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SUMMARY

INTRODUCTION

In cool temperate areas, such as Scotland, sheep are infected
by a variety of nematodes but the dominant nematode is
Teladorsagia circumcincta. Resistant animals have one or
more of the following features: fewer adult nematodes, more
inhibited larvae, shorter adult nematodes and decreased
production of nematode eggs. In lambs at the end of the first
grazing season, the heritability of adult worm length is very
strong, whereas the heritability of egg production is moderate.
The heritability of worm number is low while there is no
detectable genetic variation in the number of inhibited larvae.
The major mechanisms underlying resistance to T. circumcincta
appear to be the IgA mediated suppression of worm growth
and the mast cell mediated regulation of worm number. Mast
cell responses are slow to develop, possibly because they are
responsible for protein loss and reduced growth of the host.
Two genes have been repeatedly associated with resistance
to T. Circumcincta: the MHC class II DRB1 locus on
chromosome 20 and the interferon-γ locus on chromosome 3.
Although the causative mutations are still unknown both
genes are plausible candidates.

Nematodes present a serious threat to the health and welfare of humans, livestock and wild animals. They are among
the most prevalent of all infections. About one-quarter of
the human population is infected (1). The prevalence in
grazing lambs can reach 100% (2) and they are among the
most important infections faced by livestock (3). In wild
grouse (4,5), mountain hares (6) and feral sheep (7) nematodes help to regulate the size of the host population.
Sheep are a particularly powerful host for studying
nematode infections. Many of the major advances in understanding nematode infection have come from mathematical
modelling of natural infections (8–12) or the detailed analysis of experimental infections (13–15). Sheep are one of
the few species where both approaches can be easily
combined. The results obtained from modelling or in the
laboratory can be tested in natural infections. The high
prevalence simplifies the design and analysis of experiments.
The economic importance of nematodes in livestock ensures
that the results are of general interest. Furthermore, nematodes and their ancestors have been infecting sheep and
their ancestors ever since the divergence of the bovidae from
the cervidae 20 – 40 million years ago. This long evolutionary
history has produced a rich and complex series of coadaptations by host and parasite.
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NATURAL HISTORY
Most parasitic nematodes have a free-living stage and
their growth and survival is constrained by the prevailing
temperature and moisture. The nematodes of sheep form
three communities. In hot regions with adequate rainfall,
such as much of Australia and Africa, the parasitic nematode community is dominated by Haemonchus contortus.
In warm climates, such as New Zealand, the nematode
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community is dominated by two species: Teladorsagia
circumcincta and Trichostrongylus colubriformis. In cool,
temperate climates, such as Scotland, the predominant
nematode is T. circumcincta. There are many differences
among hosts and parasites in the different regions. Sheep
belong to different breeds. They are managed differently;
immunity is dependent on exposure, genetics and nutrition and
all three differ among the communities. To avoid unnecessary
confusion, this review will focus on cool temperate areas.
Often lambs are infected with several different species of
nematode. In Scotland, postmortem analyses (2) found
seven taxa of nematodes in naturally infected lambs from
one field of an upland farm in Strathclyde: T. circumcincta,
T. axei and H. contortus in the abomasum; T. vitrinus, several
(undifferentiated) species from the genus Cooperia, several
(undifferentiated) species of Nematodirus and Bunostomum
trigonocephalum in the small intestine.
The life cycle of most gastrointestinal nematodes of
livestock is simple and involves only one host (16). For
T. circumcincta, adult male and female nematodes live and
mate in the abomasum. Each female can breed with several
different males (Gilleard, personal communication). Eggs
are passed in the faeces and then develop through to third
stage larvae. These third-stage larvae leave the faeces and a
proportion of these larvae are ingested by grazing sheep.
They shed their sheath, moult into fourth-stage larvae and
move into the gastric glands. The time taken to mature in
the gastric glands varies but in naïve lambs, larvae emerge as
young adults after about a week. The adults live and breed
in the abomasal mucus.
In most natural host–nematode systems, the infection
cycle is, of necessity, well-adapted to the host. There is wide
variation among countries and regions in the way sheep are
kept. In a typical Scottish upland farm, lambs are born in
late March to early April. They are weaned at 3 – 4 months,
when they or their mothers are removed to separate pastures.
