsheathed 2 month 
 site % L3 bind site % L3 bind 
DBA head 100 ++ head 90 - 100 ++ 
    tail 90 - 100 ++ 
SBA head 70 - 100 + head 70 - 100 ++ 
    tail 70 - 100 ++ 
PNA neg   head 50 + 
BGS I head 100 ++ head 80 - 90 ++ 
 tail 100 ++ tail 80 - 90 ++ 
MPL head 100 ++ head 100 ++ 
    tail 100 ++ 
BPL head 100 ++ head 100 ++ 
 tail 100 ++  100 ++ 
PTL II neg   neg   
RCA head 100 ++ head 100 ++ 
 tail 50 ++ tail 100 ++ 
WGA head 100 + head 100 ++ 
 tail 100 + tail 100 ++ 
BGS II head 100 + head 50 - 70 + 
    tail 50 - 70 ++ 
ConA head 50 ++ head 80 - 90 ++ 
 tail 80 - 90 ++ tail 80 - 90 ++ 
LCA head 100 ++ head 50 - 70 + 
 tail 100 +    
PSA head 100 + neg   
 tail 100 +    
UEA I neg   neg   
LTL head 100 ++ head 30 - 50 + 
AAL head 100 ++ tail 100 + 
SNA neg   neg   
MAA neg   neg   
PHA E+L neg   neg   
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Fig. 10: WGA binding to amphids and phasmids on exsheathed L3 H. contortus, at 

400 x magnification 

 

4.4.2.2 T. circumcincta  

Of the 19 lectins tested, 13 bound to sheathed T. circumcincta L3 (n = 3, summarised 

in Tab. 20). Lectin binding to the surface of exsheathed T. circumcincta L3 was not 

detected, but fluorescent binding was visible on larvae which were still in the 

exsheathing process (see morphological studies). 

 
Positive binding was observed on the head and tail region, with MPL, BPL and WGA 

consistently binding to the 3 month old larvae as well as 10 month old larvae 

(example of MPL binding in Fig. 11). Consistent binding to both age groups was also 

observed with AAL, which bound to the amphids in the head region of the larvae. 

With the other lectins tested, better binding was generally observed in the younger 

larvae. In 3 month old larvae, consistent binding to the head region, or tail region as 

well, was also observed with SBA, RCA, BGS II, PSA and SNA, but was inconsistent 

or negative with these lectins on the older larvae. Some lectins, namely DBA, PNA 

and LCA, bound inconsistently to the head and tail regions of both age groups. 
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Tab. 20: exsheathed T. circumcincta L3 in HEPES plus ions 

 
Lectin Tc exsheathed 3 month Tc exsheathed 10 month 
 site % L3 bind site % L3 bind 
DBA surface 10 +    
 head 90 ++ head 20 + 
 tail 90 +    
SBA head 100 ++ neg   
 tail 100 ++    
PNA head 20-80 ++ head 50 + 
BGS I neg   neg   
MPL head 100 ++ head 100 ++ 
 tail 100 ++ tail 100 + 
BPL head 100 ++ head 100 ++ 
 tail 100 ++ tail 100 ++ 
PTL II neg   neg   
RCA head 100 ++ head 10 + 
 tail 100 ++    
WGA head 100 ++ head 100 ++ 
 tail 100 ++ tail 100 ++ 
BGS II head 100 ++ head 20 ++ 
 tail 100 ++    
ConA head 100 ++ surface 10-40 + 
    head 100 ++ 
LCA head 80 ++ neg   
 tail 50 +    
PSA head 100 + head 60 + 
 tail 100 + tail 20 + 
UEA I neg   neg   
LTL neg   neg   
AAL head 90 ++ head 100 ++ 
SNA head 100 + neg   
 tail 100 +    
MAA neg   neg   
PHA E+L neg   neg   
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Fig. 11: MPL binding to the head region of exsheathed 10 month old (top) and 3 

month old (bottom) T. circumcincta L3 

 

 

4.4.2.3 Differentiation exsheathed L3 

Comparison of lectin binding to exsheathed T. circumcincta and H. contortus larvae 

of similar age is presented in Tab. 21. Notable species differences are: BGS I and 

LTL binding to H. contortus but not to T. circumcincta and consistent SNA binding to 

T. circumcincta, but not to H. contortus. BGS I binding is also consistent with H. 

contortus of different ages but LTL is not (Tab. 19), nor is SNA binding consistent for 

different aged T. circumcincta larvae (Tab. 20) 
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Tab. 21: Comparison of lectin binding to 3 month old exsheathed L3 T. circumcincta 

and 4 month old H. contortus. UEA I, MAA and PHA E+L were negative on 

both species 

 

H. contortus T. circumcincta Lectin 
% binding site % binding site 

DBA  
90-100 

 
head 

10 
90 
90 

surface 
head 
tail 

SBA 70-100 head 100 
100 

head 
tail 

PNA neg  20-80 head 

BGS I 100 
100 

head 
tail 

neg  

MPL 100 head 100 
100 

head 
tail 

BPL 100 
100 

head 
tail 

100 
100 

head 
tail 

RCA 100 
50 

head 
tail 

100 
100 

head 
tail 

WGA 100 
100 

head 
tail 

100 
100 

head 
tail 

BGS II 100 head 100 
100 

head 
tail 

Con A 50 
80-90 

head 
tail 

100 head 

LCA 100 
100 

head 
tail 

80 
50 

head 
tail 

PSA 100 
100 

head 
tail 

100 
100 

head 
tail 

LTL 100 head neg  
AAL 100 head 90 head 
SNA neg  100 

100 
head 
tail 

 

 



96 

 

4.4.3 Adults 

 

4.4.3.1 Differentiation of adults 

In contrast to L3 H. contortus and T. circumcincta, the binding pattern of lectins on 

adults of both species was very consistent with bright fluorescence (Tab. 22). 

 

Of the 19 lectins tested, 15 bound to adult H. contortus (n =3) and 16 bound to T. 

circumcincta (n= 3). Notably, SNA bound to T. circumcincta but not to H. contortus. 

LTL bound weakly but consistently to T. circumcincta and was only sometimes 

positive on H. contortus, while the reverse was true for AAL. 

 

Three lectins, PTL II, UEA I and MAA did not bind to either species. Four lectins, 

DBA, SBA, MPL and WGA bound adults of both species with the same intensity. Of 

these, especially SBA and WGA showed bright fluorescent binding. The remaining 

lectins tested bound the two species with varying intensities: PNA, BGS I, BPL, RCA, 

BGS II, LCA, and PHA E+L bound more intensely to H. contortus than to T. 

circumcincta. As an example, the different binding intensities of RCA and BGS II to 

adults of both species are illustrated in Fig. 12. The binding intensities of RCA and 

BGS II were classified as ++++ and +++ for H. contortus and as +++ and ++ for T. 

circumcincta respectively.  

 

In contrast, ConA and PSA bound more intensely to T. circumcincta than to H. 

contortus (Fig. 13). The binding intensities for ConA and PSA were both classified as 

++++ on T. circumcincta and as +++ on H. contortus. 
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Tab. 22: Lectin binding to adult H. contortus and T. circumcincta with HEPES plus 

ions  

 

Lectin adult H. contortus adult T. circumcincta 

DBA ++ ++ 

SBA ++++ ++++ 

PNA ++++ +++ 

BGS I +++ ++ 

MPL +++ +++ 

BPL ++++ +++ 

PTL II neg neg 

RCA ++++ +++ 

WGA ++++ ++++ 

BGS II +++ ++ 

ConA +++ ++++ 

LCA ++++ +++ 

PSA +++ ++++ 

UEA neg neg 

LTL 10-30% + ++ 

AAL +++ 10-30% + 

SNA neg ++ 

MAA neg neg 

PHA E+L +++ ++ 
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A B 

50µm 50µm C D 

 

Fig. 12: Binding intensities of RCA (A, B) and BGS II (C, D) on H. contortus 

adults (A, C) or T. circumcincta adults (B, D) at 400 x magnification 
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B 

C 50µm 

 

Fig. 13: Binding intensities of ConA (A, B) and PSA (C, D) on H. contortus adults (A, 

C) or T. circumcincta adults (B, D) at 400 x magnification 

50µm D 

A 
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4.4.4 Eggs 

4.4.4.1 Differentiation of eggs 

The eggs of H. contortus (n = 2) and T. circumcincta (n = 2) could be distinguished 

according to the lectin binding (Tab. 23). 

