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Chapter 1

INTRODUCTION

The work presented in this thesis comprises the Australian research component of a

project funded by the Australian Centre for International Agricultural Research entitled

"Strategies for the sustainable control of gastrointestinal parasites of ruminants using

urea-molasses blocks - Project No. 9132". The background for this project is detailed

below.

If the human population of the world continues to grow as predicted, it is expected that

without dramatic increases in productivity, food production will not meet predicted demand

sometime during the first half of the next century (Tribe, 1994). The bulk of population

growth is predicted to occur in the developing nations of Asia so production of food in this

region must be given immediate priority. Although small ruminant production is increasing

in the Asian region to meet current demand for food protein (meat), it is still considerably

below present consumption levels in most Southeast Asian and Pacific Island nations.

Further increases in small ruminant production cannot rely on increasing the numbers of

animals on existing land and forage resources but must attempt to utilise previously

untapped resources and also reduce or eliminate the major constraints to efficient resource

utilisation in these production systems.

In developing nations small ruminants are produced from varying management and

husbandry systems (Devendra, 1985). Village systems where animals are confined and fed

cut-and-carry forage offer little prospect for expansion of numbers to achieve large

increases in productivity. Grazing systems, particularly those integrated with tree crops,

offer considerable potential for increasing small ruminant production through utilisation of

waste vegetation (Devendra, 1993). Utilisation of this resource will also reduce the high

levels of herbicide use which presently occur, particularly in rubber and oil palm

plantations.
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Attempts to increase the productivity of ruminants in developing countries generally

encounter two principal constraints - nutrition and health. Depending on the particular

environment and production system either undernutrition or infectious and/or parasitic

disease, and frequently both, interact to limit animal performance. In these the forage base

is usually of medium to low quality made available by grazing or cut-and-carry methods.

At certain times of the year the quality of this resource deteriorates due to seasonal

influences and productivity declines unless supplements are offered.

Successful control of bacterial and viral disease in these livestock production systems is

possible to some degree through conventional vaccination and quarantine procedures.

However, for parasitic disease these approaches are either not yet possible or impractical

and chemotherapy, coupled with grazing management where possible, is the only control

method presently available.

Studies of helminth parasitism in small ruminants in Southeast Asia have indicated high

incidence and high mortality where grazing is the predominant husbandry practice

(Beriajaya & Stevenson, 1986; Sani & Rajamanickam, 1991; Carmichael, 1991; Dorny et

al., 1995). Estimates of annual mortalities of small ruminants due to gastrointestinal

parasitism range from 25 to 50% and these losses must result in a reduction of at least 25%

in animal productivity per annum, with a similar monetary value lost in replacement cost of

the dead animals. Losses induced by clinical and subclinical parasite infections probably

equal the value of the present output of the ruminant industries of these countries and

control of the problem would yield considerable productivity benefits. Although the

problem of helminth parasitism is widespread and often severe, little attention has been

given to sustainable control strategies in the development of small ruminant production

systems up to the present time (Carmichael, 1991).

One important step in the development of strategies for controlling nematode parasites in

the production systems targeted by the project was to assess the impact of low cost

supplements on the ability of animals to withstand infection. The Australian research

component, as presented in this thesis, was designed to provide that information and

discusses the likely impact nitrogen supplements may have in field applications. Prior to
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the presentation of the results of experimentation the literature is reviewed to provide

sufficient background information in relevant areas. Firstly, gastrointestinal nematode

parasitism of sheep is reviewed (Chapter 2) to provide details of the parasites of interest

and their impact on production. The pathophysiology of infection, the interaction of

parasites and nutrition and means of controlling the problem are also discussed. This is

followed by a brief review (Chapter 3) of the nutritional approaches taken to increase the

productivity of ruminants fed low quality roughage diets which predominate in the

developing nations of Southeast Asia and the Pacific Islands with particular emphasis on

urea-molasses blocks. The experimental chapters (Chapters 4-6) then precede the

General Discussion (Chapter 7).
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Chapter 2.

NEMATODE PARASITISM OF SHEEP: A

REVIEW.

2.1 Introduction
Gastrointestinal nematode parasites infect ruminants wherever livestock production

occurs and are a particular problem in tropical, subtropical and wet temperate regions

where environmental conditions are conducive to the development and survival of free-

living infective stages. Rather than attempting to describe in detail all species of

parasites and hosts this review concentrates on the two major pathogenic species of

parasitic nematodes which infect sheep in the developing nations of South-east Asia and

the Pacific. Reference to other parasite species and hosts will be made, when necessary,

to demonstrate relevant principles or where information from the primary species of

interest is lacking. A brief description of these parasites and how they affect their hosts

will preface consideration of their effects on production. In environments where

nutrition is often a primary constraint to production the interaction of parasites and

nutrition is of paramount importance when control alternatives are to be considered. This

topic is essential to the substance of this thesis and will therefore, be reviewed in greater

depth. A brief assessment of control alternatives will then precede a statement of

objectives in terms of improved nematode parasite control in the region of interest.

2.2 The parasites and their pathogenesis
The major pathogenic species of nematode parasites infecting small ruminants in

Southeast Asia arid the Pacific Islands are Haemonchus spp. and Trichostrongylus spp.

Both genera belong to the Family Trichostrongylidae and the species H. contortus and T.

colubriformis are commonly identified as major pathogens in sheep rearing areas

although both species are also known to infect other host species (Georgi, 1985).
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2.2.1 Life cycle of Trichostrongylid nematodes
Members of this family of nematodes have a direct life cycle with a preparasitic stage on

pasture and the parasitic stage in the host animal. Eggs passed in the faeces hatch to

produce the larvae (L,) which feed on bacteria, grow and then moult to progressively

become L 2 and L 3 when the sheath is retained for protection against desiccation. The L,

are the infective stage and do not feed but migrate from the faeces onto nearby herbage to

await ingestion by a suitable host. Once ingested the protective sheath is cast off and the

larvae are transported with the digesta to the predilection site where they remain to grow

and become adult. Eggs produced by adult worms are voided into the digesta and are

eventually passed in the faeces.

