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ABSTRACT

Gastrointestinal (GI) nematode parasitism causgsrreaonomic losses and animal
health problems in farmed livestock and thus passsrious challenge to livestock
production worldwide. Parasite control stratediissorically have relied heavily on
anthelmintic drenches, but with the emergence tifedmintic resistance, new
strategies are required. A number of forage speuetaining high concentrations of
condensed tannins have been shown to have anthielpioperties. The aim of the
current study was to determine whether selectgudablegumes used as protein
supplements for livestock, and in particuCalliandra calothyrsusmight also be

useful for the control of GI nematode parasites.

A pilot study was undertaken initially to determihe effects oCalliandra, when

fed to lambs as a sole diet, on burdend@aémonchus contortus Trichostrongylus
colubriformisand on egg production by adult worms. Luceiedicago sativa
pellets were used as a high protein control didtMitchell grassAstreblaspecies)
hay was used as a low protein control diet. Theatsfof diet on the worms were
assessed by faecal egg counts and post-mortem gaunts. Worm burdens of each
species and egg production Hy contortuswere similar in lambs on all three diets.
However, egg production df. colubriformiswas reduced by 85-90 % by feeding
Calliandrato the host lambs and the number of egggeroof female

T. colubriformiswas significantly increased.

These results were confirmed and extended in afacple feeding experiment, in
which the Mitchell grass diet was omitted. A numbthaematological parameters
were measured to examine the nutritional statssstence and resilience of the host
lambs in response to the worm burdens. Becausegswpected to affect the
ability of condensed tannins to bind to worms, ghewas recorded immediately
after slaughter in each segment of the Gl traetxeimine the relationship between
pH and faecal egg counts. Worm burdenbl ofontortuswere similar in lambs fed
Calliandra (2237 + 395 worms) and lucerne (1861 £+ 230 wori&)rm burdens of

T. colubriformiswere also similar in lambs fegalliandra (5718 + 339 worms) and
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lucerne (4861 + 452 worms). However, egg produdbpbothH. contortusand

T. colubriformiswere reduced by 64-84 % and 24-68 % respectivélgrd were no
improvements in any of the haematological pararsetezasured attributable to the
different diets, indicating that reduced egg couvese due to a direct toxic effect of
the Calliandra diet and not due to improved resistance or regikgo the worms.
The variation in pH in each of the Gl segments teassmall to identify any

relationship between pH and reduced egg outpueimafe worms.

A study was then conducted to confirm that the antimic effects ofCalliandra

were due to the condensed tannins in the plantd€@wed tannins were extracted
and purified fronCalliandraleaves and incubated wikh contortusandT.
colubriformiseggs and larvae im vitro assays. Egg hatch and larval development
rates were determine@alliandratannins delayed hatching and reduced egg hatch
and larval development in both species. Developragmtfective larvae was almost

completely inhibited at tannin concentrations ab89@ pg/mL.

In vitro assays were also used to screen a number oftotperal legumes for
anthelmintic activity. Crude extracts of nine leguspecies, includinGalliandra

and lucerne pellets, and two different fractionpwofified Calliandra were incubated
with H. contortusandT. colubriformiseggs and larvae. In addition @alliandra,
Leucaena leucocephatandDesmanthus virgatusere identified as having possible
anthelmintic activity against nematode eggs andakarThe twdCalliandra fractions

both had similar anthelmintic activity to tialliandra crude extract.

In an attempt to determine the mode of actio@altiandra condensed tannins
against Gl nematodes, a staining technique wadamet to identify tannins
histologically in mammalian and nematode tissueserhiatoxylin & Eosin (H&E),
ferric chloride, butanol-E50, and vanillin-HCI techniques were examined, inigial
using plant tissues, and then optimised for useammalian tissues. The H &E and
vanillin-HCI techniques were then used to stairti€dues and nematodes obtained
from Calliandra-fed lambs. In the ovine Gl tissue, condensed temwere present in
the lumen and in macrophages and giant cells itathéa propria, particularly in
the abomasum. Condensed tannins were observe@ autside of the cuticle of

intact adultH. contortusandT. colubriformis mainly in adherent digesta. Condensed
Vil



tannins were also observed in the pharynx andtineesf sectionedH. contortus

but no condensed tannins were observed in thedaptive tract.

A final experiment was conducted to determine fifeces ofCalliandra on the
development, establishment and reproductive capatitematodes derived from
eggs exposed to the legume in the host diet bt matsubsequent exposure as
adults. Eggs ofl. contortusandT. colubriformisobtained fronCalliandra-fed or
lucerne-fed donor lambs were cultuiadiitro to obtain infective larvae, which were
used to infect groups of recipient lambs. Worm agd larval production from the
donor lambs, and adult worm egg output and wornddns of the recipient lambs,
were monitored. Although worm egg production amgdaproduction from the
donor lambs was reduced by @Galliandra diet, the ratio of eggs to larvae was also
reduced. It was not clear whether this was duedblpms with the experimental
technigue or to selection pressure exerted on trenw by theCalliandra diet.

Worm burdens were higher in the recipient lambsix@aeg larvae from the
Calliandra-fed donors. Egg production by the female wormsveerfrom

Calliandra-fed donors may have been reduced, but the resatts not clear.

Calliandra, in addition to its value as a source of proteintfopical livestock, may
be useful in reducing egg production by Gl parasig@matodes, thus reducing larval
contamination of tropical pastures and infecticlesaf livestockCalliandra

therefore has potential as an anthelmintic alteéream tropical regions.
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CHAPTER 1

GENERAL INTRODUCTION

One of the biggest constraints on livestock pradadn both temperate and tropical
areas today is gastrointestinal (GI) nematode pmas Clinical nematode infections
result in failure to thrive, illness and deathigébktock, causing significant losses to
farmers. Subclinical infections cause more insiditnsses of production. This may
include reduced growth rates (Enterocastsal., 1986; Kimambeet al, 1988b),
decreased wool production (McDonald, 1979) andcedumilk yields (Ploegest

al., 1989; Hoste & Chartier, 1993; Grostsal, 1999). Effective parasite control
programs are therefore vital to maintain the ecanasmability of farming systems

and to promote optimal animal welfare.

Since the advent of safe and effective anthelmuhtigs such as phenothiazine in
1939 and the benzimidazoles a few years lateregémthtic drenching programmes
have played the predominant role in parasite cbnliee initial success of these
drugs in controlling parasites led to their widegmance and extensive use by
farmers. Unfortunately, the adverse consequencesabf widespread use were not
long in following, and strains of nematodes resista commonly used anthelmintics
soon emerged. In Australia alone, by the early $980 per cent of farms in the
major sheep raising areas had resistance probtebwh the benzimidazole and
levamisole/morantel groups of drenches (Wadkeal, 1995) and anthelmintic
resistance was identified as the most serious deda livestock production in this
country (Australian Agricultural Council, 2003). &lmtroduction of regional worm
control programmes may have slowed the developofaemsistance but has been
unable to halt it. A similar situation existed irogh other countries and at present the
incidence of resistant strains to all drench fagsilis increasing worldwide (Waller,
1997a). Anthelmintic resistance in cattle nematpdisough currently much less of
a problem than in small ruminants, is increasinglyorted and must not be ignored
(Williams, 1997).

The growing problem of anthelmintic resistance teldearth of novel anthelmintic

prospects have made it imperative that alternatygtems of parasite control be



developed. There is also growing consumer awaresfdbe issue of drug residues
in meat, and some concern that anthelmintics, teen@ectins in particular, persist in
the faecal environment for some time and may hawendental effects on non-target
species (McKeller, 1997). Furthermore, in develgminuntries, the cost of
anthelmintics puts them beyond the reach of mosilboider farmers, leading to
unavoidable production losses due to uncontrolldgtism. There is a great need,
therefore, to identify inexpensive, practical andtainable methods of parasite

control that avoid or minimise the use of chemiranches.

A possible alternative to the use of commerciallgiable anthelmintics is to utilise
compounds with anthelmintic properties that mayuoc@turally in certain forage
species commonly fed to livestock. There is evidethat temperate forage species
containing condensed tannins may be useful inrfgard, and it therefore seems
likely that tropical forage species containing cemsked tannins may also have
anthelmintic properties. There are a number oflslggume species that are already
widely incorporated into livestock feeding reginiegropical regions, but little
research has been carried out to determine thetefé these feeds on Gl
nematodes. Shrub legumes grow readily in tropigdtaltural regions and have the
potential to be an affordable and sustainable corapiof parasite control

programmes if their anthelmintic properties cardbmonstrated.

The aims of the current study were to investigagedffects of condensed tannins in
Calliandra calothyrsusn different life-cycle stages of two parasites amagnt in
tropical areasT. colubriformisandH. contortus and to identify other tropical
legumes with the potential to reduce productioséssn ruminants due to Gl

nematode parasitism.



CHAPTER 2

REVIEW OF THE LITERATURE

2.1 Gastrointestinal nematodes of importance in the trpics

The most important Gl nematodes of sheep and goatspical areas are
Haemonchus contortugrichostrongyluspeciesQesophagostomum
columbianum, Bunostomum trigonocephalmd Gaigeria pachyscelifUrquhart

et al, 1996). Those of importance in cattle inclitieplacej Cooperia punctata

C. pectinataB. phlebotomurandOe. radiatum Occasionally, clinical infections of
O. ostertagi T. axeior C. oncopheraccur in cooler tropical regions, but these are
generally of more importance in temperate areaskgét al, 1983; Bowman,
1995).

2.1.1 Haemonchus species

In sheep and goats, adHit contortusare 2 — 3 cm long and live in the abomasum.
The females may lay in excess of 10,000 eggs pe(Bavman, 1995). Eggs pass
out in the faeces from two to three weeks aftexahbn, containing embryos that
develop into L larvae. After hatching, the free-living keed on bacteria and
eventually moult to the 1stage. The second moult is incomplete, so thatukiele

of the L, larva forms a sheath around the The sheath prevents the ftom

feeding, so that it must rely on body stores ofieats, but also ensures it can
survive desiccation and changes in environmentapézatures. The development
from eggs to the infectiveslmay occur in five days under favourable conditjars
several months in cooler climates. The infectivgda exsheath in the rumen and
complete development to the adult stage by mouttinge in the abomasal mucosa
close to the gastric glands. Adults attach to tiréase of the mucosa, where they
feed on blood from mucosal vessels. Daily blood lhse to worms feeding and
due to leakage from the damaged mucosa amount8SarL per worm (Clarlet

al., 1962), and in sheep, worm burdens in clinicaksaange from 2000 - 20,000

worms. The predominant clinical sign of haemonchasihus a progressive



anaemia, which if left untreated, can result indkath of the host animal.
Compensatory erythropoiesis is often observedfactad animals, but protein and
iron losses into the Gl tract, combined with lowdantakes, eventually result in
exhaustion of the bone marrow. Extremely heavy wbundens result in sudden
death from acute haemorrhagic gastritis, whereasl $mrdens cause chronic low-
level blood loss accompanied by weight loss anckness. Diarrhoea is not
usually a feature of haemonchosis, but faecesaiein colour due to the presence

of blood. Ventral oedema may also occur (Urqubkggl, 1996).

Haemonchosis in cattle is very similar to the dseea sheep, with the exception
that cattle greater than two years of age are gimémmune to re-infection
(Urquhartet al., 1996).

2.1.2 Trichostrongylus species

A number of species dfrichostrongylusan occur in sheep, the most important in
the tropics beind. axej an abomasal parasite, ahdcolubriformisandT. vitrinus,
which inhabit the proximal one fifth of the smaltéstine. They live in tunnels on
the surface of the mucosa, where they feed on malflogl, digested food and
cellular debris. These worms are usually less thamm long, and they have a
prepatent period of two to three weeks (Urquleasl, 1996).

The exsheathed;lof T. axeidevelop to adults between the gastric glandsef th
abomasal mucosa, before emerging to live on thfasirThe mucosa becomes
hyperplastic, and nodules, which may coalesce, mound the larvae. The acid-
secreting parietal cells dedifferentiate, incregsive pH of the abomasum, which
in turn prevents the conversion of pepsinogen fsime Protein digestion is thus
inhibited. Disruption of epithelial tight junctioras part of the inflammatory
response leads to loss of protein into the guhi€dily this manifests as
inappetance, weight loss and diarrhoea (Urquétaat, 1996).

The intestinal species dtichostrongylusievelop between the epithelium and the

lamina propria of the intestinal mucosa, causiggificant damage to the mucosa



when they emerge as adults. Inflammation and leakéflood and plasma
proteins into the gut occur, and stunting of tHk ¥auses a reduction in the
absorptive capacity of the small intestine. Varyilegrees of inappetance, weight-
loss and watery diarrhoea are the outcome (Urqehait, 1996). Myiasis is a
common sequel, as blowflies are attracted to thediamaterial that accumulates on
the fleece (Bowman, 1995).

The eggs and larvae @fichostrongyluspecies are very drought resistant, as they
are able to become anhydrobiotic, rehydrating asdming development after rain
(Urguhartet al, 1996).

2.2 Biology of nematode parasites

2.2.1 Structure of the cuticle

The nematode cuticle completely covers the extesumdihce of the worm as well as
the luminal surfaces of the oesophagus, rectumodejotive system, excretory
system, and other body openings (Wharton, 1986).0tter layer of the cuticle, the
epicuticle, is a three-layered structure consistihg structural cortical zone, a fluid-
filled median zone and a fibrous basal zone. Betvike epicuticle and the muscle
layers is the cellular epidermis (sometimes catedhypodermis). Both the
epidermis and the cuticle appear to synthesisdkoland insoluble proteins which
become incorporated in the cuticle (Fetterer & Wiasi1987).

In most infective larvae a glycocalyx is presentabthe epicuticle (Proudfoet al,
1991). In some species glycoprotein sugars aresexpon the surface, while in

others the proteins or potential lectin-binding@sion the proteins are sequestered.

Most surface-associated proteins are synthesiséuiapidermis and transported to
the surface by an unknown mechanism, but soménatght to be secreted by other
structures, including the pharyngeal glands angradgmal glands (Maizelst al,

1984; Fetterer & Rhoads, 1993). It is also posdiidé¢ some may be derived from
the host (Rudin, 1990). Rhoads and Fetterer (19960 radioiodination to study



H. contortusepicuticle proteins. Four detergent-soluble surfarc¢eins were
detected in Lklarvae and adults but not in free-living stagethefworm. These
proteins were shed by the adult worms into theosumding medium, and three of
these were hydrolysed by a cysteine protease seldogtthe worms. This
phenomenon could enable the parasite to evadeosiis immune response. It has
also been hypothesised that surface-associategiqsohay act as decoys to prevent
immune recognition of structural proteins (Pritachat al, 1988) or may be involved

in tissue penetration (Maizels & Page, 1990).

The epicuticle consists of lipids, large antigegigcoproteins that can be disrupted
by detergents, and cross-linked non-collagenouststral proteins (cuticlins) that
are highly resistant to reducing and denaturingnegéCoxet al, 1989; Rhoads &
Fetterer, 1990; Fetterer & Rhoads, 1993). At esatpesof the parasite life-cycle,
different proteins occur. The structures of cutiggroteins have proved difficult to
elucidate because they are insoluble, but theyagonn addition to proline and
tyrosine, large amounts of dityrosine, which igu@ssible for the formation of the
cross-links (Fujimoto, 1975; Fetterer & Rhoads,@;98993).

The nematode cuticle is selectively permeable teryéons and a number of other
compounds (Bird & Bird, 1991). Perfusion experingeintAscaris suunshowed that
the main route of absorption of cholesterol andgbe appears to be the cuticle
rather than the intestine (Fleming & Fetterer, )98#pophilic non-polar solutes
were also transported across the cuticle in Botsuumepidermis/cuticle
preparations and intakL contortusinfective larvae (Fetterer, 1986). The epicuticle
might be primarily responsible for controlling tetry of substances through the
cuticle, as it is thought to be selectively permeab polar compounds, which are
then actively transported through the epidermiswelts, 1987). The heterogeneous
nature of the lipid could relate to this selectpggmeability. Epicuticular lipids are
unusual in that they consist of regions of lipidtthre free to diffuse and also regions
where the lipid is rigid (Proudfoet al, 1990). The rigid regions may be stabilised

by cuticlin in some way.

The cortical zone of the cuticle has an outer laggrtaining cuticlin and an inner

collagen-like layer. The median zone is mainly cosed of collagen, but the



structure varies considerably between nematodaespdn some species this zone is
amorphous, while in others it is fluid filled butr@ains structural elements such as
collagenous struts (Lee, 2002). The basal zonecalssists predominantly of
collagen, but the arrangement is usually more exldn larval stages, collagen
fibres usually take the form of vertical rods, kakby lipoprotein filaments. In adult
parasitic nematodes, collagen fibres are arrangadmore lattice-like structure, with
alternating layers of fibres running in differemtettions. InAscaris there are three

fibre layers in the basal zone.

In A. suumthe quantity of collagen in the cuticle may irase from 20 % in the,L
to 80 % in the adult, with a concomitant increaséhe thickness of the median and
basal layers (Fetterer & Urban Jr., 1988). Theagah-like proteins in th&. suum
cuticle are composed of high percentages of glygraine and hydroxyproline
(Fetterer & Urban Jr., 1988). However, the composits not the same at all stages
of the life-cycle. More glycine and proline are gat in the cuticle of adults and L
larvae than in kand Lg larvae, whereas hydroxyproline is most abundatiteri,.
Specific proteins also differ between stages. Tdikagen fibres exist in monomeric,
dimeric and trimeric forms. Dimers and trimers aemess-linked by both disulfide
bridges and by covalent isotrityrosine cross-liffksjimotoet al, 1981; Betschart &
Wyss, 1990; Fetterer & Rhoads, 1990). Collagenhsgis inA. suunmduring
development from 4 to Ly is interrupted by the inhibition of cross-link foation
(Rhoad<et al, 2001a)

2.2.2 Moulting and exsheathment

As each larval stage develops, moulting of thecteiallows continued growth and
development of new mouthparts (Bird & Bird, 199imediately prior to moulting,
larval activity ceases, a period knownle@thargus Moulting begins withapolysis or
separation of the cuticle from the epidermis. Tae cuticle is secreted by the
epidermis and forms beneath the old one (Whafit®86). Folds in the new cuticle
allow for growth of the next larval stage. The oldicle is shed in a process known
asecdysis During the second moult, the old cuticle is apety but not ecdysed, and

thus becomes the sheath of theExsheathment is simply delayed ecdysis, but



unlike the first moult, requires a specific trigggimulus from the host. This stimulus
is the presence of dissolved carbon dioxide atiplogical temperatures (38 °C)
(Rogers & Sommerville, 1960; Rogers, 1968 emonchuspecies require neutral
pH for exsheathment, whereas intestifiathostrongyluspecies require low pH
(Rogers, 1966).