 

Tab. 23: Eggs of H. contortus and T. circumcincta 

 

Lectin Eggs H. contortus Eggs T. circumcincta 

SBA ++ 20% ++ 1% fluorescent outline 

PNA +++ neg 

MPL ++++ +++ 

BPL neg 
+++ 3% young development 

stages 

WGA ++ 20% dotty ++ 2% fluorescent outline 

ConA neg +++ fluorescent outline 

LCA neg +++ 

PSA neg ++ 90% 

 

Of the 19 lectins tested, a total of 4 showed positive binding to H. contortus eggs and 

7 to T. circumcincta eggs. Some of the lectins bound consistently to the surface of 

the whole egg and differentiated the species at the same time: PNA bound H. 

contortus eggs only, whereas LCA only bound to T. circumcincta eggs (Fig. 14). 

ConA could also be used to differentiate T. circumcincta eggs from H. contortus 

eggs, as it brightened the outline of T. circumcincta eggs only. MPL bound brightly to 

the surface of eggs of both species and did therefore not allow differentiation (Fig. 

15). SBA and WGA also bound to the eggs of both species, but the binding was 

weaker and very inconsistent, especially on T. circumcincta eggs, where it just 

indicated the outline of very few eggs. BPL and PSA also showed positive binding to 
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T. circumcincta eggs, with BPL only binding to very few eggs and PSA binding 

almost consistently. 

 

 

 

Fig. 14: Eggs of H. contortus with PNA lectin (top) and eggs of T. circumcincta with 

LCA (middle). No lectin binding, negative control (bottom) at 400 x 

magnification
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Fig. 15: Eggs of H. contortus (left) and T. circumcincta (right) with MPL at 400 x 

magnification 

 

4.5 Characterisation of morphological structures bound by lectins 

Structures bound by lectins will vary between life cycle stages and between different 

exsheathment treatments for L3. Previous sections described the lectins which 

bound to the different stages and this section will examine the structures bound by 

lectin in more detail. 

 

4.5.1 L3 

Several lectins have been referred to previously as binding to the head region of L3. 

When examined at 400 x magnification, this binding pattern can sometimes be 

distinguished as binding to the amphids and to the mouth region (Fig. 16). 
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 A M
A M 

 

 

 

 

 
5µm 

5µm  

 

Fig. 16: Sheathed T. circumcincta L3 viewed under 400 x magnification with SBA 

binding to amphids (A) and mouth region (M) 

 

It is not always possible to distinguish between the fluorescent anatomical structures 

on the head region. Sometimes the structures are in different planes and cannot be 

focused simultaneously. Alternatively, the fluorescence from binding to one structure 

is so bright that it overpowers the binding of regions in close proximity. This was 

common with exsheathed larvae (Fig. 17).  

 

 
 
 
 
 

5µm 5µm  
 
Fig. 17: Exsheathed H. contortus binding AAL to head region, 400 x magnification 

 

 

Another structure which is sometimes visible is the secretory/ excretory pore on the 

neck as seen on exsheathed T. circumcincta binding to SBA (Fig.18). 
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 5µm 

 
Fig. 18: Secretory/ excretory pore on the neck of exsheathed T. circumcincta L3 

 

Similarly, dots on the tail often appear as a pair lateral on the tail region of the larvae, 

particularly in exsheathed L3, probably indicating phasmids (see Fig 10).  

 

Greatly increased fluorescence was observed on individual larvae still in the process 

of exsheathing. Sometimes lectin binding was localised to the annular ring where the 

exsheathing process begins (Fig. 19), or spread distally from this point (Fig. 20). 

Alternatively, in some cases the exsheathing larva showed bright binding across its 

entire surface immediately after or during exsheathing (Fig. 21). 

 

 

5µm 

 

 

 

 

 

 

 

 

Fig. 19: Exsheathing T. circumcincta L3 with ConA 400 x magnification. Note 

fluorescent binding around annular ring (arrow) and to the head region 
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Fig. 20: T. circumcincta exsheathing at 400 x magnification. Note the fluorescent BPL 

binding distal of the annular ring (left), where the sheath has split to allow 

exsheathing 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 21: Exsheathing T. circumcincta L3 with ConA at 400 x magnification. Note 

bright fluorescence on surface of exsheathing L3 
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Fig. 22: T. circumcincta L3 with MPL binding: sheathed (top), exsheathing (middle), 

exsheathed (bottom) 
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This increased binding as described was unique to the larvae caught in the 

exsheathing process or immediately after leaving the sheath, since neither the 

sheathed, nor the exsheathed larvae showed the same uniform binding across the 

surface with the same lectin, as shown with MPL (Fig. 22). Besides the exsheathing 

larvae, empty floating sheaths could also show enhanced fluorescent binding after 

exsheathing. The pattern on the floating sheaths varied from irregular patchy binding 

to binding that indicated the striation pattern of the sheath (Fig. 23). 

 

 

Fig. 23: H. contortus empty floating sheath with MPL at 400 x magnification 

 

 

4.5.2 Adults 

The lectin binding on adults was observed across the entire surface and revealed a 

similar striated pattern on the surface of both species. In most images the fluorescent 

pattern appeared very regular, suggesting the lectin binding and the carbohydrate in 

the surface structure were very stable. But during manipulation of the worm for 

microscopy, the surface binding structures were sometimes removed from the worm 

onto the slide like a “fingerprint” (Fig. 24). Lectins which bound to the surface also 

bound to the mouth (Fig. 25, Fig. 26). 
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Fig. 24: H. contortus adult with PNA (A) and T. circumcincta adult with WGA (B) 

showing bound lectin rubbing off onto slide cover slip 
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Fig. 25: Head of H. contortus adult with DBA  
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 amphid 

mouth 

 

 

 

 

 

 

 

Fig. 26: H. contortus adult with WGA viewed on confocal microscope at 400 x 

magnification showing mouth and amphids 
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4.6 Lectin binding to adult and larval stages of the plant parasitic 
nematodes L. elongatus and M. javanica L2 

Results of lectin binding to adult L. elongatus and L2 M. javanica using the panel of 

19 lectins are shown in Tab. 24. In general, the adult L. elongates showed less 

binding and the larval stage of M. javanica showed similar binding intensity to L3 and 

adult T. circumcincta and H. contortus. The adult worms of L. elongatus showed little 

surface binding, only BPL showed bright striations, though 9 of the 19 lectins tested 

bound to the head region. The sheathed larvae of M. javanica generally bound lectin 

only to the head and tail region, but AAL bound to the surface of the larvae.  

 

Tab. 24: Binding of lectins to adult L. elongatus and L2 M. Javanica 

 

Lectin L. elongatus, adults M. javanica, L2 
DBA neg + head 
SBA neg + head 
PNA + head neg 

BGS I neg neg 
MPL + head and tail, some dots on surface + head 
BPL +++ striations on surface + head 

PTL II + head, 50% neg 
WGA + head + head, tail 

BGS II neg neg 
RCA + head + head 
ConA + head + head 
LCA neg + head 
PSA neg + head 
UEA neg + head 
LTL + head + head 
AAL + head + head and surface 
SNA neg neg 
MAA neg neg 

PHA E+L + head neg 
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4.7 Recovery of larvae from grass 

4.7.1 Recovery of sheathed L3 with the Baermann apparatus in presence 
and absence of grass 

When around 100 counted larvae were added to the Baermann apparatus in the 

absence of grass, incubated for 4 h at room temperature (n =3), recoveries of 53 % 

(CV =16 %) were observed. When larvae were added to grass and placed in the 

Baermann apparatus under the same conditions (n = 3), recovery decreased to 38 % 

and became much more variable (CV = 70 % with 10 recovery runs). 
 

