
ABSTRACT OF THESIS 

Name of Candidate ................ Ste.fn .Adaiste..jns.son 

Address ...... ................... .Rialeit.is.bz'.a.ut....54.. ..... Reykjavik . ....... Iceland ...................................................... ............................................  

Degree........ .................. 	b..D.. ............. .. ....................... . ........................................................ ..................... 	Date .................. October....19.68........................................  

Title of Thesis ............SQME ASPECTS .OFTi..........GENET1C•S01  .THE 	NJ ..ICSHEEP 

The thesis describes results from investigations on colour 

inheritance in the Icelandic sheep and the relation between 

colour and fertility. 
Three types of pigment are found in the Icelandic sheep, 

i.e. tan (rustred), black and brown. 

White sheep are either pigmentfree or show tan pigment. 

Nonwhite sheep show either black or brown pigment, sometimes 

accompanied by some tan pigment. Four colour patterns are known 
in nonwhite sheep: grey,badgerface, mouflon and grey mouflon. 

Nonwhite sheep without pattern are either black or brown. The 

patterns manifest themselves on background of either black or 

brown pigment. 
Altogether 17 main colours are possible in the Icelandic 

sheep, i.e. white and 16 different nonwhite colours. 

White markings in nonwhite sheep manifest themselves inde-

pendently of pigment type and pattern. 
Genes affecting colour are found at three loci, A, B and S. 

At the A-locus, 8 alleles are found: Al,  A69  A2, A3, A4  and A5, 

giving the colours or patterns white, grey mouflon, grey, badger-
face, mouflon and no pattern, respectively. The dominance 
relationship between the above alleles is such that inhibition 

of pigment formation dominates over pigment production. 

At the Es-.locus two alleles for pigment production are found, 

Ri, dominant, giving black pigment and B2, recessive, giving 

brown pigment. 
Two alleles are found at the S-.locus, S1 , dominant, for 

absence of white markings and S 2'  recessive, for presence of white 

markings. 
No linkage between the above loci could be demonstrated. 

The allele A2  was shown to occur less frequently among the 

progeny than expected. This deficiency seems to be the result of 

selective fertilization. 
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The allele Al  was found to affect fertility adversely, white 
ewes giving approximately 0.15 lambs less per mating than non-
white ewes. Secondary sex ratio was significantly higher among 
white than among nonwhite lambs. Segregation at the A-locus was 
found to deviate significantly from expectation when analysed 
separately for singles and twins and males and females. The effect 
of the alleles A1  and A5  on the segregation ratios was examined. 
The effect of allele A could be attributed to both selective 
fertilization and selective mortality, while the effect of allele 
A5  in combination with the X-chromosome could be attributed to 
selective fertilization. 

Segregation at loci B and S was found to agree well with 
expectation. 

The agreement between the present results and those obtained 
in earlier investigations is dis'ussed. The action of the genes 
at the colour lo,--i in sb.eep and their homology with colour loci 

in rodents is also discussed. 
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Preface 

The aim of the study presented here is to give an 
account of the inheritance of the colours found in the Ice-
landic sheep and the relation between colours and fertility. 

The study of the inheritance of the colours was initiated 
in 1957. At that time the demand for grey skins from 4 5 
months old lambs was increasing, and grey skins of good 
quality fetched appreciately higher prices than skins of 
other colours. 

The initial aim of the study was therefore to work out 
the rules for the inheritance of the grey colour. As the 
experimentation proceeded it became clear that the inheri-
tance of the grey colour was only a part of a greater complex. 
It was therefore decided to make a broader investigation of 
the colour inheritance in the Icelandic sheep in order to 
obtain as complete picture of the whole complex of colours 
as possible. 

Facilities for the initial experimentation were made 
available at Reatur, the experimental farm of the Department 
of Agriculture of the University Research Institute. In 1959 

the Institute made available funds to establish an experi-
mental sheep flock for colour inheritance studies at the 
farm SkeiOhholt in Arnesssla. Later on several experiments 

were carried out on private farms, and data from private 
flock books were also obtained and added to the experimental 
data. 