The L; sheath is composed of non-collagenous proteirsdmolked by dityrosine
residues (Fetterer & Rhoads, 1996). Prior to exsineant, a refractile ring forms
around the sheath 20 um from anterior end (Gamitdd, 1989a; Gamblet al,
1989b). TheH. contortusrefractile ring appears to consist of three dédferproteins
(Gambleet al, 1990). Compared with the rest of the cutickeliproline and glycine
are present, but there are higher concentratiossrafe and threonine. There are no
tyrosine cross-links present at the site of theaatiie ring. During ecdysis, it is
thought carbon dioxide stimulates the anterior egmg, causing associated
neurosecretory cells to produce noradrenalin (Gdba&ey, 1985). Noradrenalin
may stimulate the release of another messengdvdblya peptide) causing the
excretory cells to take up water. The enzymes gheathing fluid would thus be
activated and released into the space betweendrand the new cuticle. The cuticle
is hydrolysed at the site of the refractile ringtlisat the anterior end of the sheath

opens like a lid and the larva wriggles out (BirdB&d, 1991).

Exsheathing fluid acts only on the interior of #feeath, at the site of the refractile
ring (Rogers, 1966). The site of release of exstiegtluid is uncertain, but it may

be either the excretory-secretory cells, the oesgps (Rogers, 1982) or the amphids
(Bird & Bird, 1991). Support for this suggestiomoes from the observation that the
H. contortusLzaligns its mouth with the refractile ring of theeslth just prior to
exsheathment (Gambét al, 1989a).

Moulting can occur within 10 minutes of refractilag formation, which suggests
that the active components of exsheathing fluidoaedormed and stored, rather than
synthesised as needed (Wharton, 1986). The idagitttyese active components is
unclear. Proteases and chitinases do not appéarpeesent in hatching fluid from
eitherH. contortus or T. colubriformis(Rogers, 1982). Rogers & Brooks (1978b)
showed that leucine aminopeptidase (LAP) is prodwadeen exsheathment is



stimulated, and exsheathment is inhibited by LARQitors. On further analysis they
concluded that LAP alone could not bring abouhezshment (Rogers & Brooks,
1978a). Some authors refute the involvement of bARIl (Ozerol & Silverman,
1969; Owen & Slocombe, 1974). Nematode LAP is Wistavhich may prevent the
development of host antibody responses, but algoexplain discrepancies in
research results (Rogers & Brooks, 1978b).

The enzyme responsible for the breakdown of thacégfe ring is probably a

protein, isolated fronk. contortusexsheathing fluid, that has structural similarities
to collagenase but does not possess collagenasgyg®ogers, 1982). This protein
is a metalloprotein, mildly catalysed by calciunneagnesium but strongly catalysed

by zinc. A similar metalloprotein was isolated lstterer and Rhoads (1996).

2.2.3 Gametogenesis

Oogenesis in trichostrongyloid nematodes was stiuoyeMacKinnon (1987), who
used a mouse nematodieligmosomoides polygyruas a model. Oogonia form in
the germinal zone at the tip of the ovary and artéally connected to a central axis,
or rachis by cytoplasmic bridges. The oocytes eventualtpcle as they mature and
migrate down the growth zone of the ovary. The isaishnot present in the distal
part of the ovary. As the oocytes mature, granapgsear in the cytoplasm. In

H. polygyrus three types of granules are present. One tyfh®igyht to contain
lipoprotein, while a second type contains lipopirotglk droplets which probably
have a nutritional function. The third type congalipid and is thought to be
involved in formation of the eggshell. The origifntleese granules is not clear and it
has been postulated that they might be transpacdexts the ovarian wall from the

closely opposed intestine. Glycogen is also presetiie cytoplasm.

Spermatogenesis in nematodes follows a similaepatb that of oogenesis. Diploid
spermatogonia form in the germinal tip of the geatd undergo further development
in the growth zone during movement down the tdéstierm spermatocytes (Bird &
Bird, 1991). The spermatocytes divide to form hapgpermatids. Spermatids

develop to spermatozoa either in the testis dnérréproductive tract of the female



worm, depending on the species. Nematode spermaslaoid and lacks a
flagellum, an acrosome or a nuclear membrane. Namsenembranous vesicles are
present in the cytoplasm in most species, butuhetion of these is not known. A
filamentous protein known as major sperm proteailifates amoeboid movement
(Justine, 2002). Mature sperm are stored in thersdmesicle and must be activated
in the female reproductive tract prior to fertitisa of the egg, a process equivalent

to sperm capacitation in mammals.

2.2.4 Embryogenesis

Embryogenesis begins with fertilisation eitherhe seminal receptacle in species
where this is present, or in the oviduct, or intbgion of the uterus most proximal to
the oviduct, as in the caseldf contortus(Bird & Bird, 1991). The spermatozoa do
not possess flagella and move via pseudopodia.€linake contact with oocytes,
leading to interdigitation of cell membranes ansida of the cells, after which the

sperm nucleus disintegrates. This process stinsufatenation of the eggshell.

The details of embryogenesis have been most cletediyed inC. elegansand has
been summarised by Bird & Bird (1991) and Robert3afiovy (2005a). After the
larva is fully formed, it elongates and larval mment and pharyngeal pumping
begin. The cuticle is synthesised after elongafidre cuticle can be seen developing
over the surface of the larva within the egg anthagight to be derived from the

inner layer (the lipid layer) of the egg shell (Tr&@976).

The extent to which egg development occurs withenddult is different from
species to specieaemonchus contortueggs usually contain four cells when shed
by the female, but develop to the 24 - 26 cell stagthe time they are passed in the
faeces (Veglia, 1915). Eggs are obligate aerobéslanelopment beyond the morula
stage does not occur in the host due to lack ofjemyVeglia, 1915; Silverman &
Campbell, 1959). Movement &f. contortudarvae may be detected from six hours
after the eggs are voided in faeces and under gpticonditions, development
appears to be complete between 10 and 12 hoursvafting (Veglia, 1915).
Hatching begins 14 hours after voiding and is alncomplete eight hours later.
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The embryonic development rate depends on optimat@mental conditions,

which vary from species to species. Temperatupaiscularly important and for
most species, no development will occur below 4Sigilarly, development tends

to be delayed or inhibited at excessively high terajures (Bird & Bird, 1991). The
optimum range for developmentldf contortuseggs is 22 — 35 °C and development
is impaired when temperatures deviate even 2 °€idrithis range (Veglia, 1915).

2.2.5 Structure and formation of eggshells

The three main layers of nematode eggshells areteedy the egg, although in
some species one or two outer layers secretedebyténus of the adult worm are
also present (Foor, 1967; Bird, 1971). Strongykxds do not posses a uterine layer
(Wharton, 1980). After fertilisation of the oocyBesecond plasma membrane forms
inside the oolemma. The original oolemma sepafabes the cell, becoming the
outer vitelline layer of the eggshell, while théeirmediate chitinous layer forms in
the space beneath (Foor, 1967; Mansfetlel, 1992). The vitelline layer may have

carbohydrate residues present on the externalcgu(Bird & Bird, 1991).

In the chitinous layer, high tensile strength ehisi covalently linked to protein,
resulting in a strong, flexible structure that peis mechanical damage to the lipid
layer and contributes to the tremendous resistaheggshells to chemical attack
(Wharton, 1980). The composition of the chitinoaygelr varies, but consists mainly
of protein in strongyloid eggs (Roberts & Janov@02a). The chitin microfibrils in

H. contortuseggs are surrounded by a protein matrix (Manséekl., 1992).

Refringent bodies throughout the cytoplasm condéeseath the new oolemma and
extrude their granular contents to the cell surtaderm the inner lipid layer.
Twenty-five percent of the lipid layer iscarisspecies is made up of protein, while
the rest is composed of ascaroside esthers (sumaties linked to monol or diol
alcohols) (Fairbairn, 1957). It is not known whethecarosides occur in the eggs of
other nematodes. The lipid layertdf contortuseggshells is thought to contain non-
polar hydrocarbon lipids, whereas thaflofcolubriformiseggshells is more likely to

consist of protein or polar unsaturated lipids (Mfal1971). Species differences in
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the lipid layer probably explain differences in thesceptibility of eggs to desiccation
and chemical penetration. The lipid layer is peroheanly to gases and lipid
solvents (Arthur & Sanborn, 1969). Oxygen must lble ¢o diffuse across the egg
shell, since larval development is oxygen depenflemiambre & Whitlock, 1967).

Water vapour can also diffuse across the shellitoited extent (Wharton 1979).

2.2.6 Mechanism of hatching

If sufficient water is present, hatching proceesls@on as theslis fully developed
(Wharton, 1986). During embryonation of nematodgseglycogen is converted to
trehalose, which accumulates within the egg torecentration of 0.2 M, causing a
high osmotic pressure. Just before hatching, pdrititgachanges in the lipid layer
allow trehalose to leak out of the egg and theddm®comes activated by an influx of
water. The larva in turn secretes enzymes that arettie shell. The egg swells,
which in combination with embryonic movement resutt the rupture of the shell
(Croll, 1974; Westort al, 1984). The stimulus for the initial change immeability

is unknown. It is probably a result of enzymic s#ion by the larva. Hatching fluid
disrupts the arrangement of the chitin-protein clexgs in the medial layer of the
shell, removes the lipid layer and damages thdlimeemembrane (Mansfieldt al,
1992). Hatching fluid differs from exsheathing @un that, although hatching fluid
normally acts on the inside of the eggshell, iéasled into the medium it will also act

on the outside of any shells with which it comés icontact (Rogers, 1966).

Rogers and Brooks (1977) obsenkedcontortudarvae emerging head first from
small holes in egg shells, and postulated thah#rder outer membrane was broken
down in a localised area by enzymes secreted bgrttieyo, while the inner lipid
membrane was broken down mechanically by the emb#@n the eggs were
washed in hypochlorite, the shell surface was segimaltered, resulting in a
generalised thinning of the outer shell membranesnihey were subsequently
exposed to hatching fluid. Hypochlorite therefogerss to increase the surface area
available for the enzymes in hatching fluid to @ct by removing the protective
outer coat. These workers identified LAP and asge hatching fluid but were

unsure of how these enzymes were involved in thehiray process. Purified lipase
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or LAP did not break down egg shells. There wasvidence for the presence of
chitinase or a peptidase in this study.

Hinck and Ivey (1976) demonstrated that hatchinglffrom A. suunmexhibited
strong proteinase activity and further observed tlagching efficiency of 18 — 28
day-old eggs increased as proteinase activity asa@. Other possible constituents
of the hatching fluid were lipase, chitinaseglucosidase and-glucosidase.
However, despite the presence of lipase, hatching) did not attack the lipid layer.

Possibly, the effects on the lipid membrane weceallsed.

There is some evidence that calcium bound to lipigon membranes in the lipid
layer can be displaced by hatching fluid, but tinection of calcium in this context
and the significance of its displacement are unkn@Wharton, 1986). Eggshells of
Nematodirus battusave both low and high affinity calcium bindingesitand Ash
and Atkinson (1984) observed that hatching wasitdd when these were
competitively blocked by the dye ruthenium red. Thkium-binding sites are
membrane-associated P-glycoproteins (pgp) thataagpebe involved in ion
transport across the shell membranes. Similar pgpe been identified in all three

layers of nematode eggshells (Retal, 2005).

2.2.7 Excretory-secretory products

Parasitic nematodes secrete or excrete a varieyhstances, collectively known as
ES products, many of which are stage-specific. SB®@roducts, particularly those
produced byH. contortus have been isolated and characterised. Substances
identified have included hyaluronidase (Rhoatlal., 2000b; Rhoadst al, 2001b),
cysteine proteases (Rhoads & Fetterer, 1995),camaetalloprotease (Gambde al.,
1996), an acid phosphohydrolase, a cathepsin Gehizgme, a phospholipase C-like
enzyme and aN-acetyl- -D-glucoseaminidase (Gamble & Mansfield, 1996), a
phosphochlorine hydrolase, an alkaline phosphdteetterer & Rhoads, 1990) and
an aminopeptidase (Rhoagksal, 1997). The specific functions of these enzynres a
unknown, but probably include ecdysis of the cetaliring moults, tissue
penetration, anticoagulation and digestion of eats prior to uptake by the worm.
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Additionally, T. suishas been shown to secrete serine protease inlsiprtbich may
act as a defence mechanism against the host imraspense (Rhoad al, 2000a).

2.3 Nutrition/Parasite Interactions

The clinical and subclinical effects of Gl parasiti are inextricably linked to
nutrition of the host animal. The interaction betwenutrition and parasitism is
complex. Parasitic infection alters the host natrimetabolism, but the level and
type of nutrients ingested by the host also infagenthe host’s ability to cope with
the effects of parasite infectioregilienceg or to mount an effective immune
responsergsistanceg Thus the overall effect of parasitism on a ruamitnanimal will
depend on access to specific nutrients, as welleadegree and type of parasitic

challenge.

2.3.1 Feed Intake

Reduced feed intake is one of the most importdattsf of Gl parasitism and may
account for 40 — 90 % of lost production (Symondadfaes, 1975; Sykes & Coop,
1976; 1977; Coopt al, 1982; Bowret al, 1989; van Houtert & Sykes, 1996).
Symons and Jones (1975) compared feed intake asdenurotein deposition in
uninfected control sheep fed libitum sheep infected witf. colubriformisfed ad
libitum, and uninfected sheep pair-fed with the infectexig. It was evident from
that experiment that weight loss in the infectegleghwas related to a decrease in
intake, since similar changes in body weight wexensn the pair-fed sheep. Similar
effects occurred witld. circumcinctanfections (Sykes & Coop, 1977). In the latter
study appetite did not recover in the face of gte infection withO. circumcincta
as it usually does after single large infectioReduced appetite coincides with the
emergence of young adult parasites from the gagitinds. If all emerge at once,
appetite may recover afterwards, but continuoughdosauses persistent appetite
depression. As trickle infections more closely neske field situations, depressed
intake would be likely to have a profound effectpyoduction in parasitised animals.
The extent to which intake is affected may be propoal to the size of the larval
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challenge (Steadt al, 1980), although this has not been the casd stualies (e.g.
see Kyriazaki®t al, 1998).

The mechanisms by which feed intake is reduceciragitised animals are not fully
known. One possibility is that damage to the mudsgainful and deters voluntary
intake (McKellar, 1993). In abomasal parasitisnaspha gastrin concentrations are
usually elevated and are thought to decrease f¢akle by inhibiting muscular
contractions in the reticulorumen. The rate of gnimgf of the reticulorumen is
impaired and thus appetite is reduced (Ebal, 1989). Appetite depression may
also be centrally mediated. Cholecystokinin (CCGKhormone secreted primarily by
cells in the duodenal mucosa, acts both on pergbineceptors and on the satiety
centre in the brain. In sheep, the plasma condantraf CCK was observed to rise
rapidly after infection of the animal wifh. colubriformis This rise was followed by
a marked drop in appetite (Symons & Hennessy, 198Tijve out of six animals, the
administration of an anthelmintic caused feed iatakd CCK concentrations to
return to basal levels within four to six days. &ministering a CCK antagonist that
acts primarily on peripheral CCK receptors, Dyreal (1998) confirmed that CCK
probably acts directly at a central level.

Gastrointestinal parasitism also appears to r@sulp-regulation of expression of the
neuropeptide Y (NPY) gene, which is normally invavin appetite stimulation in
animals that are in negative energy balance. How@vearasitised animals,
increased NPY gene expression is not accompaniaa nycrease in feed intake,
possibly because other stronger signals overriddook the effects of NPY. At least
in the rat model, such a possibility may be mediaia alterations in the secretion of
hormones such as leptin, insulin and corticosteraliieough the evidence for this is
not conclusive (Roberest al, 1999). De Jong-Brinkt al (1999) postulated that a
parasite-induced up-regulation of NPY would benibiét parasite by repartitioning
host energy from reproduction and growth to inoedaglycogen storage, thus
making more energy available to the parasite. Algh this work used lymnaeid
snails as the host, it offers a possible explandbo parasite-induced changes in

NPY expression even though feed intake is not tdtec
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A number of hypotheses to account for parasitegadunappetance in functional
terms were reviewed by Kyriazalas al. (1998). They proposed that reduced feed
intake either stimulated the host somehow to mauargffective immune response
or increased diet selectivity. Increased selegtiviight prevent further infection
(by avoidance of contaminated pasture) or incregak&e of nutrients and
antiparasitic factors to mitigate the infection.vitver, selectivity usually involves
a compromise between nutritional benefits and jt@ragection status. Pasture
growth around faecal deposits is likely to be inyaa, thus improving the energy
and protein intake of grazing ruminants, but insheg the risk of larval ingestion
(Hutchingset al, 2003; Hutchinget al, 2006). Feeds containing condensed
tannins often impair protein nutrition, but thisyrt#e of secondary importance in
parasitised animals that could suffer severely fforther intakes of infective
larvae. Parasitised animals actively avoid faecalt@minated pasture to a greater
extent than non-parasitised animals, suggestirtghkg try to select a diet that
balances their nutritional requirements with tisgiecific need to limit Gl worm
burdens (Hutchingst al, 2003).