4.7.1.1 Baermannising solutions and detergents 

Results for recovery using detergents (n = 3 for each) and rumen fluid (n = 3) for 4 - 6 

h at room temperature are summarised in Tab. 25. The recovery of larvae off grass in 

tap water is listed as a control.  

 

 
Tab. 25: Effects of detergents and rumen fluid on recovery of L3 H. contortus in 

Baermann apparatus 

 

solution incubation time mean % recovered CV % recovered 

Tap water 4h 38 70 

50% rumen fluid 4 12.3 62 

100% rumen fluid 4 10 70 

0.01% Sunlight 5 42 26 

1.5% Pyroneg 6h 40.6 21.2 

1% Triton X-100 5 31.5 23 

0.5% Triton X-100 5 33 29 

 



112 

 

Using 50 or 100 % rumen fluid as a Baermannising solution markedly reduced the 

mean recovery from 38 % to around 10 %. The rumen fluid solution was very opaque 

and larvae were difficult to identify in the counting slide under the microscope. 

 

The addition of detergents (Sunlight, Pyroneg, Triton X-100) resulted in similar 

recovery percentages compared to water alone and showed less variation between 

recovery runs, with CVs decreasing from 70 % to 21.2 – 29 %. 

 

4.7.1.2 Temperature 

Recovery runs were routinely incubated at room temperature (22 – 24 °C) and 

recovery percentages were not improved when Baermannisation was run at 37 °C for 

4 h (n = 3, recovery 28 %, CV = 36 %). 

 

4.7.1.3 Incubation time 

Increasing incubation time increased both the number of larvae recovered in the 

funnel tip and the consistency of the results (n = 3). When larvae were Baermannised 

in the absence of grass, only 53 % (CV = 16 %) were recovered after 4 h. When 

incubation time was increased to 12 hours, recovery was increased to 98 % (CV = 

5%). Also, in the presence of grass, the recovery of larvae in water increased with 

increasing incubation periods (n = 3, Tab. 26). On every day tested (n = 3) when the 

recovery period was extended to 48 h the results were more consistent. The CV 

decreased to 7 %. Although recoveries were more consistent, the recovery 

percentage of 55 % was not significantly higher (p > 0.05) than after 4 – 24 h 

recoveries. 

 

Increased recovery time also improved larval recovery percentages in the presence 

of detergents (n = 2) and rumen fluid (n = 2). Extracting larvae in Pyroneg resulted in 

40.6 % (CV = 25 %) recovery after 6 h and a further 15.6 % (CV = 21 %) were 

recovered after 24 h. When larvae were incubated in 50 or 100 % rumen fluid, 
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recovery after 4 h was 12.3 or 10 % respectively. This increased to 17 % (CV = 36 

%) for 100 % rumen fluid after 24 h and to 22 % (CV = 32 %) for 50 % rumen fluid. 

 

Tab. 26: Recovery of larvae from grass after incubation in water at room temperature 

for 4, 12, 24 and 48 h. The mean recovery percentage and coefficient of 

variation (CV) between recovery runs are stated. 

 

recovery solution incubation time mean % recovered CV % recovered 

water 4 38 70 

water 12 43 24 

water 24 47 32 

water 48 55 7 

 
 

4.7.1.4 Effect of the funnel surface and different filters  

When the Baermann apparatus and the beaker used for collecting the larvae prior to 

counting were rinsed with water after a 48 h recovery run, further 1 - 2 % of larvae 

could be recovered in the rinsing solution (n = 3). Similar results were observed when 

the glass funnel was replaced with a plastic funnel (n = 5). When the glassware used 

for handling and recovering the larvae was siliconised (n = 5), recovery of larvae 

increased by 1 - 2 % and no larvae could be detected in rinsing solution after a 

recovery run  

 

Recovery of a known number of larvae through 1 layer of tissue paper or a nylon 

mesh with 20 µm mesh size without grass present had the same recovery after a 24 

h incubation (n = 3, 97.7 %, CV = 0.5 % for 1 layer tissue, 100 %, CV = 0 % for nylon 

mesh). The recovery percentage was decreased to 90 % (CV= 1 %) when 2 layers of 

tissue paper were used to line the sieve in the Baermann apparatus (n = 3). 
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4.7.1.5 Effect of the number of larvae applied to grass on recovery 

Recoveries of larvae were similarly consistent when larval numbers of around 100 

(56.2, CV = 7 %) or 500 (53.9, CV = 11 %) were applied to grass and recovered in a 

Baermann apparatus for 48 h at room temperature (n = 3). Although recovery 

percentages were higher when 1,000 L3 were applied, the results were less 

consistent (71.5, CV=21 %, Fig. 27). 
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Fig. 27: Percentage of larvae recovered from grass after 48 h incubation at room 

temperature in a Baermann apparatus when 100, 500 or 1000 larvae were 

applied to grass on 3 different days (colours) 

 

 

4.7.1.6 Recovery of exsheathed larvae 

Recovering H. contortus larvae from grass using 0.12 % sodium hypochlorite as 

Baermannising solution for 24 h resulted in the highest recovery percentage recorded 

of 94 % (n = 3). However, the average across recovery runs was only 49 % with high 
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variation between runs, and was not improved by increased incubation time (Tab. 

27).  

H. contortus larvae recovered after exposure to sodium hypochlorite were all 

exsheathed, but only sheath fragments could be observed in solution and some 

sheath fragment were still attached to the larvae. Of the H. contortus larvae 

recovered after exposure to CO2, 75 - 90 % were exsheathed and the entire sheath 

could be detected in light microscopy.  Exsheathing percentages were notably lower 

for T. circumcincta larvae, which showed 64 - 80 % exsheathment under the same 

conditions.  Recovery of H. contortus L3 from grass using CO2 exsheathing is shown 

in Tab. 27 (n = 3). 

 

Tab. 27: Recovery of H. contortus L3 from grass in the presence of a 0.12% sodium 

hypochlorite exsheathing solution 

 

solution Incubation time h Mean % recovered CV % recovered

0.12% sodium 

hypochlorite 

4 54 36 

0.12% sodium 

hypochlorite 

24 49 50 

CO2 24 51 22 

 

 

4.7.2 Baermann apparatus versus floatation methods 

Recovering larvae by using the Baermann apparatus with a known number of added 

larvae without grass present resulted in recoveries after 12 h at room temperature 

averaging 98 % with one layer of tissue, 99 % with nylon and 90 % using 2 layers of 

tissue as a filter (n = 3). In comparison, using the sucrose floatation method resulted 

in recoveries averaging 75 % (n = 2), while recoveries using potassium iodide 

averaged 83 % (n = 3). Larvae recovered using potassium iodide were dead and 

crenulated to high extent, therefore the species could not be determined 



116 

 

morphologically. Larvae recovered in sucrose on the other hand were alive and 

appeared unaltered in shape. The recovery of T. circumcincta larvae after 4 h of 

Baermannisation was 43 % (CV = 55 %). With freshly cultivated larvae, the recovery 

percentage increased to 54 % (CV = 11 %). 

 

4.7.2.1 Recovery of larvae off grass using Potassium iodide floatation 

A mean of 47 % (CV of 28 %) of larvae applied to grass were recovered using 

potassium iodide floatation (n = 4). 