2.2.2 Haemonchus contortus
The parasitic nematode H contortus or "barbers pole worm", as it is commonly known,

is found in the abomasum of infected animals in tropical and subtropical areas where

sufficient rainfall occurs to sustain development and transmission to the host. Adult male

worms are 10-20 mm long and female worms are 18-30 mm long with egg production

occurring after 18-21 days of infection and reaching peak levels after 28 days

(Veglia,1915). Haemonchus spp. are prolific egg layers with individual worms

producing up to 5000 eggs /day (Le Jambre, 1995). Both sexes are haematophagous and

if present in large numbers cause severe anaemia in host animals due to the damage

caused to the abomasal wall during feeding. In sheep three disease syndromes are

recognised ie. hyperacute, acute and chronic haemonchosis (Reinecke, 1983).

Hyperacute disease occurs after the ingestion of a large number of L 3 (10,000-35,000),

blood loss is severe (200-600m1/day) and death occurs in as little as 7 days since

compensatory erythropoiesis cannot take place. Acute disease occurs when infection

with adult worms reaches moderate levels (1,000-10,000) and compensatory

erythropoiesis enables maintenance of haematocrit levels. If the infection persists the

body's ability to maintain growth is affected and hypoalbuminaemia, facial oedema and

anaemia eventually occur prior to death. Chronic haemonchosis occurs when only a few

adult parasites are present (100-1,000) and compensatory erythropoiesis takes place over
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an extended period of time. During chronic infection serum iron and protein levels

become exhausted unless adequate nutrition is available and death may occur when

nutrition is insufficient. Further information on the pathogenesis of infection is detailed

in Allonby (1973), Dargie (1973), Dargie & Allonby (1975) and Abbott et al. (1984).

2.2.3 Trichostrongylus colubriformis.
The parasitic nematode T colubriformis is commonly known as the "black scour worm"

and infects the anterior small intestine of sheep in tropical and temperate localities where

sufficient rainfall occurs to sustain development and transmission to the host. Adult male

worms are 5.5-7.0 mm long and female worms are 6.0-8.0 mm long with egg production

occurring after 18-20 days of infection (Reinecke, 1983). Even though eggs produced

are of similar size to those of Haemonchus spp. fecundity per female worm is

considerably lower due to the much smaller worm size. T. colubriformis infection causes

damage to the villi of the small intestine which increases plasma leakage across the

intestinal wall and increases intestinal mucus production. Anorexia occurs concurrently

with a greater demand for increased protein synthesis to compensate for intestinal losses

so growth rate of muscle and fibre are depressed. Animals infected at pasture exhibit

dark coloured diarrhoea, or "black scours", and anaemia and if the infection persists

death may eventuate. According to Horak et al. (1968) infection can result in acute

disease or chronic disease syndromes. In acute disease large numbers of parasites

(250,000 L3) caused facial oedema, anorexia, production of foetid diarrhoea and death

after 13 days. In chronic disease (100,000 L3) anorexia occurred after 10 days, some

facial oedema was observed from 26-28 days, soft faeces and anaemia persisted until the

death of some animals while others recovered spontaneously after the 12 th week of

infection. Further details of the pathogenesis of infection with this species are provided in

Symons & Jones (1971, 1972, 1975, 1977) and Symons et al. (1974).

2.2.4 Immunological response to nematode infection
Sheep can, and do, respond immunologically to infection with Trichostrongylid

nematode parasites but the response is influenced by several factors. Immunity appears

to be age dependent with younger age classes being more susceptible than older animals
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(Colditz et al., 1996) while relaxation of immunity is often observed to occur in

periparturient or malnourished animals (Reinecke, 1983). Immune response to infection

is also influenced by sheep breed (Baker, 1996) and considerable variation observed

within breed has led to breeding programs aimed at producing sheep more resistant to

helminth infection (Woolaston, 1996). The immune response can cause complete

rejection of invading larvae, may expel existing infections or may modulate the normal

development and fecundity of established worms (Mitchell, 1982). These responses can

occur once threshold populations of nematodes are reached (Dineen, 1963) or may occur

at any time during infection. The degree of response is also variable and is likely

governed by individual host genotype, physiological state and prior exposure to

infection.

Considerable effort has been applied to determining the mechanism by which sheep hosts

can respond immunologically to infection with nematode parasites but up to the present

time this has not been fully defined. It is known that the events associated with a T-

helper 2 cell response, notably IgE synthesis, eosinophilia and mucosal mastocytosis are

protective (Miller, 1996). Recent work has focused on the role of cytokines in the

immune process and on attempting to determine the mechanism of antigen recognition.

Once elucidated this information may be useful in the refinement of the array of

experimental vaccines so far developed for improved protection of sheep against

nematode infection.

2.3 Effects of nematode parasites on sheep production
In general the efficiency of any ruminant production system is determined by four

principal factors, namely, minimum mortality, optimum growth rate or product yield,

optimum reproductive performance and maximum utilisation of the available feed

resource. Gastrointestinal parasitism can impact on each of these factors as shown in the

following sections.
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2.3.1 Mortality
Death of the host is the most severe form of production loss due to gastrointestinal

parasitism since not only is there a cost in terms of replacement value of the animal but

often the year's production is also lost. Gastrointestinal parasites can influence mortality

of animals at all stages of their development. Periparturient infection of females can

impact on the post-natal survival of offspring (Mackay, 1980; Chaudhry et al., 1987,

Manueli et al. ,1995). Infection during pregnancy may result in smaller offspring with

consequent higher mortality rates (Jordan & Le Feuvre, 1990). Milk production can be

reduced by parasitic infection (Leyva et al., 1982; Juste Jordan & Garcia Perez, 1991;

Cobon & O'Sullivan, 1992) thereby reducing growth rates and increasing mortality of

offspring (Juste Jordan & Garcia Perez, 1991; Cobon & O'Sullivan, 1992). Maternal

behaviour may also be altered in infected animals with increases in mismothering and

desertion the likely result (Holmes & Zohar, 1990).

Mortality due to parasitism is greatest in young animals during the period post-weaning.