Parasitised animals have an increased dietaryreegant for protein (see section
2.3.5 for further discussion). There is some ewvigeihat sheep are able to modify
their diet selection to meet such a requiremegivién the opportunity to do so
(Kyriazakiset al, 1994). Therefore, although parasitism reduceke) the degree
to which parasitised animals are able to modifyrtimake to meet the increased

protein demands of parasitism determines the dgwarclinical signs.

2.3.2 Gastrointestinal function

Several major changes in Gl function occur in ruamis parasitised by Gl
nematodes. These include alterations in morphologyility, and secretion of

hydrochloric acid, gastrin, pepsinogen and mucin.
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(@) Morphological changes

Morphological changes that occur in the abomasurasponse to resident
nematodes include formation of nodules due to ilovesf the gastric glands by
developing larvae, mucosal erosions, hyperaemiabaddma of the abomasal folds
and dedifferentiation of parietal cells (Armaatral, 1966; Roset al, 1968).
Changes induced by small intestif@ichostrongyluspecies include flattening and
disruption of the mucosa, villous atrophy, elongatof the crypts, and infiltration
of the lamina propria by inflammatory cells (Bark&®75a; Coopt al, 1979;
Jacksoret al, 1983). The majority of worms are found in thexpmal one third of
the small intestine, and most of the damage odauttss region (Barker, 1975a;
Steel & Symons, 1982; Jacksenhal, 1983). Parasitic infection of the small
intestine is also associated with decreases iadheity of brush-border enzymes,
particularly alkaline phosphatase, LAP, maltasé, glgcyl-L-leucine dipeptidase
(Jones, 1982). Alterations in the concentrationstbér digestive enzymes
including trypsin, chymotrypsin and acetyl-cholitegase also occur. Symons and

Jones (1970), however, noted that decreases immenagtivity were not consistent.

(b)  Motility

The motility of the Gl tract plays a major rolethre transit time of digesta, so any
factor that alters motility has the potential terdpt digestive processes. Hoetk
al. (1968) observed stasis of digesta in the rumena@omasum of lambs with
large burdens of. colubriformisand postulated that pain may have resulted in
closure of the pyloric sphincter. However, Buetal (1982b) used
electromyography to measure abomasal and intestimaitactility in lambs
infected withH. contortusand found that cycles of motility in these orgaresav
shorter than in unparasitised animals. At the stime, duodenal digesta flow rates
increased, probably because the rate of gastrity@mgpgncreased in response to
the higher gastric and duodenal pH induced by thens. These reductions in
abomasal and intestinal motility were accompaniethbreased frequencies of
migrating myoelectric complexes (MMC), which preteshcomplete stasis of
digesta (Buénet al, 1982b; Gregoret al, 1985).
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McKellar et al (1990) postulated that the abomasal paraSitesrcumcinctaand

O. ostertagisecreted a product with muscarinic-like actiwiich would stimulate
gastric and intestinal contractions and peristatbiss reducing transit time of digesta
and contributing to the diarrhoea often seen dhlhyan parasitised animals.
However, Foxet al (1989) obtained evidence that motility of the rumeticulum

and abomasum was inhibited by the hypergastrinairateaccompanieSstertagia
infections. In addition, Popit al (1985) noted while collecting digesta from
duodenal cannulae in lambs that pH was consistaigher in lambsnfected with

T. colubriformisthan in uninfected lambs and the digesta alscaooedi more bile,
suggesting that motility in this region was impdir&his apparent contradiction may
be explained by differential effects on motility@sserved by Buéno and Fioramonti
(1979; cited in Buénet al,, 1982b). In sheep infected with bathaxeiandC. oving
motility of the reticulum and abomasum decreaseatjdggunal motility increased.

A lapse of 90 - 120 minutes between first exposoireematode larvae and
reductions in abomasal and duodenal motility satggkthat these changes occurred
in response to the presence of larval antigensri®atal, 1982a). It is not known
how changes were induced, but Gregetrgl. (1985)proposed that increased

secretion of hormones such as secretin or CCK muadhied.

(c) Hydrochloric acid secretion

Abomasal parasites have detrimental effects ogais&ric epithelium, due to direct
physical damage during attachment and feedingt@mtiuced biochemical and

physiological changes related to the host immuepaese. In particular, abomasal
nematodes inhibit acid secretion by parietal calif) a consequent rise in gastric

luminal pH.

In one studyH. contortuslarvae caused an immediate increase in abomashypH
releasing substances that stimulated bicarbonatetgm, while acid secretion was
initially unchanged (Buénet al, 1982a). Acid secretion decreased in proporiion t

the size of the parasite burden about the timadhdt parasites emerged from the
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gastric glands after the final moult. Although ipited parietal cells eventually
become replaced by undifferentiated cells (Muetgl, 1970; Simpson, 2000), the
restoration of parietal cell function within twoums of drenching suggests that
chemical inhibition and not cell damage reduced aecretion (Simpsoet al, 1997;
Hertzberget al, 2000).

Undefined parasite ES products may be involvedirsing parietal cell inhibition
(Andersoret al, 1985; Simpson, 2000). Parietal cells secrei@ aader the
stimulus of histamine, which is produced by enthromaffin-like (ECL) cells in
response to high levels of gastrin. Inhibition ofdasecretion could therefore be at
the level of the ECL cell or the parietal cell (kdxerget al, 2000) but the exact
mechanism is unknown. Inhibition of the ECL celhsst likely because
exogenous histamine and carbachol can stimulatiesaciretion from apparently
inhibited parietal cells, indicating that the progoump (H/K*-ATPase) at the

apical membrane of the parietal cell remains fumgtl.

Reduced acid secretion hinders abomasal functrahp@ay benefit the resident
parasites by inhibiting the establishment of otiimatode species (Coepal,
1986) or by allowing parasites to survive in aboahdisid instead of just in the
mucus layer (Hertzbergt al, 2000). Egg survival may be improved as wélvorm
burdens are low, the changes in pH may be locaisedabomasal pH as a whole
may not be altered (Simpsenal, 1997).

Heavy infections witlT. colubriformisstimulate dedifferentiation of abomasal
parietal cells and inhibit gastric acid secretidespite the fact that the preferred site
for this parasite is the small intestine (BarkeTi&chen, 1982). This could be due

to some form of hormonally-mediated systemic intioioi of gastrin triggered by

the worms in the small intestine. However, Gregatrgl (1985) found that

abomasal pH did not change in responsk. twolubriformisinfection.

The pH in both the abomasum and the duodenum bagnesover 8-10 days after
H. contortusinfection in sheep (Buénet al, 1982b). Similarly, abomasal pH
returns to normal around the tire circumcinctanfections become patent
(Lawtonet al,, 1996).
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(d) Gastrin and pepsinogen secretion

Plasma gastrin concentrations increase in animi#is@®\I parasite burdens,
stimulated at least in part by decreased abomabséFpx et al, 1989). However,
Andersoret al (1985) recorded elevated plasma gastrin levels psiochanges in
abomasal pH in ewes withstertagiainfections, indicating that some other stimulus
was also involved. Hypergastrinaemia occured atfmusame time as pH began to
rise in sheep infected with. circumcinctaeleven hours after elevation of
pepsinogen levels (Lawtat al, 1996). Physical stimulation of the gastrin-
producing G-cells by the worms or chemical stimolaby parasite ES products may
be responsible. Gastrin not only stimulates hist@nsiecretion by ECL cells and thus
acid secretion by parietal cells, but also promptediferation of the parietal cells,
leading to fundic hyperplasia. Increased gastrig méially be due to removal of
acid feedback, but soon after infection, gastrid acid levels become independent
of one another, so inflammatory mediators may besmvolved (Simpsoest al,

1997). Gastrin levels in sheep begin to increapecgmately four days after
infection withH. contortus reach a peak at eight days and begin to dedtioatden
days after infection. Gastrin concentrations retornormal four days after
drenching.

Hyperpepsinoginaemia in Gl nematode parasitisrnabably due to the leakage of
pepsinogen into the blood through disrupted muciiglat junctions as a result of the
inflammatory response to the presence of nemat@&iegson, 2000). Pepsinogen
release into the blood from zymogen cells alsodases (Foet al, 1989; McKellar,
1993), partly in response to high circulating gastoncentrations and partly
influenced by parasite ES products (Fedal, 1989; McKellaret al,, 1990).

(e) Mucin secretion

A substantial increase in mucin production by gbbégls occurs in Gl nematode
infections (Steel & Symons, 1982). The mucoprotgiresent in intestinal mucus are
particularly rich in cysteine; consequently woabguction can be severely impaired
in parasitised sheep.
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) Other factors

Other aspects of Gl function affected by Gl parsisithave received less attention.
Pancreatic polypeptide concentrations decreasediafection of ewes with
Ostertagiaspecies in one study, but the results were to@bbaifor definite
conclusions to be drawn (Andersenal., 1985). Pancreatic polypeptide suppresses
pancreatic secretion and may also have effectslona@lity and acid secretion.

Plasma insulin levels declined in sheep infectethi @i circumcinctaaround the
time of patency, possibly due to reduced protegestion (Foxet al, 1987). Growth
hormone levels also declined over the course oirtleetion. A decrease in total
thyroxine concentration in both infected animald anpair-fed controls was
probably caused by reduced feed intake. Howeveg, tiryroxine concentrations did
not change, indicating that metabolic consequeatebanges in thyroid hormones

were unlikely.

2.3.3 Energy metabolism

The results of studies investigating the effect&bparasitism on energy
metabolism have been inconsistent. In some expatsnesing sheep, infection
with T. colubriformisappeared to decrease the efficiency of utilisabiodietary
energy (measured as kg DM consumed per kg bodyweaihed), with little effect
on feed digestibility (Symons & Jones, 1970; Cetpl, 1976; Sykes & Coop,
1976; 1977; Bowret al, 1991a). In the latter experiment, designed testigate
the effects of improved protein or energy nutritmmproduction in parasitised
animals, efficiency was restored by post-rumin&ision of casein. However,
glucose infusion into the abomasum had only a sefftt, possibly by sparing
amino acids from gluconeogenesis and thus makieny #vailable for protein
synthesis.

On the other hand, MacRae (1993) argued that whergg expenditure was

measured in respiration chambérscolubriformisreduced feed digestibility. Less
metabolisable energy (ME) was therefore availablé animal, while the
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efficiency of ME utilisation remained unchangedeé&t(1972) demonstrated that
acetate production decreased in sheep parasitys€ddmlubriformisdue to
reduced appetite and reduced organic matter (OlyBstion. Live weight and wool
growth were impaired due to an energy deficit aackreased volatile fatty acid
(VFA) production may have decreased microbial pnoggnthesis. The effect of Gl
parasitism on energy metabolism is yet to be resbbatisfactorily, but it seems
likely that increased protein turnover as a restihtestinal parasitism would
increase the maintenance energy requirement dfdsieanimal (van Houtert &
Sykes, 1996).

Energy may be more limiting in parasitised goasstbheep because goats have
lower fat reserves. Goats browsing tropical foramesparticularly likely to have
inadequate energy intakes and may require enepplesuentation to alleviate the
effects of parasites (see review by Hasdtal, 2005b).

2.3.4 Minerals

There have been many studies of the effects ofe@iatode parasitism on calcium
and phosphorus nutrition, due to the incidencestéaporosis and osteomalacia in
growing lambs infected with intestinal parasitegkgset al,, 1975). Infection with
T. colubriformisdecreased dietary phosphorus absorption by 30 #sqW&

Field, 1983). Concurrently, mucosal damage anceamed secretory activity in
response to the presence of worms resulted indagfsendogenous phosphorus,
causing hypophosphataemia and a reduction in sglpfeosphorus. Endogenous
calcium loss increased slightly but plasma conegioins remained normal.
However, the combined phosphorus and protein @efogi impaired both bone
matrix deposition and mineralisation, thus redudnge growth. Low phosphorus
intakes exacerbated these effects (Coop & Fiel831%oppiet al (1985)
examined calcium and phosphorus absorption in lagives continuous trickle
infections ofT. colubriformisfor 14 weeks and found no improvement in
phosphorus metabolism after the development oftaasie to the parasite. In
contrast, infection with the abomasal parasitecircumcinctadid not affect either

calcium or phosphorus absorption and caused osilgadl increase in loss of
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endogenous calcium (Wilson & Field, 1983). Serumcemtrations of calcium and
phosphorus remained normal, but skeletal growthstiismpaired, the
mechanism by which this occurred being unknown €Sy& Coop, 1977).
Abomasal infusion of casein increased calcium tegenpossibly in response to
increased demand for bone matrix mineralisatiorpdégplcaemia is not generally a
feature of Gl parasitism, because the large ime$s a major site of calcium
absorption (Bowret al, 1989). It is also possible that phosphorus defizy and
the consequent decrease in bone matrix deposibiolial cesult in a lower demand
for calcium in parasitised animals. The main sftplmsphorus absorption is the
small intestine, so infection may inhibit absorptioy direct damage to the
proximal small intestine and inability of the dissanall intestine to compensate
(Bownet al, 1989). A further possibility is that rising duatal pH in intestinal
infections causes phosphorus to precipitate in ¢exeg with calcium or
magnesium and thus prevents absorption (Pefpal, 1985). However, this does

not sufficiently explain why calcium and magnesiabsorption are not affected.

There is no evidence that magnesium absorptiofiestad by Gl parasitism (Bown
et al, 1989), but skeletal deposition may be decreassdvere cases of

trichostrongylosis (Reveroet al, 1974).

Adequate mineral nutrition is important to compeeadar impaired nutrient
absorption, but may have other benefits as wellerivoounts and faecal egg
counts decreased in lambs infected wWitltolubriformisand supplemented with
molybdenum at rates greater than 0.01 mg/kg livightecompared with
unsupplemented lambs (Sutdeal, 1992). This effect was only seen after a second
infection, so molybdenum may have been involvethendevelopment of
immunity. Similar reductions in worm burdens anddal egg counts, as well as
higher packed cell volume (PCV), occurred in moltwm-supplemented lambs
infected withH. contortus However, no prior exposure to worms was necessary
obtain these results with the abomasal parasitaltAtl contortusexposed to
molybdenum in the host diet secreted less protgmaulture media than worms
derived from unsupplemented hosts, so the impaeedetion or functioning of
copper-dependent anti-inflammatory enzymes by thens may have contributed

to an improved host immune response. High levelipplementation with
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molybdenum can impair the immune response. Thenyoti range seems to be 4 —
8 mg/sheep/day, or 6 — 10 mg/kg dietary DM (Mc€ktral, 1999; McClure,
2003). Due to dietary interactions between molyhbdeand copper, the ratio of

copper intake to molybdenum intake may also be ntapt.

Other nutrients have been investigated for poteetfacts on immunity to Gl
nematodes. Iron supplementation can acceleraetreopment of resistance to
infection withH. contortus probably because the haemopoietic system isrlatite
to compensate for blood loss. Lambs that recetre supplementation can survive
severe infections without developing clinical sigdsspite significant faecal egg
counts (Scotet al, 1971). The development of resistance may alsmpeoved.
Compared to unsupplemented animals, selenium suepl@tion did not appear to
affect the immune responseHio contortusin six-month-old Merino lambs (Jelinek
et al, 1998). However, the unsupplemented animalsisstiudy had high plasma
tocopherol concentrations, which may have boogtenl immunity. Impaired
selenium absorption has been shown to induce wiitgcle disease in lambs with

chronicTrichostrongylusnfections (Horalet al, 1968).

2.3.5 Protein metabolism

Damage to the Gl tract caused by the presencensdtoeles disturbs normal
digestive function. Abomasal parasitism wih circumcinctaseverely reduced
protein degradation and therefore nitrogen (N) sligdity due to loss of functional
parietal and chief cells (Sykes & Coop, 1977). dgen digestibility returned to
normal gradually over the course of the experimposgsibly because intestinal

protein degradation increased to compensate.

The abomasal parasitd, contortusalso causes significant leakage of blood from
attachment sites on the abomasal mucosa. Rbak(1988) found that blood loss in
parasitised animals increased the amount of endogeN entering the duodenum,
which was subsequently reabsorbed. However, ammasgproduced in the
abomasum, partially by metabolism of blood proteyH. contortus and partially

by an unspecified host mechanism. Although the amawwas reabsorbed, it was
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then excreted in the urine instead of being ma@datbie for protein synthesis, and
so represented a loss of N to the host animal.

An early experiment to determine the effects tdstinal changes on apparent N
digestibility found little difference between foarenth-old lambs parasitised with
T. vitrinusand control animals, but whole body protein depasitvas markedly
decreased in the parasitised group (Syted, 1979). This suggested that protein
loss and replacement due to plasma leakage intotideinal lumen or sloughing of
intestinal epithelial cells reduced the efficieruyprotein utilisation, rather than
reduced N digestibilityper se This concurred with the findings of others (Syra@&
Jones, 1970; Roseby, 1973; Pogepal, 1986).

Prichardet al (1974) demonstrated marked endocrine changesrihd infected

with T. colubriformis including increased corticosteroid secretion depressed
plasma insulin and thyroxine concentrations. Suenges were consistent with the
repartitioning of protein synthesis from muscldiver. In contrast, Sykes and Coop
(1977) found no change in protein utilisation afentn the effects of depressed
intake in sheep parasitised with the abomasal w@rrircumcincta Parasite
location and pathophysiology are probably importardetermining the effects of

Gl nematode parasitism on protein metabolism.

