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Abstract

Although Nematodirus battus is a serious threat to the health and survival of young lambs,
there are few options to control this parasite. Bayesian Monte Carlo Markov Chain modelling
with a zero-inflated Poisson distribution was used to estimate the heritability of egg counts in
both June and July for each of five consecutive cohorts of 200 Scottish Blackface lambs. In one
of the 10 analyses, the results failed the diagnostic tests. In seven of the analyses, there was no
convincing evidence that the variation in egg counts was heritable. In the 2 years of high infec-
tion, the heritability was approximately 0.4 in June but the estimates lacked precision and the
95% highest posterior density credible intervals ranged from just above zero to 0.7. Selective
breeding for resistance to N. battus will be difficult because genetically resistant or susceptible
lambs cannot be consistently identified by phenotypic markers.

Introduction

Gastrointestinal nematode infections are the most devastating disease of grazing sheep. Their
estimated costs exceed $400 million every year in Australia (Lane et al, 2015), are about 100
million GBP per year in the UK (Nieuwhof and Bishop, 2005) and at least 400 million euros in
the European Union (Morgan et al., 2013). Essentially, all grazing sheep are exposed to infec-
tion by multiple species of parasitic nematodes. The distribution of different species of nema-
todes is largely determined by their moisture and temperature requirements (Taylor et al.,
2007). The major parasites in temperate climates are from the genera Teladorsagia,
Trichostrongylus and Nematodirus while Haemonchus dominates in tropical and subtropical
climates (Taylor et al., 2007).

Infected animals eat less, protein is digested less efficiently, protein is lost through immune-
mediated breaches in the epithelium and protein is diverted away from meat and wool produc-
tion to tissue repair and immune responses (Stear et al., 2003). Consequently, nematode infec-
tion causes a relative protein deficiency (Stear et al, 2003). Mixed infections are more
pathogenic (Parkins et al., 1990); partly because protein lost in the abomasum cannot be
resorbed efficiently in the small intestine when the small intestine is infected with nematodes.
For Haemonchus species, the protein deficiency is exacerbated by anaemia.

There are several species of Nematodirus that infect sheep: N. spathiger, N. filicollis and N.
battus are the most common Nematodirus species in the UK (Taylor et al., 2007); N. spathiger,
N. filicollis, N. abnormalis and N. helvetianus have been reported in Australia (Beveridge and
Ford, 1982). In addition, we have recently observed eggs that appear identical to the morpho-
logically distinctive N. battus (unpublished observations) in samples from Merino sheep graz-
ing in western Victoria, Australia.

Nematodirus eggs are larger than the eggs of other strongyle species, can be readily distin-
guished under the microscope and are usually reported separately from the other strongyles
(Taylor et al., 2007). The morphologically distinctive eggs of N. battus are usually counted sep-
arately from strongyles and other Nematodirus species. Nematodirus larvae develop within the
egg and do not hatch until the third larval stage (Taylor et al., 2007). Fecundity is lower for
Nematodirus species than for other nematode taxa, with females producing only 20-30 eggs
per day compared to thousands of eggs per day for female H. contortus. Despite the low
fecundity, worm burdens in excess of 200 000 Nematodirus have been recorded (Brunsdon,
1967).

There is a widespread belief that Nematodirus species are less pathogenic than other species
of nematodes but there is no published evidence for or against this assumption. Pathogenicity
has been quantified for only N. battus and this species is extremely pathogenic and is capable
of killing thousands of lambs when climatic conditions produce mass hatching of infective lar-
vae (Taylor et al., 2007).

Nematode infections need to be controlled for sustainable and profitable farming.
Currently, anthelmintics are the predominant method of nematode control but this method
is threatened by increased drug resistance in nematode populations (Playford et al., 2014;
Preston et al., 2019). Alternative methods of parasite control are urgently needed; they include
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the use of genetically resistant animals, the selective breeding of
parasite-resistant and productive sheep, vaccination, nutritional
supplementation, grazing management and the use of nemato-
phagous fungi (Stear ef al., 2007). Currently, there are no reliable
vaccines against nematodes in cool temperate climates such as the
UK and southern Australia (Britton et al., 2020). Nutritional sup-
plementation is effective but usually too expensive and grazing
management is often impractical. Biological control has promise
but requires regular and infeasible handling of sheep. In contrast,
selective breeding is cheap, effective and is being practiced by an
increasing number of farmers.