The stress of weaning combined with immature immunological status, with respect to

gastrointestinal parasites, renders the young animal more susceptible to severe levels of

infection and high mortality. In field experiments in Australia mortality rates in untreated

young sheep range between 10 and 68% (summarized in Barger, 1982). Recent

observations in developing nations reveal mortality rates of up to 50% in young goats in

Fiji (Manueli, 1996) and up to 38% in small ruminants in Indonesia (Beriajaya &

Stevenson, 1986; Handayani & Gattenby, 1988). In Malaysia the mortality rates of goats

below one year of age ranges from 33 to 93% while adult mortality is 34% with

haemonchosis being a major contributor to these deaths (Symoens et al., 1993).

Although adult animals are normally less susceptible to high levels of parasite infection

mortality of adults does occur particularly during or after periods of stress. Stressors

such as presence of other diseases, parturition and lactation, drought or other periods of

nutritional insufficiency and stress caused by husbandry practices render adult animals

more susceptible to infection and increased mortality may occur.
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2.3.2 Reduced growth rates and product yield.
Production losses due to helminths can appear at subclinical levels of infection as lower

growth rates and lower yields of milk and fibre. For sheep in temperate countries, mild

infections with parasitic helminths led to 14 to 79% reduction in weight gains in field

studies (summary in Barger, 1982; Cobon & O'Sullivan, 1992) while in the tropics 25 to

50% reductions have been observed (Beriajaya et al., 1988; Handayani & Gattenby,

1988).

The production of fibre by small ruminants can be affected by infections with helminth

parasites. Wool production by grazing sheep was reduced by 12 to 31% (summary in

Barger, 1982; Cobon & O'Sullivan, 1992) while in penned sheep up to 66% reduction of

wool growth has been observed (Steel et al., 1982). Wool quality can also suffer due to

helminth parasitism with reduced staple length and increased number of tender fleeces

being produced (Chaudhry et al., 1987).

In sheep, helminth parasites have a dramatic effect on milk production in some

husbandry situations. Milk production by anthelmintic treated sheep increased by 20-

40% in Australia (Cobon & O'Sullivan, 1992), 17% in New Zealand (Leyva et al.,

1982), 23% in the United Kingdom (Thomas & Ali, 1983) and 9% in France (Juste

Jordan & Perez Garcia,1991). Recent experimental work in Fiji sheep has shown that

milk production during the first two months of lactation was increased by 33% through

inclusion of anthelmintic in feed blocks available to ewes (P. R. Manueli, personal

communication). Similar increases could be expected in other developing nations where

parasites are an endemic problem.

2.3.3 Reduced reproductive potential.
Infestation with helminth parasites can affect the reproductive performance of a herd or

flock. In efficient livestock production enterprises farmers try to minimise the time taken

for replacement stock to reach sexual maturity thereby reducing the unproductive portion

of the animals lifetime. By reducing bodyweight gains parasitism can significantly delay

the onset of puberty and increase the age at first service in cattle (O'Kelly et al., 1988; de

Rond et al., 1990). This may be of importance in small ruminant industries in the tropics
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where young females are mated not on the basis of age but on bodyweight, usually about

20kg, optimally at 9 to 10 months of age (R.M. Gattenby, personal communication). In

young Fiji sheep the proportion of maiden ewes successfully mated at 18 months of age

was substantially higher in those of greater liveweight due to nutritional supplementation

and its effects in reducing the detrimental effects of nematode infection (Manueli et al.,

1995).

Liveweight depression post partum can affect the time to onset of oestrus and healthy

animals are more likely to have minimal time intervals between births of offspring than

those suffering from infection with helminth parasites. This is of particular importance

in small holder production systems for the dry females are unproductive but still need to

be fed and maintained. In developing nations one of the biggest herd management

problems is the number of anoestrus animals and improved control of helminth parasites

may help to reduce this problem.

Infection by helminth parasites can affect reproductive potential through decreasing the

conception rate in the herd or flock. Treatment with anthelmintic increased lambing

percentages in sheep by 10.7% (Mackay, 1980). These increases are possibly due to

increased ovulation rates as suggested by field studies in sheep (Jeffcoate et al., 1988). A

recent study in Fijian young sheep prior to first mating (Manueli et al., 1995) showed

that prophylactic anthelmintic medication via a urea-molasses block (UMB) increased

lambing percentages by 18% when compared to those receiving UMB alone and that

total weight of lambs weaned was 30% higher in the group receiving anthelmintic.

2.3.4 Reduced efficiency of feed utilisation.
To achieve maximum production potential of livestock it is essential to make optimum

use of available feed resources. Gastrointestinal helminth parasites can impact on the

utilization of feed through depression of feed intake, depressed digestibility, depression

of feed conversion efficiency and by causing behavioural changes in the host which

cause it to be a less efficient gatherer of forage. Parasites can also cause losses of

nutrients through their feeding habits or by damaging host tissues during migratory

phases. The interactions of parasites and nutrition are quite complex and are reviewed in
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more detail in section 2.4 but consideration of the situation in developing nations where

helminth parasites are usually present should lead to the conclusion they will likely

exacerbate problems caused by suboptimal nutrition.

2.4 Parasite-nutrition interactions
As detailed above, clinical and sub-clinical nematode parasitism cause substantial

production loss in sheep production systems in terms of reduced growth of meat and

wool, reduced reproductive performance and increased mortality. Attempts to control

this problem have relied heavily on the use of anthelmintic chemicals and has resulted in

the widespread emergence of strains of nematodes resistant to these chemicals

(Borgsteede et al., 1996; Rolfe, 1997; Waller, 1997). In some production systems

anthelmintic resistance has developed rapidly to all classes of chemicals (Sivaraj et al.,

1994; Maciel et al., 1996; Waller et al., 1996) and since no new anthelmintics are likely

to be available in the near future, continued sheep production is under severe threat.

Alternative means of control are now being sought which will reduce the reliance on

chemical intervention and maximise the host sheep's natural ability to resist infection.

Host nutrition is one factor which has not been fully investigated with regard to its

interaction with nematode parasitism but which may' play an important role in future

integrated control strategies. It has been long accepted that well fed animals are more

able to cope with the debilitating effects of parasitic disease than those which are

undernourished (Whitlock, 1949; Gibson, 1963). In situations where nutritional

resources are less than optimal, changes of husbandry practice to include strategic

supplementation with deficient nutrients should enhance the ability of sheep to withstand

parasitic infection. Critical to this strategy is knowledge of the nutritional factors

limiting optimal performance during infection which may vary with environment,

parasite species and host genotype, age and reproductive state. The level of parasite

challenge is also of significance in determining whether nutrition alone will offer

sufficient benefits or whether alternative control measures must be initiated. Generally,

increased nutrition will be of little benefit during acute disease due to pathogenesis of
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infection but during chronic and subclinical infection good nutrition can play a vital role

in assisting the animal to reject and/or recover from parasite invasion.