I am greatly indebted to Dr. Ralldór Plsson, former 
director of the Department of Agriculture of the University 
Research Institute for invaluable assistance and discussions 

during the whole period of experimentation and data collection 
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and for the permission to use all the records on sheep 

colours from the Experimental Farm, Hestur, collected during 

the period 1951 - 1962. Thanks are also due to Mr. Ptur 

Gunnarsson, the present director of the Agricultural Research 

Institute (former Department of Agriculture of the University 
Research Institute) and to the Icelandic Government's Depart-

ment of Agriculture for granting me leave of absence for the 
period 1st October, 1966, to 15th August, 1968, during 

which I stayed with the University of Edinburgh, analysing 

the data and writing up the results. I also wish to express 

my gratitude to the Icelandic Scientific Foundation (Visinda-

sj6ur) for a grant made available for a preliminary analysis 
of part of the data in 1962 and for grants made available to 
me in 1967 and 1968 during my stay in Edinburgh. 

During the period of experimentation and data collection 

I had to rely on the goodwill and help of a great number of 

people. It would lead too far to mention all those who 

assisted me in one way or another during this period. Parti-

cular thanks are due to the farm managers of the Experimental 

Farm, Hestur, Mr. Guômundur Ptursson amd Mr. Einar E. 

Gislason for their excellent supervision of the experiments 

and for the general recording of the colours of the sheep in 

the experimental flock; to the farmers Guniundur J6nsson, 

Kópsvatni, Magnus Sigursson, Gilsbakka, and Olafur J6nsson, 

Skei8hLbolti for valuable assistance in connection with 

experimentation and data collection; to all the other farmers 

who made their sheep available for experimentation and their 

flock book records available for analysis; to Miss Svandfs 
Gu8mundsdóttir, Mrs. Virginia B. Steingrfmsson, Mrs. Johanna 

Gunnbjornsd6ttir and Mr. Sveinn Hallgrfmsson for preparation 

and punching of the data; and finally to Mr. Jóhann Gunnarsson 
of the IBM-agency in Iceland for assistance in planning the 



transfer of the data to punched cards. 

I also wish to express my sincere thanks to Professor 

D.J. Finney of the Department of Statistics of the University 
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SUMMARY 

A short description is given of the origin of the Ice-

landic breed of sheep. Sheep husbandry practices are described 

with particular reference to the mating season and the lambing 

time and identification of individual sheep. Possible sources 

of errors in the mating and lambing records are discussed 

(Chapter I). 

Three types of pigment are found in the Icelandic sheep, 

i.e. tan (rust-red), black and brown. White sheep are either 

pigmentfree or show tan pigment. Nonwhite sheep show either 

black or brown pigment, sometimes accompanied by some tan 

pigment. Four colour patterns are known in nonwhite sheep: 

grey, badgerface, mouf ion and grey mouflon. Nonwhite sheep 

without pattern are either black or brown. The patterns 

manifest themselves on background of either black or brown 

pigment. 

Altogether 16 main colours are possible in nonwhite sheep 

in addition to white, so 17 main colours can be expected in 

the Icelandic sheep. Sixteen of these colours have been 

observed, and a detailed description is given of each of 

these. 

White markings in nonwhite sheep manifest themselves 

independently of pigment type and pattern. There is great 

variation in the extent of white markings. A 4 digit numeri-

cal code for colour description is described, where the first 

two digits refer to the main colour and the last two refer to 

the extent of white markings. A scoring system with scores 

1-5 was used to describe the amount of tan colour in white 

lambs at birth, while scores 1-7 were given for varying 

amount of dark fibres in grey lambs at birth. 

Reference is given to colour descriptions in other 

studies where it is reasonably certain that the colours are 

the same as in the present study (Chapter II). 
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Several experiments, aimed at revealing the mode of 

inheritance of the colours are described. The results from 

the initial experiments formed the basis for the following 

hypothesis about the inheritance. 

Genes affecting colour are found at 3 loci, A, B and S. 

Two pigment types are produced at the B-locus, black 

pigment by a dominant allele, B1 , and brown pigment by a 
recessive allele, B2. 

At the A-locus, the 6 following alleles are found. 

