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Introduction

Parasitism is one of the most successful lifestyles in 
nature (Poulin and Morand, 2000) and, although it 
is impossible to know precisely how many parasite 
species exist (Poulin, 2014; Strona and Fattorini, 
2014), it has been estimated that parasitic species 
considerably outnumber all the free-living species on 
Earth (Windsor, 1998). There are at least 50% more 
parasitic helminth species than vertebrate hosts, and 
among mammals, each individual animal can har-
bour two cestode, two trematode and four nema-
tode species of parasite over its lifetime (Dobson 
et al., 2008).

There are several definitions of parasitism, all of 
which describe an association between one organ-
ism (the parasite) and another (the host) in which 
the parasite derives some benefits, whereas the host 
gains no advantage and may be harmed. Although 
there are a few parasites that can switch to a non-
parasitic life cycle, for example, the threadworms, 
Strongyloides spp. and blowflies, which can feed on 
non-living substrates such as carrion, the vast 
majority of parasite species are dependent on their 
hosts for all or part of their life cycle (Smyth, 
1962).

Parasites

Parasites can be subdivided into those species that 
are found inside the host (endoparasites) and those 
that live in or on the skin (ectoparasites). While there 
are some exceptions, endoparasites are typically hel-
minths, comprising nematodes (roundworms), trem-
atodes (flatworms) and cestodes (tapeworms); most 
ectoparasites are arthropods, either insects or arach-
nids. Strictly speaking, protozoa originally meant 
early (eukaryotic) life forms; however, in parasitol-
ogy the word has become synonymous with single-
celled organisms. Bacteria (prokaryotes), archaea and 
viruses are the domain of microbiologists, while fungal 
diseases of animals, though sometimes included 

within parasitology (Euzéby et al., 2005), are now 
usually considered separately.

Evolution of Parasitism

Parasitism has evolved multiple times from free- 
living invertebrates belonging to diverse phyla that 
had been present on Earth for millennia (Dorris et al., 
1999; Nagler and Haug, 2015). The evidence for the 
origin and evolution of parasites comes largely from 
fossils; however, there are obvious limitations of the 
fossil record for small, soft-bodied organisms that 
leave little or no direct evidence of their existence. 
Nonetheless, through the fossil record and adoption 
of newer molecular biology techniques (Donoghue 
and Benton, 2007), a more complete picture of the 
chronology of parasitism is possible, albeit the pre-
cise timing of events will inevitably change some-
what as new discoveries are made and new 
methodologies adopted.

Additional sources of useful information on para-
sites that transit the gastrointestinal (GI) tract are 
coprolites, which are fossilized dung and which can 
contain remnants of parasite eggs. Currently, the earli-
est fossil evidence for intestinal parasitism in verte-
brates stretches back to the Triassic period 240 
million years ago (MYA) when ascarid eggs were 
found in dinosaur coprolites (Poinar, 2015). Younger 
specimens of dinosaur coprolites from the Cretaceous 
period (130 MYA) yielded not only nematode eggs 
and protozoal remains but also trematode eggs, repre-
senting an early record of parasitic flatworms 
(Poinar and Boucot, 2006).

Fossil evidence points to the evolution of both 
chewing and sucking lice somewhat later than the 
helminths, probably around 77 MYA, coincident 
with the initial radiation of mammals (Johnson and 
Clayton, 2003; Light et al., 2010), though lice also 
parasitize birds, which diversified earlier. Free-living 
oribatid mites, which are the intermediate hosts for 
several species of tapeworms, for example Moniezia 
spp., have been found in fossils nearly 400 MYA 
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(Arillo et al., 2012), but the obligate parasitic mites 
of vertebrates have a more recent history with fossil 
remains found in the Eocene period, ~50 MYA 
(Walter and Proctor, 2013).

Because of their chitinous exoskeletons, arthro-
pods are preserved as fossils more readily than hel-
minths and protozoa, while another rich source of 
insect and arachnid remains is amber (Nagler and 
Haug, 2015), which was formed from plant resins 
deposited from ~320 MYA. Amber with remains of 
arthropods currently dates from ~125 MYA, at 
which time parasitism among invertebrates is evi-
dent, for example, a fly parasitized by a Leptus spp. 
mite (Arillo et  al., 2018). Some remarkably well-
preserved specimens in amber have shown that ticks 
parasitized animals 99 MYA (Peñalver et al., 2017), 
though it has been estimated that ticks may have 
been present much earlier as parasites of dinosaurs, 
around 320 MYA (Klompen et  al., 1996; Barker 
et al., 2014).