This section, firstly, summarises the pathophysiological effects of nematode parasites

with regard to the protein nutrition of host sheep. Studies which demonstrate the

beneficial effects of enhanced protein nutrition of infected hosts are then reviewed. A

brief section on the importance of other nutritional factors will then precede discussion of

the role of strategic nutritional supplementation in future parasite control.

2.4.1 Parasite effects on protein nutrition of host sheep
Nematode parasite infections can cause anorexia, maldigestion and malabsorption of

feed, gastrointestinal loss of endogenous protein and initiation of immune responses in

sheep. These factors will be considered independently with regard to their effects on

protein nutrition in infected sheep. It is important to remember that although these

factors are considered here in isolation these factors are often interdependent when

considering their influence on host protein nutrition.

2.4.1.1 Anorexia

Reduction in voluntary feed intake is commonly observed during infection with parasitic

nematodes and can severely influence the protein economy of the host by significantly

reducing the total amount available for anabolic processes (see review by Symons, 1985).

The degree of anorexia may be affected by the species of parasite and its site of infection.

Anorexia has been observed in experimental T colubriformis (Gordon, 1964; Steel,

1972; Roseby, 1973; Sykes & Coop, 1976; Steel, 1978) and H contortus infections

(Abbott et al., 1986a, 1988) but appears to be more variable in the latter species with

some authors observing no change or increased intake during infection (Southcott et al.,

1967; Dargie, 1973). Age and resistance status of the host sheep may influence the

degree of anorexia with younger animals of low immune status showing greater

reduction in feed intake than older immunologically responsive animals (Wagland et al.,

1984; Kimambo et al., 1988b; Kambara et al., 1993). More importantly, level of

infection also affects anorexia as clearly demonstrated by Steel et al. (1980) where
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infection levels below 3000 infective T colubriformis larvae per week failed to reduce

feed consumption when compared to uninfected controls but higher infection levels

produced progressively greater reductions in feed intake (see Figure 2.1).

Figure 2.1 The effects on feed intake over time of different rates of challenge of young

sheep with T colubriformis larvae (Nil control, 3000, 9500, 30000 L 3/week) as adapted

from the data of Steel et al. (1980).
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The anorectic effects of infection can in some instances be overcome by increased

availability of protein in the diet as demonstrated in pen experiments with H contortus

(Abbott et al., 1986a,b, 1988; Datta et al., 1996) and T colubriformis (van Houtert et al.,

1995a). Recent evidence even suggests that young sheep offered the choice of low and

high protein feeds can physiologically detect that a higher protein diet is required during

infection with T colubriformis and feed selection behaviour changes toward the diet of

higher protein content (Kyriazakis et al., 1994, 1996b). The mechanism behind this

phenomenon is presently unknown but if elucidated may offer a means of assisting in

prevention of at least one detrimental effect of infection.
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It has been suggested that anorexia may result from pain and discomfort associated with

infection or be the result of hormonal feed back mechanisms from disrupted

gastrointestinal function (Symons, 1985). The gut hormone cholecystokinin (CCK) was

considered a likely mediator for some time (Symons, 1985) but further work suggests

that this is unlikely (Dynes et al., 1990, 1991). More recently it has been recognised that

increased cytokine activity associated with inflammatory responses to infection may be a

major causitive factor of anorexia in laboratory species (Grimble, 1989, 1990) and that

neuropeptides and hormones related to cytokine production may be involved (Horbury et

al., 1995). A more speculative possibility for reduced feed intake could be food aversion

if the sheep associates the general malaise of infection with the offered diet (J.V. Nolan,

personal communication) but this may prove more difficult to establish experimentally.

Although anorexia plays an important role in the protein economy of the infected host by

reducing the total amount of available protein, pair feeding studies have established that

this is not the only detrimental nutritional effect of parasite infection. In fact Sykes

(1982) has suggested that since parasitised animals are often smaller they may consume

more food per unit of bodyweight than larger uninfected controls. He concludes that the

importance of anorexia may be overstated and that other factors are of greater importance

in the reduction of bodyweight gain in the infected host.

2.4.1.2 Protein digestion and absorption

Results of studies attempting to determine the effects of nematode infection on the

protein nitrogen digestibility of feed resources are somewhat equivocal with some studies

demonstrating a reduction (Owen, 1973; Barger, 1973; Dargie, 1980; Steel et al., 1980)

but other studies shown no effect (Roseby, 1973; Sykes & Coop, 1976; Poppi et al.,

1981). Methods used in estimating the apparent N digestibility of feed rely on

measurements of all dietary matter entering and being excreted by the animal under

observation. While matter entering the system is easily recorded, faecal matter leaving

the system comprises not only the residues of digestive processes but also nitrogenous

remnants of endogenous protein loss due to infection. Such measurements may therefore

overestimate the N digestion of infected animals. Digestion and absorption can be

reduced at the site of infection due to tissue damage or increased local inflammation but
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this is compensated for by increased absorption at sites distal to the affected area (Bown

et al., 1991) so overall effects on absorption are negligible.

Nematode parasites may affect other components of the digestive process of ruminants

but there are few publications on this subject and insufficient evidence is available to

draw general conclusions. Steel (1972) observed a decrease in ruminal acetate

production but no change in rumen fluid outflow in young sheep with T colubriformis

infection. Roseby (1973) observed a decrease in rumen volume, an increase in abomasal

and intestinal volumes and reduced digesta flow through the small intestine during

infection of young sheep with T colubriformis. Rowe et al. (1988) reported a decreased

ratio of acetate to prop ionate in rumen liquor and an increase in rumen outflow rate in

sheep infected with H contortus. Bueno et al. (1982) recorded increased duodenal flow

during infection with H contortus associated with altered permeability of the

gastrointestinal mucosa and increased abdominal acid secretion. Clearly, these few

examples indicate that further detailed work is required to generate a better understanding

of the effects of infection at sites in the gastrointestinal tract other than the site of

infection.