Allele Giving colour or pattern Dom. to Rec. 	to 
A1  White All None 
A6  Grey mouflon A2,A4,A5  A1  

A2  Grey A5  A1 ,A6  
A3  Badgerface A5  A1  
A4  Mouflon A5  
A5  No pattern None All 

The dominance relationship between alleles A2, A3, A4  
and A6  is such that inhibition of pigment dominates over 

pigment production. 

Two alleles are found at the S-locus, S, dominant, for 

absence of white markings and S2, recessive, for presence of 
white markings. 

The results from planned breeding experiments, which 

are described, confirm the above hypothesis (Chapter III). 

In addition to the results from the breeding experiments 

extensive records from 24 sheep flocks were collected for 

analysis (Chapter IV). 

The segregation results with respect to the alleles at 

the A-locus are given in Table 9 for 111 matings where both 
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alleles of both parents were known prior to the mating. 

Colour description was available on 3452 lambs from 

these matings. Of these, 23 lambs, or 0.67 per cent, showed 

colours other than expected. These exceptions are so few that 

the main hypothesis about the allelic system at the A-locus 

is confirmed. 

The unexpected cases are described in detail. One case 
can be ascribed to mutation of A1  to A5. Another case can be 
ascribed to mutation of A5  to A2  in a brown ram, leading to 

colour mosaicism and mosaicism in the gonads of the ram as 

well. The other exceptions can be ascribed to faulty parentage 
or faulty colour description. 

A case is described where the two lambs in a twin pair 
could be shown to have been sired by two different sires. 

A case of colour mosaicism in a phenotypically grey ram 

is described. Through a breeding test the ram was shown to 

have had the zygotic genotype A05. The allele A4  is shown 
to have mutated to A1  at the 4-cell or 8-cell stage of the 
zygote (Chapter V). 

A method was devised to estimate from the data in 

table 9 the overall representation of the alleles A1 ,A2,A3  
and A4, all compared to allele A5. The estimation showed 
that allele A2  was less frequently represented among the 

progeny than expected. The deficiency was not significant 
for each sex of parents separately, but significant (P<0.05) 

for sexes of parents combined. The deficiency was confirmed 

in an independent set of data. 

Matings involving the allele A1  in both parents showed 
subnormal variation in the segregation ratios. (X"O.2644; 

0.99>P>098). This was found for added reciprocal matings 
with sexes of progeny and singles and twins combined. 

When 16,826 lambs with colour description were grouped 



according to sex a significantly higher proportion of white 

lambs was found among male than female lambs (X 2 - 7.196; 
0.01>P>0.001). This sex difference was similar for both 
singles and twins. The proportion of white lambs was also 

significantly higher among singles than twins (X - 119.624; 

P<0.001). No significant difference in sex ratio could be 
demonstrated between colours among nonwhite lambs. 

A highly significant effect was found of colour of ewe 

on fertility, white ewes of 2, 3 and 4 years of ago giving 

0.132, 0.178 and 0.134 lambs less per mating, respectively, 

than nonwhite ewes of the same age groups. Number of lambs 
per ewe lambing was also highly significantly lower for white 

than nonwhite ewes among 2 year old ewes. No difference in 

fertility could be demonstrated between heterozygous and 
homozygous white ewes, and no such difference was found 
between nonwhite ewes of different genotypes either. Grey 

ewes showed comparable fertility to other ewes, which indi-
cates that embryonic mortality is not responsible for the 
deficiency of the A2-a.1ele. 

A significant effect of colour of ram on number of 

lambs per mating was found for 2 year old ewes (P< 0.05), 

white rams giving 0.080 lambs less per mating than nonwhite 

rams. No such effect was found for 3 and 4 year old ewes. 

No interaction was found between colour of ewe and colour of 

ram. No effect was found of colour of parents on survival of 
lambs up to 6 - 8 weeks of age. 

When singles and twins from known matings were grouped 
by sex and colour (white or nonwhite) a significant deviation 

from expectation was found within several of the matings. 

The deviations were found among both white and nonwhite ewe 
groups. Three parameters attributing the variation to select-

ive fertilization and selective embryonic mortality were 
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estimated from matings involving genotypes with all combin-

ations of alleles A1  and A5, and were all found to affect 

the segregation ratios significantly. The parameters were: 

UT advantage of sperm carrying allele A1  over sperm carry-
ing allele A5  (P < 0.01);v T a advantage of sperm carrying 
allele A5  and the X-chromosome over other sperm in matings 

of white ewes (P < 0.01); and i • excess mortality of white 
embryos in white ewes (P < 0.05). The parameters 0 and VT 
were significant for twins only while was estimated as a 

common parameter for both singles and twins. 