At present, sheep are not being bred directly for resistance to
Nematodirus species in general or for N. battus in particular. The
heritability determines the rate of response of a trait to selection
and determines the feasibility of selective breeding (Stear et al.,
2001). There are no estimates for the heritability of traits in
sheep related to resistance to N. battus. Previous estimates of
the heritability of other Nematodirus species egg counts have
come from the UK and New Zealand and were from 0.05 to
0.09 in British Blue Faced Leicester cross lambs at 10, 14 18, 22
and 26 weeks of age (Wolf et al., 2008). In British Texel lambs,
the weighted average heritability was 0.38 (Bishop et al., 2004).
In New Zealand Romney sheep, the heritability estimates were
0.15 and 0.26 (Morris et al., 2004). In addition, heritabilities for
Nematodirus species of 0.17 and 0.21 in Coopworth sheep and
0.17 and 0.19 in Romney sheep of different ages have been
reported (McEwan et al., 1995). These estimates were obtained
from general linear models using transformed egg counts.

Nematodirus battus egg counts follow a zero-inflated negative
binomial distribution (Denwood et al., 2008). One explanation is
that lambs fall into two groups. One group contains animals
which have not been exposed to nematode infection and all
animals in this group have an egg count of zero. The other
group consists of animals which have been infected and the num-
ber of eggs produced by this group follows a negative binomial
distribution. Animals which have recently been exposed and are
still within the prepatent period will be part of the first group.
Egg counts from a population that contains both groups will fol-
low a mixture of two distributions. Statistical models that assume
appropriate distributions give more reliable estimates and soft-
ware for the analysis of mixture distributions is now available in
widely used statistical systems such as R, SAS and Stata. Egg
counts in dairy cattle have been analysed as a mixture distribution
(Nodtvet et al., 2002). Consequently, the aim of this paper was to
use a mixture model to estimate the heritability of N. battus egg
counts and assess the possibility of selectively breeding sheep
for resistance to N. battus infection.

Materials and methods
Animals

The sheep were purebred Scottish Blackface from a commercial
upland flock in the Strathclyde region near Lochwinnoch,
Scotland, UK. Lambing took place over a 6-week interval from
April to May. Each year, for 5 consecutive years from 1992 to
1996, a cohort of 200 lambs was sampled (Strain et al., 2002).
The lambs were the offspring of 39 sires and 496 dams. To min-
imize inbreeding, rams were purchased privately or at sales, rather
than being selected from within the flock. Lambing took place on
three fields that had previously hosted lambs and were known to
be contaminated with nematode larvae. The flock contained
about 2000 ewes and each year, in order to monitor lambing,
the farmer moved pregnant ewes to these fields, which were
near the farmhouse, from outlying areas of the farm. The lamb
populations were enriched with twins because twin-bearing
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ewes were preferentially moved and the number of ewes was
adjusted to produce 200 lambs.

Parasitology

Standard parasitological procedures were used to estimate the
number of nematode eggs in the feces (Bishop et al., 1996).
Briefly, feces were collected from the rectum every 4 weeks start-
ing when the lambs were 4 weeks old. The numbers of N. battus
eggs in a sample of 3 g were counted by a modified McMaster
technique. Each egg counted represented 50 eggs per gram in
1992, 1993 and 1994. In 1995 and 1996, each egg counted repre-
sented 12.5 eggs per gram. All lambs were treated with a broad-
spectrum anthelmintic (albendazole sulphoxide), given at the
recommended dose rate of 5gkg™" body weight, based on the
weight of the heaviest lamb at the time of treatment, after collec-
tion of each fecal sample. There was no resistance to albendazole
within this flock, according to fecal egg count reduction tests. The
samples collected from 4-week-old lambs included many lambs
that did not provide a fecal sample, while the samples from
lambs older than 12 weeks contained very few N. battus eggs.
Consequently, this study concentrates on lambs that were on aver-
age 8 and 12 weeks old. In addition to the eggs from N. battus,
there were eggs from other Nematodirus species and from add-
itional strongyle species, predominantly T. circumcincta (Stear
et al., 1995a, 1997a, 1997b, 1998, 1999; Stear and Bishop, 1999;
Bishop and Stear, 2000).

Analytical strategy

Initially the number of N. battus eggs counted from each lamb in
the 10 cohorts of lambs were analysed in two generalized linear
mixed models with the Glimmix procedure in SAS (SAS
Institute Cary, North Carolina, USA). A separate model was
used for each month because previous analyses have shown that
the heritability of fecal egg count increases with time as lambs
mature and the immune response develops (Bishop et al., 1996;
Stear et al., 19974a). Previous analyses using both Bayesian and
Maximum likelihood procedures had shown that N. battus egg
counts in each cohort conformed to a zero-inflated negative bino-
mial distribution (Denwood et al., 2008). The parameters of the
best-fitting negative binomial distribution varied among the
cohorts as did the extent of zero-inflation. The negative binomial
distribution fitted to the combined dataset was able to capture
all the observed variation in egg count. In other words, the vari-
ation among animals in the combined dataset was captured by the
negative binomial distribution. The SAS code is in Supplementary
file S1.