2.4.1.3 Gastrointestinal losses of endogenous protein
Infection with H contortus and T colubriformis can result in substantial losses of

endogenous protein in the form of whole blood, plasma, sloughed epithelial cells and

mucus. In Haernonchus spp. infections the amount of blood loss has been shown to be

closely correlated to numbers of worms with severe infections causing the loss of more

than 400m1 of whole blood per day (Le Jambre, 1995). Evidence has been presented to

show that most of this blood protein is digested and resorbed before reaching the ileum

(Rowe et al., 1982, 1988). It is important to note from these studies that a significant

proportion of the resorbed nitrogen is ammonia which is soon converted to urea and

excreted in the urine and therefore, represents a net loss of amino acids for other

processes.

Increasing level of infection with T. colubriformis causes increased leakage of plasma

protein into the gastrointestinal tract (Steel et al., 1980) and increased mucus production
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and cell loss at the infection site. Poppi et al. (1986) used cannulation techniques to

demonstrate that even though a proportion of these proteins were digested and resorbed

before reaching the ileum a considerable portion passed the ileum and were either

excreted with the faeces or further digested in the large intestine, absorbed as ammonia

and excreted as urea in the urine. It appeared that the plasma proteins were largely

resorbed and that the major contributor to loss was sloughed epithelial cells and mucus.

These studies were confirmed by Kimambo et al. (1988a) and comparison of nitrogen

levels in digesta at the terminal ileum from these two studies are presented in Figure 2.2.

During both abomasal and intestinal infections protein is lost which cannot be recovered

by infected sheep. It can be therefore concluded that synthesis of specific proteins for

repair, replacement and reaction to damage of the gut wall, to mucus production and to

plasma or whole blood loss can impose a significant drain on resources which would

otherwise contribute to the synthesis of muscle, bone and wool.

Figure 2.2 Increased flow of nitrogen at the terminal ileum of lambs dosed with T

colubriformis (2500L3/day) as presented by MacRae (1993).
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2.4.1.4. Nutritional cost of immune function

Inflammation and other immune responses occur locally and systemically as a result of

the presence of, and damage caused by, gastrointestinal parasites. These responses can

represent a significant drain on the nutritional resources available to the host and

redirection of protein away from normal body processes may result. Mucus contains

high concentrations of threonine, serine and proline (Neutra & Forstner, 1987) and

increased mucus production may result in deficiencies of these amino acids for other

processes. Mucus also is reported to be resistant to digestion and resorption from the

small intestine (Lindsay et al., 1980) so once formed its component amino acids are

effectively unavailable for synthesis of other protein. It has also been shown in

laboratory studies that production of the immunological mediators leukotrienes (MacRae,

1993) and cytokines (Grimble, 1990) require specific amino-acids, particularly sulphur-

amino acids, which may reduce their availability for other processes. Wool production in

particular is highly dependent on the availability of sulphur-amino acids and as discussed

earlier (section 2.3.2) parasitic infection can cause significant reduction in the amount

and quality of wool produced.

2.4.2 The benefits of enhanced protein nutrition
Several reviews have concluded that sheep offered a high plane of nutrition are better

able to withstand the detrimental effects of nematode parasite infection than those less

adequately nourished (Steel, 1978; Sykes, 1987; Parkins & Holmes, 1989; Poppi et al.,

1990; Holmes, 1993; Coop & Holmes, 1996; van Houtert & Sykes, 1996). It has been

shown that an adequate supply of dietary protein enables sheep to withstand the

pathophysiological consequences of infection through compensating for parasite-induced

protein deficiency resulting from increased endogenous protein loss from the

gastrointestinal tract (Abbott et al., 1985a,b, 1986a,b; Steel & Symons, 1982; Steel et al.,

1985). Improved dietary protein supply may also improve the capacity of infected sheep

to mount an effective immunological response to infection and enhances the onset of

parasite rejection (Steel et al., 1982; Abbott et al., 1988; Roberts & Adams, 1990). The

following recent studies further demonstrate the importance of dietary protein supply.
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2.4.2.1 Post-ruminal infusion of protein

The studies of Bown et al. (1991) clearly confirmed the importance of additional

digestible protein for intestinal absorption through post-ruminal infusion of sodium

caseinate which markedly reduced the debilitating effects of T. colubriformis infection

whereas similar infusion of isocaloric amounts of glucose had no effect. Availability of

protein aided parasite rejection as evidenced by lower faecal egg counts and lower total

parasite counts at slaughter in those lambs receiving the infusion. Similar results were

achieved by Coop et al. (1995) with lambs infected with Ostertagia circumcincta, and

receiving protein by infusion, having lower faecal egg counts and worm burdens. Worm

size was also reduced and mucosal mast cell numbers and protease levels increased

indicating a higher degree of immunity in infused lambs.

2.4.2.2 Bypass protein supplements

A similar nutritional result to post-ruminal infusion can be achieved by feeding a protein

source which escapes or "bypasses" rumen fermentation but is available for digestion in

the intestines. A proportion of most feed protein is bypass protein and chemical and

heating processes involved in modern vegetable oil extraction and feed manufacture

increases this proportion dramatically (see reviews by Satter, 1986; Broderick et al.,

1991). Bypass protein feeds are now commonly available and have been utilised in

recent studies on parasite-nutrition interactions.

Studies by van Houtert et al. (1995a) used three levels of fish meal supplementation (0,

50 and 100g/day) to demonstrate the benefits of bypass protein supplements in young

Merino lambs offered a nutritionally balanced ration based on oaten chaff and essential

minerals while infected with 3000 T colubriformis L 3/week. Establishment rates of

worms were not affected by the supplement but rejection of established worms occurred

earlier in those fed the higher level of fishmeal as indicated by reduced faecal egg counts

and worm numbers at slaughter. The rejection of infection by those on the higher level

of supplementation coincided with increased eosinophil levels and increased mucosal

mast cell protease levels. Liveweight gain was also influenced by level of fishmeal

supplementation with those receiving no supplement showing a 43% lower rate of gain

than uninfected controls whereas the 50 and 100g fishmeal/day groups lost 18% and

11 %, respectively.
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To compare the effects of protein supplements of different rumen degradability on

parasitism in young merino sheep, Smith et al. (1996) supplemented the basal diet of

oaten chaff with either lupins (35% protection) or canola meal pellets (57% protection)

while being infected with 5000 T colubriformis and 3000 0. circumcincta per week.