From this very brief review of some of the evo-
lutionary history of parasitic organisms, it is clear 
that by the end of the Cretaceous period and the 
mass extinction that followed ~65 MYA, predeces-
sors of all the main classes of parasite were present 
in the world’s fauna. Potential intermediate hosts, 
such as snails, had also evolved from around 400 
MYA onwards (Wanninger and Wollesen, 2019). 
By this time, other important links in the terrestrial 

food chain were also present, for example, dung 
beetles (Chin and Gill, 1996) and remnants of 
grass were found in coprolites from herbivorous 
dinosaurs in the late Cretaceous period, suggesting 
the possibility of early grazing mammals at that 
time (Prasad et  al., 2005). Table 1.1 provides 
approximate evolutionary temporal relationships 
among the components that eventually led to para-
sitism in domestic ruminants (Dawkins, 2004; 
Lloyd, 2009).

The Ruminants

Following the Cretaceous extinctions of multiple 
species, notably the dinosaurs, and also many inver-
tebrate and plant species (Macleod, 2013), the scene 
was set for the extensive radiation of flowering plants 
and mammals from their initial appearance ~200 
MYA. The first ungulates (herbivorous, hoofed mam-
mals) to make their presence felt were the perisso-
dactyls (odd-toed ungulates, such as horses, rhinos 
and tapirs), species of which proliferated from ~55 
MYA (Janis, 1976). The artiodactyls (even-toed 
ungulates, such as camels, pigs, hippos, deer, ante-
lopes, sheep and cattle) evolved later; evidence of the 
earliest ruminants dates from ~40 MYA and from 
the late Miocene onwards (~10 MYA), the artiodac-
tyls assumed numerical dominance over the peris-
sodactyls (Janis, 1976).

Table 1.1. Chronology of evolutionary events relevant to parasitism in domestic sheep and cattle.

Years ago Major milestones in the natural history of planet Earth

4.6 billion Solar system, including Earth, formed
3.8 billion Bacteria and archaea (prokaryotes) appear
1.7 billion Single-celled organisms (eukaryotes) appear
700 million Multi-celled eukaryotic organisms appear

Evolutionary events relevant to parasitism in domestic sheep and cattle

Period Invertebrates Vertebrates Plants

400 million Devonian Mites, snails
320 million Carboniferous Ticks
240 million Triassic Nematodes Dinosaurs
150 million Jurassic Mammals Flowering plants
130 million Cretaceous Trematodes
77 million Cretaceous Lice

65 million Mass extinctions

50 million Tertiary, Eocene Parasitic mites Ungulates
30 million Tertiary, Miocene Ruminants Grass
10,000 Quaternary, Holocene Domestication
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A characteristic of these herbivores, which is well 
represented in the fossil record, is the presence of 
hypsodont teeth; these are large, high-crowned 
molars with hard enamel ridges that have evolved to 
grind down plant cell walls to release their contents 
and to reduce particle size to facilitate bacterial colo-
nization and digestion in the alimentary tract (Janis 
and Fortelius, 1988). Hypsodont teeth are particu-
larly important in grazing animals as many grass 
species have a high silicon content, which makes them 
particularly abrasive. In ruminants, these teeth are 
central to the efficiency of digestion when fibrous 
material is regurgitated, re-chewed, crushed and 
ground and then re-swallowed in the process known 
as rumination (Hofmann, 1989).

There are around 200 extant or recently extinct 
species of ruminant (Fig. 1.1), the largest family of 
which is the Bovidae (bovids), comprising ~137 species 
of cattle, sheep, goats and antelopes; the next largest 
family is the Cervidae (deer) with ~47 species 
(Hernandez Fernandez and Vrba, 2005). The ~150 
living ruminant species range in size from <10 kg to 
>1 t and, although they have several features in com-
mon, there is quite a marked variation in their diges-
tive tracts, which reflects adaptation to different 
diets. Feeding patterns can be categorized as 
(Hofmann, 1989; Clauss et al., 2010):

● Grazers, feeding predominantly on grass
● Browsers feeding on forbs, leaves and twigs and 

fruit
● Intermediate feeders, which are opportunist grazers  

or browsers

Domestic cattle and sheep are grazers, while goats 
are intermediate feeders and their digestive systems 
are adapted to handle their feed. There are a number of 
challenges for ruminants living on a plant-based 
diet, which differ according to their chemical com-
position. For example:

● Grass and roughages are high in fibre, which has 
to be broken down by the rumen microflora and 
fauna, not only in order to digest the cellulose 
itself but in so doing to release soluble intracellu-
lar carbohydrates, proteins and other nutrients. 
Chewing the cud is required to reduce the particle 
size of plant material and increase its surface area 
so that the rumen microorganisms can access the 
substrate more efficiently.