Fitting a single negative binomial distribution to a population
that combines cohorts with different zero-inflated negative bino-
mial distributions could lead to incorrect estimates of genetic
parameters because animals that have not been exposed will
falsely appear genetically resistant because they have egg counts
of zero. There is no easy way within a combined analysis to set
different parameters for each component of the mixture distribu-
tion in each cohort. In addition, a combined analysis is only
appropriate if the trait is the same in all cohorts. It is possible
that the immune response is effective only when the number of
parasites exceeds a threshold. Therefore, egg counts in cohorts
with a high intensity of infection could be measuring a different
trait than egg counts in cohorts with a low intensity of infection.
Consequently, we analysed each cohort separately. The R code for
the June 1995 cohort is in Supplementary file S2. The other
cohorts were analysed with identical models except for the
number of iterations.
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Animal models offer several advantages for the estimation of
genetic parameters (Lynch and Walsh, 1998). The FMM proced-
ure can analyse zero-inflated negative binomial distributions but
cannot fit an animal model. The MCMCglmm package (Monte
Carlo Markov Chain generalized linear mixed model) package
in R (Hadfield, 2010) can fit an animal model but fits a
zero-inflated Poisson rather than a zero-inflated negative binomial
distribution. In the Poisson family of distributions, the variance is
equal to the mean (u), while in the negative binomial family of
distributions, the variance is equal to 4 plus (u*/k), where k is
an inverse index of overdispersion (Stear et al., 1998). As k
increases, the negative binomial distribution becomes more similar
to the Poisson.

Statistical analysis

The univariate procedure in SAS was used to determine summary
statistics (mean and variance) and draw histograms.

A generalized linear mixed model was fitted using the
Glimmix procedure (Generalized Linear Mixed Model) in SAS.
The analyses were done separately for each month but combined
the data across all years. This model assumes that

E(Y|y) =g '(XB+Zy)

E(Y]y) is the expectation of the egg counts conditional upon
the random effects ¥, g() is a differentiable monotonic link func-
tion and g_l() is its inverse. X is an incidence matrix for the fixed
effects # while Z is the design matrix for the random effects y.
There were five fixed effects: year of birth, sex, birthtype, field
and age which was fitted as a covariate. There were two random
effects: sire and dam nested within sire. A negative binomial dis-
tribution was fitted with a log link function.

Proc FMM in SAS was used to determine the extent of
zero-inflation in the observed values over the Poisson distribution
while MCMCglmm was used to estimate the variance compo-
nents for animal, dam and the residual, while sex, field and
year were fitted as fixed effects. The heritability of N. battus egg
counts was estimated as the proportion of the phenotypic vari-
ance accounted for by the variance in animal effects. The pheno-
typic variance was estimated as the sum of the animal, dam and
residual variances. The dam variance includes both maternal gen-
etic effects and maternal common environmental effects. These
effects cannot be separated unless the dataset contains samples
from the same mothers at different lambing times. The estimated
heritability of N. battus egg counts is conditional upon our esti-
mates of infection, conditional on the fixed effects of age
(in days) as well as field and ignoring stochastic Poisson noise.

The MCMCglmm package handles overdispersion in an addi-
tive rather than multiplicative fashion. The residuals in a Poisson
model are assumed to be independently and normally distributed
with an expectation of zero. The residual variance models any over-
dispersion and a residual variance of zero implies that the response
conforms to a standard Poisson. The default log link was used.

Initially, an Inverse Wishart prior was used for the variances
and a normal prior for the fixed effects. The variance parameter
(n) was set to 2. Each analysis was run for 1500 000 iterations
and the first 20 000 iterations were discarded (burnin). Every
500th iteration was stored. This gave similar results to keeping
every 10th iteration but required less time to run. A diagonal vari-
ance structure was used because the covariance between the
zero-inflated distribution and the Poisson distribution cannot be
estimated. The inverse gamma prior is the default option in
MCMCglmm but our initial analyses showed that the value of
the prior determined the value of the heritability estimate. We
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therefore used parameter expansion with a proper Cauchy prior
(Hadfield, 2010). With the location parameter set to zero and
scale parameters at 1, 10 or 100, the heritability estimates differed
by <0.02 and were essentially unchanged. Consequently, a loca-
tion parameter of 0 and a scale parameter of 1 were used to
analyse the data. The number of iterations was set to 150 000 or
1500 000 with lags of 100 or 1000 respectively. The burnin was
set to 2000. Thinning was set to 100 or 1000; i.e. only 1 in
every 100 or 1 in every 1000 samples was retained. These param-
eter settings produced acceptable autocorrelations of <0.1 and
effective sizes >1000. The MCMCglmm and coda packages also
provide stationarity and half-width tests (Heidelberger and
Welch, 1983; Kog et al., 2013). The parameter settings were cho-
sen to ensure that these tests were passed.