After the 12 week experiment the canola group had lower faecal egg counts and were

consuming more food than those offered the lupin supplement. The authors suggested

this was probably due to a more rapid and effective immune reaction by those sheep

offered the less rumen-degradable protein supplement.

An experiment to determine the level of bypass protein supplementation required to elicit

improved production and immunity in young crossbred sheep infected with H. contortus

has been undertaken by Datta et al. (1996). Using different levels of a high bypass

protein supplement (cotton seed meal) these authors were able to describe a significant

relationship between level of supplementation and faecal egg output with those receiving

the higher levels of supplement having the lowest faecal egg output. Feed intakes and

weight gains were maintained on higher levels of supplementation but substantial

reductions occurred at lower levels.

2.4.2.3 The interaction of protein nutrition and genotype

It has been suggested that problems caused by nematode parasites can at least partially be

overcome through use of breeds of sheep which are more resistant to infection (Baker,

1996) or by selecting lines of sheep for resistance (Woolaston, 1996) . The interaction of

protein nutrition and genetic resistance has been the subject of recent investigation.

Studies of H contortus infected lambs have shown that supplementation reduced faecal

egg output and the severity of pathological changes due to infection in a genetically

susceptible breed of sheep (Wallace et al., 1995) but these benefits were not as

pronounced in a genetically resistant breed (Wallace et al., 1996). Similarly, lines of

young Merino sheep selected for resistance to H contortus showed no change in faecal

egg counts after nutritional supplementation while supplementation of random bred lines

enhanced their resistance status to that of the resistant line (Macfarlane et al., 1995).

Where breed substitution or rapid advances in selection for resistance is not likely to
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occur strategic nutritional supplementation may provide a practical interim measure for

improved performance of sheep of susceptible genotype in the face of nematode parasite

infection.

2.4.2.4 Studies with grazing sheep.

As detailed above it is well established that increased supply of protein to the intestines

can alleviate the effects of nematode parasitism and may increase the ability of sheep to

respond immunologically to infection. The majority of these findings have been derived

from controlled pen studies in order to establish the principal effects of nutrition on

parasitic infection. Up to the present time there has been little application of these

findings to sheep in grazing situations.

A study with field infections of T colubriformis in young Merino sheep (van Houtert et

al., 1995b) confirmed earlier findings (van Houtert et al., 1995a) that bypass protein

supplementation increased liveweight and wool production and decreased faecal egg

counts but on this occasion development of parasite immunity was not influenced. A

major finding of this field study was that the positive effects of bypass protein

supplementation on wool production and liveweight were still evident at the next annual

shearing 48 weeks after completion of the experiment. A subsequent study by these

authors showed similar responses in young grazing sheep artificially infected with T.

colubriformis and H contortus when given a fishmeal based supplement which was more

effective than sunflower meal while supplementation with oat grain gave the least benefit

(van Houtert et al., 1996). Another study carried out by Shaw et al. (1995), showed

supplementation with protein pellets during artificial infection with H contortus led to

lower faecal egg counts and higher PCVs but no difference in liveweight gain of young

lambs at pasture.

Recently there has been interest in trying to determine whether high quality pasture can

deliver similar benefits to those derived from protein supplements. Vipond et al. (1994)

grazed ewes and their offspring on grass or grass/clover pasture but saw no benefits of

increased high protein clover pasture on parasite numbers after anthelmintic treatment

and larval challenge of the lambs with 0. circumcincta after weaning. In New Zealand it

has been observed that young sheep grazing sulla (Hedysarum coronarium) had higher
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liveweight gains and lower faecal egg counts than similar animals grazing lucerne

(Meclicago sativa) but it remains unclear whether this was due to increased protein

availability from the sulla or to the high tannin content of the sulla having a direct effect

on the parasites (Neizen et al., 1995). Further work in this area may yield the answer to

this question.

2.4.3 Parasite interactions with other nutritional factors.
There is general agreement that protein nutrition is of primary importance during

nematode infection but other nutritional factors should also be considered to develop a

full understanding of the nutritional consequences of infection. In the next two sections

parasite effects on the energy and mineral metabolism will be briefly described.

2.4.3.1 Parasite effects on energy metabolism.

It would be expected that since there are increased requirements for protein synthesis to

compensate for endogenous protein losses due to infection, energy metabolism would

also be affected. The small amount of experimental work presented to date on this topic

is however, inconclusive. Some work has suggested that during infection with T

colubriformis utilisation of metabolisable energy was substantially reduced in young

sheep (Sykes & Coop, 1976; Sykes et al., 1988). A subsequent study revealed that this

was accounted for by reduced feed intake and that there was no difference in the

efficiency of utilisation of absorbed energy between lambs infected with T colubriformis

and uninfected controls (MacRae et al., 1982). A similar conclusion was reached in

sheep exposed to subclinical infection with H contortus although it was noted that

infected animals lost a greater proportion of dietary energy as methane (Stevenson,

1989). Further work on the energy metabolism of parasitised ruminants is obviously

warranted to obtain a better understanding of these anomalies.

2.4.3.2 Parasite effects on mineral metabolism.

Many minerals are essential for efficient rumen function and digestive processes and

hence make a significant contribution to nutrient utilisation and production of ruminant

animals. In situations where minerals are deficient, voluntary feed intake is often
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reduced and feed conversion efficiency may be affected. Several studies have established

that infection with gastrointestinal nematode parasites can affect the mineral status of

sheep. The absorption and retention of phosphorus are reduced in sheep infected with T

colubriformis (Sykes & Coop, 1976; Wilson & Field, 1983; Poppi et al., 1985) or H.

contortus (Hegarty, 1989) which leads to impaired skeletal growth and mineralisation

(Sykes & Coop, 1976). Calcium absorption and retention are similarly affected (Wilson

& Field, 1983; Poppi et al., 1985; Hegarty, 1989). Absorption and retention of

magnesium, which is principally absorbed from the rumen, is not affected by infection

with a mixed infection of T colubriformis and 0. circumcincta (Bown et al., 1988).