 

4.8 Lectin binding to a mixed population of H. contortus and T. 

circumcincta recovered through a Baermann apparatus 

The mixed solution of L3 H. contortus and T. circumcincta were Baermannised for 48 

h and 53 % (CV = 12 %) of the larvae were recovered (n = 2). The recovered L3 H. 

contortus could be identified by binding of AAL to the head region, which was similar 

to AAL binding in worms which had not the recovery process. 
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5 Discussion 

5.1 Introduction 

Experiments described in this thesis aimed to chemically differentiate between H. 

contortus and T. circumcincta L3 recovered from pasture using lectins to produce an 

inexpensive, fast method which may be applied in the field. Although for a field 

method, lectins may be attached to beads for visualisation with simple light 

microscopy, in this study fluorescently labelled lectins have been used due to their 

ability to bind at lower concentrations and to give a detailed impression of the binding 

pattern. Therefore, initial experiments examined the best conditions for binding 

fluorescently labelled lectins to L3 and adult worms. Having established a reliable 

method, a panel of 19 lectins was used to examine binding to eggs, sheathed and 

exsheathed L3 and adults of T. circumcincta and H. contortus. The recovery of larvae 

was tested using floatation and a modified Baermann method to ensure recovery was 

compatible with lectin binding experiments. In the final experiment, a mixed 

population of H. contortus and T. circumcincta larvae was applied to grass, recovered 

using the optimised recovery technique and then tested for lectin binding.  

 

5.2 Optimisation of lectin binding conditions 

Initial experiments tested the conditions for lectin binding to sheathed T. circumcincta 

and H. contortus larvae. Binding of five lectins (DBA; SBA, BGS II, WGA and ConA) 

to sheathed larvae was tested in PBS as lectin binding buffer, as described for other 

nematode species (KUMAR and PRITCHARD 1992; NAYAR et al. 1995) and life 

cycle stages (PALMER and MCCOMBE 1996). The binding of lectins to L3 in this 

medium was inconsistent, as not all larvae were labelled and the fluorescence 

resulting from the binding was very weak (Fig. 4, 5) and could only be observed 

under high magnification. Binding results were not improved by exsheathing larvae 

(Tab. 10). In contrast, using the same protocol lectins bound much more intensely to 
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the surface of adult worms (Fig. 6), showing the assay conditions were adequate for 

this stage of development. Binding to adult worms was across the entire surface of 

the worm, revealing a striated pattern (Fig. 6). Since the lectin binding did not occur 

to all larvae examined (referred to as inconsistent or low consistency of binding 

hereafter) and pattern and intensity on the larvae were not ideal for identification and 

differentiation of species, several modifications to assay conditions were tested in an 

attempt to improve the lectin binding to larvae, using adult worms as positive control. 

The lectin binding inhibition tested by pre-incubation of the lectins with their specific 

monosaccharide prior to the binding experiments on H. contortus adults showed that 

most lectins were stopped from binding, as no fluorescence on the surface was 

observed in PBS as well as HEPES buffer (Tab. 15). This indicated the high 

specificity to the corresponding carbohydrate moiety of the lectins. Only PNA 

(GalNAc) and WGA (GlcNAc) were not inhibited by addition of the monosaccharides 

as the adults still exhibited very weak (+) and weak (++) fluorescence with those 

lectins (Tab. 15), but it was highly reduced in comparison with binding without 

previous inhibition of bright fluorescence (++++) (Tab. 22). It was thought that plant 

parasitic nematodes may bind lectins more effectively than animal parasitic 

nematodes based on the results of MCCLURE and STYNES (1988). That was not 

observed in the present study (Tab. 24). 

 

Lectin binding in different buffers and with the addition of cations was investigated. 

The recommended cations (Tab. 9) were added to PBS, triton buffer and HEPES in a 

final concentration of 0.1 mM Ca2+ and 0.01 mM Mn2+. Triton buffer, although 

recommended by Sigma Chemical Company for the use as lectin buffer, caused 

visible precipitation with Ca2+ and Mn2+ at the concentration and pH specified and 

was therefore not used further. HEPES buffer is recommended by the lectin 

suppliers, Vector labs, as it should not precipitate Ca2+ and Mn2+. Generally, the 

addition of cations to PBS buffer made little difference to lectin binding to T. 

circumcincta adults (Tab. 14). In fact, DBA, PHA E+L, LTL and UEA showed reduced 

binding after the addition of ions to PBS. Overall, addition of ions to HEPES improved 

binding only for SBA, but generally did not decrease binding, as observed with PBS 
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plus ions, only SNA binding was slightly reduced (Tab. 14). For lectins which did not 

require the addition of ions, binding results were similar in HEPES and PBS or 

slightly better in HEPES, especially when tested on sheathed T. circumcincta larvae 

(Tab.11, 12) and HEPES was therefore established as the standard buffer for all 

lectin binding except for PTL II where PBS was preferred (Tab. 12). Similar results for 

lectins with additional ions were also observed in sheathed T. circumcincta larvae 

(Tab. 13) where a higher percentage of larvae showed binding to the surface with 

some lectins (SBA, WGA, ConA) when ions were added to the buffer solution, but the 

binding was still variable and inconsistent (Tab. 13) Although the addition of ions 

caused little improvement in lectin binding to adults and to sheathed T. circumcincta 

larvae it was continued according to the manufacturer’s recommendation, to ensure 

the ion requirements of the lectins were met. 

 
To remove any possible dirt or detritus from the surface of L3, especially lipid soluble 

structures which may have obscured binding to carbohydrate groups on the surface 

of the sheath, various washing techniques were employed. These included increased 

washing with PBS and use of mild and strong detergents. None of these treatments 

increased lectin binding to L3. Triton X-100 reduced lectin binding to the surface of 

adult worms, suggesting that strong detergents could remove carbohydrate groups 

from the surface. Larvae were also washed, but without positive effects. This is 

consistent with BLAXTER et al. (1992) who reported glycoproteins were mostly 

present on the surface coat of nematodes which could be washed off with harsh 

detergents. 

 

Attempts were made to reduce possible effects of shedding of bound lectins by 

sheathed L3. Antibodies have been shown to be actively shed from the surface of 

both the free living nematode C. elegans (POLITZ and PHILLIP 1992) and T. canis 

larvae (SMITH et al. 1981), while increased antibody binding to the surface of 

immobilised T. canis L2 has been observed (SMITH et al. 1981). The shedding of 

antibodies was very rapid, occurring within 3 hours from T. canis larvae (SMITH et al. 

1981). This suggests that shedding from the cuticle is an active process and requires 
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metabolic activity. This is in agreement with SMITH et al. (1981) and MAIZELS et al. 

(1984) who showed that metabolic inhibitors and cooling reduced antibody shedding 

by T. canis. Similarly, the monoclonal antibody 8D bound well to the surface coat of 

H. contortus, T. spiralis and M. incognita when they were processed in cryosections, 

but was not detected on live nematodes and the shedding from the surface coat after 

incubation with the antibody 8D was observed in M. incognita (DE MENDOZA 1999). 

As the antigens being shed have been reported to be heavily glycosylated (MAIZELS 

and PAGE, 1990), they might be the target molecules bound by lectins. If so, and 

these glycosylated antigens are loosely attached to the surface and are frequently 

shed, this may explain the patchy and inconsistent binding of lectins to the surface of 

sheathed L3 observed in this study (Tab. 16, Tab. 17, Fig. 4, Fig. 8, Fig. 9). Also the 

imprint of the adult worms on the cover slip (Fig. 24) may be an indication, that the 

carbohydrates are only loosely attached and only on the surface of the adult worms. 

When the imprint occurred, no fluorescence was retained in that surface area of the 

worm (Fig. 24). L3 were immobilised and killed with liquid nitrogen (3.1.11), which 

increased the consistency of lectin binding to the amphids, implying that 

immobilisation had a positive effect on the lectin binding observed. 