MCMCglmm constrains the estimates of the variance compo-
nents to be greater than zero. Consequently, testing the signifi-
cance of the location parameters of the posterior distribution
against zero is uninformative (Walter et al., 2018). The 95% high-
est posterior credible interval (HPD) was used to estimate the
uncertainty in our estimate of the heritability. We estimated
the variation among our estimates by repeating the analyses of
the June 95 and June 96 samples 10 times and calculating the
standard error of the mean. This measures the Monte Carlo
noise. In addition, we ran each model with and without the ani-
mal effect and measured the deviance information criterion (DIC)
for each model.

Two additional checks were used to ensure that the variance
estimates were not unduly influenced by the choice of prior. A
new pedigree file was created by allocating lambs sequentially to
sires. The first lamb in numerical order was allocated to the
first sire in numerical order, the second lamb was allocated to
the second sire and so on. Each lamb was given a distinct dam.
This has the same effect as randomization but the coding is sim-
pler. In addition, 10 files were created using the RAND function
in SAS to randomly assign sires to lambs. Each lamb was given a
distinct dam. Each file was then analysed by MCMCglmm.
Reshuffling the parents is expected to create a heritability close
to zero if the estimate is not inflated by the prior.

Results

Nematodirus battus egg counts varied from 0 to 2000 eggs per
gram with an arithmetic mean of 216 eggs per gram. The mean
number of eggs per gram and the extent of zero-inflation over
the negative binomial are shown in Table 1. The distribution
for each cohort was different and the egg counts for June 1992
are illustrated in Fig. 1. Most lambs had relatively low egg counts
but a small proportion had quite high counts. A disproportionate
number of eggs therefore came from a small number of hosts.

Generalized linear mixed modelling with the GLIMMIX pro-
cedure in SAS on the June samples showed that the effects of
year (P<0.0001), field (P<0.0001) and age (P <0.0001) were
significant but not the effects of sex (P=0.655) or birth type
(P=0.367). The estimates of variance components were 0.009 +
0.015 (mean * standard error) for sire which was not significantly
different from zero and 0.246 + 0.058 for dam which was highly
significant based on the size of the standard error relative to the
estimate. The scale parameter was 0.381+0.051. Analyses of
zero-inflation with the Genmod and FMM procedures both indi-
cated that there was no zero-inflation over the negative binomial
for the combined dataset in June.

The initial generalized linear mixed analysis with the
GLIMMIX procedure in SAS on the July samples did not con-
verge. A subsequent analysis without dam showed that the effects
of year (P < 0.0001) and field (P = 0.018) were significant although
not the effects of age (P=0.453), sex (P=0.088) or birth type
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Table 1. Number of lambs, time of sampling, zero-inflation relative to the
Poisson distribution, fecal egg count (eggs per gram) for Nematodirus battus

Number of Zero Mean egg
Year Month lambs inflation (%) count (epg)
1992 June 162 18 98
1992 July 148 13 15
1993 June 177 25 131.5
1993 July 189 66 25
1994 June 159 47 116.5
1994 July 161 46 127.5
1995 June 169 2 470
1995 July 186 30 40.5
1996 June 161 7 280
1996 July 177 46 45

(P =0.125). The estimates of variance components were 0 for sire
and 1.671+0.115 for the scale parameter. Analyses of
zero-inflation with the Genmod and FMM procedures both indi-
cated that there was no zero-inflation over the negative binomial
for the combined dataset in July.

The egg counts for each cohort in each month were not well
described by a negative binomial or a Poisson distribution
because they had an excess of zeros above the numbers pre-
dicted by these distributions. For example, 29 of the 162
lambs in the June 1992 sample had egg counts of zero. They
showed zero-inflation of 18% compared to the relevant Poisson dis-
tribution and zero-inflation of 2.5% compared to the best-fitting
negative binomial distribution.

The Poisson and zero-inflated Poisson models fitting sire,
dam, sex, field and age to the June 1992 cohort had Bayes
Information Criteria (BIC) of 13235 and 7427 respectively,
indicating that the zero-inflated model was preferable.
Therefore, a zero-inflated mixture model was used to analyse
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the data. As the extent of zero-inflation differed among months
of sampling, each month was analysed separately.