Continuous larval intake can induce copper deficiency in sheep grazing pastures which

would normally meet their copper requirements (Suttle, 1996). Parasite induced sodium

deficiency has been observed in field infections with 0. circumcincta (Suttle et al., 1996)

and decreased sodium retention has been shown during H. contortus infection (Hegarty,

1989). Deficiency of cobalt can render lambs more susceptible to 0. circumcincta

infection (Ferguson et al., 1989) while selenium deficiency has been shown to have little

effect on nematode infections (McDonald et al., 1989).

It would not be surprising if absorption and retention of other minerals and trace

elements are affected by nematode parasitism and this should be considered when

nutritional supplements are to be used. Specific supplements could be used to ensure that

rumen function is minimally affected by infection in situation where deficiency is likely

to occur. Recent evidence suggests that addition of copper (Bang et al., 1990) or

molybdenum (Suttle et al., 1992a,b) to the diet of sheep can reduce infection levels. It is,

therefore, possible that mineral supplements will be an important component of

nutritional approaches to nematode parasite control for the forseeable future.

2.4.4 Enhanced nutrition and strategic parasite control
Substantial evidence exists that supplementation of young sheep with protein enhances

their ability to overcome the detrimental pathophysiological effects of infection with

nematode parasities. This response is partly due to direct compensation for parasite-

induced protein deficiency which results from increased endogenous protein loss and also

due to an increased capacity to mount an effective immunological response to infection.
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In situations where persistent subclinical infection occurs strategic supplementation of

young animals, particularly in the period immediately post-weaning, may reduce the

requirement for traditional chemotherapeutic methods of control. Recent evidence

suggests that the benefits derived from tactical use of protein supplements persist long

after the period of supplementation ceases and would have a major influence on the

lifetime performance of the animal. All of the experimental work demonstrating long

term carry-over effects of supplementation have concentrated on productivity in terms of

wool growth and weight gain and one can only speculate that similar supplementation

would influence lifetime reproductive performance of young females exposed to

nematode infection.

2.5 Control
Until recently control of helminth parasites of ruminants has mainly relied on

chemotherapeutic treatment when clinical signs were apparent or mortalities occurred in

the flock or herd. Such control was largely ineffective due to rapid reinfection by the

large proportion of the parasite population present as infective larvae on pasture outside

the treated host long after the effects of chemotherapy had passed. With the

development of strains of parasites resistant to anthelmintics and the rising costs of

development and application of anthelmintics, alternative methods of control are being

sought which will reduce overall costs to the environment and the producer. Although

the major theme of this thesis is nutritional approaches to parasite control the following

section briefly describes other means of control which are currently in use or may be

available for use in the near future. This will help establish the relevance of the

nutritional approach to the development of integrated control strategies for the countries

targeted in ACIAR Project 9132.

2.5.1 Chemotherapy

Chemotherapy has long been the main means of controlling infection with parasitic

helminths. For the forseeable future anthelmintic chemicals will continue to have a role

in parasite control but initiatives have been taken to promote improved strategies for their



Chapter 2 - Nematode parasitism of sheep: a review 24

use in order to reduce the number of treatments required and to preserve the efficacy of

available compounds.

2.5.1.1 Regional strategic control programs

Applying the knowledge of the epidemiology of parasitic helminth species in the New

England region of N.S.W. with the strategic timing and use of anthelmintics was

originally proposed by Gordon (1948). The release in the early 1980's of closantel,

which gave long term protection against Haemonchus spp., led to the application of these

principles and the development of the highly successful regional parasite control

program Wormkill (Dash, 1986). Use of this program, and others developed along

similar lines throughout Australia (Waller et al., 1995; Besier, 1997), has led to a

substantial reduction in anthelmintic use without significant loss in production (Waller et

al., 1995). Briefly these programs rely on the strategic prophylactic use of anthelmintics

at times when the bulk of the parasite population is resident in the host and the survival

of freeliving stages is lowest. Through this strategy dramatic seasonal fluctuations in

parasite populations are avoided and parasite levels kept at a minimum. These programs

are not attempting to eliminate parasites, as tried during the years of suppressive

treatment with thiabendazole and other anthelmintics, but intend to keep parasite

populations at levels below the critical threshold where production losses are likely to

occur. Parasites thereby have negligible effect on production but sufficient challenge is

ensured for the stimulation of resistance mechanisms in the host.

Recent modifications to Wormkill, and other strategic control programs, have included

recommendations on grazing management and supplementary feeding with particular

emphasis on the importance of adequate nutrition in the more susceptible age classes.

Supplementary feeding with deficient nutrients during times of nutritional stress should

reduce the time taken for the weaner sheep to reach immunological maturity and

minimise the problems caused by parasitism.



Chapter 2 - Nematode parasitism of sheep: a review 25

2.5.1.2 Prolonged delivery of anthelmintics

With the emergence of strains of parasitic helminths resistant to anthelmintics and the

high cost of developing new compounds for commercial application considerable

research effort has been devoted to seeking methods of increasing the efficacy of

available compounds in order to extend their useful commercial life (Hennessy, 1989).

The observation that prolonged application of low levels of some benzimidazole

anthelmintics led to enhanced efficacy (Prichard et al., 1978) led to the development of

continuous release devices for the intraruminal administration of anthelmintics

(Anderson et al., 1980; Barton et al., 1990; Barger et al., 1993) with several of these now

being commercially available. Knox (1995) followed similar pharmacokinetic principles

to develop a urea-molasses feed block containing medication for use in husbandry

systems where regular consumption of the block could be achieved. Through the

animals consuming their daily dose of anthelmintic via the feed block, control of

parasites was achieved even in field situations in goats in Fiji where single oral doses

with the same anthelmintic compound proved ineffective because of drug resistance

(Knox et al., 1994).