At 6–7 months of age when the grass has stopped growing,
the lambs are sorted. Some lambs are kept to replace old
ewes but most lambs are sold for meat or to lowland farms
for finishing.
The infection cycle begins when lambs start to graze. A
small number of free-living parasites will survive on pasture
over the winter but most infective larvae come from freshly
deposited eggs. Adult ewes normally lay very few eggs but
round about lambing time there is a marked increase in the
number of nematode eggs produced in the faeces – a phenomenon known as the periparturient or spring rise (17,18).
This increase in nematode egg production appears to be
signalled by the poor nutritional status of the mother in late
pregnancy and early lactation. It can be reversed by supplementary feeding of the pregnant ewe (17–21). Whether the
nematode responds directly to the poor nutritional status of
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the ewe or the poor nutritional status weakens the immune
response and allows the nematode to escape immune regulation is unknown.
The rate at which nematode eggs are produced by lambs
changes during the grazing season. It is strongly influenced
by the weather, especially rainfall and temperature, and the
way sheep are managed, especially the frequency of anthelmintic treatment, the stocking density and the number of
times that sheep are moved onto new fields during the grazing season. In a typical year, egg output starts at a low level,
rises to a peak in mid-season as the number of infective
larvae contaminating the pasture increases then declines as
the immune response starts to control egg output (22).
Often, but not always, there is a second rise at the end of the
grazing season and this appears to be due the development
of additional species of nematodes such as Cooperia and
Trichostrongylus species (23).

THE SOURCES OF VARIATION IN
RESISTANCE TO NEMATODES
Lambs vary in the number of eggs that they produce. The
distribution of nematode egg counts among hosts is usually
skewed and overdispersed. Most lambs produce relatively
few eggs while a small proportion of lambs produce very
high numbers of eggs. These ‘supershedders’ make a disproportionate contribution to the transmission of nematode
infections.
Two methods have been used to characterize the variation
among hosts in egg production. Taylor’s power law models
the variance of a population as a function of the mean
number of individuals; specifically the variance is equal to
a (mean)b where a and b are specific for each population.
For most wild populations, b lies between 1 and 2. For egg
counts in Scottish sheep, b = 1·23 ± 0·08 (24), suggesting
that the variance in egg numbers is similar to the variance in
other populations.
The negative binomial distribution has also been used
to quantify the variation (25,26). The negative binomial is
characterized by two parameters: the mean and the shape
parameter k which is an inverse index of overdispersion.
The mean and k are usually positively correlated (27,28).
Mean egg counts in Scottish sheep ranged from 50 to 570 eggs
per gram of faeces while k ranged from 0·09 to 2·59 (29).
A combination of statistical analysis and the techniques
of quantitative genetics can identify and quantify the sources
of variation among lambs in the intensity of nematode
infection (30). Five cohorts of 200 lambs were sampled
every 28 days from 1 to 5 months of age and again 6 weeks
later. These lambs were all from the Scottish Blackface
breed and were raised since weaning on the same field on the
same Scottish upland farm.
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The analyses demonstrated that the variation in faecal
egg output could be assigned to just eight sources: additive
genetic variation (30%), maternal common environmental
effects (14%), factors unique to each individual (22%),
measurement variation (22%), type of birth (single or twin
5%) early faecal egg count (4%) sex (2%) and date of birth
(1%). These values refer to 5-month-old lambs. The effects
are dynamic. For example, genetic variation increases from
essentially zero at 1 and 2 months of age while maternal
effects decline as the lambs mature.
The largest source of variation is additive genetic variation.
Additive genetic variation is the sum of the average effects of
genes and is estimated from the similarity among relatives
(31). The ratio of additive genetic variation to the total variation, excluding fixed effects, is known as the heritability.
The heritability of faecal nematode egg counts is similar to
the heritability of milk production in dairy cattle and the
heritability of growth rate in beef cattle. These heritabilities
are high enough to justify the selective breeding of sheep for
reduced nematode egg output (32).
The combination of reduced environmental contamination
and enhanced genetic resistance creates a virtuous spiral (33).
As selection proceeds, sheep become more resistant and
produce fewer eggs which lowers the number of infective
larvae on pasture. Lower numbers of infective larvae and
increased resistance among hosts mean that even fewer
nematodes establish and they produce fewer eggs.