The number of eggs counted in each of the 10 cohorts was
analysed by a Bayesian Monte Carlo Markov Chain procedure
in the R package MCMCglmm with a zero-inflated Poisson
model and included the effects of animal, dam, age, sex and
field. The results fell into three groups. The first group contained
the results from one cohort (June 1994). The distribution of ani-
mal effects was left skewed but the model without animal effects
failed the diagnostic tests because of high autocorrelations despite
running the model for 5000 000 iterations. The results from this
model were therefore unreliable and were not considered further.
The second group contained seven cohorts. Here the mean of the
posterior distribution of the heritability differed from the median
by at least 0.04, the distribution of animal effects was asymmet-
rical and dropped off from a peak near zero. DIC in the model
without the animal effect was very similar to the DIC in the
more complete model with the effect of animal. The pairs of
values were (575.2, 575.4), (204.3, 203.9), (1354.4, 1354.2),
(358.8, 357.5), (548.7, 551.7), (754.4, 758.0) and (659.0, 662.5)
for June 1992, July 1992, June 1993, July 1993, July 1994, July
1995 and July 1996 respectively. In these seven cohorts, there
was no convincing evidence for an effect of animal and hence
no evidence that the variation in egg counts was heritable.
Figure 2 illustrates the posterior distribution of animal effects
for one cohort in this group. The third group contained two
cohorts (June 1995 and June 1996). In these two cohorts, the
mean and median of the posterior distribution were identical.
The posterior distributions of animal effects were symmetrical
with a peak well away from zero. In addition, the models without
animal effects showed a substantially different DIC than the mod-
els with animal effects. The DIC were 1193.6 and 757.4 in June
1995 and 1058.2 and 663.7 in June 1996. Figure 3 illustrates the
posterior distribution of animal effects for one of the two cohorts.
These were the two cohorts with the highest mean egg counts.

The means of the posterior distribution of heritability, the
HPD and an estimate of Monte Carlo variation are given in
Table 2. The mean heritability (highest posterior credible interval)

0 200

400

EGGS PER GRAM

Fig. 1. The distribution of Nematodirus battus egg counts in June 1992.
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Fig. 2. The distribution of posterior heritability estimates for the July 1994 samples.
There was no indication in this cohort that egg counts were significantly different
from zero.
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Fig. 3. The distribution of posterior heritability estimates for the June 1995 samples.
The unimodal and nearly symmetric distribution suggests that the true heritability is
significantly different from zero.

of N. battus egg counts was 0.43 (0.0000008-0.72) and 0.37
(0.0000006-0.72) in June 1995 and June 1996 respectively.
The variation due to the Monte Carlo procedure (Monte Carlo
noise) was estimated as the standard deviation of the mean in
10 replicates and was 0.003 in both June 1995 and June 1996.

Figures S1-S3 show the trace and the density for the animal
effects (Fig. S1), the dam effects (Fig. S2) and the residuals
(Fig. S3) in June 1995. The traces are time series of each param-
eter as the MCMC iterated and the absence of a trend indicates
that the analysis has converged. The density plot is a smoothed
histogram of the posterior estimates of each parameter.

In order to test whether the heritability estimates could be an
artefact of the analytical procedures, the pedigrees were shuffled
and the data reanalysed. When the lambs were assigned to rams
sequentially, the median heritability estimates for June 1995 and
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June 1996 were only 0.03 and 0.04. When sires were randomly
allocated to lamb, the 10 populations had median heritabilities
ranging from 0.032 to 0.250 with a mean of 0.084 and a standard
error of the mean of 0.020. These results indicate that the choice
of prior did not unduly influence the estimated heritability and
that median heritabilities up to 0.250 could arise by chance alone.

Discussion

Generalized linear mixed modelling with a negative binomial
distribution was used to provide preliminary estimates of fixed
and random effects. However, previous research (Denwood
et al, 2008) has shown that the distribution of N. battus in
each month is zero inflated. The extent of zero inflation and
the parameters of the negative binomial distribution differed
among all 10 cohorts from the 5 years. Consequently, each
month was analysed separately. A Bayesian Monte Carlo
Markov Chain procedure was used to estimate the heritability of
fecal egg counts from this nematode species.

The posterior distribution of the animal effects was truncated
at zero. The peak of the posterior distribution was close to zero in
seven analyses and the distribution was right skewed. There was
no evidence in these populations for heritable variation in egg
counts. We therefore assumed that the positive heritability esti-
mates in seven populations were generated by constraining the
estimates of the animal effects to be above zero. In contrast, the
two populations with high heritability estimates appeared sym-
metrical with means and medians well above zero. These two
populations with the highest intensity of infection had heritability
estimates of about 0.4. However, these estimates were not very
precise and the 95% highest posterior density credible intervals
were quite wide ranging from just above zero to about 0.7.

Previous analyses have indicated that resistance to
Teladorsagia circumcincta develops quite slowly and heritabilities
are not significantly greater than zero in lambs below 12 weeks of
age (Bishop et al., 1996; Stear et al., 1997a). In contrast, our her-
itability estimates for N. battus were close to 0.4 in 8-week-old
lambs in the 2 years of high infection. One explanation is that
the immune mechanisms underlying resistance to N. battus and
T. circumcincta are not the same. The immune mechanisms
underlying resistance to T. circumcincta have been described
(Stear et al, 1995b) but the immune mechanisms underlying
resistance to N. battus are unknown although it is clear that
lambs do mount an immune response (Israf et al., 1997). If rela-
tively high infection rates are necessary to trigger effective
immune responses, this would explain why the genetic variation
was only apparent in years of high infection.