Homozygous white lambs were shown to have significantly 

less amount of tan colour on the body than heterozygous white 

lambs (P < 0.05). 

Homozygous grey lambs were shown to be predominantly 

lightgrey with scores I and 2 while heterozygous grey lambs 

were predominantly darkgrey with scores 6 and 7. No indi-

cation was found of a disturbed ratio between homozygous and 
heterozygous grey lambs. 

From the matings A2A5xA2A5, A2A5xA5A5  and A5A5XA2A5  

two parameters, 	and , for selective fertilization were 

estimated; , the probability of fertilization by sperm 

carrying the allele A2, was found to be 0.408 t 0.041, and , 

the probability of retention of allele A2  in an A 2  A  5  egg 
fertilized by sperm carrying allele A5, was found to be 
0.42 t 0.041. The two parameters accounted for a highly 

significant amount of the variation in the above matings 

(X2 SC 9.999; P <0.01), the remaining variation being non-
significant (X2 a 0.039; 0.90> P> 0.80). 

Estimates of gene frequencies at the A-locus among 547 
white ewes mated to A5A5-rams were for alleles A1 ,A2,A3,A4, 
A5  and A6, respectively: 0.679 t 0.020; 0.064 t 0.010; 
0.007 t 0.004; 0.031 t 0.007; 0.219 t 0.018; and 0.000 
(Chapter VI). 
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Segregation ratios at the B-locus were found to agree 

well with expectation, and no exceptions from expected colours 

were found. 

Segregation ratios at the S-locus were also found to 

agree well with expectation. One lamb without white markings 

was obtained where white markings were expected. 

No effect was found of alleles at loci B and S on fertility. 

Data on linkage between loci A, B and S were limited, 

but showed no evidence of linkage (Chapter VII). 

The results of the present study are compared with results 

from earlier investigations and obvious discrepancies are 

discussed (Chapter VIII). 

The action of the genes at the colour loci in sheep 

and their homology with colour loci in rodents is also dis- 
cussed (Chapter IX). 



CHAPTER I 

The Icelandic sheep and sheep husbandry practices 

A. The sheep breed 

The only breed of sheep in Iceland is the native, Ice.. 

landic breed, brought to the country by the Norwegian settlers 

at the time of settlement of the country in the period 874-

930 (Sigurdsson, 1937), 

This breed belongs to the North European short-tailed 

group of sheep, and its nearest relatives are believed to be 

the Old Norwegian sheep (Spaelsau), the Swedish Landrace, the 

Finnish Landrace, and the Shetland and Orkney sheep (Pálsson, 

1944). 

There have been some imports of sheep to Iceland during 

later centuries, mainly in the 18th, 19th and 20th centuries. 

In most of these cases the imported sheep brought with them 

diseases which were disastrous to the native sheep population. 

During eradication of the diseases by slaughtering of in-

fected stock, the imported sheep and their crosses have 

almost always been slaughtered as well, so the imports are 

believed to have had very little effect on the breed as a 

whole (Sigurdsson, 1937). 

The wool of the Icelandic sheep is predominantly a 

mixture of long, coarse, outercoat fibres and short, fine 

undercoat fibres. Some kemp also occurs (Adalsteinsson, 

1956). 

Sheep husbandry practices 

1. Size of sheep flocks 

The sheep flocks in Iceland vary in numbers from 250-500 
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winterfed ewes on farms where the main income of the farmer 

comes from the sheep production. Several farmers whose main 

source of income is from dairy cattle also keep some sheep, 

and the flocks on the latter farms are usually much smaller. 

Grazing and housing of sheep 

The sheep are kept on common mountain pastures from 
late June or early July until the latter half of September. 

At the end of the mountain grazing period they are taken 

down to the lowlands, and the lambs not intended for breeding 

are slaughtered in late September and October. 

All winterfed sheep are housed during the winter, but 

the onset of the housing time varies considerably from one 

district to another. Entire rams, however, must, by law, be 

housed from the beginning of November, as the ewes may start 
coming on heat during the first or second week of November. 