Plasma proteins account for at least part of tlimganous protein loss. The degree
of plasma loss is probably related to the degrespdhelial disruption (Beveridget
al., 1989). Sheep infected wi. circumcinctahad high plasma albumen turnover
rates and appreciable leakage of plasma into thea@land possibly into
perivascular tissue spaces (Holmes & MacLean, 1¥Hdyever, Poppéet al (1986)
calculated that most plasma proteins releasedetintestinal lumen of lambs
parasitised witlT. colubriformisshould have been reabsorbed, and would not
account for the total amount of non-ammonia nitroe¢AN) present at the terminal
ileum. They postulated that the remaining NAN nmhestlue to increased mucus
production and sloughing of epithelial cells inte intestinal lumen in response to
the presence of parasites. Since energy utilisatemnot increased, and protein
deposition decreased in relation to total liveweggin (see Sykes & Coop, 1976), it
seemed likely that protein synthesis was not ireddo meet the extra demand for
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protein. Rather, protein synthesis was divertethfrmrmal productive processes to
the replacement of protein lost into the intestifti@s suggestion was consistent with
the finding thafl. colubriformisinfection increased protein synthesis in the liver
decreased protein synthesis in muscle or renatx¢8ymons & Jones, 1975; Jones
& Symons, 1982). In another study, Boetal (1991b) observed that a mixed
infection of O. circumcinctaandT. colubriformisincreased the loss of endogenous
protein (mainly due to mucus production and incedaspithelial turnover as part of
the host response to the presence of nematodegidooot impair absorption.
AlthoughT. colubriformismainly inhabits the proximal one fifth of the sinal
intestine, the site of maximum absorption of aman@ls was seven to fifteen metres
from the pylorus (Ben-Ghedalet al, 1974). The increased demand for protein in
parasitised ruminants therefore is due mainly toeased loss and replacement of
endogenous protein. Any protein that does escagergioon in the small intestine
can be fermented by microorganisms in the largestiie to produce ammonia,
which is then absorbed and lost in the urine aa (Béeel & Symons, 1982).

Increased oxidation of amino acids by Gl tractugessto meet increased metabolic
demand also accounts for some loss of proteinhées infected witff.
colubriformis blood flow to the Gl tract increased, with a cament increase in
the sequestration and oxidation of leucine €tal, 2000). Increased demand for

other amino acids by Gl tissues has yet to be dstraird.

The effects of protein supplementation on Gl paisasiin sheep have been widely
investigated. Liet al. (2003) estimated that sheep required an extgadfprotein
per day to compensate for the effects of Gl pasasitAbbottet al (1986b)
compared the effects of a high or a low protein dreH. contortusinfections in
lambs. On the low protein diet, clinical signs werere frequent and severe and
haematological changes were particularly markedh Booups had increased rates of
erythropoiesis to compensate for gastric haemoehagt those on the low protein
diet showed a marked degree of inappetance (Alebalt, 1986b). Bowret al
(1991a) used abomasal infusions of either casegtusose to demonstrate that
increased supply of protein, but not energy, topibst-ruminal Gl tract improved
DM intake, liveweight gain and ME retention in infed animals. Casein infusion

also reduced faecal egg counts and intestinal vemumts 12 weeks post-infection.
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Van Houtertet al (1995a) demonstrated that protein-supplementedpshad
increased growth rates and slightly increased womith compared with
unsupplemented controls, although worm burdenkeriwo groups were similar.
Milk yield and milk fat content of dairy goats weakso increased by protein
supplementation (Chartiet al, 2000). These findings illustrate the improveditgb
of protein-supplemented parasitised animals to itieeincreased demand for amino
acids (Steel & Symons, 1982).

2.3.6 Nutritional effects on immunity to parasites

(@) Development of immunity

There are three stages of the ovine immune resgorGeparasites (Seaton, 1989;
Dobsonet al, 1990b; a). Initially, lambs are fully susceptilbeinfection and larval
establishment is unimpeded. During the second stagel establishment is reduced
and the egg production of female worms is inhihigatt finally, adult worms are

expelled.

The effects of protein nutrition on the developmainimmunity to parasites were
investigated by van Houteet al (1995a). In three-month-old lambs born on
pasture, supplementation with either rumen-degiadatrumen-undegradable
protein for 36 weeks decreased faecal egg countsdiworm burdens. The lack
of effect on worm burdens suggested that protetntimn did not influence the rate
of development of acquired immunity. However, seppéntation reduced the need
for drenching and increased liveweight gain, waoldoiction and wool fibre

diameter, indicating that supplementation had imedoresilience.

In a subsequent study (van Houtral, 1995b) three-month-old lambs were
supplemented with fishmeal for 140 days. Serialnwoounts throughout the
experiment showed that larval establishment.afolubriformiswas not affected, but
the ability to expel adult worms from Day 70 onwsavwdas enhanced. These two
studies suggested that a high-protein diet didmptove the acquisition of
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immunity, but did improve the expression of the ioma response later in the

infection.

In contrast, supplementation with rumen-undegrasipbdtein increased the rate at
which lambs developed resistance&Xocircumcinctavhen rechallenged after an
initial infection (Coopet al, 1995). Faecal egg counts and worm burdens cssuiea
in the supplemented lambs and a large proportiamooms failed to develop beyond
the Ly stage. Abbotet al (1988) found that lambs trickle-infected with contortus
larvae resisted reinfection when fed a high proti&t but not a low protein diet.
Possibly, differences between the immune respdosaisomasal and duodenal
nematode species could account for the diversetsfté protein supplementation.
Of note, the efficiency of protein utilisation fgrowth decreased, despite improved
immunity toO. circumcinctan the study of Coopt al (1995). Possibly protein was
diverted away from productive processes to the ldpweent of an immune response.
This resulicomplemented the finding of van Houtettal (1995b) that the clinical
signs ofT. colubriformisinfection were most severe around day 70 post-iitiec

when worms were expelled.

More evidence that nutrition can indeed affectabquisition of immunity comes
from a study in which two groups of lambs werekligeinfected with

T. coulubriformis then drenched and given a second infection. Larpssed to
worms before five weeks of age had reduced faggateunts and increased plasma
immunoglobulin G (IgG) concentrations when rechalled at seven weeks of age,
compared with lambs that were rechallenged aftar thist exposure to worms at
four months of age (Ememt al, 1999). This phenomenon was attributed to

nutritional stress in the older, newly weaned lamb®pposed to suckling lambs.

(b) Maintenance of immunity

Ongoing exposure to worms may be required for gy persistence of the
immune response, particularly fet contortusCoyne & Smith, 1992). In sheep that
have already mounted an immune response to Gl neestworm burdens are
usually low. Although minimal mucosal damage anatgin loss might be expected

in immune animals, significant plasma and protessés occurred when adult,
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immune sheep were exposed to parasitic challengkadbet al, 1983). Such losses
may have been caused by increased mucosal periheabipart of the immune
response to parasites and represented an onga@htpdbe host animal of
maintaining immunity. However, these sheep had lgearning larval-contaminated
pastures immediately prior to experimental chakkerigimune sheep that were
challenged withT. colubriformisafter a six-month parasite-free period mounted a
rapid immune response following a small, transperiod of N leakage into the Gl
tract (Kimambcet al, 1988a). There was no associated decrease innfisd@ or
growth rates, indicating that maintenance of imrhyuwas not associated with major
nutritional costs. This was supported by the failof protein supplementation to
enhance the immune response (measured eithems tdrfaecal egg counts, worm
burdens, or mucosal concentrations of eosinophissheep mast cell proteases) in
immune animals challenged with colubriformis(Kyriazakiset al, 1996a)These
discrepancies may reflect differences in the magleitof the initial immunity

developed or in the time elapsed between primdegciions and rechallenge.

The GI mucus of sheep exhibiting resistancé.toolubriformiscontained a
substance that inhibited the migration of larraeitro (Douchet al, 1983;
Kimambo & MacRae, 1988). This substance contairystete-rich leukotrienes.
Large quantities of this inhibitory factor may b®g@uced to maintain resistance to
parasites, limiting the quantity of cysteine avialiéafor wool production. Protein
supplementation may thus improve the ability ofgsérsed animals to meet the
needs of both parasitism and production. Immunagiokproduction is another
important component of the immune response to naoieatin the Gl tract
(Charley-Poulairet al, 1984). However, plasma IgA concentrations werte n

increased in ewes on high protein diets (Houeljkl, 2001b).

Kimamboet al (1988b) noted that sheep that were trickle-irdeatith

T. colubriformisinitially grew at a decreased rate compared witinfected
controls, but had developed a degree of resistantte parasite by Week 13 of
dosing and subsequently grew at the same rateeawtitrols. This suggested that
a nutritional penalty would be associated withdkegelopment of resistance, since
protein would be required for the expression oiramune response and therefore

diverted away from growth. A smaller ongoing costnaintaining resistance was
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manifest in the failure of the parasitised anintalandergo a period of catch-up
growth despite adequate food intakes. However,a&gakiset al (1996b) reasoned
that since sheep chose not to select high proteimponents of their diet, despite
previous evidence that they are able to do so @ggkiset al, 1994), then protein
probably was not limiting growth. In addition, fber parasitic challenge of the
same immune sheep by Kyriazakisal (1996b) did not affect the growth rates of

the animals. Such conflicting results require fartblarification.

(c) The patrtitioning framework

Some of the conflict discussed in Section 2.3.71fhy be explained by the
partitioning framework proposed by Coop and Kyrkagg1999). It seems likely that
in parasitised animals, priority is given to megtthe protein requirements for the
development and maintenance of immunity in prefegdn meeting the protein
requirements for growth and production. If prot@itakes are marginal, production
suffers. If protein intakes are high enough, satitfry growth and production can be
maintained in parasitised animals. According toghsitioning framework, the
maintenance of body protein (including repair amplacement of damaged tissues)
Is given first priority in young growing animalsdthe acquisition of immunity is
then given second priority. Third priority is givemproductive processes such as
muscle and wool growth, and the lowest prioritfatsdeposition. Once the immune
response has developed, however, accretion of padgin is prioritised over the
expression of immunity. It has been suggested2abat25 % protein above
maintenance requirements is required for increessidtance or resilience (Ketas
al., 2006).

Improved protein nutrition can reduce the peri-paent rise in faecal worm egg
counts (PPR) that occurs in ewes (Donaldsioal., 1998; Houdijket al, 2000) and
goats (Chartieet al, 2000). The PPR is probably caused by a dromimunity in
response to lactation-related changes in plasnmadme concentrations (O'Sullivan
& Donald, 1970) and disappears if lactation is préed or stopped. A reduction in
the PPR with protein supplementation suggestspitegnancy and lactation take

precedence over maintenance of immunity in termgatiein partitioning in
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reproductive animals. In other words, maintenarfdgody protein still has first
priority, but reproductive function has second ptyp maintenance of immunity
third priority and maintenance of body fat lastpitiy .

Kahnet al(2000), while agreeing with the overall framewddynd that
improvements in the expression of immunity tookcpdence over increased body
growth when comparing sheep fed high or moderaigdeof protein. These authors
suggested that the effects of improved protein lsupp immunity might differ,
depending on the difference between the proteielseyeing compared, how close
protein intake was to the maintenance requiremkttteoanimal and the
physiological demands on the animal. Houdijlal. (2001a) suggested that a
proportion of body protein can be classified agesal protein, which must be
maintained. However, up to 25 % of protein may lmbilized to meet increased
demands and this proportion can be classifiedkakelprotein (McNeillet al, 1997).
In line with this, ewes that were fed to maintdieit body protein during mid-
pregnancy had lower periparturient faecal egg othrdn ewes fed a low protein
diet during mid-pregnancy regardless of the dieprogein levels fed at parturition
(Houdijk et al,, 2001b). It has been estimated that peripartugesms infected with
T. colubriformisneed an extra 1g metabolisable proteif/ktyday to prevent faecal

egg counts from rising.

The partitioning framework is based on the assurngtiat animals have control

over nutrient partitioningForbes, 1993), giving first priority to metabofimctions
necessary for survival and second priority to fior that ensure genetic
perpetuation. However, Coop and Kyriazakis (1998)bt offer an explanation as

to the mechanism by which control is effected. Saclexplanation is necessary for a
full understanding of the interaction between piéisas and nutrition.

(d) Persistence of nutritional effects
It may not be necessary to feed high levels ofganotontinuously to obtain

substantial levels of resistance to Gl nematodagtalet al (1999) fed isoenergetic

diets differing in protein content to parasitisaganed lambs for nine weeks after
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weaning, and then put the lambs out to graze fon&&ks. By the end of the
experiment, the lambs that had been fed high pratieits after weaning had higher
liveweight gains and wool growth, lower faecal eggints and higher antibody
responses to botd. contortusandT. colubriformisthan the lambs that had been fed
low protein diets. It is not known how long thigigaover effect may have lasted had
the experiment continued, but it is clear that esleort periods of supplementation
around weaning can yield long-term benefits. Bypdyipg sufficient protein to

allow the development of an immune response toaEdgtes without arresting
growth, the need for compensatory growth latev@ded. It is likely, however, that
prolonged responses to supplementation are onig\ghif initial dietary protein

levels are significantly limiting (Knoet al,, 2003).

2.4 Issues in Parasite Control

2.4.1 Anthelmintics

Because the consequences of parasitic infectioheaevere and even fatal, it is
vital that effective methods for controlling patasiare available. Three broad
families of anthelmintic drug commonly used in raamt livestock are the
benzimidazoles, the levamisole/morantel group aeditacrocyclic lactones
(avermectins and milbemycins). When anthelmintgistance is not a problem, and
when used responsibly, anthelmintics can reducegyatemn losses due to Gl
parasitism, simply and cost-effectively. Resporesise includes dosing only when
necessary to cure clinical disease or preventdberaulation of infective larvae on
pasture, administration of the correct dose ratelsuse of careful drenching
techniques (Waller, 1997b). Whenever possible araspectrum drugs should be
used in preference to broad-spectrum alternatMamtaining a proportion of the
worm population in refugia (sequestered from drxgosure) may also delay the
onset of resistance (Barnetsal,, 1995). Such practices are essential if the

development of anthelmintic resistance is to begmeed.

Anthelmintic resistance is characterised by redwefédacy of anthelmintic

compounds against a population of a particular nedeaspecies compared to a

32



normal population of the nematode (Sangster & G8H9). Resistance is present in
a particular group of livestock if mean faecal eggnts are reduced by less than
95 % after drenching (Australian Agricultural Coiin2003). Resistance of sheep
nematodes to the early anthelmintic phenothiaziag fivst suspected in the early
1950s, less than 20 years after it was first intoedl, and was demonstrated
experimentally by Drudget al (1957). The first case of thiabendazole resiganc
was reported seven years later (Drudgal, 1964). Anthelmintic resistance is now
worldwide (see review by Waller, 1997a). Benzimimlazesistance is the most
common, but there are increasing reports of regst#o levamasole/morantel and
the newer avermectins. Resistance to moxidectirbbas described in

O. circumcincta@rom sheep in New Zealand (Sutherlatdl, 1999); in

H. contortusfrom sheep in Australia (Lowet al.,, 2003); and ifT. colubriformisand
H. contortusirom goats in Australia (Le Jambeg¢ al, 2005). In many cases,
resistance is present without clinical signs obpdrsm occurring in stock and so

remains unsuspected (Australian Agricultural Coli2€103).

There are fewer reports of anthelmintic resistanaattle than in other ruminant
species, which might be related to differences amagement. In contrast to sheep
and goats, adult cattle are often not treated fgra@asites in many management
systems, so less selection pressure is exertduearparasites to develop resistance
(Jackson & Coop, 2000). Nevertheless, a recenegurvNew Zealand of 64 beef-
producing units identified nematodes resistantaih lvermectin and albendazole on
74 % of farms (Meat & Wool New Zealand, 2006). Taikure to identify many
cases of anthelmintic resistance in cattle theeefioay be due, at least in part, to
failure to look for it (Coles, 2002). At the othemd of the spectrum, goats have a
high prevalence of resistant nematodes due to tieeid for frequent drenching
compared to other species. An innate susceptilbdityorms, a high level of rumen
by-pass and a short half-life of anthelminticshis tspecies all contribute to this
situation (Jackson & Coop, 2000).

The future of anthelmintic usage remains uncerithough widespread resistance
problems have made the discovery of new familiesndielmintics highly desirable,
the estimated US$100 million minimum required tog tiscovery and development
of a novel antiparasitic compound has made manynpdigeutical companies
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understandably reluctant to invest in this areatf)yVi999). Several potential novel
agents have been identified, but at best thesstifirm the development stage and
may not be commercially available for some timer(@wr, 1995; Geargt al, 1999).

Reliance on anthelmintics alone to control Gl nexdes is clearly unsustainable.

2.4.2 Alternative control methods

Alternatives to the use of anthelmintics to con@olparasites include rotational
grazing strategies (Banles al, 1990; Bargeet al, 1994; Cheah & Rajamanickam,
1997; Barger, 1999), grazing different host spewgitls different parasite
susceptibilities on the same pasture (Niezeal.,, 1996), breeding for resistance to
nematodes (Alberst al, 1987; Gray, 1997), biological control methodstsas
predacious micro-fungi or bacteria (Larsen, 2000tz€et al, 2005), administration
of copper oxide wire particles (Burlet al, 2005; Burke & Miller, 2006) and
vaccination (Bain, 1999; Smith, 1999). Howevers itarely possible to avoid the use
of anthelmintics altogether. A more common situai®to combine alternative
techniques with the strategic use of chemical dreacthus decreasing but not
eliminating the need for anthelmintics. This prjfieiis used in the FARMACHA
system for the control dfl. contortusin sheep, which allows farmers to assess the
degree of anaemia caused by the parasite by camgpghe colour of the animal’'s
mucous membranes to a standard chart. The woesttadf animals can be identified
for treatment, thereby avoiding unnecessary treatwiehealthy animals (Van Wyk
& Bath, 2002).

One further alternative to anthelmintics is the ofeatural products to control
parasites. Mannich baseskuncalyptus randiseaves (Bennet-Jenkins & Bryant,
1996), eugenol in the essential oil@¢imum gratissimur{Pessoat al.,, 2002) and
ethanol extracts of the leaves and seeddelfa azedaraclall exhibit anthelmintic
activity. The seeds of the neem tréeddirachta indic were shown to have
anthelmintic activity againgt. contortusin in vitro assays (Hordegest al, 2006).
Two plants often used as anthelmintics in tropiegions are wormgrasSiigelia
anthelmig and papaya(arica papaya Wormgrass contains a toxic alkaloid,
spigelline, which was toxic togland adulH. contortusbothin vitro and when
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administered to sheep as a dreftiemolaet al, 2007). Papaya latex had
anthelmintic activity againgiscaris suunm pigs (Satrijeet al, 1994) and
Heligmosomoides polygyruis mice (Satrijeet al, 1995), possibly due to digestion
of the worms by plant proteases. However, the latay be toxic in ruminants
(Satrijaet al, 2001). Papaya seeds also have anthelmintic pgrepeihe active
compound being benzyl isothiocyanate (Kermanshal, 2001).