Detailed analyses of egg counts following nematode infections
have shown that genetic variation accounts for much of the vari-
ation among animals within a flock (Bisset et al., 1992; McEwan
et al., 1995; Bishop et al., 1996; Morris et al., 1996; Stear et al.,
1997b; Woolaston and Piper, 2010). The low estimates of herit-
ability for N. battus egg production in most populations examined
in this study suggest that other sources of variation are important
but these have still to be identified.

Strongyle egg counts follow a negative binomial distribution
(Stear et al., 1998) and this distribution could arise from a com-
bination of Poisson variation in the egg counting process and an
underlying lognormal or gamma distribution (Hunter and
Quenouille, 1952). If this explanation is applicable to N. battus,
with the additional complication of zero-inflation, then fitting
the animal model accounts for the variation among animals
and the choice of a zero-inflated Poisson model provides an
appropriate method to analyse N. battus egg counts in popula-
tions where the pedigree is recorded or estimated. Log normal
variation among animal effects implies that genes act
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Table 2. Time of sampling, estimated heritability of Nematodirus battus egg counts, 95% highest posterior density credible intervals (HPD) for one analysis and

Monte Carlo variation (standard error of the mean of 10 replicated analyses)

Heritability (mean of

Heritability (median of

Monte Carlo

Year Month posterior density) posterior density) HPD variation (sem)
1992 June 0.15 0.10 0.00000020-0.48 -
1992 July 0.22 0.14 0.00000027-0.73 -
1993 June 0.26 0.21 0.00000072-0.67 -
1993 July 0.19 0.12 0.00000004-0.65 =
1994 June DNC DNC - -
1994 July 0.21 0.15 0.000000038-0.62 =
1995 June 0.43 0.43 0.00000078-0.72 0.003
1995 July 0.20 0.16 0.0000021-0.54 =
1996 June 0.37 0.37 0.00000055-0.72 0.003
1996 July 0.21 0.13 0.00000000046-0.69 =

DNC: There was an unacceptably high autocorrelation and the result was not used.

multiplicatively rather than additively, as commonly assumed in
quantitative genetic theory.

Many natural parasite infections are likely to be zero-inflated
(Basanez et al., 2004; Denwood et al, 2008; Ziadinov et al.,
2010) but the use of zero-inflated distributions to analyse natural
parasite infections is quite rare (Nodtvet et al, 2002; Sae-Lim
et al., 2017). Now that free software is readily available, the use
of these models should increase. Bayesian Monte Carlo Markov
Chain procedures yielded significant heritability estimates even
with relatively small sample sizes. However, the methods are
not without problems. In particular, the number of variance
structures that can be modelled is still quite limited.

The analysis of N. battus egg counts suggests that heritabilities
will only be significant in years of high infection, which only
occur when the weather promotes simultaneous hatching of
many eggs (Taylor et al., 2007). This means that selective breeding
for resistance to N. battus based on egg counts or the response to
infection will be difficult because resistant animals can only be
identified in some years. Unfortunately, there are no easy options
to control N. battus if drug resistance continues to develop in
parasite populations. Additional research is urgently needed.

In conclusion, N. battus egg counts are zero-inflated and a
Bayesian Monte Carlo Markov Chain procedure was used to esti-
mate the sources of variation and to determine genetic para-
meters. Young lambs showed moderate heritabilities for
N. battus egg counts but only in years of high infection. The
mechanisms underlying resistance to N. battus are unlikely to
be identical to the mechanisms mediating resistance to T. circum-
cincta. Selective breeding for resistance to N. battus will be diffi-
cult because resistant animals can only be identified in years of
high infection.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0031182022000014.

Acknowledgements. We thank Louise Matthews of Glasgow University for
providing the R code for the initial analyses in the MCMCglmm package.

Author contributions. M.S. conceived the study and collected the data. S.N.
and M.S. carried out the statistical analyses. F.A., D.A,, CJ., S.S., S.P,, D.P,, N.J.
and M.S. interpreted the results, wrote and reviewed the paper.

Financial support. We thank La Trobe University for funding this study.

Ethical standards. The study used data collected previously under Home
Office (UK) licenses held by M.S.

References

Basanez M-G, Marshall C, Carabin H, Gyorkos T and Joseph L (2004)
Bayesian statistics for parasitologists. Trends in Parasitology 20, 85-91.
Beveridge I and Ford C (1982) The trichostrongyloid parasites of sheep in
South Australia and their regional distribution. Australian Veterinary

Journal 59, 177-179.

Bishop SC and Stear MJ (2000) The use of a gamma-type function to assess
the relationship between the number of adult Teladorsagia circumcincta and
total egg output. Parasitology 121, 435-440.