The breeding season usually starts from 15th - 30th of 

December, varying somewhat from one part of the country to 

another. 

Detection of ewes on heat 

Because correct information about parentage is of vital 

importance in connection with Inheritance studies, a detailed 

description of the practices followed during the breeding 

season seems justified. 

During the breeding season, the most common practice is 

to take an entire teaser ram to the shed where the ewes are 

kept. This ram is led by a rope, tied around the base of 

the horns on horned rams, but around the neck on polled rams. 

The ram is allowed to run into the ewe pen ahead of the man 

who leads him, and care is then taken that the ram only 

detects ewes on heat without serving them. The ewes on 

heat are usually taken out of the pen, when they have been 



detected, as they will otherwise distract the ram from further 

search. If only one man is on the job, he has to tie the ram 

securely inside the pen, while he takes out the detected ewes. 

If the ram is loosely tied, he may then serve ewes on heat, 

which still remain in the pen. 

In order to ensure that the teaser ram does not serve 

the ewes accidentally, some farmers tie a jute apron under 

the belly of the teaser ram, before he is taken into the ewe 

pen. This is the practice on the Agricultural Research Insti-

tute's Experimental Farm at Bestur, where much of the data 

in the present study were collected, but relatively few 

farmers use this practice. 

After the ewes on heat on a particular day have been 

detected, they are taken to a place near the rams' pen, where 

the mating takes place. The farmer has usually decided be-

forehand to which ram each ewe is to be mated, and the ewes 

are then in turn mated to the rams they have been assigned to. 

Each ewe is ordinarily only mated once during the heat. 

Sometimes a ewe may be renated to the same ram the next day, 

if she is still on heat, but this is not ordinary practice 

during the peak of the mating season, as the number of rams 

available is usually limited, and this would mean a much 

heavier use of each ram. Repeated mating may, however, be 

used during the second heat of a ewe, i.e. if she has failed 

to conceive at the first heat. 

Usually only one round is done each day in the ewe pens 

to detect ewes on heat, and the mating generally takes place 

from 0-2 hours from detection. The ewes may thus have been 

on heat from 0-26 hours, when the mating takes place, and 

on the average about 12-13 hours. 

This system of mating should give accurate records of 

parentage when the supervision is carried out with care. The 
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most likely sources of faulty parentage arising at the time 
of mating are the following: 

Accidental, unnoticed mating of a ewe with the teaser 
rain. 

Mistaken identity of the ewe during mating causing faulty 
records, i.e. the ewe mated is not the one that is 
recorded as being mated. The fault will eventually be 
discovered later, when the ewe, which was thought to 
have been mated, comes on heat, but the record may not 

be properly corrected. Mistaken identity of rams during 
mating may occur, but is very unlikely. 

Records of the matings on a particular day may sometimes 
be written down from memory, after all the ewes on beat 

that day have been mated. It is obvious that this pract-
ice may introduce errors. 

If the ewe does not conceive at the first mating, and 
another ram is used at the second heat, this change of 
ram may not be entered into the record book. 

Rams may occasionally break out of their pens and into 

the ewe pens. Then they are usually assumed to have 

mated all the new ewes on heat in the pen where they 

are found. If ewes from previous day's mating are 

still on heat in that pen, they are assumed to have 

conceived at the mating the previous day, and not to 

the second ram, and no account is given of such inci-
dences in the record books. 

The ariginal records of the matings are usually made 

in notebooks, and transferred from there to the flock 

books. Some errors may occur during this transcription 
of the records. 

The most likely source of faulty records among those 

listed above is accidental mating by the teaser ram, although 



the other sources can not be excluded. 

On relatively few farms in the country, the ewes which 

it is intended to mate to a particular ram are put into a 

separate pen and the ram let loose in that pen. No measures 

are then taken to determine how many and which ewes are on 

heat each day. This system is not widespread. It was used 

on only one of the farms where the colour inheritance data 

were obtained. 

4. Supervision at lambing time 

The lambing season usually starts some time between 

the 5th and 25th of May. The lambing may take place either 

in the sheds or outdoors, but the earlier the lambing is 

the more likely it is to take place in the sheds. 