● Browsers tend to eat young leaves and fruit, 
which are more easily digestible, particularly the 
latter, and therefore the breakdown of cellulose is 
less critical. However, many plants have chemical 
defences, such as tannins, to deter herbivorous 
insects and mammals and these phenolic 

Fig. 1.1. Ruminant diversity: wildebeest and springbok.
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 compounds can have negative effects on cellulase 
activity (Hofmann, 1989).

Adaptations between these two feeding strategies 
are given in Table 1.2 (Clauss et al., 2010).

Irrespective of their feeding strategy, ruminants 
have evolved to utilize plant material, including fibre, in 
a biologically efficient way that supports their 
requirements for maintenance, growth, mobility, repro-
duction and immune responses (Van Soest, 1994). 
Pivotal to this is the reticulorumen, which is a fer-
mentation chamber hosting an array of microorgan-
isms, including bacteria and ciliated protozoa (Oxford, 
1955; Wolin, 1981), which can break down cellulose – 
a task that is beyond mammalian enzymes. Among the 
end products of microbial digestion in the rumen are 
volatile fatty acids (VFAs), notably acetic, butyric and 
propionic, which are absorbed through the rumen wall, 
facilitated by its large surface area, augmented by 
numerous papillae. Following metabolism, these VFAs 
are utilized as energy sources, for gluconeogenesis and 
lipid synthesis (Wolin, 1981).

The omasum appears to have a role in further 
absorption of VFAs, re-absorbing fluid and in regu-
lating the outflow of digesta from the reticulorumen 
to the abomasum, in particular undigested, coarse 
fibrous material (Ehrlich et  al., 2019). The digesta 
entering the abomasum comprises a sludge that 
includes rumen liquor, digested plant remains, unde-
graded dietary protein contents and bacteria. Rumen 
bacteria provide an important source of microbial 
protein for the host, and the enzyme profile of the 

ruminant abomasum reflects an important adaptation 
to this function through the presence of lysozymes 
(Jolles et  al., 1984). Lysozymes have antibacterial 
properties, based on their ability to destroy cell walls of 
Gram-positive bacteria, which is the basis for their 
more common role in mammals as a defence mecha-
nism against bacterial pathogens in other tissues 
(Dobson et al., 1984). Lysozymes are found in high 
concentrations in the fundic zone of the abomasal 
mucosa, where the digesta contents have a pH of 
~6.5, at which lysozymes actively lyse bacteria; 
towards the pyloric zone of the abomasum, the 
hydrochloric acid (HCl) secretions from the gastric 
glands render the stomach contents acidic, with a 
pH that can fall to ~1.5. A low pH is required for the 
precursor pepsinogen to be converted into the pro-
teolytic enzyme pepsin, which initiates protein diges-
tion in the abomasum; however, bovine lysozyme is 
highly resistant to deactivation by pepsin (Dobson 
et al., 1984).

Grass and Grazing

Although there is evidence that grasses evolved as 
long as 85 MYA, it was not until geological and 
climatic changes shaped the environment to favour 
grasses over forests that grasses came to assume a 
dominant position in the Earth’s vegetation types 
(Gibson, 2009). Grassland can now be found in 
agricultural settings and also in (semi-) natural 
habitats such as steppes, savannahs, prairies and 
pampas in various parts of the world. The spread 
and diversification of grasses coincided with cli-
matic changes from around 30 MYA that resulted 
in greater aridity and some of the characteristics of 
grasses developed at this time as adaptations to 
grazing animals. For example, having the growing 
points at the base of the leaves at ground level 
allowed grasses to quickly regenerate and recover 
from grazing.