Another group of compounds recently investigatetiéscondensed tannins. A
number of studies have shown that condensed tahawesbeneficial effects in
parasitised animals, either by reducing worm busd&rby improving production
in spite of worm burdens (Niezext al, 1993; Hoskiret al, 2000; Athanasiadoet
al., 2000a). Condensed tannins are present in mafeyeatit forage species,
including tropical shrub legumes.

2.5 Tropical Shrub Legumes

Shrublegumesareusedwidely throughout the tropical areas of Africa, Latin
America, Asia and the Pacific as supplementaryddedlivestock (Devendra,
1995). They are versatile and various species earsed for fences, cover or ley
crops, green manure (Skermetral, 1988), firewood, pulp and paper, honey
production, erosion control (National Research @dufh983) and in some cases
even provide a source of human food (Maslin & McBIdn1996). Legumes can be
used in cut-and-carry livestock production systentsch are common throughout
Indonesia, or can be grown in alleys andifedituto cattle. The leaves of some
species are suitable for preservation by dry@igicidia sepiumhas been used in

this manner (Panjaitan, 2000).

Legumes have a higher nutritive value than trdgicasses and are useful
especially during the dry season in regions whairgall is unevenly distributed
throughout the year. The plants provide a souraggedn leafy feed at a time when
grass quality can be very low (Skernetral,, 1988). Although energy content of
legumes varies widely and is often similar to thiagrasses, protein content is

generally much higher than in grasses. In a nurabstudies, the mean crude
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protein content reported was 239 gikgl, compared with a mean of 77 g/Riyl
for tropical grasses (Devendra, 1995).

It is clear from the discussion in Section 2.3 thatnutrition of the host animal,
and in particular protein nutrition, has a profounituence on the outcome of
parasitic infections. Shrub legumes, by virtueht high protein content, may
boost livestock nutrition in tropical areas, andloing so, counteract some of the
detrimental effects of Gl parasitism. A common eatof many tropical shrub
legumes, however, is the presence of condensethtamthe leaves, bark and
stems. The effects of condensed tannins on aniatation and production are
variable and difficult to predict. There is increggevidence that condensed
tannins can be beneficial in preventing or redutiregeffects of GI nematode
parasitism through direct effects on the parasitemselves, in addition to the
effects of protein supplementation. Converselyreghmay be detrimental effects on
ruminant protein nutrition due to the ability ofrmensed tannins to bind proteins.
The influence of these properties on ruminant petida will be discussed in the

following sections.

2.6 Tannins

2.6.1 General properties

Tannins can loosely be defined as water-solublet galyphenols with a molecular
weight of 500-3000, that can precipitate proteind ather macromolecules at an
appropriate pH and concentration (Mangan, 1988¢. alsility to form stable cross-
links with proteins is a key feature of tanninsammal nutrition (Swain, 1979).
Other related compounds can often associate wateinis by the formation of
unstable hydrogen bonds, and may be indistinguistfedim tannins using common
analytical methods. This, along with the diversactural nature of tannins, has led

to considerable debate as to the exact definitidarmins.

Tannins are toxic to a range of microorganismsuigicig bacteria, yeasts and fungi,
and constitute part of the plant defence mechaagamst attack by these organisms

(Scalbert, 1991). This may be important not onlyhi@ intact plant, but in delaying
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decomposition of plant litter, thus regulating swpply of nutrients to the soil
(Zucker, 1983). Tannins also afford protection ageherbivorous insects and
animals by complexing with ingested proteins amtiezing them unavailable for
digestion or by inhibiting digestive enzymes (Swdii79). The astringency of

tannins may deter ingestion of certain plants.

Four groups of tannins have been identified: hydrable, oxytannins,-tannins
and condensed tannins (Swain, 19F8)drolysable tanninssuch as tannic acid,
consist of carbohydrates (almost always glucodeyiéed to phenolic acids.
Oxytanningare found only when plants are damaged, as a r@sokidation of
other phenolic compounds. Tlkganninsare a miscellaneous group of low
molecular weight compounds (300-500) that are dapafiprecipitating proteins.
The most numerous, however, are tbadensed tanninsvhich are polymers of
flavan-3-ols. These are also known as proanthodybecause the tannins are
degraded by acid to anthocyanidins (Santos-Buel@&lbert, 2000). The
precursors of tannins, such as flavan-3-ols andrgihenolics, can be categorised
as prototannins. Although they are often considévdzk similar to tannins, the
compounds generally do not have the same actilitg.generalised structures of

flavan-3-ols and proanthocyanidins are shown iufe@.1 and 2.2 respectively.

Structure R, R, R,
-Epicatechin OH OH H
Cyanidin OH OH H
Delphinidin OH OH OH

Figure 2.1 The generalised structure of flavan-3-ols, =RD-galloyl in the catechin gallates. Some
examples of common flavan-3-ols are also givennFgzhofield (2001).
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Figure 2.2 The generalised structure of proanthocyanidirs.HRin procyanidin or OH in
prodelphinidin. The 4 8 linkage is most common, but the 46 linkage also occurs. The
number of repeating units (n) is usually betweem@® 30. From Schofield (2001).

After considering the likely effects of the strues of hydrolysable and condensed
tannins on the way they could be expected to intevith proteins, Zucker (1983)
hypothesised that the two tannins had differentoggcal roles. Condensed tannins
were more likely to be bound to structural compasenh the plant and be involved
in protection from microbial attack. On the othani, hydrolysable tannins were
more likely to be contained in vacuoles within ded, where they would be rapidly
released after ingestion by a herbivore and birdigestive enzymes. However, this
idea has not been sufficiently tested. Condengedria are by far the most common
and are the only tannins that will be considerethr here.

2.6.2 Protein-binding properties

(@) Effects of tannin structure

Protein-tannin interactions are determined by latimin structure (the number and
position of reactive phenol groups) and by the proes of specific proteins
(Asquith & Butler, 1986). Some proteins have a tgepropensity to bind tannins
than others, and each tannin will have a partioglaup of proteins to which it binds

most readily. In general, tannins interact non-gpadly with globular proteins such
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as bovine serum albumin (Frazedral, 2003) but have an affinity for proline-rich
proteins, which form open random coils. Hydrogendsform between proline
carbonyl groups and tannin phenolic groups, fornsitadple structures (Haslam,
1996).Hydrophobic regions on condensed tannin moleceled to aggregate in
water. Thus highly soluble tannins, which have fexrophobic regions, usually
have a lower affinity for proteins than less soéutainnins (Haslam, 1996).

Low molecular weight condensed tannins are too lsm&brm effective cross links
with proteins, whereas large molecules do not &l within protein structures
(Goldstein & Swain, 1963). Thus tannins that aterimediate in size are more likely
to form tannin-protein complexes. Highly polymedseolecules also have fewer
binding sites available to form C-C substitutioomgmunds; however, reactivity of

the hydroxyl groups is not affected.

(b) Effects of tannin concentration

Tannins do not bind to proteins in a 1:1 ratio €& Mangan, 1977). A minimum
amount of a particular tannin is required to preatp a given protein, but the further
addition of tannin results in an increased ratitaoiin to protein in the complex.
The solubility of tannin-protein complexes dependshe size and concentration of
both molecules. If tannin is present in excess,ieres are usually insoluble,
whereas if protein is present in excess, complaresisually soluble (Cannas,
2001). Solubility differences are due to the fonimaif extra bonds between tannin
and protein molecules at higher tannin concentmatitorming more stable structures
(Molanet al., 2001).

The stage of growth of the plant and the geographitclimatic conditions under
which it is grown appear to have a strong influeoceondensed tannin
concentrations. The tannin content.opedunculatugrown on acid, poorly fertile
soils is higher than that grown on high fertilityils or low fertility soils to which
superphosphate fertiliser (9 % P, 11 % S) has bddad (Barry & Forss, 1983).
Considerable seasonal variation also occurs, vak pannin concentrations seen in
the dry season (Maet al, 2004; Alamet al, 2005; Vittiet al, 2005).
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In addition to the total condensed tannins (TCTa plant, it is also useful to
consider the amounts that are extractable (EC®:lalswn as free condensed
tannins), protein-bound (PCT) or fibre-bound (FQDhly ECT seem to reduce
digestibility (Baloguret al, 1998).

(c) Effects of pH

The pH of the medium is important in determiningrtia-protein interactions. At
pH values from 1 — 3, Jones and Mangan (1977) fobaid95 % of Fraction 1 leaf
protein was released from complexes with sainfoimdensed tannins, but at pH 4 -
6.5, stable complexes formed. Although complexembéeo dissociate when the
pH exceeded 7, about 70 % of protein was still baientannin at pH 8.5. Osborne
& McNeill (2001) found that maximum precipitatiocaurred at the iso-electric
point of the protein in the complex, but a charga tmore acidic pH caused a
greater reduction in precipitation capacity thathange to a more alkaline pH
equidistant from the iso-electric point. The preseaf some cations, particularly
calcium and magnesium, increases the protein-ptatiig capacity of condensed
tannins (Martiret al, 1985).

(d) Effects of heat and drying

Optimum temperatures are required for tannin-pnotemplexes to form (Jones &
Mangan, 1977). Sainfoin condensed tannins did orot tomplexes with bovine
submaxillary mucoprotein at 37 °C and complexemémt below 25 °C dissociated
readily. Exposure to heat, UV light or certain emeg (polyphenol oxidase) cause
polymerisation of tannins and the formation of demébonds with protein
(Silanikoveet al, 2001; Rakhmanret al, 2005).

There have been contradictory reports on the effibett drying has on the
condensed tannin content of plants, and on thessulesit nutritive value of the
plants for animals. Drying decreased the digedtjtaind voluntary intake of dried
Calliandra by sheep (Palmer & Schlink, 1992). Others found tihe digestibility
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of some species (notabBalliandra) was reduced by drying, but the digestibility of
other species was not greatly affected (Balogiual., 1998; Norton & Waterfall,
2000). However, increased intake, DM digestibiitd N retention in sheep fed a
supplement of oven-dried (60 °C for 48 ho@a)liandra, compared with fresh
Calliandra, have also been reported (Aénhal, 1997; Norton & Ahn, 1997). Such
differences possibly relate to the method of dryldgder aerobic conditions,
higher temperatures during the drying process asa@é PCT and FCT (Palmetr
al., 2000) but decreased TCT slightly. Under anaerobnditions, ECT and TCT
concentrations increased as temperature increBsgektibility was maximal at

45 °C for oven-dried samples, and was lower under aemnditions than under
anaerobic conditions. Freeze drying gave similaulte to oven drying at 4%C.
Sun, shade and oven drying techniques had varidigets on plant tannin
concentrations depending on the plant species coedebut generally, oven and
sun drying reduced extractable tannin concentratinare than shade-drying (Vitti
et al, 2005).

2.6.3 Tannins and ruminant nutrition

As discussed in Section 2.4.2 (c) condertaedinsform stable complexes with
protein between pH 3.5 and pH 7 and dissociatadrithis range (Jones & Mangan,
1977). In theory, therefore, bound dietary protainguld be protected from
microbial degradation in the rumen and then beassld into solution in the
abomasum, potentially becoming available for digesin the small intestine. At the
higher pH found in the duodenum, however, tannmddcreassociate with dietary
protein, digestive enzymes or intestinal wall pragewith potentially detrimental
effects on digestive processes. In practice, tamewy haveeither adverse or
beneficial effects on the nutritive value of plardepending on the amount and type
of tannin present. Tannins have been found to deer®M intake, DM digestibility,
N digestibility (Merkelet al., 1999a) and average daily liveweight gain in phee
(Merkel et al, 1999b). Animal production is maximised at tancamcentrations of
30 - 40 g/kg, which are just high enough to maleapprotein insoluble (Barry,
1985; Barryet al,, 1986b). Metabolism also plays a role in thatreé nutritive

value of plants containing tannins. Narjigtel (1995) found that N balance and
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rumen ammonia concentrations were significantlye@sed in sheep infused
intraruminally with oak tannins, but not in godisfferences in rumen microbial

populations or urea metabolism were postulateGtse this difference.

(@) Feed intake

Tannins are tasteless but astringent; that is, ittirgase the viscosity of saliva and
increase friction in the mouth by binding to sativaroteins (Prinz & Lucas, 2000).
This can deter feeding, thus reducing feed intBketz et al (1994) found that high
levels of dietary quebracho tannins reduced bodghtend survival rate in voles by
reducing their feed intake, whereas the digediybif N, DM and energy was not
affected. Astringency may not be solely respondiime@educed feed intakes,
however; the ECT content Blesmodium ovalifoliurandFlemingia macrophylla
was more closely related to reduced feed intakedagesktibility than the relative
astringency of the tannins (Barahataal, 1997)

Animals that regularly consume considerable amoohtannins may produce
proline-rich salivary proteins that preferentiahiynd tannins, enabling the animals to
detect and avoid excessive tannin intakes (Primzidas, 2000). Salivary proteins
might also reduce the detrimental effects of tamin dietary protein digestion
(Robbinset al, 1987; Hagerman & Robbins, 1993). In black beasraule deer,
which produce tannin-binding salivary proteins, 98guebracho tannin passes
through the Gl tract unchanged. In sheep, whichatdave tannin-binding salivary
proteins, 25 % of quebracho tannin is lost in thér&ct (Robbinset al, 1991).
Salivary proteins vary considerably between spemgkare usually specific to

tannins occurring in the preferred diet of the aalim

(b) Feed degradation in the rumen

In sheep fed.otus pedunculatugith condensed tannin concentrations above 55 g/kg
DM, rumen fermentation and transit of digesta tigtothe rumen were slow.

Volatile fatty acid production was reduced, but r@aedigestibility of fibre did not
change, since longer fermentation resulted in moreplete digestion (Waghogt
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al., 1994a; Waghoret al., 1994b). In contrast, Barset al (1986b) found that the
rate of carbohydrate digestion did not changetteirate of outflow of undegraded
carbohydrate increased, resulting in an overaltedese in digestibility. Miret al
(1998) noted only minor transient changes in VF##og Wanget al (1994a)
recorded decreased ammonia concentrations andadtdaqgtion of minor VFAs
associated with the deamination of specific esakatnino acids (EAA), but

concentrations of major VFAs and total VFA concatims were not altered.

While plants such aSalliandratend to be high in protein (e.g. more than 10 % of
DM), their potential as protein supplements for mants is limited by the anti-
nutritional effects of tanningdverse effects in the rumen may be due either to a
direct inhibitory effect on rumen microbes, or &ctkased microbial protein
synthesis in the absence of sufficient availabétagy N (Waghorn & Shelton, 1997,
Getachewet al, 2000).In vitro studies have demonstrated inhibitory effects of
phenolic compounds on several rumen bacteria, dgafuboth cellulolytic and
proteolytic species (Bast al, 1993; Jonest al, 1994).

Condensed tannins reduced the growth rates of strashs of rumen bacteria
examined, although a few species had only tempanargases in growth rates at
low condensed tannin concentrations (Miral, 2005a). The effect of condensed
tannins orFibrobacter succinogeneasas bacteriostatic rather than bacteriocidal,
and involved interference with bacterial adhesmfilire and inhibition of bacterial
enzymes, particularly extracellular enzymes (Baal, 1993). Fungal
polysaccharidases were also inhibited by condetas®edns from a number of
tropical shrub legumes (Barahoetal, 2006). In studies on the effect of
condensed tannins frobotusspecies on DM digestibility, hemicellulose digestio
was impaired in the absence of any effect on akidigestion (Barrgt al,

1986b; Waghorret al, 1994b; Waghorn & Shelton, 1995). This might bplaxed
by the binding of condensed tannins to free herhilzede but not to cellulase,
which is not present in a free form in rumen fluid. other studies, tannins
inhibited cell wall synthesis of susceptible prdytic species (Jonest al, 1994)
and reduced the attachment of rumen microorganisrosllulose, thus reducing
fibre digestion (Bentet al, 2005).
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Mc Sweene\et al. (2001a; 2001b) investigated the effect€afliandra condensed
tannins in a series @ vivo experiments using fistulated sheep. They fount tha
while protozoa, fungi and proteolytic bacteria wiargyely unaffected, the number
of cellulolytic bacteria in the rumen decreased mBalliandrawas added to the
diet. This would probably inhibit fibre digestiodowever, there was no effect on
microbial protein synthesis, suggesting that tloeicéon in nutritive value
associated with tanniniferous diets was due molending of the tannins with
nutrients than to an effect on the rumen microoiggas. In studies with.
pedunculatusextensive recycling of urea, probably of salivangim, occurred in
the rumen (Barrgt al, 1986b; Waghoret al, 1994b), so absence of N was
unlikely to limit microbial growth and protein syrgsis. Nevertheless, effects on
the concentrations of other rumen metabolites cap@aliscounted. Terrilt al
(1992a) found increases, not decreases in rumemlonét numbers in sulla-fed
lambs, but this was probably related to the higiméntable carbohydrate content

of sulla.