Genetic variation among sheep in nematode egg production was first demonstrated and quantified in Australia
(34). Both Australia and New Zealand have well-established
experimental and commercial breeding schemes for reduced
nematode egg production (35–39). The UK is now following
their lead.
Faecal egg count is currently the method of choice to identify animals that are relatively resistant to T. circumcincta.
However, sampling faeces can be hazardous, the heritability
of faecal egg count is not very high and egg counts have a
complex relationship with the worm burden (40). Interestingly, other markers of resistance such as parasite specific
IgA activity, peripheral eosinophilia and pepsinogenaemia
are safer and simpler to measure and can be more heritable
(41– 44). These traits could serve as alternative or complementary markers of nematode resistance.

THE MECHANISMS UNDERLYING
RESISTANCE TO INFECTION
The production of nematode eggs is determined by the
number of adult female worms in each host and by their
mean fecundity. The mean number of adult T. circumcincta
in Scottish lambs at the end of the grazing season varied
over four successive years from 1548 to 6570. The number of
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nematodes was overdispersed. The distribution of adult
T. circumcincta among lambs was similar to a negative
binomial distribution. For each year k lay between 1 and 2.
These values of k are similar to those found in naturally
infected Australian sheep (45).
For Scottish Blackface lambs at the end of the grazing
season, the heritability of the number of adult T. circumcincta
in lambs was 0·14 ± 0·10 (46). This is a relatively low value
and not significantly different from zero. One explanation
for the low heritability of worm number is that lambs are
slow to develop the ability to control the number of abomasal
parasites (47,48).
The major mechanism controlling the number of adult
T. circumcincta appears to be mast cell degranulation (48,49).
Variation in the number of discharged mast cells (globule
leucocytes) accounts in a statistical sense for about onethird of the total variation in worm number following
deliberate infection (49). Presumably some of the remaining
variation in worm number is due to variation in IgE
concentration and specificity. Measurement variation will
also account for some of the variation in worm number.
It is difficult to obtain accurate and precise estimates of
globule leukocyte concentrations and nematode numbers.
The length of adult female nematodes is an indication of
their fecundity (50): In Scottish sheep, adult T. circumcincta
range between 0·6 and 1·2 cm in length with longer worms
laying more eggs per day (50). The estimated fecundity
ranged from 0 to 350 eggs per worm per day. Most females
fell in the lower part of this range.
The heritability of worm length in Scottish Blackface
lambs at the end of the grazing season is remarkably high at
0·62 ± 0·20 (46). The major mechanism regulating the
growth and development of T. circumcincta appears to be
IgA activity against fourth-stage larvae (41,49), possibly in
conjunction with eosinophils (42). Variation in IgA activity
in deliberately infected Scottish sheep accounted for about
40% of the variation in worm length (49). Much of the
remaining variation in worm length is due to variation in IgA
specificity although this is confounded with IgA activity.
Density-dependent regulation of worm length also accounts
for about 20% of the variation.
There is a density-dependent relationship between the
number of adult T. circumcincta and their mean fecundity.
As the number of adult nematodes increases the fecundity
declines but it is unclear whether this is due to competition
among nematodes for food and other resources or to
increased immune responses in more heavily infected lambs.
The density-dependent decline in nematode fecundity
creates a complex relationship between egg production
and the number of adult T. circumcincta. The relationship
is similar to a gamma-distribution (40). As the number of
adult T. circumcincta increases from zero, egg production
© 2009 Blackwell Publishing Ltd, Parasite Immunology, 31, 274–282
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also increases but peaks at a relatively low intensity of infection.
Beyond a total burden of 3000–4000 worms, egg production
declines as worm numbers increase and at high intensities of
infection very few eggs are produced at all.
Teladorsagia circumcincta can inhibit development at
the early fourth larval stage. This inhibition is influenced
by the season, genetic variation in the parasite, the host
immune response and the number of adult nematodes (51).
Inhibition is thought to be an adaptation to unfavourable
conditions. Greater numbers of incoming larvae undergo
inhibition at the end of the grazing season to avoid producing offspring during the winter when their chances of
surviving to infect hosts is low. Different strains of parasite
are known to vary in the proportion of larvae that undergo
inhibition. Lambs with higher IgA activity against fourth
stage larvae have greater numbers of inhibited larvae
(51,52). Although IgA may be produced too slowly to be
directly responsible (53). Finally deliberate infections with
large numbers of larvae produces disproportionately more
inhibited larvae (54). The heritability of the number of
fourth-stage larvae in naturally infected Scottish sheep at
the end of the grazing season is 0 (46), indicating that host
factors are relatively unimportant at this time.