Ungulates diversified and coevolved, adapting 
to the changes in vegetation and the expansion of 
grasslands, the patterns differing somewhat over 
time and among ecosystems (Stebbins, 1981; 
Strömberg, 2011). Furthermore, there was a pro-
gressive change in the proportion of browsers 
compared with grazers as the dominant vegeta-
tion types evolved (Janis et al., 2000). Ruminant 
grazers tend to be more gregarious than browsers 
and hence are commonly found in groups that 
forage collectively throughout their territories 
(Estes, 1991).

Table 1.2. Comparative features of the digestive 
 system of grazing and browsing ruminants.

Digestive system Grazers Browsers

Salivary glands Small (0.18% of 
bodyweight)

Large (0.36% of 
bodyweight)

Fermentation rate Slow Rapid
Rumen Large Small
Rumen protozoa Numerous Sparse
Omasum Large Small
Abomasum Thin mucosa, 

lower 
hydrochloric 
acid (HCl) 
levels

Thick mucosa, 
higher HCl 
levels

Liver Small Large
Intestine Short Long
Hindgut Small Large 

(fermentation)
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Parasitism and Ruminant Grazers

There are features of ruminant feeding ecology and 
behaviour that may have favoured the adaptation 
and evolution of parasitism. Parasites that are trans-
mitted by the so-called faecal–oral route rely on their 
hosts ingesting infective stages while grazing. 
Infections are acquired when infective nematode 
larvae and trematode metacercariae that are associ-
ated with or attached to grass leaves or stems are 
eaten while animals are grazing. Oribatid mites, the 
intermediate hosts of several species of tapeworms, 
and sporulated coccidial oocysts are normally found 
in the vegetation mat or soil surface, but are ingested 
when grazing, particularly on short swards. Because 
grazing ruminants are aggregated in groups and, 
apart from highly migratory species, are typically 
confined to territories, their grazing patterns ensure 
that they will return to previously grazed areas, 
where they will also have rested, ruminated and def-
ecated (Ezenwa, 2004a). During the intervening 
period between successive grazing on a patch, the 
free-living stages of nematode larvae and coccidia 
can develop to infective stages, subject to fluctuations 
in temperature and rainfall and so be present when 
the animals return (Ezenwa, 2004a). Similarly, those 
parasites with invertebrate, intermediate hosts, such 
as trematodes (liver and rumen fluke) and cestodes 
(tapeworms) will have time to complete this stage in 
their life cycles so that infective stages are present 
when the host ruminant species return to feed in the 
same area later.

The longevity of host–parasite relationships in 
grazing ruminants has been explored in gastrointestinal 
(GI) nematodes (GINs) of the family Trichostrongylidae, 
including the subfamilies Ostertagiinae and 
Haemonchinae (Hoberg and Lichtenfels, 1994). 
Taken in conjunction with the radiation of ruminants 
in the family Bovidae, which includes cattle, sheep 
and goats, from around 20 MYA and the evolution of 
nematode species from these subfamilies, it has been 
concluded that the bovids and their Ostertagia-like 
parasites have coevolved for 10–20 million years 
(Stear et al., 2011).

The gregarious nature of grazing ruminants may 
also have implications for ectoparasite infestations. 
Although some species of ticks, e.g. Rhipicephalus 
(Boophilus) microplus, remain on the same host for 
all the parasitic phases of the life cycle, many other 
species, e.g. Ixodes ricinus, only feed intermittently 
for a few days at each of the larval, nymph and adult 
stages, and for the rest of their lives, they live and 

develop in the vegetation. These parasites therefore 
are also reliant on their hosts returning to the sites 
where they dropped off the animal after a blood 
meal and re-locating potential ruminant hosts, a 
process that can be facilitated by the grazing behav-
iour of herds or flocks of mammals. Similar scenar-
ios could apply to species of pest flies that lay their 
eggs off the host, but for obligate ectoparasites such 
as mange mites and lice, the close proximity of hosts 
within groups can facilitate spread through close 
contact.