Which of these proposed mechanisms (inhibitioruaien microbes, reduced
microbial protein synthesis, binding of tanningltetary protein or microbial
enzymes, reduced attachment of microbes to subs}raas the greatest effects on
ruminant nutrition is as yet unclear. Structuralifferent tannins may have
different effects on digestion in the rumen. Jostesl (1976) compared condensed
tannins extracted from a number of plants and fabat in general, astringency
increased with increasing prodelphinidin contemCalliandra accessions,
polymeric proanthocyanidins seemed to increaséitiestibility of plant protein,
whereas oligomers, flavonols and flavonol glycosidecreased digestibility
(Rakhmaniet al,, 2005). Aertset al (1999) also suggested that molecular weight
was more important in determining the ability ohdensed tannins to precipitate
proteins than prodelphinidin content. However,iaggncy and ability to
precipitate proteins do not necessarily correldth digestibilityin vivo (Barahona
et al, 1997; Andrabet al, 2005). Instead, N digestibility might be closetjated

to the concentration of ECT in the plant. Furthesearch is needed to define the
effects of condensed tannin structure on the bic&@ctivity of tannins and their

effects on microbes.
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Certain strains of tannin-tolerant rumen microoigars may protect themselves
against condensed tannins by the secretion of taceXular polysaccharide matrix
(Brookeret al, 1999) or by virtue of a glycocalyx that has ghhaffinity for tannins
(Nicholsonet al., 1986).Selenomonaspecies isolated from sheep, goats and an
antelope adapted to tannins were able to growgh boncentrations of tannin in
media, equivalent to 15 - 35 % hydrolysable tannifeed DM, or 4 % condensed
tannin (Odenyo & Osuiji, 1998). Browsing animalsisas goats that consume large
amounts of tannin may be protected from the advaug#ional effects of condensed

tannins by the presence of these bacteria (Tjalljagdiet al, 1999).

(c) Amino acid digestion in the small intestine

Inhibition of ruminal protein degradation by conded tannins has been shown to
increase the flow of amino acids to the small imes(Waghorret al, 1987;
Waghornet al, 1994b). This increase was accompanied by a ehiantpe profile of
amino acids entering the ileum, so that the propof EAA was significantly
increased and the proportion of non-essential amands (NEAA) decreased
slightly. Wanget al (1996b) investigated changes in availabilitylef amino acids
methionine and cysteine in sheep tedus corniculatusBy inhibiting degradation

of proteins in the rumen, tannins increased thetjiss of these amino acids in
duodenal digesta, thus improving the supply of EBMAilable for protein synthesis
in the animal. However, Waghost al (1994b) found that there was no increase in
the amount of protein available to the animals, ug concomitant decrease in feed
intake and in the proportion of ingested amino s@bsorbed from the small
intestine. McNablet al (1993) also observed thHatpedunculatusondensed tannins
fed to sheep prevented the loss of methionine gsiine across the rumen and
increased methionine absorption in the small imesbut did not alter cysteine
absorption. Condensed tannins decreased the didjestf cysteine but not
methionine. The net result was an increased floaysfeine to body synthetic
reactions, due to transulphuration of methionineysteine and decreased oxidation
of methionine and cysteine. The mechanism by wakorption was inhibited is
unknown, but it may be that pH within the smalkestine was low enough (less

than 7) to favour the formation of tannin-proteanplexes (see Section 2.4.2). If so,
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condensed tannins might have bound and deactieatzgnes required for amino
acid absorption. Alternatively, tannins might hdnaeind to dietary proteins and
indirectly prevented absorption by preventing diges(Waghorret al, 1994b).

Given the contradictory results that have beeniobthin studies on the effects of
condensed tannins on digestion and absorption ofaatids, it is not surprising
that effects on animal production have been equaltiable. It is possible that
differences in tannin-protein complex formation doeariable pH in the Gl tract
could explain differences in amino acid availajlivhich in turn could affect
animal production responses. More research is edgefine the relationships

between these factors.

(d) Mineral digestion

Tannins can complex iron, vanadium, manganese,ialum, calcium, copper and
cobalt (Haslam, 1996); however, condensed tanreénsmglly do not alter mineral
digestion. The main exception is sulphur, the degtian and absorption of which
were impaired in the studies by Pritchatdal (1992) and Waghoret al (1987,
1994a). In a subsequent study, absorption of sul@mained unchanged, but
because there was less degradation in the rumeatdi@mount of sulphur amino
acids absorbed in the small intestine increasetbld. This might explain the
increased wool growth seen in tannin-fed sheepinesexperiments (Wargg al,
1994b; Dougla®t al, 1995; Minet al, 1998; Minet al, 1999). Slightly lower
absorption of potassium (Waghaghal, 1987; Waghormet al, 1994a) and
magnesium (Waghoret al, 1994a) also occurred in tannin-fed sheep. Coapér
zinc were less soluble in the presence of tanbimistheir absorption was not

affected.

2.6.4 Tannins and animal production

(@) Wool and milk production

46



As discussed in Section 2.4.3 (e), dietary condtesenins may increase the
availability of sulphur-containing amino acids tody synthetic reactions. These
amino acids are important for the synthesis of railk wool, so increased absorption
may partly explain increased milk and wool prodmetin tannin-fed ruminants
observed in a number of studies (Terillal, 1992a; Wangt al, 1994b; Douglagt
al., 1995; Niezeret al, 1995; Wanget al, 1996a; Patersoet al, 1999). Tannins
may alter the composition of milk, increasing las@nd protein and decreasing fat
content (Wanget al, 1996a). Increased wool length and fibre diamaber decreased
yellowness were also observed (Mihal, 1998; Minet al, 1999). However, some
authors noted that wool growth in sheep that wedecbndensed tannins only
increased when conditions were particularly favbledor growth: in spring and
summer but not winter (Wargg al, 1994b) or in growing lambs but not lactating
ewes (Douglast al, 1995). This may reflect differences in the dechéor cysteine,
such that condensed tannins will only increase wgomivth rates when cysteine is
limiting. Barry (1985) proposed that increased plagrowth hormone
concentrations diverted amino acids to body pradejposition in preference to wool
growth in tannin-fed lambs. However, in this studyndensed tannins also
depressed growth rates, and it seems likely trext@ébs in intake had the greatest

effect on production.

(b) Fecundity

Increased EAA absorption may increase fecundigwes that are fed forages
containing condensed tannins. Mihal (1999) recorded a 25 % increase in
lambing percentage (lambs born/ewe mated) in eladsare fed.. corniculatus

due to increased ovulation rates (corpora luteaenated), although fertility (ewes
cycling/ewes mated) was not affected. The exachiar@sm by which this occurred
was unknown. Further work is needed to confirmrtie of improved EAA supply

in stimulating ovulation.
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(c) Body composition

Abomasal infusions of casein (Oldhatal, 1977) or arginine and ornithine
(Davenportet al, 1990) increased plasma growth hormone concemtgain
ruminants, possibly as a result of increased araand availability. Consequently,
increased absorption of EAA, particularly arginimetannin-fed animals might
stimulate the release of growth hormone, resultingcreased protein synthesis
and decreased fat deposition (Waghetral, 1987). Terrillet al (1992a) also
demonstrated a decrease in the body fat of langisitire fed sulla. Barrgt al
(1986a) found a positive linear relationship betwpksma growth hormone
concentrations and reactive condensed tannin ctnatens (14 — 95 g/kg dietary
DM) in sheep that were fdd pedunculatusvith varying amounts of polyethylene
glycol (PEG). This was associated with an increadipolysis and a decrease in fat
deposition. These authors proposed that growth bensecretion was stimulated
when tannins bound to proteins in the gut walkmattempt to promote the
synthesis of replacement proteins. In contrast,glamet al (1995) failed to show
any change in body fat composition in lambs gramed. corniculatus The reason

for this discrepancy is not clear.

(d) Prevention of bloat

Bloat is a common condition of ruminants grazinghlelover pastures, in which
soluble leaf protein causes a stable foam to forthé rumen. The gases formed
during normal rumen fermentation thus are thuspeedn the rumen instead of
being released by eructation. Death occurs rapidé/to pressure of the distended
rumen on the heart and lungs, unless the gas ted@ra a cannula or stab wound.
Tannins prevent the formation of foams by formingaluble complexes with leaf
protein (Mangan, 1988). Tanniferous forages may edgduce methanogenesis,
decreasing gas production (Puchetial, 2005; Tavendalet al, 2005).
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2.6.5 Potential of tanniniferous plants as animal feeds

Tannin-containing plants may be an economical wagaeasing animal
production under conditions where the beneficitdaf can be optimised and the
anti-nutritive effects reduced. Much is yet to barht about the mechanisms by
which tannins influence nutritive value and thethvesys to make use of them. The
greatest nutritional benefits may be obtained ftoypical shrub legumes when
these plants are used to supplement low qualipgies that have a low N content
(Merkel et al, 1999b). However, shrub legumes might also befigal as a

means of parasite control. This aspect of theirisiget to be explored thoroughly.

2.7 Tannin-Parasite Interactions

2.7.1 Effects on production

Recently there has been interest in the potentifmrages containing condensed
tannins to moderate the effects of Gl parasitisiivastock. Grazing trials in New
Zealand (Niezewet al, 1995; Robertsost al, 1995; Hodgesost al, 1996; Niezen
et al, 1998b; Niezert al, 1998c; Niezert al, 2002a), focused initially on sulla
(Hedysarum coronariuimlotus major I(. pedunculatusand birdsfoot trefoil

(L. corniculatug but many other plants have since shown promigicés used to
assess anthelmintic responses to tannins in théndlade weight gain, wool
production, faecal egg counts, post-mortem worrnmtoand dag formation

(accumulation of faecal material on the wool of pleeineal region).

(@) Feed intake and feed conversion efficiency

Gastrointestinal parasitism causes reduced feadlantvhich contributes to the
poor productivity of parasitised animals. Inappetanan be largely overcome if the
animals are maintained on a high protein diet (Abébal, 1988; Bowret al.,
1991a). Forages containing condensed tannins nmgdtbve protein nutrition by
the formation of tannin-protein complexes in theam, thus increasing the supply

of protein to the small intestine. Consequentlyeénet al (1995; 1998c)

49



observed a higher feed intake by parasitised lahdisvere grazed on
tanniniferous forages compared with parasitisecbkthat were grazed on forages
without tannins. However, parasitised lambs thaevggazed on sulla had lower
rates of liveweight gain than non-parasitised lambshe same feed, despite higher
feed intakes, suggesting that feed conversionieffay was impaired (Niezest

al., 1995). Athanasiadou (2000a) also noted a deeliaabe feed conversion ratio
of sheep consuming quebracho tannin. This was pipllae to decreased
digestibility of the diet when tannins were inclddén contrast, Hoskiet al

(2000) observed that deer that were grazed on satldhigher growth rates but
similar voluntary feed intakes compared with de@zgd on lucerne. They

suggested that feed conversion ratio was improwvelda former group.

(b) Liveweight gain and wool production

In a series of trials, Niezeat al (1993; 1995) compared growth rates in parasitised
lambs grazing different pasture species, using batbrally acquired and

artificially induced mixed infections of Gl nematsi(notablyT. colubriformis.
Lambs that were grazed anpedunculatusr sulla grew faster than lambs that
were grazed on ryegrass or lucerne, which contayteace amounts of condensed
tannins. In anthelmintic-treated animals grazeduoerne or sulla, growth rates
were similar between the two feeds in one experirhahunexpectedly higher on
sulla in another (Niezeet al, 1995). The wool growth of undrenched sulla-fed
lambs was comparable with that of drenched suliddebs, and was significantly
higher than that of undrenched lucerne-fed lambsoMibre diameter followed the
same trend; however, the effects on wool growthevpeobably due to the effects
of tannins on amino acid supply [Section 2.6.4, (@fher than to a reduction in

parasitism.

Further trials compared a number of forage spenisdingL. pedunculatus
chicory Chicorium intybu¥ low oestrogen red cloveriifolium pratensev G27),
high oestrogen red clover (pratensecv Pawera), lucerne , sulla, ryegrass/white
clover (Lolium perenn& . pratensev Huia), plantain®Plantago lanceolatpand

L. corniculatug(cv Goldie) (Niezeret al, 1994; Robertsoat al, 1995). Again,
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animals grazing oh. pedunculatusnd sulla had higher growth rates and wool
production than animals grazing on ryegrass/whadeer or lucerne pastures.
Leathwick and Atkinson (1995) and Ramirez-Restrepal (2004) also obtained
higher growth rates in lambs féd corniculatusthan lambs fed ryegrass. In the latter
study, increased fleece weight and staple lengéwes and lambs were also
recorded.

Significantly higher growth rates and carcass dngssut percentage were seen in
deer fed sulla compared to deer fed lucerne, whit®rniculatusgave intermediate
results (Hoskiret al, 2000).

(c) Dag formation and flystrike

Forages containing condensed tannins tend to retaggness in parasitised lambs
compared with lucerne or ryegrass/white clover gdieet al, 1993; Leathwick &
Atkinson, 1995; Niezeet al, 1995; Minet al, 1998), but how this occurs is
unclear. Reduced dag formation in lambs grazedatasor sulla did not appear to
correlate with increased faecal DM , and may haenla direct effect of tannins in
the diet rather than an indirect effect due to ceduwvorm burdens (Leathwick &
Atkinson, 1996). However, Niezegt al (1993) did find an increase in faecal DM in

lambs grazed ohotus in this case, the lambs also had lower faecaloegats.

In one study, lambs grazed on sulla had high daghtss however, this became
apparent only after a series of frosts, and it p@stulated that the frosts may have
altered the constituents of the forage (Roberetadl, 1995).

Most research into the antiparasitic effects chf@s containing tannins has
concentrated on Gl nematodes, but there is alsteafial benefit in preventing
flystrike due to decreased dag formation. Decregmsbeth dagginess and flystrike
were observed in parasitised lambs grazed.@orniculatusfor at least seven days
per fortnight (Leathwick & Atkinson, 1995; 1996).
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(d) Milk production

Studies investigating the effects of condenseditsnon milk production in
parasitised animals are few. In one study, laagjatingora does and their kids grazed
on either sericea lespedet@¢pedeza cunegtar crabgrass/Kentucky 31 tall fescue
(Digitaria ischaemum/Festuca arundinaggzastures for 81 days. The does had
naturally acquired mixed parasite infections. Ay 88, milk from the does fed
sericea lespedeza had higher total milk solidssatids-not-fat and lower milk
somatic cell counts than milk from the does ondietrol pasture (Miret al,

2005b). Faecal egg counts decreased and developiesiarvae from the faeces of
infected goats was reduced. However, the sourparafsite infection for these
animals was the pasture itself and pasture lavatiacnination was assessed only by
the use of tracer animals killed after the encheféxperiment. Since tracer animals
on the sericea lespedeza pasture had lower wordebsir does on this pasture were
probably exposed to lower levels of infected lardaes unclear whether this was
due to condensed tannins in the pasture or sinodlywer pasture contamination

rates prior to the experiment.

Alternatives to the use of commercial anthelmidtienches are of particular
relevance in milk-producing animals because ohed to withhold milk from
drenched animals from sale. The effects of condktes®ins on parasitised milk-

producing animals (both cattle and goats) theredeserve more attention.

2.7.2 Effects on nematode parasites

(@) Faecal egg counts and worm burdens

In young lambs that have not yet developed an inemasponse to Gl parasites,
faecal worm egg counts are a reasonably accuraasureof the level of
parasitism. A number of studies have shown thagittsed lambs grazing forages
high in condensed tannins, including sulla, samémdL. pedunculatushad lower
faecal egg counts than lambs grazing lucerne @rags (Niezert al, 1993;
Niezenet al, 1994; Niezeret al, 1995; Robertsoet al, 1995; Butteet al, 2000;
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Tavendaleet al, 2005; Heckendoret al, 2007). A variety of worm species,
particularlyH. contortus T. colubriformis Teladorsagia circumcincta
Nematodiruspecies an€ooperia curteceivere affectedin many cases, the total
worm burdens were also reduced (Nieeeal, 1993; Niezeret al, 1995;
Robertsoret al, 1995). Smaller abomasal worm burdens were appareed deer
consuming sulla (Hoskiat al, 2000). Other plants with reported anthelmintic
effects include Yorkshire fogHplcus lanatuy (Hodgesoret al, 1996), heather
(Erica species an@alluna vulgarig (Osoroet al, 2007) and chicoryGhicorium
intybug (Hoskinet al, 1999).

Reductions in faecal egg counts or worm burdensi@areonsistent, however. In one
study, lambs with mixed natural infections grazed.opedunculatusad similar
faecal egg counts and worm burdens to control lagnéiged on ryegrass/white
clover pastures, although lamb growth rates weghdrion thd.. pedunculatus
pasture (Niezeet al, 1998b). Lambs grazed on sulla had lower worndéos and
higher growth rates than the control lambs, bud Abd higher faecal egg counts.
Pomroy and Adlington (2006) found no reduction stablished mixed worm
burdens of parasitised young goats after 10 dajeseafing on sulla. Leathwick and
Atkinson (1995) found no difference in faecal eggrmts between lambs fed

L. corniculatusand lambs fed ryegrass.

In a two-year experiment in which ewes with lamlesevgrazed on either
ryegrass/white clover pastureslorcorniculatus faecal egg counts were lower in the
ewes that grazed on lotus in both years (Ramirestr&goet al, 2004). In particular,
there was a reduction in the PPR. Early in theiggageason, the lambs grazed on
theL. corniculatuspasture had lower faecal egg counts, but by Dayaégal egg
counts in these lambs were equal to or higher thase of the lambs on the control
pasture. It was suggested that chicory or sullallshioe fed to lambs after weaning,
asL. corniculatusdid not keep faecal egg counts under control énldimbs. Worm

burdens were similar in ewes and lambs on bothupsast

When decreased worm burdens were recorded, thetogenspecies affected were
variable. There are reports of decrease3stertagiaandTrichostrongylugNiezen
et al, 1994);TrichostrongylugNiezenet al, 1995);Ostertagiabut not
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TrichostrongylugNiezenet al, 1998c);TrichostrongylusandOstertagiabut with a
greater effect on the former (Hoslghal, 2000); oHaemonchus,
Trichostrongylus, Ostertagia, Coopead possiblfNematodirugNiezenet al.,
1998b).