 

5.3 Differentiation of sheathed L3 

The best differentiation of sheathed L3 H. contortus and T. circumcincta was 

obtained with AAL binding, which bound to the head of most H. contortus larvae (Fig. 

8), but not to T. circumcincta (Tab. 18). AAL was specific for L3 H. contortus and 

showed brighter and more consistent binding to fresher larvae, but was still a 

relatively reliable marker for older larvae (Tab. 16). In comparison, while BGS II also 

only bound to H. contortus and not to T. circumcincta larvae, the binding to H. 

contortus was inconsistent and better on 3 month old larvae than on 2 week old 

larvae (Tab. 16, 17, 18). SNA also bound consistently to H. contortus larvae and not 

to T. circumcincta, but the binding was very weak and changed location between 14 

day and 3 month old larvae from binding to the head region to binding to the surface 
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(Tab. 16, 17, 18) and was therefore not ideal for differentiation. This study also 

showed that the surface carbohydrates changed as the larvae got older while in 

storage, as the binding of some lectins increased and other decreased. This may 

also be true for larvae on pasture. None of the lectins tested showed stronger 

fluorescence than ++, which meant that sensitive systems for detection and high 

magnification were required. Rarely an even pattern with striations could be observed 

unlike in the adults and the intensity of binding in sheathed larvae on a score of 4 (+ 

to ++++) was ++ at best. 

 

5.3.1 H. contortus 

Overall, there was evidence of GalNAc, GlcNAc, mannose, fucose and sialic acid 

containing carbohydrates on H. contortus larvae, but lectin binding to L3 after 

different periods of storage was not consistent, which could complicate identification 

of larvae on pasture using this technique. According to the lectin binding observed on 

sheathed H. contortus larvae, the biggest change between the 14 day old larvae and 

the 3 month old sheathed larvae was the declining binding of GalNAc specific lectins 

to the older larvae (Tab. 16). Seven GalNAc specific lectins bound to the younger 

larvae and 6 of these bound most of the larvae examined. In contrast, while all 8 

GalNAc specific lectins bound to the 3 month old larvae, only 2 bound consistently 

(Tab. 16). Besides the binding of AAL to the head region, both ages of larvae also 

showed further evidence of fucose in their surface profile. PSA and UEA I bound 14 

day old larvae, though neither was consistent, and PSA and LTL instead of UEA I 

bound to 3 month old larvae. For mannose binding lectins, ConA and LCA showed 

stronger fluorescence on 14 day old larvae (++) and were consistent in both age 

groups. On the 3 month old larvae, binding of all GlcNAc specific lectins was 

observed, though only one, WGA, was close to consistent. In contrast, none of the 

GlcNAc specific lectins tested bound well to the surface of 14 day old larvae (only 20 

% bound to surface with BGS II). Interestingly, WGA bound to the head of 14 day old 

larvae, but to the surface of 3 month old larvae. The changing lectin binding seemed 

to be due to a change in the carbohydrates exposed, rather than just a decrease in 

the older larvae. Even though the changing profile of carbohydrates on the surface of 
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the larvae with age as observed with H. contortus larvae (Tab. 16) is not fully 

understood, it complicates the differentiation of species.  

 

Stage specific changes in lectin binding have been reported in other studies on 

parasitic nematodes, including H. contortus, T. colubriformis and A. suum (HILL et al. 

1991; BONE and BOTTJER 1985). However, these changes in lectin binding referred 

to changes between life cycle stages or at the onset of a new life cycle stage, the 

initiation of moulting, rather than changes of profile within the same life cycle stage 

as observed in this study.  

 

Panels of lectins do not appear to have previously been used to study H. contortus 

L3, however, they have been used to test and isolate secreted glycoproteins from H. 

contortus. Notably, ASHMAN et al. (1995) reported that an antigenic L3 surface 

glycoprotein with molecular weight 70 - 90 kDa was tested for lectin binding with a 

panel of horseradish peroxidise labelled lectins, but only WGA bound. It is unclear 

what other lectins were tested, so a direct comparison with the present study is not 

possible, but the protein described may be the one which was bound by WGA in the 

present study. H. contortus has been shown to produce further glycans which were 

capable of binding other lectins, for example the intestinal glycoprotein complex H11 

was purified using ConA (SMITH et al. 1993, 1999) while H-gal-GP bound WGA, 

ConA, PNA, SBA, Pea lectin and Jacalin lectin (SMITH et al. 1994). Until the present 

study, it was unclear whether these lectins would detect carbohydrates on the 

surface of L3. Consistent with these reports, WGA, ConA, PNA and SBA were 

among the lectins which bound to the surface of L3 H. contortus. Therefore, while the 

protein structures on the surface of H. contortus may not be the same as the hidden 

gut antigens H11 and H-Gal-GP, the glycan groups detected by lectin binding may be 

very similar.  

 

5.3.2 T. circumcincta 

The binding of lectins to the surface of sheathed T. circumcincta larvae showed a 

broad range of sugar specificity, like H. contortus. GalNAc was present on sheathed 
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T. circumcincta, as five of the eight GalNAc specific lectins, namely SBA, PNA, BGS 

I, RCA and MPL (Fig. 9) bound to the surface and DBA bound to the head region 

(Tab. 17). GlcNAc (WGA) and mannose (ConA and LCA) were present on the 

surface as well as the head, but unlike H. contortus, no fucose or sialic acid residues 

could be detected with the lectins tested (Tab. 17). The differences in sugar profiles 

allowed L3 H. contortus and T. circumcincta to be distinguished by their lectin binding 

characteristics. The absence of AAL binding was a key observation, as this bound to 

the head of most H. contortus L3 of the age groups tested and was considered the 

best means of differentiating the two species. As with H. contortus, there were no 

reports of testing lectin binding to the surface of L3 T. circumcincta and very little 

information was available on the surface glycoproteins, though SMITH et al. (2001) 

did report ConA binding to a surface aminopeptidase Oc12 and PNA binding to an 

intestinal surface protein Oc-gal-GP of T. circumcincta. Binding of ConA and PNA 

were also observed in the present study, possibly to the surface structure described 

by SMITH et al. (2001). 

 

5.3.3  Origins of the carbohydrates on sheathed L3 

The origin of the sugar groups on the sheath surface is not clear. In T. canis, 

antibodies to carbohydrate epitopes showed that glycoproteins on the surface of the 

worm could be secreted through the oesophageal gland or the midbody secretory 

column or alternatively originate from the cuticle (PAGE et al. 1992a). For H. 

contortus L3, binding of PNA, DBA, BGS I and LCA supported the theory of 

secretion, by showing binding to the surface and the amphids simultaneously, but 

only LCA presented consistent binding on both locations (Tab. 16). Supportive of 

secretion through the cuticle was that some lectins bound only the surface and did 

not bind to the pores at the same time, for example SBA, PTL II, RCA, BGS II, ConA, 

PSA, UEA I and SNA (Tab. 16). Binding to the amphids seemed to be less in older 

larvae, which may not be as metabolically active and the secreted product could 

have been washed out during the storage period or sugars on the surface may have 

detached. These are possible explanations why PHA E+L bound to the 14 day old, 

but not 3 month old H. contortus larvae (Tab. 16). On the other hand, ASHMAN et al. 
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(1995) described that the sheath might become worn over time exposing deeper 

carbohydrate groups, which might explain the increased binding of MPL and BGS II 

in this study during storage. Lectin binding to the pores was visualised on sheathed 

as well as exsheathed larvae and adults (Fig. 10, 16 – 19, 25, 26). 

