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SUMMARY
A series of crosses were made using a Merino ram whose progeny displayed an exceptionally high level of
resistance to infection with Haemonchus contortus. The ram's estimated breeding value for faecal egg count
(in eggs per gram on a square root scale) following artificial infection was -55.4, compared with means of -29.2
in his progeny and 0.0 in unrelated animals. Although this phenomenon was strongly suggestive of a major
gene for resistance, no segregation was apparent in the various progeny crosses. Heritability of faecal egg
count was estimated at 0.24±0.04, or 0.21^0.05 when relatives of the exceptional ram were excluded. A
major gene index was tested and did not provide clear evidence of a single gene with large effect.
INTRODUCTION
Genetic variation in resistance to nematode infections is known to exist in sheep (Piper 1987). Over recent
years, several experimental flocks have been established with the dual purposes of quantifying the genetic
variation and studying the underlying physiological basis of resistance. In one such flock, a Merino ram was
discovered whose progeny displayed an extremely high level of resistance following artificial challenge with
Haemonchus contortus larvae (Albers et al. 1987). It was postulated that this ram (known as 'the Golden
Ram') possessed a gene with a major effect on resistance to H. contortus. A knowledge of the mode of
inheritance is necessary to determine the optimal strategy for incorporating resistance genes into other
flocks (Albers and Gray 1986), so a crossing programme was initiated to elucidate the genetic mechanism
involved. In this paper we investigate the hypothesis that a gene with a major effect was implicated in the
high level of resistance in progeny of the Golden Ram.
MATERIALS AND METHODS
A description of the original source of animals and the experimental protocol can be found in Albers et al.
(1987). More recent data have also been included in these analyses, which incorporate observations on
1813 animals representing 82 paternal half-sib families. Many of the additional animals were the result of
crosses involving the Golden Ram, generated to test for segregation of a major gene.
Faecal egg counts in eggs per gram (epg) were recorded four and five weeks after artificial infection, but as
the results were similar at both times, only the four week data are reported here. Using pedigree information,
breeding values for four week epg were estimated tor 2331 animals, which could be classified into one ot
seven genotypes depending on their coefficient of relationship with the Golden Ram (0, 0.25, 0.375, 0.5,
0.625, 0.75 and 1.0). Following Albers et al. (1987), a square root transformation was used on epg data prior
to analysis. Estimated breeding values (EBVs) are thus reported on the transformed scale and are
expressed as deviations from the 467 base animals, where a base animal is defined as a parent of unknown
pedigree. Base animals are assumed to be unrelated.
For the estimation of heritability and the calculation of EBVs, an individual animal model using Restricted
Maximum Likelihood (REML) was fitted to the transformed data, as described by the following model:
Y = Xb + Zu + e
where

Y is a vector of faecal egg counts of Merino weaners, square roof transformed

X is a design matrix corresponding to the fixed effects
b is a vector of fixed effects
Z is a design matrix corresponding to random effects
u is a vector of animal's additive genetic effects and
e is a vector of random errors.
The fixed effects fitted were sex (male, female or castrated male), birth type (twin or single), dam age (two
years or older),.year of experiment (1982-88 inclusive, except 1985), time ot infection (3 or 12 weeks after
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weaning) and the year x time interaction. This model differed from that of Albers et al. (1987) as they used a
least-squares sire model and included the regressions of weaning age and weaning weight. Omission of
these regressions should be of minor consequence as they have little influence on the total variance in
faecal egg count at this age (Albers et al. 1987, Piper and Wooiaston, unpublished data).
A major gene index (MGI) as defined by Karlin et al. (1979) and applied by Famula (1986) was calculated. This
is of the form:

MGI(k)»

Z(|Oj-.5(Sj + Di)|k ]
________________________
XflOi-Sijk* lOi-Dil**)

with the summation over offspring (Oj) with sire Sj and dam Di and known parameter k. Values of 0.5,1 and 2
were assigned to k to improve detection of the mode of inheritance (Famula 1986). The breeding value of
some parents could only be estimated from information on their progeny, and such families were excluded
from the MGI calculations when there was only one progeny.
RESULTS
The REML estimate for heritability of epg° 5 was 0.24*0.04. When the animals which were related to the
Golden Ram were excluded from the analyses, the estimate was 0.21*0.05.
The distribution of EBVs of the base sires is shown in Figure 1. The Golden ram had an EBV of -55.4 epg° 5
compared with a range of -29.5 to +36.9 epg°5 in his contemporaries.
Figure 1. Distribution of EBVs of base (unrelated) sires.