When the lambing takes place in the sheds, it occurs 

every now and then that two ewes, one or both giving birth 

to twins, lamb almost simultaneously and very close to-

gether. Then the ewes themselves don't discriminate between 

their own lambs and the other ewe's lambs. If this happens 

when nobody is supervising the sheep, the supervisor will 

try to sort out the mess when he arrives. If one takes for 

the sake of argument, a case where the farmer finds two 

ewes sharing 5 newborn lambs, when he enters the shed, he 

will give the three lightest lambs to the ewe which is known 

to be more fertile. He may in case of similar sized lambs, 

look for other signs which might indicate the correct 

mother of each lamb. If one or more of the lambs are non-

white, and one of the ewes has earlier given birth to non-

white lambs, she will most likely by given the nonwhite 

lamb or lambs. Incidents of this kind are rarely recorded 

in the flock books. The decision the supervisor makes is 

regarded as the correct one, and the incident is forgotten. 
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It frequently happens when lambing takes place in the 

sheds, and occasionally outdoors, that ewes which are about 

to lamb try to steal a lamb from another ewe. Sometimes they 

are successful, particularly if they come across a ewe which 

has already given birth to one twin and the second twin is 

being born. If this happens during a period of no super-

vision, the result is a permanent fault in the record. 

Mismothering, as described above, will always be a 

relatively rare phenomenon, and with careful supervision at 

lambing time, mismothering should not occur at all. But this 

possibility has to be recognized when dealing with sheep 

records from commercial flocks, where round the clock super-

vision at lambing time may be very difficult to achieve. The 

farms where the records in the present study were collected 

are all regarded as having relatively close supervision of 

ewes at lambing time. The possibility of faulty records due 

to mismothering can not, however, be excluded. 

5. Identification of individuals 

On the farms where the data for the present study were 

collected all the lambs are eartagged, usually with a numbered 

aluminium eartag, shortly after birth. The number on the ear-

tag is entered into the record book together with the eartag 

number of the dam. At the same time the sex and the colour 

of the lamb is recorded. Stillborn lambs on these farms have 

also been recorded and their sex and colour described. 

The lambs which are kept for breeding usually have 

their original eartags replaced in early winter by permanent 

eartags with the flockbook number of the individuals. At 

that time the new flockbook numbers are recorded together 

with the parentage of the lambs in question. 
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Shearing time 

The main lambing season lasts for about 3 weeks, the 

ewes not having lambed by then mainly being those which did 

not conceive at the first mating. These ewes may sometimes 

be put on uncultivated homeland pasture and will lamb there 

without supervision. The records of number of lambs per ewe 

and sex and colour of lambs are then made when the sheep are 

gathered for shearing of the ewes, which takes place in late 

June or early July. 

During the shearing gathering the lambs on the experi-

mental farm Hestur have been weighed and their weight gain 

from birth to shearing calculated. At that gathering the 

colour description of some of the lambs has been checked and 

obvious mistakes corrected. 

Autumn records 

In late September the sheep are gathered from the 

mountain pastures and taken to their home farms. There the 

lambs intended for breeding are selected and all the re-

maining lambs slaughtered, usually directly off the range. 

While the inspection and selection of lambs for breeding 

is being carried out, some check will automatically be made 

on the colours of the lambs, and any obvious mistakes which 

have not been detected earlier may be corrected at this time. 

The corrections made at shearing time and during the autumn 

handling of the lambs in the present study have been 

relatively few, 



CHAPTER II 

Colour descriptions 

A. Basis for classification 

Several of the colours of the Icelandic sheep have 

previously been described by Plisson (1944), and his de-

scriptions formed a valuable starting point for the present 

work. 

It was felt, however, that for a thorough genetic study 

of the colours a more systematic approach to the description 

was needed. 

In order to develop a system for a complete description 

of the colours within a breed of sheep, one must have a 

fairly comprehensive a priori knowledge about what colours 

or colour combinations are likely to occur in the population 

to be described. 

Any system used for such description should take into 

account all possible ways of grouping the colours. For the 

grouping to be of value, the criteria for grouping must be 

based on phenotypic similarities, and preferably on pheno-

typic characteristics which are likely to have similar 

genetic background. 