 

5.4 Differentiation of exsheathed larvae  

Lectin binding to exsheathed L3 was examined for two reasons: larval recovery from 

herbage resulted in exsheathing of some L3 and as an assessment of improvement 

of identification compared with that of sheathed larvae. Differentiation of the two 

species of exsheathed larvae was difficult, because no binding to the surface could 

be observed and the binding to the amphids and phasmids was weak but more 

consistent than on sheathed larvae (Tab. 16,17,19, 20). However, BGS I bound to H. 

contortus but not to T. circumcincta and exsheathed larvae could be differentiated 

using this lectin. In contrast to sheathed L3, SNA bound to 4 month old exsheathed 

T. circumcincta, and to no H. contortus larvae, but it was also negative on 10 month 

old exsheathed T. circumcincta larvae (Tables 19, 20, 21) and therefore unsuitable of 

differentiation. 

 

L3 were exsheathed in either bleach or using CO2. After exsheathing treatment with 

bleach, the intensity of lectin binding was increased on a few individual larvae, but 

the binding pattern was very patchy and irregular (Fig. 7). Dissolution of the sheath 

during the exsheathing process was observed under a light microscope and the 

sheath seemed to be broken up into fragments during the exsheathing process. This 

interpretation is consistent with the study of ASHMAN et al. (1995), who reported that 

antigenic carbohydrates in L3 were not present on the cuticle of H. contortus L3, but 

could be present in deeper layers. Overall, bleach treatment did result in 

exsheathing, but it only increased lectin binding in some cases compared with 

sheathed larvae and results were also inconsistent. 
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Exsheathing with CO2, in contrast to bleach, resulted in more natural exsheathing, 

which did not seem to damage the underlying cuticle. This method exposed the L3 to 

CO2, heat and agitation, which caused the sheaths to break at an annular ring at the 

level of the head (Fig. 19) and induced exsheathing while the sheath stayed intact as 

the larva emerged. Empty sheaths floating in suspension after CO2 exsheathing also 

bound to lectins (Fig. 23), possibly due to carbohydrate groups on the inside of the 

sheath or from exsheathing fluid still in the sheath. Exsheathed H. contortus larvae 

showed no and T. circumcincta larvae very little binding of lectins to the surface (Tab. 

19, 20), but fairly consistent binding to the amphids on the head of both older and 

fresh larvae (Tab. 19, 20, Fig. 10, 11, 16, 17), probably related to activation during 

the 24 hour exsheathing process resulting in secretion of E-S products containing 

carbohydrates.  

 

Lack of lectin binding to the surface of exsheathed L3 is in agreement with the small 

number of studies on exsheathed L3 of other species, which reported the absence of 

lectin binding to the surface (MILNER and MACK 1988; KUMAR and PRITCHARD 

1992, 1994; JOACHIM et al. 1999). Similarly, binding to the head and tail regions 

was reported for sheathed T. canis (BOWMAN et al. 1988) and MILNER and MACK 

(1988) reported WGA binding to the excretory pore of T. colubriformis. It is unlikely 

that poor lectin binding was due to chemical masking of the carbohydrates on 

exsheathed L3, but the expression could be down-regulated to reduce antigens 

expressed on the surface after exsheathing, which normally occurs in the host during 

the life cycle of the parasite. Another explanation could be that the lectins used may 

not be able to bind to the lectins exposed, which could also be true for sheathed 

larvae. 

 

While the binding of GalNAc specific lectins was less affected by the age of the 

exsheathed H. contortus larvae, lectin binding of fucose (LTL, PSA) mannose (LCA) 

and GlcNAc (BGS II) was reduced in 2 month old larvae (Tab. 19), according to the 

binding pattern observed with the lectins tested. In contrast, PNA bound to some 2 

month old larvae but not to 4 month old larvae, showing that the pattern of 
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expression changed, rather than increased or decreased with age. Unlike with 

sheathed H. contortus larvae, there was no evidence of sialic acid in exsheathed 

larvae (Tab. 19).  

 

In exsheathed T. circumcincta, carbohydrates in the amphids and sometimes also in 

the phasmids, contained GalNAc (DBA, SBA, PNA, MPL and BPL), GlcNAc (WGA 

and BGS II), mannose (ConA and LCA), fucose (PSA and AAL) and sialic acid (SNA) 

(Tab. 20). Aging, probably due to reduced metabolic activity, reduced the binding of 

GalNAc, GlcNAc, mannose and sialic acid specific lectins in 10 month old larvae 

except for WGA, BPL and MPL, which showed consistent binding to head and tail 

region in both age groups tested (Fig. 11).  

 

The only time fluorescent binding could be observed on the surface of exsheathed 

larvae was during the process of exsheathing. Larvae were cryopreserved after CO2 

exsheathing and a few larvae which were preserved while they were still in the 

process of exsheathing showed bright fluorescent binding either to surface of the 

worm (Fig. 21, 22) or to the sheath (Fig. 19, 20). These results are consistent with a 

reported increase in carbohydrate expression in A. suum larvae at the onset of 

moulting (HILL et al. 1991). This phenomenon was observed only on a few larvae 

and presumably the carbohydrates were washed off or shed soon after the process 

of exsheathing was completed. 

 

5.5 Differentiation of adult worms 

Adult T. circumcincta and H. contortus worms could be differentiated by SNA, which 

bound only to the surface of T. circumcincta (Tab. 22). There was generally strong 

lectin binding to adults compared with L3, which is consistent with BONE and 

BOTTJER (1985) who reported much more lectin binding to the surface of adult N. 

brasiliensis and H. contortus than to the surface of L3. These authors also reported 

the presence of GalNAc and GlcNAc on the surface of male and female H. contortus, 



 127

but did not report specifically which lectins bound to H. contortus to define these 

sugar residues. BONE and BOTTJER (1985) did not report lectin binding specific to 

mannose, fucose glucose or sialic acid containing sugars on H. contortus adults. The 

lack of sialic acid residues was consistent with results presented here and the lack of 

fucose containing residues reported by BONE and BOTTJER (1985) based on 

negative UEA I binding was also consistent with the present study. However, AAL 

bound to H. contortus in the present study, suggesting fucose residues in a different 

linkage are present; this lectin was not tested by BONE and BOTTJER (1985). A 

further difference between the present study and BONE and BOTTJER (1985) is that 

binding of ConA and LCA reported here indicated the presence of mannose on the 

surface of H. contortus adults. 

 

No evidence of reported lectin binding to the surface T. circumcincta adults was 

found in the literature during research for this study. GalNAc, GlcNAc, mannose, 

fucose and sialic acid were demonstrated on the surface of adult T. circumcincta, 

while all except sialic acid were also on the surface of adult H. contortus (Tab. 22). Of 

the GalNAc specific lectins, all but PTL II bound with high intensity to H. contortus 

and binding was also present with the same lectins, but less intense on T. 

circumcincta. The lectins binding to GlcNAc and mannose also showed strong 

binding to both species. Binding was less intense and more specific for fucose. PSA 

bound well to both, UEA I did not bind to either species and LTL bound weakly to T. 

circumcincta only, while AAL bound to H. contortus only. Sialic acid could be 

detected only on T. circumcincta by weak binding of SNA to the surface. 

 

5.6 Differentiation of eggs 

The lectin binding showed that the sugar pattern on the surface of the eggs of both 

H. contortus and T. circumcincta contained GalNAc, while T. circumcincta also 

contained mannose and fucose. The GalNAc specific lectins PNA and MPL bound 

consistently to H. contortus, whereas only MPL bound consistently to T. circumcincta. 
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The mannose specific lectins ConA and LCA along with the fucose specific lectin 

PSA bound to T. circumcincta eggs, but not to H. contortus eggs. 

 

Previously, both PALMER and MCCOMBE (1996) and COLDITZ et al. (2002) used 

lectins to differentiate H. contortus from T. circumcincta and T. colubriformis eggs. In 

agreement with both studies, MPL and ConA bound to H. contortus and T. 

circumcincta eggs. PNA binding to H. contortus and not T. circumcincta eggs 

supported the findings of PALMER and MCCOMBE (1996) but not COLDITZ et al. 

(2002), although the binding to T. circumcincta eggs reported by COLDITZ et al. 