EBV
Averaged over all animals, the mean EBV was -5.8 epg° 5, ranging from -62.3 to 41.2 epg° 5. Table 1 shows
the distribution of EBVs, classified by the relationship of the animals to the Golden Ram. In general, the
mean EBV decreased as the relationship to the Golden Ram increased, with minor exceptions when the
group sizes were small.
MGI values for three values of k are summarised in Table 2. Averaged over all animals, the MGI values
corresponding to k=0.5, k=1 and k=2 were 0.70, 0.70 and 1.64. When animals related to the Golden Ram
were excluded, the values were 0.78, 0.81 and 1.91 respectively.
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Table 1, Distribution of estimated breeding values (EBVs) for faecal egg count classified by the relationship
of each animal to the Golden Ram. EBVs are expressed as deviations from the mean of the base animals, in
epg05.
C o e f f ic ie n t

EBV
-69.0
-59.9
-49.9
-39.9
-29.9
-19.9
-9.9
0.1
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-60.0
-50.0
-40.0
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-10.0
0.0
9.9
19.9
29.9
39.9
49.9

0.0

4
56
230
569
529
220
60
11
1
1080
0.0

0.25

of

r e la t io n s h ip w ith th e G o ld e n R a m

0.375

0.5

20
65
127
149
93
28
5

4
3
7
13
10
2

1
2
4
40
37
10
2
1

487
-18.2

39
-17.7

97
-29.2

0.625

1
2
2

5
-20.8

0.75

1.0

2
10
7
3

1

22
-40.0

1
-55.4

Table 2. Average values of the Major Gene Index for three values of k classified by the relationship of animals
to the Golden Ram.
y a lu s - Q f- k

Group
Related to Golden Ram
Not related to Golden Ram
Overall

n
576
1092
1668

k=0.5

k=1.0

k=2.0

0.5577
0.7811
0.7039

0.4738
0.8140
0.6959

1.1198
1.9072
1.6353

DISCUSSION
The REML heritability estimates were lower than the earlier estimate of 0.34±0.10 by Albers et al. (1987),
which was derived from 862 animals and excluded the progeny of the Golden Ram. It is interesting that
excluding the Golden Ram and his progeny had a relatively minor effect on the REML estimate of heritability.
By contrast, Albers et al. (unpublished) using a sire model found that excluding the Golden Ram had a large
effect on the estimate of heritability. This can largely be explained by the fact that the effect of one outlying
sire is reduced in an animal model, which includes all known genetic relationships.
Figure 1 is clearly suggestive of a major gene for parasite resistance. Flowever, no obvious bimodality exists
within any of the genotype classes, as one would expect if the Golden ram was a carrier of a major gene,
either in the heterozygous or homozygous state (Table 1). If a major gene is present, the EBV distributions
do not support the possibility of it being a recessive gene. If a major gene was present with either an additive
or dominant action, then evidence of bimodality would be expected in either the first cross or the backcrosses. The distributions shown in Table 1 do not give convincing support for either of these arguments.
MGI values are lower in the animals related to the Golden Ram (Table 2), but this is not surprising because in
creating the various crosses, parents were deliberately chosen to be unlike. This has the effect of increasing
the denominator of the MGI thereby decreasing the ratio.
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According to Famula (1986), the MGI indicates major gene inheritance in three ways:
a) Large values of MGI
b) Large differences between MGI for different values of k
c) Increasing values of MGI for increasing k.
All of the above, if present, point towards a segregating major gene but no one criterion should be used to
the exclusion of others (Famula 1986). Furthermore, Famula (1986), using simulated small populations,
found that index values in excess of 1.0 are indicative of major gene inheritance, and that the index is quite
sensitive to the existence of segregating major genes even in the absence of multimodality of the
phenotypic distribution. Under a polygenic model of multivariate normal distribution for the parental and
offspring populations, the expected value of the index is 0.89, 0.84 and 0.79 for k=0.5, k=1 and k=2
respectively (Lukacs 1970, cited by Famula 1986). The overall values shown in Table 2 show that for k=0.5
and k=1, the MGI was lower than expected with a polygenic model, whereas for k=2 the value was
considerably greater than expected. The results are therefore equivocal because none of the conditions
described above which apply to a segregating major gene are fully satisfied:
a) the values of MGI were only greater than the expected value when k=2,
b) there were only large differences when values corresponding to k=2 were considered, and
c) the MGI only increased with k in four of the six cases.
It is somewhat puzzling that MGI(2) is greatly in excess of its expectation, while MGI(0.5) and MGI(1) are both
less than expected. Vaules of MGI less than unity only occur when there is a preponderance of offspring
values which lie between their parental values (Karlin et al. 1979). This result may reflect the absence of a
major gene. Alternatively it may be a consequence of assuming an additive genetic model during EBV
estimation in combination with small full-sib family sizes (average 1.16), or it may be another example of the
MGI giving misleading results when gene effects are very unequal but gene numbers are not very large
(Mayo et al. 1983). In any case, the test does not enable us to conclude that a major gene is or is not
evidenced in these data. If a major gene is present, it is clearly difficult to detect using simple quantitative
methods. Unless a simple genetic marker can be discovered, maximum genetic progress in parasite
resistance can best be achieved by assuming a polygenic model of inheritance.
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