There are several measures of susceptibility to nematode
infection: egg output, mean length of adult worms, number
of adult nematodes and the number of inhibited larvae.
These measures are all useful in the right context but they
do not measure the same thing.

PATHOLOGY
The high heritabilities of egg production following nematode
infection demonstrate that selective breeding is feasible. The
desirability of selective breeding for resistance to nematode
infection depends upon the severity of the infection.
Different species of nematodes produce different clinical
signs. Haemonchus contortus produces gastropathy exacerbated by anaemia but mixed, predominantly T. circumcincta
infection of sheep is characterized by gastroenteropathy.
The abomasal mucosa is damaged during infection (55).
The epithelial barrier is breached as the tight junctions
between epithelial cells are destroyed. The mucosa is hyperplastic and many cells are dedifferentiated. There is an
increase in the pH of the abomasal fluid and an increased
production of mucus. The destruction of the abomasal
architecture results in increased concentrations of gastrin
and pepsinogen in the plasma and concurrent decreases in
the amounts of albumin and fructosamine.
Ultimately, infection produces a relative protein deficiency with poor growth. The relative protein deficiency has
four causes. Infected animals eat less. Ingested protein is
digested less efficiently. There is a leakage of protein into the
© 2009 Blackwell Publishing Ltd, Parasite Immunology, 31, 274–282
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gastrointestinal tract and infection increases protein
demand as protein is diverted into repair processes and
immune and inflammatory responses (56). The clinical signs
can be reduced or abolished by supplementary feeding with
protein or nonprotein sources of nitrogen before and during
the infection (57,58).
There are many similarities between gastric ulceration
and abomasal nematode infection (59). Both pathologies are
characterized by disruption of cell junctions, hyperplasia,
increased mucus production, decreased acid production,
gastrinaemia, pepsinogenaemia and inappetance. Our
current hypotheses on the mechanisms responsible for
nematode pathology in sheep are derived largely from
studies in experimental models and humans.
The key event appears to be the degranulation of mast
cells (60). Mucosal mast cells have surface receptors for IgE
and when IgE is cross-linked by binding foreign antigens,
mast cells release a variety of mediators including histamine,
leukotrienes, prostaglandins, and proteases. In experimental
models, one of these proteases (a granule chymase, mast cell
protease II) has been shown to digest proteins in the tight
junctions between epithelial cells (61,62).
The destruction of the tight junctions allows epithelial
growth factor, produced in the salivary glands, to bind to
its receptor on the inner surface of the epithelial cells (63).
This initiates increased mucus production, decreased acid
production, increased cell division and migration. Normally,
these are adaptive responses to repair the epithelium but
with sustained insult the responses become deleterious.
Decreased acid production inhibits the autocatalytic conversion of pepsinogen to pepsin and causes pepsinogenaemia.
The decreased acid production leads to hypergastrinaemia
which causes inappetance (64,65). The loss of proteins into
the intestinal lumen is responsible for the decreased levels
of albumin and fructosamine (66,67). Normally proteins,
peptides and amino acids lost in the stomach can be
resorbed in the small intestine but the presence of other
nematodes inhibits their uptake. This explains why mixed
nematode infections are usually more pathogenic (68).
Mixed, predominantly T. circumcincta infection can severely
reduce growth rates even in overtly healthy lambs with
moderate infections (69). The genetic correlation of growth
rate with faecal egg count in lambs naturally infected with
mixed, predominantly T. circumcincta infection was –0·8
(70). A similar study in Polish sheep gave a genetic correlation of –0·6 (71). In feral sheep, there was also a favourable
genetic correlation between reduced egg counts and the
size of adult sheep (72). These strong genetic correlations
demonstrate that resistant lambs grow more quickly and
suggest that the most important genes for growth rate in the
presence of an endemic high intensity infection are the genes
for nematode resistance.
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MOLECULAR GENETIC ANALYSIS
Identifying the genes responsible for nematode infection
sheds light on the mechanisms underlying resistance to
nematode infection and simplifies selective breeding.