In some cases, the proportions of species in wapulations have changed
completely. In one study involving both ewes anmdbda, numbers of

T. colubriformisandOstertagiadecreased buooperig Chabertiaand
Oesophagostamuspecies all increased in animals grazedl.ozorniculatus
compared with animals grazed on ryegrass/whiteeclpastures. This was mainly
of significance in the lambs (Ramirez-Restrepal, 2004). In a second study
using only lambs, burdens B contortus TeladorsagiaspeciesNematodirus
species an@€ooperia species were reduced, but burden$rafhuris ovis
TrichostrongylusOesophagostamuandChabertiaspecies increased (Ramirez-
Restrepeet al, 2005). However, feweFrichostrongylusdeveloped on incubation
of faeces from lambs on the corniculatuspasture than from those on
ryegrass/white clover. In another study, pastudegi@ats supplemented with
sainfoin hay 10 days per month HRdcolubriformisburdens that were 50 % lower
than those of goats supplemented with lucerne Ragliniet al, 2005a).
ConcurrentlyH. contortusandT. circumcinctaburdens increased in the goats fed

sainfoin, so that overall worm burdens were ndedgnt between the groups.

Such inconsistent effects have yet to be explangdanay be due to differences in
feeding habits or specific habitats within the akt. In Wistar rats infected with
N. brasiliensisor T. spiralisand fed quebracho tannins, only burdenisl of
basiliensiswere reduced, even thoughspiralismortality duringin vitro exposure
to quebracho tannins was very high (Buékeal, 2001). In the rafl. spiralislies
embedded in the mucosa and may not have sufficartact with tannins to be
affected. Similarly, in ruminants, nematodes foondhe surface of the mucosa,
such add. contortus may be more susceptible to tannins than wormis asc

T. colubriformisthat inhabit tunnels in the mucosa. It is cleat the factors
determining the effects of condensed tannins oneégiatode need further

elucidation.
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(b) Larval stages

Tanniniferous forages may affect the free-livingggts of Gl nematodes, as well as
the parasitic stages of the life cycle. Infectiaevhl populations in pot and plot
experiments were lower on both birdsfoot trefoill @hicory than on ryegrass
(Marleyet al, 2006a). This is perhaps not surprising, as coseld tannins act as a
defence mechanism in plants (Collingbetral, 2000). In another study, seven
different forages with condensed tannin concemmnatranging from 0 - 17.4 % DM
were examined for their effects on larval developthi{Bliezenet al,, 2002b).
Condensed tannins reduced the development of |&ohen vitro and on pasture,
with the plants containing the highest condenseditaconcentrationdorynium
pentophyllumandD. rectun) having the greatest effe¢iowever, development
inhibition was greater on pasture tharvitro, possibly because other factors besides
condensed tannin content (e.g. plant structur&)ente the number and species of
L3 larvae that develop and migrate up the sward @tiez al, 1998a; Marleyet al,
2005; Marleyet al, 2006b).

Condensed tannins may reduce larval intake in atlags as well. Lactating goats at
pasture, that were fed sainfoin hay 10 days pertmdad small but significant
decreases in faecal egg counts compared with dstié lucerne hay 10 days per
month (Hosteet al, 2005a). However, the animals fed sainfoin hathéi hay intake
than those fed lucerne and thus may have had rdghasture intake. As the pasture
was the source of larvae in this experiment, laivake may also have been

reduced.

Parasite eggs and larvae are also exposed to ceaieannins within the Gl tract
of the host. Egg hatch and larval development asisaye been used to
demonstrate the effects of tannins on helminth&agitesn vitro. Condensed
tannins fromL. corniculatus L. pedunculatussulla and sainfoin were all able to
prevent the development of colubriformisfrom eggs to klarvae at a
concentration of 40@g/ml (Molanet al, 1999). Both eggs and larvae were
affected, but the inhibition of egg development wame marked. The influence of
condensed tannins on larval migration was less noticeable, suggestirag the L

were not particularly sensitive to tannins. Howewolanet al (2000b) performed
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larval migration inhibition assays on larvae froeedand found that condensed
tannins from the same forages significantly inl@dit; lungworm larvae and4 Gl
nematode larvae. Inhibition was greater when theawere incubated at 3T
than at 22 °C. The effects og lungworm larvae could not be assessed due to
inactivity of both the control larvae and thoseubated with tannins, but mortality
rates were high indlungworm larvae exposed to the tannins. Perhaps th
differences in potency of condensed tannins agay1st nematodes in these two
studies were due to the fact that the deer Gl fasasultured by Molaet al
(2000b) were predominantystertagiaspecies. Possibl@stertagiaare more
susceptible to the effects of condensed tanninsThahostrongylusin both
experiments the ranking of the plant extracts, froost effective to least effective,
was sainfoin 3. pedunculatus sulla >L. corniculatus These differences in
potency were attributed to possible differenceth@ncondensed tannin structures in

the plants.

Both condensed tannins and sesquiterpene lactatrested from chicory inhibited
larval migration of GI nematode;landDictyocaulus viviparud.; and Lg larvae
derived from red deer (Schrewsal, 2002; Molaret al, 2003a). Condensed tannins
inhibited larvae more effectively when incubateadumen fluid than in abomasal
fluid, probably because the pH of rumen fluid wasrenappropriate for binding of
tannins to proteins. The anthelmintic activity eéquiterpene lactones was not

affected by pH.

Sainfoin condensed tannins inhibited migratiotdotontortuslarvae (Barrawet
al., 2005).

Reduced egg hatch and larval development ratesefp®sure to condensed
tannins on pasture or in ruminant digesta couldcegasture contamination with
infective larvae, thus decreasing host infectiaegaHowever, the results iof

vitro studies do not always apply to field situationssé&ch is necessary to
confirm that infection rates are reduced when ramis consume condensed

tannins.
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(c) Nutritional and toxic effects

Improved protein nutrition may boost the abilityasf animal to mount an immune
response to parasites (Coop & Kyriazakis, 199%hdfanthelmintic effects of
tannins on parasitised animals were mediated stiiebyigh an increased supply of
protein (resulting in an improved immune responsijlar worm burdens and
faecal egg counts would be expected in tannin-febdcantrol animals when the
protein content of the diet was not limiting. Atlaaradouet al (2000a) administered
a trickle-infection ofT. colubriformisto eight-week-old lambs for ten weeks. The
lambs were fed a high-protein diet incorporatin@@or 60 g/kg DM quebracho
tannin (a commercial extract obtained from treethefgenuschinopsis Two

groups of lambs received quebracho only durinditbefive weeks, to examine the
effects of tannins on the establishment of infettiohile two groups received tannin
only during the second five weeks to examine effect the expression of acquired
immunity. Two groups received tannins throughoetekperiment, one received no
tannin and one group served as an uninfected dayityop. Faecal egg counts were
reduced in the lambs receiving quebracho in ejpleeiod, compared with parasitised
sheep that were not given tannins. The faecal eggtaeduction was 25 % during
the first period and 40 % in the second. Worm busdeere also reduced in lambs
that had received quebracho in the second perioel rdduced faecal egg counts
during the first period, when immunity was not éfithed, supported the suggestion
of a direct effect of tannins on the parasites. @it@ater reduction in the second
period was attributed to greater effectivenesseftannins when parasites were first
exposed as adults than when they were exposedynaitiie larval stage, since
adults inhabit the intestinal lumen, while larvametrate beneath the epithelium.
However, the possibility that improved protein iitidn also contributed to an
improved immune response during the second peaaodat be ruled out.

The likelihood that a direct toxic effect occurssssupported by the results of a
second, short-term study. In sheep infected Witbolubriformisand drenched with
guebracho tannin for a period of one week befaagiiter, Athanasiadaet al
(2000a) found a 50 % reduction in faecal egg coantsa 30 % reduction in worm
burdens compared with controls. The number of @aggserowas similar for female
worms from both groups, but the number of eggs yced per female worm was less

in the treatment group. However, as faecal prodacttas not measured, it was not
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possible to ascertain whether this was due to eedse in egg laying or to the
treatment group producing more faeces (Athanasiatial, 2000a). The lambs used
in this study had not previously been exposed tagies, and would need four to
five weeks to develop an effective immune respoimsicating a direct action of

tannins upon the worms.

Further evidence that the effects of tannins ormvburdens are not due to protein-
induced improvements in immunity comes from theknafrButteret al (2000) who
fed lambs either a high or low protein diet, withvothout quebracho tannin extract.
Faecal egg counts were reduced by the high prdtetrwithout tannins and by the
low protein diet with tannins. However, the higlotgin diet with tannins resulted in
higher faecal egg counts, similar to those sedannios on a low protein diet without
tannins. The excess of dietary protein might hagelted in the formation of tannin-
protein complexes that were unable to dissociateeérabomasum or that re-formed
in the small intestine in conditions of neutral g@rnnins might thus have been

unavailable to exert an effect on intestinal nemeso

2.7.3 Factors determining efficacy

(@) Timing of tannin administration

It is likely that the timing of tannin administrati during nematode infection is
important. When adult goats infected wih contortuswere drenched with
guebracho tannin for eight days during the patenbg, faecal egg counts declined
by the fifth day of drenching and remained loweatdt one week after the cessation
of drenching. Worm numbers were not affected (Paetial, 2003a). Similarly, in
kids with established infections ®f colubriformisandT. circumcinctaquebracho
tannins decreased faecal egg counts by 50 % cothpmm®ntrol animals that did
not receive tannins. The difference was maintaingd slaughter, 18 days after
tannin administration ceased (Paoktial, 2003b). There was no reduction in total
worm burdens, but there was a reduction in fecyrafi. colubriformisIn

contrast, tannins administered during the periodmofal establishment only (three

days before and after dosing with larvae) decreaseth burdens but not
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fecundity. The anthelmintic effects observed mayestel on the stage of the worm
lifecycle exposed to condensed tannins.

Effects on developing and established worm popariathave not been consistent,
however. In another trial by Paoliei al (2005b) neither quebracho extract nor
sainfoin hay caused significant reductions in thi@l@ishment oH. contortusLs in
5-month-old kids. Conversely, a diet of sericepéeezal(espedeza cunegta
reduced lamb faecal egg counts in both establiahdddeveloping infections, but
reduced worm burdens only in animals with establisimfections (Langet al,
2006). Athanasiadoet al (2005) found that six tanniniferous forages fhile affect
T. colubriformisworm burdens or egg production in lambs, regarddésehether the
forages were fed during the period of larval essalohent or when the worms had
developed to the adult stageambs infected with 20,000. colubriformisand
drenched daily with quebracho tannins from days 38 post-infection, had reduced
faecal egg counts and worm burdens, as weleasapitaegg production by female
worms (Coop & Jackson, 2001).

In a further study, sheep infected wiih contortuswere fedA. pintoi M. esculenta
or Gliricidia sepiumforage beginning either on the day of infectioroorthe day
infections became patent (Rojetsal, 2006). Faecal egg counts were not
monitored, but all three forages reduced worm sdelowever, whilé\. pintoi
andM. esculentavere effective when fed only after patency, they/ bt affect
worm burdens when fed throughout both phases ahfeetion. This could
indicate that the worms developed some form obtasce to the condensed tannin
when exposed for a longer period. In contr@stsepiunonly affected worm
burdens when fed throughout both phases of thetiofe The reason for these
discrepancies is unknown, but possibly reflectsatins in affinity of condensed
tannins in the three plant species for nematodem®at each stage of the worm
life cycle. More information is needed on the effeaf condensed tannins at

different stages of infection.
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(b) Physical form and concentration

Another important determinant of the efficacy ohdensed tannins is the form in
which they are administered. A pelleted diet canitey quebracho tannins at
concentrations of 25, 50 or 80 g/kg DM had no gigant effect on faecal egg counts
when fed for 65 days to sheep trickle-infected Witicontortug(Max et al, 2005).
However, drenching sheep for only three days aise date equivalent to 80 g/kg
DM reduced both faecal egg counts and worm burdens.suggested explanation
was that the tannins formed complexes with feetiepre during the pelleting
process, reducing the concentration of tannindalai to interact with worms in the
digesta. Drenching with quebracho also causedasei@ mucus secretion and
diarrhoea, which might help to clear worms from digestive tract. However, the
most likely explanation was that higher concentragiof condensed tannins were
reached in the Gl tract after drenching than wiaamins were incorporated in the
feed.

In goats with naturally acquired nematode infectigrelleted sericea lespedeza
(Lespedeza cunegthay reduced faecal egg counts and decreased popslaf
abomasal (but not intestinal) worms more than gdduay (Terrillet al, 2007),

despite an increase in the proportion of PCT duttiegpelleting process. The authors
suggested that structural differences in the coseldtannins might explain the
superior effect of pelleted hay. However, consuopbf the pelleted feed was stated
to be higher than consumption of the ground fektdpagh actual values were not
reported. Thus, the improved anthelmintic effeagmisimply have been due to

increased condensed tannin dosage.

Sainfoin proved to be equally effective at redudthgontortusandC. curticei

faecal egg counts and burdendHofcontortuswhen fed as either hay or silage
(Heckendorret al, 2006). Whether or not there is an added antimgicrbenefit of
feeding hay or silage over fresh forage, the mamagée advantages of being able to
obtain anthelmintic effects from conserved foragjesuld not be overlooked.
Athanasiadou (2001b) suggested that sheepddibitumwere less likely to
experience the anthelmintic effects of tannins thiaeep that were fed restrictively.

These authors suggested that during restrictednigetthe entire ration would be
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consumed rapidly, resulting in high concentratiohsondensed tannins in the Gl
tract, whereas the same dose of tannins spreadgiwat the day might not reach
high enough concentrations in the Gl tract to affearms.Ad libitumfeeding would
also increase digesta flow rates and reduce cotitaetbetween tannins and worms.
Achieving a high concentration of condensed tanimrike Gl tract of the host is
probably a key factor in obtaining anthelmintic bgts from tannin-rich forages.

(c) Host species differences

Different effects of condensed tannins due to nedwspecies differences have
already been described [Section 5.2.2 (a)]. Theasfy of condensed tannins against
Gl nematode parasites may be affected by hostepatso. A wattleAcacia

mearnsi) tannin drench administered to goats on days 30po3Rinfection failed

to decrease faecal egg counts or worm burdensy2iéMaxet al, 2003). When a
similar trial was conducted using sheep, faecalaagmts were reduced by 75 %,
Haemonchusurdens by 87 % andesophagostomuburdens by 28 % (Magt al,
2004). These workers speculated that defence meschaenabling goats to tolerate
the nutritional effects of tannins (such as tarmimding salivary proteins, tannin-
tolerant rumen bacteria, and microbial tanninagb@e@rumen) might also reduce the

anthelmintic effects of tannins. This possibiligshyet to be investigated.

(d) Tannin structure

It is likely that the physical structures of conded tannins within a plant affect the
anthelmintic efficacy of the plant. Scalbert (199bjed that inhibition of bacterial
growth was related to B-ring hydroxylation and jpietied that prodelphinidins
should be more inhibitorggainst bacteria than procyanidiiifie same is apparently
true for nematodes. In two vitro studies, prodelphinidin monomers inhibited egg
hatching, larval development and the larval vi&pitif T. colubriformis as well as
the exsheathment &f. contortusandT. colubriformismore effectively than PC
monomers (Molaret al, 2003b; Brunet & Hoste, 2006). It appeared thalegides
with greater numbers of free hydroxy groups wereenpmtent in interacting with

nematodes. Nematode species differences in susitiéptiould be due to

61



differences in the structure of the sheath or timymes involved in exsheathment
(Brunet & Hoste, 2006).

2.7.4 Persistence of effects

Studies to date on the persistence of the effdasralensed tannins have produced
variable results. In some studies reductions indhegg counts have been
maintained after return to a non-tannin diet (Ra@ al, 2003b) whereas others
have reported that faecal egg counts rose agaiosaimmediately after tannin
feeding ceased (Lang al, 2006). Minet al. (2004) used a cross-over design to
examine the effects of sericea lespedeza pastuigecal egg counts in wethers with
established nematode infections. Animals that gralze control forageXigitaria
sanguinali$ for the first fifteen days of the trial had a desse in faecal egg counts
when moved to sericea lespedeza pasture for tlimgdifteen days of the trial.
Animals that grazed sericea lespedeza first haéddaecal egg counts in the first
half of the trial, but these increased slowly ateanging to the control forage for the
second fifteen days. The persistence of anthelmeaitects probably depends on
whether worm numbers were reduced or whether sfigete confined to the

suppression of egg output.

2.7.5 Tropical plants

Although early research into the anthelmintic efexf condensed tannins focussed
on temperate forage species, many researchergé@amtly turned their attention to
tannin-containing tropical plants. In Uganda, gda&ling on tropical browse had
lower faecal egg counts and higher weight gains tieats on the same feed that
were drenched twice daily with PEG to bind conddrisanins (Kabaset al, 2000).
The main source of tannin in this study was pogdalaciaspecies, but this was
unclear. Browsing might reduce parasitism in goais to the effects of condensed
tannins in the diet, as well as by the previouslyepted mechanism of preventing
uptake of larvae from pasture. Recently, the effe€A. niloticaandA. karooon Gl
nematodes of goats were examined more specifif@dliziyaet al, 2003).

Significant reductions in both worm burdens anadéegg counts were achieved in
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goats fed a basal diet consisting of 4&%arooand 60 % concentrates and offered
Chloris guyanaRhodes grass) hagd libitum Similar effects did not occur when

A. karoowas replaced bg. nilotica, or when concentrates were fed as 100 % of the
basal diet. Of the two legume speci&sniloticahad a much higher total phenolic
content, but contained very little condensed tanwimereas the condensed tannin
content ofA. karoo(expressed as absorbance units) was approxinigtdlynes
greater. However, lambs on both #heaciadiets, but particularly thA. karoodiet,
had lower weight gains compared to controls, probdbe to effects on protein
nutrition. Acaciameal fed to parasitised sheep for 30 days digigoificantly

reduce faecal egg counts. However worm burdenrsaset animals were higher than
in sheep on a non-taniniferous dietp&y capitaegg production by the worms may
actually have reduced (Maet al, 2004).Acacia mearnsibark reduced both faecal
egg counts and worm counts in sheep when admiedts a weekly drench over an
84 day period (Cenagat al, 2007).