(2002) was weak. Strong PNA binding was restricted to H. contortus eggs in the 

present experiments as well as in the two earlier reports. Lack of RCA binding to H. 

contortus eggs (Tab. 23) is also in contrast to the observations of COLDITZ et al. 

(2002) and was not tested by PALMER and MCCOMBE (1996). Differences between 

studies suggest that there may be some strain variations in H. contortus and results 

from binding studies may not be entirely consistent within this species. Neither of the 

previous studies tested LCA or PSA, which bound only to T. circumcincta eggs in the 

present study. Overall, the present results supported the conclusions of PALMER 

and MCCOMBE (1996) that H. contortus eggs could be identified with PNA and have 

additionally shown that T. circumcincta eggs could be differentiated by LCA and PSA 

binding. 

 

5.7 Recovery methods: floatation versus Baermannisation 

Recovery of larvae from grass commonly includes washing herbage in a detergent 

solution which forms a sediment containing the larvae. To separate the larvae from 

the sediment, a floatation or Baermannisation step follows the washing procedure. 

Despite these methods of recovery being commonly used to assess the larval burden 

on herbage samples, there is no single widely used and accepted method, since 

none of the methods seems to achieve the desired complete and consistent recovery 

of larvae. Varying successes for these approaches were reported in the literature, 
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recovering around 30 - 60 % of known numbers of larvae from herbage, with low 

consistency. Also, little information is available on the reasons for low and variable 

recovery and the steps in the recovery process where the larvae get lost. To assess 

the recovery procedure, larvae in water without added grass were recovered using 

floatation or Baermannisation. 

 

Floatation of larvae was tested with KI and sucrose; both were dissolved in water to 

make a solution denser than the larvae, causing them to float. Both sucrose 

(KRECEK et al. 1991) and KI (MARTIN et al. 1990, O’CONNOR et al. 2006) have 

been used to float larvae from washed pasture samples. MARTIN et al. (1990) 

reported 95 % (range 75 - 100 %) recovery of known numbers of larvae using KI to 

float larvae from a pasture sediment sample. The recovery in these experiments was 

similarly high at 83 %, but keeping lectin binding as the next step of this project in 

mind, KI was not suitable as the high salt concentration altered the surface of the 

larvae. The sucrose gradient was better in this respect and recovered the larvae 

morphologically intact and the recovery percentage using sucrose was around 75 %. 

KRECEK et al. (1991) reported that using sucrose to float larvae from a sediment 

collected from soil samples recovered 44 % of the larvae, which was a lower 

percentage than reported here, most likely due to interference in floating off soil 

samples. 

 

The recovery percentage using the Baermann method was 98 % after 12 hours 

incubation without grass, which indicated that the Baermann apparatus was as 

successful as the floatation methods for concentration the larvae from the 

Baermannising solution. For this project Baermannisation was more suitable than 

floatation, despite the long incubation period, although long incubations are a 

disadvantage for the development of a field test.  
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5.8 Recovery of larvae using a Baermann apparatus 

When larvae were pre-incubated on grass and recovered in the Baermann apparatus 

for 12 hours, the recovery dropped to 43 % (CV = 24) (Tab. 26) and became more 

variable compared to the recovery of larvae without grass. This suggests that the 

main factor affecting recovery was interaction of the larvae with the grass preventing 

their entry into the Baermann funnel. To overcome the drop in recovery percentages 

and the variable results, the Baermannising conditions were modified to attempt to 

identify the sources of inconsistency. 

 

5.8.1 Detergents 

A common Baermannising solution in recovery experiments is water with additional 

detergent in very low concentrations to reduce the surface tension, which may 

facilitate the separation of the larvae from the sample. In this study, a positive effect 

of detergents could not be confirmed; the addition of different detergents (Sunlight, 

Pyroneg, Triton X-100) did not improve the recovery percentages (Tab. 25). Many 

reported methods for recovering larvae from pasture or soil have detergents added to 

Baermannising or filtering solutions used (ROHRBACHER 1957; TODD et al. 1970; 

JØRGENSEN 1975b; GETTINBY et al. 1985; CALLINAN and WESTCOTT 1986; 

EYSKER and KOOYMAN 1993; KRECEK and MAINGI 2004), but the improvement 

of recovery due to the added detergents has rarely been quantified. TODD et al. 

(1970) reported that the recovery of L3 of H. contortus was reduced in solutions 

containing 0.2 % Tween-80 or 0.2 % Tergitol Penitrant 4 compared with that in pure 

tap water, isotonic saline or Ringer’s solution. The reason for the reduced recovery is 

unclear. 

 

5.8.2 Incubation temperature and time 

According to the literature, Baermannisation is commonly conducted at room 

temperature. Room temperature was adopted for this study, since an increase of 

temperature from room temperature to 37°C did not improve larval recoveries. It was 
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assumed that higher temperatures might increase motility of the larvae and therefore 

facilitate their migration through the herbage and the lining of the sieve, but this was 

not observed. These results are in agreement with reports that both Trichostrongylus 

spp. (KAUZEL 1940) and H. contortus (KAUZEL, 1940; TODD et al. 1970) were 

recovered in higher percentages at room temperature than at 37 °C. This may be a 

species effect, as hookworm larvae (CORT et al. 1922) and D. viviparus 

(ANDERSON and WALTERS 1973) were recovered better at temperatures over 30 

°C. 

 

Incubation time was the most significant factor affecting larval recovery. Recovery 

was most consistent after 48 h (Tab. 26), similar to studies with D. vivaparus (RODE 

and JØRGENSEN 1989), but slower than reported previously for H. contortus (TODD 

et al. 1970). These differences may relate partly to species differences in larval 

motility or within a species to the age of the culture. Also other variations in 

conditions used in different laboratories may have an effect. 

 

5.8.3 Funnel material, siliconising and rinsing the apparatus 

Funnels of different materials, namely glass and plastic, were incorporated into the 

Baermannising apparatus and the glassware was siliconised to evaluate the effects 

of the resulting changes in surface characteristics of the funnel. The larvae travel 

from the sample through the sieve deeper into the funnel, before reaching the funnel 

tip and rubber hose. During their passage through the funnel, larvae are likely to 

come in contact with the funnel wall, which may stop their forward motion if the funnel 

has a surface with high resistance. This problem could be magnified if the slope of 

the funnel were shallower. Comparing the different surface materials, there was no 

advantage using glass or plastic funnels. Also siliconising glass funnels did not 

increase the recovery significantly. MCKENNA (1999) reported that funnel slope may 

be significant in recovery of larvae, presumably because of droplets not sinking due 

to surface tension with shallower funnels. The effects of siliconising glassware were 

insignificant in the present study, but did result in no larvae being recovered in 

washes of the apparatus after experiments. Including the rinsing step would be 
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preferred to siliconising for a field based method, as siliconising glassware is more 

cost and labour intensive and the apparatus did not seem to keep many larvae from 

sinking into the hose tip. 

 

5.8.4 Recovery after exsheathing 

The use of the Baermann apparatus was combined with exsheathing methods in 

order to improve recovery percentages. Larvae were activated and exsheathed with 

CO2 before Baermannisation or exsheathed with sodium hypochlorite during 

Baermannisation. Recovery by exsheathing is a novel approach not reported in the 

literature and was attempted in case exsheathed larvae were easier to recover than 

sheathed larvae. It was seen as a possibility that the larvae were tightly bound to the 

grass in the sample through their sheath, which might stay behind, while the 

exsheathed larvae were activated and could move freely through the apparatus. 

Exsheathing of larvae did not result in increased recovery (Tab.27). Even though 

exsheathed larvae can still be distinguished according to their lectin binding pattern, 

exsheathing is not ideal, since the larvae did not show binding to the surface. 

Another limitation of this method is that different larval species exsheathed at 

different rates and this can lead to another source of variation. 