This increased efficacy is due to the continued presence of the anthelmintic preventing

establishment of incoming larvae, decreasing viability and fecundity of mature worms in

the host and an ovicidal effect on any worm eggs which are produced (Boisvenue et al.,

1988). The use of medicated blocks can prevent infection during periods when parasite

challenge is high due to seasonal periods of larval abundance or during periods of

reduced host immunocompetence caused by reproductive activity or other stresses. Use

of medicated blocks can also reduce the level of larval contamination of pastures as

shown for intraruminal controlled release devices. For these reasons it is likely that

medicated blocks will form an integral part of strategic parasite control programs in

developing nations, where urea-molasses blocks are already providing nutritional

benefits (Knox, 1996).

2.5.2 Novel approaches to the control of helminth parasites
The search for means of controlling nematode parasites of ruminants without the use of

anthelmintic chemicals has generated considerable interest in recent years. This interest
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culminated in an international conference in Armidale in April 1995 where alternative

control methods were discussed. Detailed review articles on the various alternatives

presented to the meeting are provided in a special issue of the International Journal for

Parasitology (Volume 26, Number 8/9). Briefly the alternatives fall into five broad

categories: vaccination, grazing management, biological control, breeding for resistance

and strategic nutritional supplementation.

2.5.2.1 Vaccination.

In an effort to mimic the successes of vaccines against major human diseases

considerable effort and resources have been committed over the past 30 years to the

development of vaccines against gastrointestinal nematode parasites of livestock.

Although there has been significant progress in this area (Emery, 1991; Newton, 1995;

Meeusen, 1996) a protective vaccine is still proving to be an elusive target and may still

be some years away from being commercially available (Emery & Wagland, 1991).

2.5.2.2 Grazing management.
Strategies for parasite control by grazing management enable sheep to avoid infection

with nematode larvae. Such strategies have been described as either preventive, evasive

or diluting (Michel, 1985; Barger, 1996). A preventive strategy ensures minimal

infection of susceptible classes of livestock by eliminating parasites from all animals

prior to entry to a pasture or by grazing contaminated pasture for a period with alternative

species or resistant classes to reduce the level of contamination of the pasture (Barger &

Southcott, 1978). Evasive strategies involve movement of livestock away from

contaminated areas prior to reinfection with newly emerging larvae and have been

effectively utilised in rotational grazing systems in the tropics (Barger et al., 1994;

Chandrawathani et al., 1995). Diluting strategies involve the grazing together of

resistant and susceptible classes or species of livestock which effectively dilutes the

availability of larvae when compared to grazing susceptible classes alone.
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2.5.2.3 Biological control.

Biological control is one means of non-chemotherapeutic control of nematode parasites

that has received a lot of attention in recent years. Research has concentrated on the

nematophagous fungi which occur naturally in most grazing systems and have

tremendous potential to contribute to nematode parasite control programs in the future

(Waller & Larsen, 1993; Waller & Faedo, 1996). It has been established experimentally

that when fungal spores are deposited with the faeces of nematode infected animals the

emerging larvae are trapped and destroyed by the predacious fungi and therefore do not

contribute to pasture contamination (Gronvold et al., 1993; Nansen et al., 1995;

Thamsborg et al., 1997). Researchers are now in the process of identifying methods of

delivering regular doses of fungal spores to animals in field situations (Waller, 1996).

When this occurs another means of controlling nematode parasites will be available to

livestock producers.

2.5.2.4 Breeding for resistance to infection.

Within sheep populations there is considerable variation in ability to resist parasite

infection between individual animals and between breeds (Woolaston & Baker, 1996).

This has been exploited with the selection of lines of sheep which are relatively resistant

to parasitic infection (Baker et al., 1991; Cummins et al., 1991; Woolaston et al., 1991)

or may be exploited in future breed replacement programs (Baker, 1996). Up to the

present time most of these selection programs are based on faecal egg counts but more

rapid progress can be expected if molecular techniques for identifying resistant

individuals are developed (Beh & Maddox, 1996). This parasite control option has

tremendous potential to provide a long term solution to the problem but as with any

breeding program a significant period of time is required to reach the desired end-point.

Care must also be taken to ensure that selection for resistance to helminth parasites is not

detrimental to other breeding objectives.

2.5.2.5 Strategic nutritional supplementation.

As detailed above (Section 2.4) there is considerable potential for improving the

resilience and resistance of sheep to gastrointestinal nematode parasites through strategic

supplementation. The benefits of this strategy can be realised immediately in situations
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where nutritional supplements are not prohibitively expensive. The benefits of

maintaining growth targets particularly in susceptible age classes of sheep are seen in

both short term and long term productivity increases. This approach will be of greatest

benefit in sheep rearing systems where nutritional insufficiency imposes a detrimental

effect on production and nematode parasites exacerbate those losses (Knox & Steel,

1996).

2.5.3 Future Control Programs
For the forseeable future livestock production, particularly sheep production, will be

reliant on the use of anthelmintic chemicals. Through improved strategies their use will

be minimised and the development of anthelmintic resistance will be delayed. Future

control programs will need to integrate most or all of the above options to maintain

productivity at sustainable levels. Strategies which enhance the ability of sheep to cope

with and/or reject infection will form a central role in these control programs if they are

to succeed. Alternatives which reduce larval contamination and availability will then

enable grazing animals to avoid clinical infection which was of major importance in the

past and often led to the overuse of curative chemicals.

2.6 Conclusion
Gastrointestinal nematode parasites are a major problem in the sheep rearing regions of

the world and are a significant contributor to the low productivity of sheep reared in the

developing countries of Southeast Asia and the Pacific. Substantial benefits in the ability

of sheep to cope with and/or resist parasitic infections have been identified in studies of

the influence of protein availability in the diet of infected animals. It is evident that

future control of parasitic helminths will not rely solely on chemotherapy but will, by

necessity, include an array of methods to combat this problem. Critical to the success of

future control will be methods which improve the ability of sheep to resist infection

through enhanced immunological response to infection. Of the alternatives put forward

to achieve this, vaccination and breeding may in the long term prove most appropriate

but nutritional approaches are the sole option available for immediate application. If
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enhanced nutrition is to play a role in helminth control strategies, particularly in the

developing nations, it will be necessary to define the benefits in parasitised animals of

the types of low cost supplements and nutritional strategies currently being

recommended in these areas. Through this process information will be derived which

will have direct application to field situations.
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