Bishop S, Bairden K, Mckellar Q, Park M and Stear M (1996) Genetic para-
meters for faecal egg count following mixed, natural, predominantly
Ostertagia circumcincta infection and relationships with live weight in
young lambs. Animal Science 63, 423-428.

Bishop SC, Jackson F, Coop RL and Stear MJ (2004) Genetic parameters for
resistance to nematode infections in Texel lambs and their utility in breed-
ing programmes. Animal Science 78, 185-194.

Bisset SA, Vlassoff A, Morris CA, Southey BR, Baker RL and Parker AGH
(1992) Heritability of and genetic correlations among faecal egg counts and
productivity traits in Romney sheep. New Zealand Journal of Agricultural
Research 35, 51-58.

Britton C, Emery DL, Mcneilly TN, Nisbet AJ and Stear MJ (2020) The
potential for vaccines against scour worms of small ruminants.
International Journal for Parasitology 50, 533-553.

Brunsdon RV (1967) The significance of Nematodirus in New Zealand. New
Zealand Veterinary Journal 15, 105-108.

Denwood M]J, Stear MJ, Matthews L, Reid SW, Toft N and Innocent GT
(2008) The distribution of the pathogenic nematode Nematodirus battus
in lambs is zero-inflated. Parasitology 135, 1225-1235.

Hadfield JD (2010) MCMC methods for multi-response generalized linear
mixed models: the MCMCglmm R package. Journal of Statistical Software
33, 1-22.

Heidelberger P and Welch PD (1983) Simulation run length control in the
presence of an initial transient. Operations Research 31, 1109-1144.

Hunter GC and Quenouille MH (1952) A statistical examination of the worm
egg count sampling technique for sheep. Journal of Helminthology 26, 157-170.

Israf DA, Jackson F, Stevenson LM, Jones DG, Jackson E, Huntley JF and
Coop RL (1997) Persistence of immunity to Nematodirus battus infection
in lambs. Veterinary Parasitology 71, 39-52.

Kog H, Cengiz MA and Kog T (2013) Convergence diagnostics in MCMC for
zero-inflated Poisson models for air pollution data. Journal of Advanced
Scientific Research 4, 12-15.

Lane J, Jubb T, Shephard R, Webb-Ware J and Fordyce G (2015) Final
Report Priority List of Endemic Diseases for the Red Meat Industries.
Sydney: Meat & Livestock Australia Limited.

Lynch M and Walsh B (1998) Genetics and Analysis of Quantitative Traits.
Sunderland: Sinauer.

Mcewan JC, Dodds KG, Greer GJ, Bain WE, Duncan SJ, Wheeler R,
Knowler KJ, Reid PJ, Green RS and Douch PGC (1995) Genetic estimates

Downloaded from https://www.cambridge.org/core, on subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/50031182022000014


https://doi.org/10.1017/S0031182022000014
https://doi.org/10.1017/S0031182022000014
https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0031182022000014

Parasitology

for parasite resistance traits in sheep and their correlations with production
traits. New Zealand Journal of Zoology 22, 177-177.

Morgan E, Charlier J, Hendrickk G, Biggeri A, Catalan D, Von
Samson-Himmelstjerna G, Demeler J, Miiller E, Van Dijk ], Kenyon F,
Skuce P, Hoglund J, O’kiely P, Van Ranst B, De Waal T, Rinaldi L,
Cringoli G, Hertzberg H, Torgerson P, Wolstenholme A and Vercruysse J
(2013) Global change and helminth infections in grazing ruminants in
Europe: impacts, trends and sustainable solutions. Agriculture 3, 484-502.

Morris CA, Clarke JN, Watson TG, Wrigglesworth AL and Dobbie JL
(1996) Faecal egg count and food intake comparisons of Romney single-
trait selection and control lines. New Zealand Journal of Agricultural
Research 39, 371-378.

Morris CA, Bisset SA, Vlassoff A, West CJ] and Wheeler M (2004) Genetic
parameters for Nematodirus spp. egg counts in Romney lambs in New
Zealand. Animal Science 79, 33-39.

Nieuwhof GJ and Bishop SC (2005) Costs of the major endemic diseases of
sheep in Great Britain and the potential benefits of reduction in disease
impact. Animal Science 81, 23-29.

Nodtvet A, Dohoo I, Sanchez J, Conboy G, Descdteaux L, Keefe G, Leslie K
and Campbell J (2002) The use of negative binomial modelling in a longi-
tudinal study of gastrointestinal parasite burdens in Canadian dairy cows.
Canadian Journal of Veterinary Science 66, 249-257.

Parkins JJ, Taylor LM, Holmes PH, Bairden K, Salman SK and Armour ]
(1990) Pathophysiological and parasitological studies on a concurrent infec-
tion of Ostertagia ostertagi and Cooperia oncophora in calves. Research in
Veterinary Science 48, 201-208.