 

5.9 Combined recovery and lectin binding methods 

When a mixed population of sheathed larvae (50 % H. contortus, 50 % T. 

circumcincta) was applied to grass, 53 % of the larvae applied were recovered after 

48 h using a Baermann apparatus. The H. contortus larvae could be labelled with 

AAL post-recovery and were distinguished from T. circumcincta larvae. 
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5.10 Future directions 

These experiments have shown that it was possible to recover L3 H. contortus and T. 

circumcincta off herbage and then to distinguish the species by lectin binding. Larvae 

were recovered more consistently from herbage, but the recovery required a long 

incubation period and was still low. To assess the use of the modified recovery 

method as a field method, much larger sample sizes of herbage will have to be 

examined to evaluate if the recovery percentage and consistency are still reliable. 

The lectin binding was also incomplete on the surface of larvae of H. contortus and T. 

circumcincta. The differentiating lectin for sheathed H. contortus was AAL, which 

bound to a high percentage of, but not all larvae besides the lectin binding being 

weak and only visible on the head region of the larvae at high magnification. For this 

method of speciation to be reliable, lectins which bind all the larvae of one species 

but none of the larvae of other species tested would be ideal, but may not be 

achievable. In addition, stronger fluorescence based on lectin binding is desirable, as 

this would allow better imaging and therefore faster and possibly automated counting 

of the larvae. At this stage, differentiation of H. contortus and T. circumcincta larvae 

using lectin binding offers little advantage over traditional methods based on 

morphological differentiation. For this method to be a field method, another way of 

visualising lectin binding rather than fluorescence is required, since a fluorescence 

microscope is specialised equipment. One approach could be to visualise lectin 

binding with coloured beads, which could probably be developed on eggs, as they 

show more binding to the surface. It has been demonstrated that lectin binding offers 

opportunities for a novel method of speciation and possibly for other sheep parasitic 

nematodes and life cycle stages. 
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6 Summary 
 

Katharina Hillrichs (2010) 

 

Investigations on the binding capacity of lectins to sheep parasitic nematodes 
to improve recovery and differentiation of infective larvae 
 
To maximise growth, fecundity and animal health of livestock, it is important to 

understand, control and manage nematode parasite burdens. A central issue 

regarding infection of livestock with gastrointestinal parasites is the degree of 

contamination of pasture with the infectious larval stages of these nematodes, often 

referred to as larval challenge. Assessing the degree of larval challenge is essential 

in managing the degree of infection in grazing animals. Traditionally it has been 

difficult to assess the pasture contamination for two reasons: firstly because of the 

difficulty of identification and differentiation of nematode larvae and secondly, 

because of poor and inconsistent recovery of these larvae of pasture. Both problems 

were addressed by using a panel of 19 lectins to differentiate L3 of H. contortus and 

T. circumcincta and by modifying the Baermann method as a recovery method of 

larvae from grass. When counted numbers of larvae were incubated on grass, 

recovery was most consistent when the incubation period was extended to 48 hours, 

which resulted in recovery of larvae of 55 % (CV 7 %). Lectin binding to the surface 

of L3 of both species was weak, patchy and inconsistent. Sheathed larvae could be 

distinguished by AAL binding to the head of H. contortus only. Exsheathed larvae did 

not show any binding to the surface, but binding to the mouth region, amphids and 

phasmids was more consistent. Exsheathed L3 could be differentiated by binding of 

BGS I to the head of H. contortus only. In comparison to L3, other life cycle stages 

like eggs and adults showed intense lectin binding and could be distinguished easily.  

When the two methods were combined and a mixed population of H. contortus and 

T. circumcincta were placed in grass, 53 % of larvae could be recovered with 

Baermann separation and the H. contortus distinguished by AAL binding. 
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7 Zusammenfassung 
 

Katharina Hillrichs (2010) 

 

Untersuchungen zur Lektinbindungskapazität von Nematoden des Schafes zur 
Speziesdifferenzierung und Gewinnung von infektiösen Larven aus Weidegras 
 
Um Gewichtszunahmen, Fruchtbarkeit und Gesundheit einer Schafherde zu 

maximieren, ist es wichtig, den Parasitenbefall mit Nematoden des Magen-Darm-

Traktes zu verstehen und zu kontrollieren. Ein bedeutender Punkt in Bezug auf das 

Infektionsrisiko der Herde ist die Kontamination der Weide mit dem infektiösen 

Larvenstadium (L3) der Nematoden. Um die Infektionsrate der weidenden Tiere zu 

kontrollieren, ist es wichtig, den Infektionsdruck zu bemessen. Traditionsgemäß ist 

es aus zwei Gründen schwierig, die Kontamination der Weide einzuschätzen: erstens 

wegen der Schwierigkeit, die verschiedenen Larven zu identifizieren und zu 

differenzieren und zweitens wegen der niedrigen und inkonsistenten 

Rückgewinnungsrate der Larven vom Weidegras. Beide Probleme wurden 

bearbeitet, indem eine Auswahl 19 fluoreszierender Lektinen auf ihre Eignung 

untersucht wurden, Larven von H. contortus and T. circumcincta leichter zu 

unterscheiden und die Baermann Methode zur Rückgewinnung der Larven vom 

Weidegras modifiziert wurde. Die konstanteste Rückgewinnungsrate wurde nach 

einer Auswanderzeit von 48 h erzielt. Die Rückgewinnungsrate lag bei 55 % (CV 7 

%). Die Fluoreszenz der Lektine, die an die Oberfläche der L3 beider Spezies 

gebunden haben, war schwach, ungleichmäßig und unregelmäßig. Bescheidete 

Larven konnten durch Bindung von AAL nur an der Kopfregion von H. contortus 

unterschieden werden. Kein Lektin zeigte Bindungsfähigkeit zur Oberfläche von 

entscheideten Larven, aber die Bindung zu Amphiden und Phasmiden war 

konsistenter. Entscheidete Larven konnten durch Bindung von BGS I nur an der 

Kopfregion von H. contortus differenziert werden. Im Vergleich zum Larvenstadium, 

zeigten die Lektine höhere Bindungsfähigkeit zu anderen Entwicklungsstadien, wie 
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Eiern und Adulten. Beide Methoden wurden kombiniert und eine gemischte 

Population von bescheideten H. contortus und T. circumcincta Larven wurden auf 

Gras präinkubiert. Mit der modifizierten Baermann Methode konnten 53% der Larven 

zurück gewonnen und mit AAL unterschieden werden. 
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9 Appendix 
 

9.1 List of abbreviations 
 

+ very weak fluorescence 

++ weak fluorescence 

+++ moderate fluorescence 

++++ bright fluorescence 

°C degree Celsius 

µm micrometer 

AAA Artocarpus Altilis Agglutinin 

AAL Aleuria Aurantia Lectin 

BGS I Griffonia Simplicifolia I  

BGS II Griffonia Simlicifolia II  

BPL Bauhinia Purpurea Lectin 

Ca2+ calcium 

CaCl2 calcium chloride 

cm centimetre 

CO2 carbon dioxide 

ConA Concavalin A 

CV coefficient of variation 

DBA Dolichos Biflorus Agglutinin 

E-S excretory-secretory products 

EM electron microscopy 

et al. et alii (Latin) and others 

etc. et cetera (Latin) and other things 

Fig. figure 
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g gram 
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Gal galactose 

GalNAc N-acetyl-galactosamine 

GlcNAc N-acetyl-glucosamine 

h hour(s) 

H2O water 

Hc Haemonchus contortus 

HCl hydrochloric acid 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

KCl potassium chloride 

kDa Kilodalton 
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l litre 

L2 second stage larvae 

L3 third stage larvae 

L4 Fourth stage larvae 

LCA Lens Culinaris Agglutinin 
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M molar (Mol/ litre) 
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MnCl2·4H2O manganese chloride tetrahydrate 

MPL Maclura Pomifera Lectin 

n number of repeats 
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