Parasites in Wild and Feral Ruminants

Prior to the domestication of cattle, sheep, goats and 
buffalo, parasitism evolved in wild ruminants and 
other wildlife over millions of years, where they 
played an important role in ecology and population 
dynamics. Research into wildlife parasitism has 
shown many similarities and parallels with domestic 
animals; for example, a series of studies in wild 
African buffalo and other African bovids has shown 
the following:

● Nutritional status can influence the epidemiology 
and impact of GI nematodes (Ezenwa, 2004b)

● Interactions between GI nematodes and bovine 
tuberculosis (BTb) (Ezenwa et al., 2010)

● Reduction in mortality of buffalo from BTb fol-
lowing anthelmintic treatment (Ezenwa and 
Jolles, 2015)

● The importance of host behaviour in the epide-
miology of parasitism (Hawley et al., 2011)

● Anthelmintic treatment leads to increased daily 
foraging time in Grant’s gazelle (Worsley-Tonks 
and Ezenwa, 2015)

Additional examples of the impact of parasites in 
wild, feral and semi-domesticated ruminants in 
Europe include:

● Reduced body condition in red deer associated 
with low-level worm burdens (Irvine et  al., 
2006)

● Increased mortality in Soay sheep on Hirta, the 
largest island in the St Kilda archipelago, associ-
ated with GIN, most marked during periods of 
malnutrition (Gulland, 1992)

● Depression of feed intake in reindeer with GIN 
infections (Arneberg et al., 1996)

● Reduced fecundity in reindeer associated with 
abomasal parasite burdens (Albon et  al., 
2002)
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Domestication of Cattle and Sheep

Although agriculture may have evolved separately in 
different parts of the world, such as South America 
and Asia, the best studied and documented evidence 
for the domestication of crops and animals comes 
from the so-called Fertile Crescent in the Near East. 
Evidence for the domestication of cattle, sheep and 
goats dates from 11,000 to 10,000 years before 
present and is centred on the northern arc of the 
Crescent, encompassing the present-day countries of 
Iraq and Turkey (Zeder, 2008). The wild ancestors of 
domestic cattle (Bos taurus) are the aurochs (Bos 
primigenius primigenius), of sheep (Ovis aries) the 
mouflon (Ovis orientalis) and of goats (Capra hir-
cus) the wild species, bezoar (Capra aegagrus) 
(Driscoll et al., 2009).

The natural vegetation in this region at the time of 
domestication was oak/pistachio parkland, so it is 
likely that early domestic cattle and sheep combined 

grazing with some browsing and, though livestock 
are now commonly kept in fields with limited 
opportunities to browse, both cattle and sheep will 
readily browse on hedgerows and trees, and in some 
parts of Europe, cut branches are an important part 
of their diet, particularly over winter. There is 
renewed interest in silvopasture systems as a means 
to optimize land use from both productivity and 
environmental perspectives (Gabriel, 2018).

Controlled selection of cattle and sheep for vari-
ous traits and their subsequent division into breeds 
and types is a relatively recent phenomenon, dating 
back only a few hundred years (Fig. 1.2). The objec-
tives of selective breeding of ruminants were pri-
marily focused on traits such as appearance, meat, 
milk and wool production, traction power and 
hardiness, all within a background of amenable 
behaviour in their interactions with man (Price, 
1999; Mignon-Grasteau et al., 2005). Selection for 

Fig. 1.2. Longhorn cattle – the result of domestication and selective breeding.
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resistance to parasites or resilience in the face of 
parasite challenge would have been incidental to the 
main breeding objectives and may have even been 
counterselected (Raberg et  al., 2009). However, 
particularly in sheep, breeding programmes for 
resistance or resilience to parasitic gastroenteritis 
have been in place for several decades (Bisset and 
Morris, 1996; Morris et  al., 1997) and there is 
growing interest in this practice as a means to help 
control parasites without dependence on parasiti-
cides (Bisset et al., 2001; Stear et al., 2007).

Closing Remarks

The purpose of this introductory chapter is to provide 
a brief ecological, evolutionary and historic perspective 
on parasitism in domestic ruminants. Non-parasitic 
invertebrates have been present on Earth for hundreds 
of millions of years, preceding the emergence of verte-
brates in the world’s fauna. Evidence of parasitism in 
dinosaurs dates from ~250 MYA and coevolution of 
parasites and their hosts continued over the millennia 
and continues to this day. Of particular relevance to 
this book is the appearance of grasses and grazing 
mammals in terrestrial ecosystems over the last ~20 
million years. Parasitism in ruminants has a lineage 
that stretches back for millions of years, but this asso-
ciation has changed since domestication of sheep and 
cattle, because, while natural evolutionary mechanisms 
continue, some selection is directly influenced by 
humans.
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