Playford MC, Smith AN, Love S, Besier RB, Kluver P and Bailey JN (2014)
Prevalence and severity of anthelmintic resistance in ovine gastrointestinal nema-
todes in Australia (2009-2012). Australian Veterinary Journal 92, 464-471.

Preston S, Piedrafita D, Sandeman M and Cotton S (2019) The current
status of anthelmintic resistance in a temperate region of Australia; implica-
tions for small ruminant farm management. Veterinary Parasitology
Regional Studies and Reports 17, 100313.

Sae-Lim P, Grova L, Olesen I and Varona L (2017) A comparison of non-
linear mixed models and response to selection of tick-infestation on
lambs. PLoS ONE 12, e0172711.

Stear MJ and Bishop SC (1999) The curvilinear relationship between worm
length and fecundity of Teladorsagia circumcincta. International Journal
for Parasitology 29, 777-780.

Stear MJ, Bairden K, Duncan JL, Gettinby G, Mckellar QA, Murray M and
Wallace DS (19954) The distribution of faecal nematode egg counts in
Scottish Blackface lambs following natural, predominantly Ostertagia cir-
cumcincta infection. Parasitology 110, 573-581.

Stear MJ, Bishop SC, Doligalska M, Duncan JL, Holmes PH, Irvine J,
Mccririe L, Mckellar QA, Sinski E and Murray M (1995b) Regulation of

561

egg production, worm burden, worm length and worm fecundity by host
responses in sheep infected with Ostertagia circumcincta. Parasite
Immunology 17, 643-652.

Stear MJ, Bairden K, Bishop SC, Buitkamp J, Duncan JL, Gettinby G,
Mckellar QA, Park M, Parkins JJ, Reid SWJ, Strain SAJ and Murray M
(1997a) The genetic basis of resistance to Ostertagia circumcincta in lambs.
The Veterinary Journal 154, 111-119.

Stear MJ, Bairden K, Duncan JL, Holmes PH, Mckellar QA, Park M,
Strain SAJ, Murray M, Bishop SC and Gettinby G (1997b) How hosts
control worms. Nature 389, 27-27.

Stear MJ, Bairden K, Bishop SC, Gettinby G, Mckellar QA, Park M, Strain SAJ
and Wallace DS (1998) The processes influencing the distribution of parasitic
nematodes among naturally infected lambs. Parasitology 117, 165-171.

Stear MJ, Bairden K, Mckellar QA, Scott I and Strain SAJ (1999) The rela-
tionship between the number and size of nematodes in the abomasum and
the concentration of pepsinogen in ovine plasma. Research in Veterinary
Science 67, 89-92.

Stear MJ, Bishop SC, Mallard B and Raadsma HW (2001) The sustainability,
feasibility and desirability of breeding livestock for disease resistance.
Research in Veterinary Science 71, 1-7.

Stear MJ, Bishop SC, Henderson NG and Scott I (2003) A key mechanism of
pathogenesis in sheep infected with the nematode Teladorsagia circum-
cincta. Animal Health Research Reviews 4, 45-52.

Stear MJ, Doligalska M and Donskow-Schmelter K (2007) Alternatives to anthel-
mintics for the control of nematodes in livestock. Parasitology 134, 139-151.
Strain SAJ, Bishop SC, Henderson NG, Kerr A, Mckellar QA, Mitchell S
and Stear MJ (2002) The genetic control of IgA activity against
Teladorsagia circumcincta and its association with parasite resistance in nat-

urally infected sheep. Parasitology 124, 545-552.

Taylor MA, Coop RL and Wall RL (2007) Veterinary Parasitology. Chichester:
Wiley-Blackwell.

Walter GM, Aguirre JD, Blows MW and Ortiz-Barrientos D (2018)
Evolution of genetic variance during adaptive radiation. The American
Naturalist 191, E108-E128.

Wolf BT, Howells K, Nakielny C, Haresign W, Lewis RM, Davies O and
Davies MH (2008) Genetic parameters for strongyle and Nematodirus fae-
cal egg counts in lambs and their relationships with performance traits.
Livestock Science 113, 209-217.

Woolaston RR and Piper LR (2010) Selection of Merino sheep for resist-
ance to Haemonchus contortus: genetic variation. Animal Science 62,
451-460.

Ziadinov I, Deplazes P, Mathis A, Mutunova B, Abdykerimov K, Nurgaziev R
and Torgerson P (2010) Frequency distribution of Echinococcus multilocularis
and other helminths of foxes in Kyrgyzstan. Veterinary Parasitology 171,
286-292.

Downloaded from https://www.cambridge.org/core, on subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/50031182022000014


https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0031182022000014

	The heritability of Nematodirus battus fecal egg counts
	Introduction
	Materials and methods
	Animals
	Parasitology
	Analytical strategy
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