Extracts of four tropical plantZanthoxylum zanthoxyloidgdewbouldia laevis

C. papayandMorinda lucidg were found to inhibit egg hatching and larval
migrationin vitro (Hounzangbe-Adotet al, 2005a). Adult motility was also
reduced. However, responses were not dose depeidignthe exception of papaya
seed extract (see Section 2.2.2) the active congsouthe extracts were not
identified, but were suggested to be condensedrnaniRagara. zanthoxyloides
was also fed to sheep on a basal diet of guiness guad cassavBlanihot esculenta
peelings and given a single dose of 2bD@ontortudarvae (Hounzangbe-Adosdt

al., 2005b). When fed at 4 g/kg bodyweight from d2ys 23 post-infection, a 41 %
reduction in faecal egg counts was observed by38agnd the number of egiys

utero of female worms was markedly reduced. When ndjuirafiected animals were
fed 500 g fagara leaves three times weekly foras dfaecal egg counts were
significantly lower than the control group by d&y. #Vhen fagara was fed daily from
days 28 to 30 post-infection, a smaller reductiofaecal egg counts occurred,

indicating that sustained treatment was more etfect

Cassava foliage (sometimes fed as hay) may alse drathelmintic effects. Some
authors reported the active compound to be cyanoggycosides (Sokerya &

Rodriguez, 2001) while others contended that coselgtannins caused anthelmintic
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effects (Netpanat al, 2001; Linet al, 2003). Goats fed cassava foliage had reduced
faecal egg counts, reduced shedding of coccidieysie and higher growth rates
compared with goats fed various grass species ($akeRodriguez, 2001; Liet

al., 2003; Sokerya & Preston, 2003). Similar resuttsuored for goats feleucaena

or jackfruit (Artocarpus heterophyllydoliage (Linet al, 2003) andrFlemingea
macrophyllaor banana foliage (Sokerya & Rodriguez, 2001). Eav, the main

source of infection in at least one of these studias larvae on the cut foliage, so
smaller worm burdens would be expected in aninedgifee foliage compared with

those fed grasses.

One group of tropical plants with considerable afrttintic potential is the genus
Calliandra. Calliandra portoricensiss frequently used in Nigeria as a herbal
anthelmintic and in laboratory studies an ethamtiaet of the ground root had
limited success in clearing helminth infectionammals (Hammonedt al, 1997).
However, the best known member of the gen isalothyrsusA preliminary trial
carried out in Australia using. calothyrsugook the form of a faecal egg count
reduction test performed on four naturally infectgght-month old Merino wethers
that were fed lucerne pellets a@dlliandrafor seven days (Parker & Palmer, 1991).
There were no differences in faecal egg counts é@tvthe beginning and the end of
the trial. However, there were too few animalshis trial to conclusively reject the
possibility thatCalliandra has anthelmintic potential and it would be worte/to
investigate the effects @alliandraon both faecal egg counts and worm burdens

over a longer period of time and at different deges.

2.8 Conclusion

From the preceding discussion it can be seen tratensed tannins have a
negative impact on Gl nematodes of sheep. ThdHattropical shrub legumes
such agCalliandra have high concentrations of condensed tanninsdvawgjgest a
potentially useful role for these forages in argrated management approach to
sheep GI parasite control. However, it is also enidrom the literature that there
are gaps in our understanding of how condensednserert an anthelmintic
effect. It is likely that condensed tannins bincheanatode structures but the sites

where binding might occur on the cuticle (Sectich D) or eggshell (Section 2.2.5)
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remain speculative. Tannins may bind and inhibztyemes involved in hatching
(Section 2.2.6), exsheathment (Section 2.2.2) lmeranetabolic processes (Section

2.2.7), but this also has not been demonstratedusixely.

The way in which tannin structure affects the bigdof condensed tannins to
proteins or carbohydrat@s vivo (Section 2.6.2) and the effects that tannin
complexes have on ruminant nutrition (Section 3.6r3lant anthelmintic
properties (Section 2.7) need further investigatidme anthelmintic properties of
condensed tannins are variable and the effectmofd, duration, concentration
and the physical form of tannin administration neledlification. Different effects
of tannins on different worm species or in diffdreost species also need

explanation.
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CHAPTER 3

ANTHELMINTIC EFFECTS OF CALLIANDRA CALOTHYRSUSIN LAMBS: A
PILOT STUDY

3.1 Introduction

Recent research has identified several speciesmgddrate pasture plants that can
reduce the adverse effects of Gl parasites in saedmther species such as deer. In
some cases, burdenshkdf contortus TrichostrongyluspeciesTeladorsagia
circumcincta NematodiruspeciesCooperiaspecies andictyocaulusspeciesvere
reduced by these plants (Niezetral, 1993; 1994; 1995; 1998b; 1998c; Hoskin

al., 2000), while in others, the animals showed sigaift improvements in growth
rates and reductions in the incidence of diarrhdeapite the presence of Gl
parasites (Leathwick & Atkinson, 1995; Niezeinal, 1995). It appears that the high
concentrations of condensed tannins in these phaigfist have been responsible for
the antiparasitic effects observed in the studiés. plants potentially offer a low
cost alternative to anthelmintic drugs. In additisach plants could be used in a Gl
parasite control program in which the developmédnapasite resistance to
anthelmintic drugs and contamination of meat bygdrsidues are minimised or

avoided altogether.

The tannin-containing plants that have been ingatd so far in relation to Gl
parasites are temperate species that do not grdvinvieopical areas. However, a
number of tropical shrub legumes, particulaigiliandra calothyrsusalso contain
high levels of condensed tannins, and thus mayfbetiee for controlling Gl
parasites in livestock in the tropics. From thecpding discussion, it might be
hypothesised thatalliandra, when fed as sole feed to sheep infected with Gl

nematodes, will decrease worm burdens and/or faggatounts in these animals.

The aim of the current experiment was to undertageesliminary examination of the

potential anthelmintic effects @alliandra, using sheep as a ruminant model.
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3.2 Materials and methods

3.2.1 Experimental design

The design of the experiment is presented in TAldleThe experiment was
undertaken with the approval of the James Cook &isity (JCU) Animal
Experimentation Ethics Committee (Ethics Approval R687_01). A minimum
number of lambs was used for this preliminary exetion of the potential

anthelmintic effects o€alliandra

Table 3.1Experimental design in which Merino ram lambs wiefected with eitheHaemonchus
contortusor Trichostrongylus colubriformiand fed a diet of either Mitchell grass hay (MGH),
pelleted lucerne oCalliandraleaves.

Worm Species

Haemonchus contortus Trichostrongylus colubriformis
Diets MGH Lucerne  Calliandra MGH Lucerne  Calliandra
No. of lambs 3 3 3 3 3 3

3.2.2 Animals, housing and management

Eighteen three-month-old merino ram lambs, obtafr@th a commercial farm in
Western Queensland, were transferred to the MasabdJnit in the School of
Veterinary and Biomedical Sciences (SVBS) at JCh D@y -24, the lambs were
weighed, ear tagged, treated for external paraaitds/accinated against clostridial
diseases (Ultravac 5 in 1, CSL Animal Health, Aaist)). Faecal samples were taken
from the rectum of each lamb for worm egg countstieethe animals were drenched
with two broad-spectrum anthelmintics: levamisodiochloride (1 mL/10 kg of
Nilverm LV, Coopers, Australia) and albendazolen(il/5 kg of Alben, Virbac
Animal Health, Australia) to remove any existing f@alrasites. Prior to the start of
the experiment, the lambs were kept in groupsxé&simals per group in concrete-
floored pens (each 3.88 m x 3.65 m) and fed a lzhstbf calf weaner pellets (Top
End-R Weaner Pellets, Supastok, Australia) andhditgrass Astreblaspp) hay, to

prevent any exposure to worms.
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On Day —14 the animals were divided into three egr@aups of six based on live
weight and transferred to individual slatted-flpens (each 1.5 m x 0.78 m) in the
Metabolism Unit. The groups were then allocatechatiom to one of three dietary
treatments (Table 3.1). The animals were subject@atural light throughout the
experimental period. Ambient temperature and humigdere recorded daily at 0800
and 1500 hours. The minimum daily temperature rdrigen 13 — 24 °C, maximum
daily temperature ranged from 19 - 28 °C and humyigdinged from 34 - 95 %.

The live weight of the animals was recorded at Wegkervals using a Smartscale
200 weighing machine (Gallagher, Australia). Thereats were monitored twice
daily for signs of ill health and appropriate vatary treatment was provided as

necessary.

3.2.3 Feeds and feeding

Animals were fed either Mitchell grass hay, lucepedets plus rumen-undegradable
casein or fresh leaves Galliandra plus rumen-degradable cas€lie amounts of
casein included in th€alliandra and lucerne diets was calculated to provide these
two diets with approximately the same amounts ofen-degradable and rumen-
undegradable protein (see Table 3.2). Lucerne masded as a dietary treatment
group because improved protein nutrition coulduefice the effects of Gl parasitism
in sheep (e.g see Abbett al, 1986a; 1986b; 1988; Coap al, 1995; Perez-
Maldonado & Norton, 1996a). Thus it was necessanigtinguish between any

protein and non-protein effects on GI nematodes.

Table 3.2The anticipated dry matter (DM), crude proteimman-undegradable protein and rumen-
degradable protein in Mitchell grass hay, luceme @alliandra diets.

Diets
Composition Mitchell grass hay Lucerne Calliandra
Dry matter (%) 88 90 39
Crude protein (g/kg DM) 30 180 200
Rumen-undegradable protein (g/kg DM) ND* 63+ 130
Casein added:
Rumen-degradable (g/kg DM) - - a7
Rumen-undegradable (g/kg DM) - 67

" Not determined
” Estimated using the data of Widiawati (2000)
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(@) Casein

Second-grade acid casein was obtained from Malkfiltain Mareeba, North
Queensland. Half the amount was left untreatedlamadther half was made rumen-
undegradable by subjecting it to the low volumehudtof Hemslet al (1973).

The casein was mixed with formaldehyde (10 % wi\g eatio of 100 mL
formaldehyde per kg of casein. Mixing was carrieti using an industrial cake mixer
(Kenwood Major, Kenwood) for ten minutes, and tleated casein was stored in
Ziploc plastic bags at room temperature (19-28foChat least twelve days prior to

feeding.

(b) Calliandra

Fresh leaves dfalliandra were harvested daily from established plots inSK8S
precinct. The trees were five years old and hadb@sn harvested approximately

five to nine months previously.

(c) General

The lambs were subjected to a dietary adaptatiangef 14 days (Day —14 to

Day —1) during which time the animals were &gtllibitum (120 % of the previous
day’s intake). Feed was offered twice daily at 00a@d 17:00 hours. During the
experimental period (Day 0 to Day 35) the total argtter (DM) intake of each
animal was restricted to 2.5 % of its live weighte amounts of feed offered were
calculated after each weekly weighing of the angmaAll lambs had free access to
clean drinking water and to mineral licks (Minesald Stock Block, Ridley
Agriproducts Pty Ltd, Queensland, Australia), tbenposition of which is presented
in Table 3.3.
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Table 3.3Composition of mineral licks offered to eighteeqperimental sheep.

Composition Amount (g/100 g)
Salt 75.0
Calcium 4.9
Phosphorus 1.0
Sulphur 2.0
Copper 0.06
Cobalt 0.006
lodine 0.006
Zinc 0.1

Iron 0.11
Selenium 0.0005

3.2.4 Samples and sampling

(@) Nitrogen balance

On Day 7 of the experimental period, the lambs weoged to individual
metabolism crates (each 0.55 m x 1.20 m) for aptatian period of one week (see
Figure 3.1). On Day 12 the animals were fitted watime collectors and from Days
14 to 21 total faeces and urine excreted were aeliefor N balance determination.
Urine was collected into 20 mL concentrated hydimat acid in a 2.5 L Winchester
bottle. The volume was recorded daily and a 10 #tpsa pooled for each animal
and stored at -20 °C. The feed offered and faexstuped were weighed daily and
samples, (approximately 20 %), were dried to a t@isveight (24 h) at 100 °C in a
fan-forced drying oven (Wessberg and Martin Ptyl. L Australia). Feed residues
were treated similarly except that all residuesectéd were dried. The dried
samples were pooled for each animal, ground to thassgh a 1 mm sieve and
stored in airtight jars at room temperature (24. @) Day 22 the lambs were moved

back to the slatted-floor pens.
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Figure 3.1 Lambs in metabolism crates set up for nitrogalartice determination in the Metabolism
Unit, James Cook University.

(b) Parasitology samples

Faecal samples were taken from the rectum of eanb ten days after drenching
(Section 3.2.1) and subsequently once weekly fdilration of the experiment, for

faecal egg counts.

3.2.5 Laboratory analyses

(a) Dry matter

The DM content of feed, faeces and feed residug@kesmvere calculated using the

formula:

DM (%) = (Dry weight of sample/fresh weight of saejpx 100 ......... Equation 3.1
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(b) Organic matter (OM)

The OM content was determined by weighing 0.5 dragd sample in duplicate into
weighed, oven-dried beakers and ashing the sarmpéemuffle furnace (BTC 9090,
Ceramic Engineering Furnace Manufacturers, Sydfoe\gix hours at 600 °C before

reweighing. The ash content was calculated as:

Ash (% in DM) = [DW of (ash + beaker) — DW of bedke 100......... Equation 3.2
FW of sample x % DM

where DW is dry weight and FW is fresh weight. T content was calculated as:

OM (% in DM) =100 - ash (% iN DM). ........uuummmmmeeiaaneaeeeeeeeeeeeeee Equation 3.3

(c) Nitrogen

Feed, feed residue, faeces and urine were andiysédusing the Kjeldahl method.
Approximately 0.2 g of ground solid samples or 1 afilurine were measured in
duplicate into digestion tubes, to each of whicmersdded a selenium catalyst tablet
(Kjeltabs) and 6 mL of concentrated sulphuric admo tubes in each batch were
prepared as blanks, containing only a catalysetabid acid, but no sample. A
further two tubes in each batch were prepared asals, using glycine in place of
the sample. The samples were digested on a Te2@dOrdigestion block fitted with
a Tecator 2001 scrubber unit (Tecator Australiafdi®@m hydroxide (30 mL of

40 % v/v) was added to each sample in a Kjelte®2lixillation unit and the
ammonia produced was distilled into a conical ndogiflask containing 20 mL of

4 % w/v boric acid-pH indicator solution. The indior solution (2.5 % of 1 %
bromocresol green + 2.5 % of 1 % methyl red) charfigem red to green at alkaline
pH. The samples were titrated with concentrategrauic acid (1.038N) using a

25 mL digital titrator (Digitrate, Jencons) and th@ume of acid used to achieve
end-point (solution colour change from green tkpimas recorded. Nitrogen

concentration was calculated using the formula:
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N (%) = NA x (mL sample titrant — mL blank titrant)14.01............. Equation 3.4
DW (g) x 10

where NA is the normality of the acid and DW is thrg weight of the sample.

Crude protein concentration was estimated the titam

Crude protein (%) = % N X 6.25 .. ...ciiiiii e Equation 3.5

Protein entering the duodenum (PED) was estimatadjuhe equation of Weston
and Hogan (1973):

PED =[0.36 x protein intake (g/d)] + [0.16 x DOK/d)] + 6........... Equation 3.6

where DOMI is digestible organic matter intake.

3.2.6 Parasitology

Faecal egg counts were performed using a modifieMaters technique (Urquhart
et al, 1996). Two grams of fresh faeces were mixedahginly with 28 mL of
saturated magnesium chloride solution (specifiwityd.2) to float the nematode
eggs. The mixture was poured through a 1 mm mesfe sind the liquid retained in
a beaker. One half mL of liquid was extracted dystirring and transferred to one
chamber of a Whitlock egg counting slide (Whitldgkiversal, J.A. Whitlock and
Co., Australia). The number of eggs in the chamises counted at 63 x
magnification under a binocular light microscoparlZeiss, Germany). The

number of eggs per gram of faeces (epg) was cadrlies:

epg =_total mL of solution x number of eggs permbaer................... Equation 3.7
chamber volume x g faeces

i.e., epg = number of eggs per chamber X 30...........ccoeeiiviviinnnnnns Equation 3.8

On Day 0, three lambs selected at random from detary group were dosed orally
with 10,000Trichostrongylus colubriformitarvae and the remaining lambs dosed
with 3000Haemonchus contortdarvae. Larvae were anthelmintic-susceptible

strains obtained from Mr Peter Bradley at the CSNR€Master’s Laboratory in New
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South Wales. Twenty-eight days post-infection (lanmfected withr .

colubriformig or 35 days post-infection (lambs infected withcontortu3 the
animalswere fasted overnight, then each was euthanasedptiye bolt and its
abomasum and small intestine ligated and removeel small intestine was divided
into proximal small intestine (the first four metjeand distal small intestine. These
organs were opened, and their respective conteaghed onto a sieve (250 pm
aperture) and preserved in 10 % buffered neutratdtin (BNF).

For abomasal samples, digesta was spread ounitafers in white trays and total
numbers oH. contortuswere counted. Because contortusfrom two lambs on the
Calliandra diet appeared to be bigger than those from ther étto diets, 200 worms
from each of the nine lambs infected with this sgeevere blotted dry on a piece of
filter paper and weighed. Intestinal samples wdrtdet! to one or two litres with
water and the total number of worms was extrapdlatam counts in two 28 mL
aliquots examined at 10x magnification using ann@dys SD-ILK dissecting
microscope (Olympus Optical Co. Ltd., Japan). Twedive female worms were
selected at random from each lamb infected Witholubriformisand the eggs
present in the uterus were counted at 40x magtidicarl his was not possible for

H. contortusdue the large number of eggs present in the utdrie females of this

species.

3.2.7 Statistical analysis

Statistical analyses were carried out ussiRSS for Windows 10.QSPSS Inc)
statistical software. Dietary DM, OM, digestibiljftgmb weights, energy
requirements, DM intake, energy intake, CP intgketein entering the small
intestine and N balance were compared by two-wapPX®N or ANOVA on ranks,
using worm species and diet as fixed factors. Beedl egg counts of sheep on
different diets were log-transformed and compateshah time point by o