For mixed, predominantly T. circumcincta infection two
genes have been repeatedly associated with resistance to
infection. One lies in or around the class II region of the
major histocompatibility complex (mhc) on chromosome
20 (73–77). The other was first discovered in New Zealand
sheep (78) and lies in or around the interferon-γ gene on
chromosome three (77,79–81).
Quantitative trait loci (qtl) have been reviewed recently
(82–84). In addition to the qtl on chromosomes 3 and 20,
additional loci have been reported on chromosomes 1 and
6 for resistance to T. colubriformis (82). A more recent
study identified a qtl on chromosome 8 for resistance to T.
colubriformis (85) whereas a genome-wide scan of an island
population of naturally infected feral Scottish sheep did not
find any qtl for reduced faecal nematode egg counts (86).
The failure to find any qtl in feral sheep was surprising given
previous reports that this population did contain qtl on
chromosomes 3 and 20. The failure may reflect the low
power of the study and the difficulty in working with
unmanaged populations. Alternatively, the previous reports
of associations may have been an artefact caused by nonrandom breeding in the population.
The causative mutations have not been identified for any
qtl for resistance to nematodes but the interferon-γ gene
and mhc genes within the class II region are plausible
candidates. Research in experimental models of nematode
infection has clearly shown that resistant animals mount
Th2 type responses (13,14,87). A similar situation exists in
sheep (88). Interferon-γ is a key cytokine in the decision to
produce type 1 or type 2 responses. A polymorphism that
regulates interferon-γ production could readily affect resistance to nematode infection.
The role of the mhc is more subtle. There is considerable
variation among hosts of the same species in the parasite
molecules that they recognize. This is true for a wide variety
of host–parasite systems (89–92) including T. circumcincta
(93,94). The products of class II mhc genes play a critical
role in the recognition of parasite molecules and individuals
with different mhc genes recognize different sets of parasite
molecules. Therefore resistant individuals not only produce
strong immune responses, these responses are directed
against specific sets of parasite molecules.
Both candidate genes show nonadditive genetic variation.
Heterozygotes at the DRB1 locus are more resistant than
homozygotes (95) while the susceptible F allele at the ifng
locus is dominant to the S allele (80). Interactions among
alleles such as heteozygote advantage and dominance are
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forms of nonadditive gene action. Both loci are more
strongly associated with differences in the number of adult
T. circumcincta than with differences in parasite growth and
development (unpublished observations).

EVOLUTIONARY BIOLOGY
There are several unusual features of the interaction
between sheep and T. circumcincta. They include the slow
development of immunity, the periparturient rise in faecal
egg production and the relatively high levels of genetic
variation in host resistance to infection.
Lambs rapidly develop the ability to control intestinal
nematodes such as Nematodirus battus and T. colubriformis
(47). Lambs can also mount IgA responses that slow
worm development and regulate worm fecundity. The slow
development of immunity on closer inspection turns out
to be the slow development of immediate hypersensitivity
reactions (IgE mediated mast cell degranulation) against
abomasal parasites.
One possible explanation is that the slow development of
the ability to mount effective immediate hypersensitivity
reactions in the abomasum is a trade-off between pathology
and immunity. As mast cell degranulation produces a relative protein deficiency which impairs growth and immunity,
possibly the cost of this immune response is too high.
Slower growing and smaller sheep are likely to have fewer
offspring than their contemporaries.
The periparturient rise in egg count is obviously beneficial
to the parasite but may also benefit the host. It ensures that
lambs receive a small dose of nematodes when they are
suckling and benefit from passive immunity. This controlled
exposure generates immune responses with minimal disease.
The fundamental theorem of natural selection suggests
that evolution will fix genes that improve fitness (96). This
will reduce additive genetic variation. The existence of
substantial genetic variance in resistance to nematodes is
surprising. One explanation is that there is considerable
nonadditive gene action. Balancing selection could maintain
genetic variation. Different forms of balancing selection
include overdominance (heterozygote advantage), frequencydependent selection and fluctuating selection.
Conventional wisdom suggests that mhc polymorphism is
maintained by heterozygote advantage; there is a trade-off
between resistance to different diseases (97). Some alleles
confer resistance to one disease while other alleles confer
resistance to other diseases. However, this is mathematically
implausible. Mathematical modelling has shown that heterozygous advantage can only maintain polymorphisms if the
alleles have similar but not necessarily identical fitnesses
(98). This result implies that in order for polymorphism to
be maintained by a balance between different diseases, the
© 2009 Blackwell Publishing Ltd, Parasite Immunology, 31, 274–282
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selective forces exerted by different diseases must remain in
rough balance over millions of years. This is unlikely. An
alternative explanation is that heterozygotes recognize a
greater variety of parasite molecules and this makes them
more resistant than homozygotes to each disease (95).

FUTURE RESEARCH
The aim of working with parasitic diseases of economically
important species is to understand the processes of infection
and disease and to use this understanding to control infection. Our knowledge of the interaction between sheep and
gastrointestinal nematodes is as comprehensive as any
other host–parasite interaction, but much remains to be
understood. In particular, our knowledge of the key molecular interactions between host and parasites is inadequate.
Fortunately, the new technologies of genomics (especially
large-scale sequencing), functional genomics (especially
microarray analysis) and proteomics (especially twodimensional gel electrophoresis and mass spectrometry)
have much to offer.
Identifying the causative mutations underlying the qtl for
nematode resistance is a high priority because it will lead to
a better understanding of the mechanisms underlying variation in resistance to infection. The virtual sheep genome
created by matching existing linkage groups with the bovine
and other sequences was an intellectual tour-de-force that
has proved very useful (99). Undoubtedly, a full genome
sequence will become available for one or more sheep in the
near future and this will assist the identification and use of
defined mutations. These analyses will be helped by the
development of powerful statistical methods that combine
linkage and linkage disequilibrium (100,101).
Sheep DNA chips with the capacity to simultaneously
study 50 000 single nucleotide polymorphisms are under
development. These chips will greatly assist in the molecular
genetic analysis of resistance to infection. They also provide
the possibility of whole genome selection for a variety of
economically important traits, including resistance to
nematode infection. This has the potential to transform
animal breeding. Veterinary medicine will also be transformed if the selective breeding of relatively disease-resistant
animals becomes widespread.
Microarray analysis has been used to identify differences
in gene expression between resistant and susceptible sheep.
The results so far are promising (102,103), although detailed
analyses of the response to T. circumcincta have still to be
published. The results include confirmation of an important
role for one or more genes in the class II region of the major
histocompatibility complex on chromosome 20 (104).
Similarly, real time PCR was used to differentiate the response
to H. contortus and T. colubriformis between resistant and
© 2009 Blackwell Publishing Ltd, Parasite Immunology, 31, 274–282
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susceptible sheep; although multiple pathways were expressed
in the mucosa following nematode infection, there were
shared features among the resistant animals (105). Although
there are differences in the response to H. contortus and
T. colubriformis (105), there do not appear to be important
differences in the response to different strains of H. contortus
(106). The advent of sheep DNA chips that include genes of
importance in the gastrointestinal tract is likely to give considerable impetus to this area.
A major application of proteomic approaches is to identify
parasite proteins, especially the targets of the host immune
response. This technique has been used to identify proteins
from H. contortus (107) and T. colubriformis (108) and is
currently being used on T. circumcincta (unpublished observations). Ultimately, this procedure may help to distinguish
proteins that generate protective responses from those that
generate pathological responses.
In conclusion, in cool temperate areas the dominant
nematode of sheep is T. circumcincta although other species
of nematodes exacerbate the pathology of infection. Quantitative immunogenetic analyses suggest that there are two
major mechanisms of resistance: an IgA-mediated suppression of worm growth and fecundity and type I immediate
hypersensitivity reactions that regulate worm number. Both
the quantity and specificity of local antibody are important.
Suppression of worm growth develops before regulation of
worm number. At the end of the first grazing season, worm
length is under stronger genetic control than worm number.
Genetic variation in egg production by lambs is largely
determined by genetic variation in worm development and
fecundity. The genetic variation is sufficiently strong to
make selective breeding for reduced egg output feasible
and this will produce healthier and faster growing lambs.
Markers for two of the genes that determine resistance genes
have been identified: one resistance gene lies in or around
the major histocompatibility complex on chromosome 20;
the other lies in or around the interferon-γ gene on chromosome three.
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