The pigment observed in the sheep in the present study 

can be divided into 3 colour categories, as follows: 

Tan (rustred) pigment, which occurs only in the birth-

coat of lambs, and in kemp and outercoat fibres, and 

in fibres on hairy parts of the adult animal. 

Black pigment, which may occur in all fibre types. 

Brown pigment, which may occur in all fibre types. 

On the basis of this classification of pigment, and of 

the descriptions of colours in Icelandic and Norwegian sheep 
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by Pálsson (1944) and Berge (1958), respectively, together 

with personal examination of rare sheep colours and in-
spection of flockbooks, it was decided that the following 

basic assumptions could safely be made with regard to pheno-

typic classification of colours in the Icelandic sheep. 

Sheep could be classified as either white or nonwhite 
(Plate I, 1). 

Sheep with tan pigment should be included in the white 

group, if tan was the only pigment present (Plate I, 2). 

Sheep in the nonwhite group showed either black or 
brown (but not both) pigment in pigmented areas (Plate 

IIi, 	1). 
Three basic colour patterns were known to exist, i.e. 

grey (a mixture of pigmented and white fibres), badger-
face (pigmented belly, light dorsal part) and mouflon 

(pigmented dorsal part, white belly). 

Colour patterns shown by nonwhite sheep manifested them-
selves independently of the type of pigment. 

White markings in nonwhite sheep could manifest them-

selves independently of pigment type and colour patterns. 

B. Main colours observed 

Having decided on these basic assumptions as the corner-
stones of a classification system, the next step was to obtain 
information on how many phenotypes of nonwhite sheep one would 

expect from independent combination of the two pigment types 

with all possible types of pattern and all possible types of 
white markings. It then became clear that under the assumption 

of complete independence of possible patterns among them-

selves and of complete independence of white markings among 

themselves, the number of colours expected far exceeded the 

number of colour phenotypes which had been described up to 
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that time within the country. 

Through preliminary experimentation and close in-

spection of extensive and accurate flock records the con-

clusion was reached that the two pigment types, black and 

brown, and the known pattern types could result in 14 

different, nonwhite main colours, the occurrence of white 

markings in nonwhite sheep being disregarded in this 

connection. The 15th main colour was white with or without 

tan pigment. A list of these 15 main colours was given by 

Adalsteinsson (1960). The conclusion was based on the 
assumption that three basic colour patterns in nonwhite 

sheep existed, i.e. grey, badgerface, and mouflon pattern, 

and that any nonwhite sheep would be able to show either 

none, one or two patterns. Since then the occurrence of the 
grey inouflon pattern as a separate pattern has been establ-

ished. This pattern when combined with the badgerface pattern 

will give two more colours, and one of these additional 
colours, grey badgerface-mouflon, has been observed. This 
brings the total number of main colours in the Icelandic 

sheep to 17. 

The 17 main colours have been numbered from 01 - 17. 
In the following, the English name to be used in this study 

is given together with the corresponding number given to each 

main colour. Because many of these colours have never been 

given names before, except in Icelandic, the most widely used 

Icelandic name of each colour is also given. At the same time 

names of these colours from some other studies are also given, 

when it is reasonably certain that the colours described 
there are phenotypically the same as the colours in the 

present study. 
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Main Name in Names used colour present previously Reference  number work 

Colour 01. 	Brown and black pigment absent 

01 White White Several 

HvItt (Icel.) Plsson (1944) 

Colours 02 - 05. Black pigment present. 

in colours 02 - 04. No 

colour 05 

One pattern visible 
pattern visible in 

02 	Grey Grey, silver-blue Dry (1926, 1927) 

Graa (Dan.) Z6phónfasson (1934) 

Grátt (Icel.) Pálsson (1944) 

Grau (Ger.) Lofvenberg and 
Johansson (1952) 

Grá (Swedish) Skárman (1961) 

Svartskimlet, 
b]3tt, grátt (Nor.) Berge (1958, 1964a) 

03 	Black Badgerface Roberts (1924) 
badgerface Gromet (Nor.) Wriedt (1924) 

Svartgolsótt, svart- 
mogótt (Icel.) Pálsson (1944) 

Badgerface Sanchez Belda (1951) 

Grelut (Nor.) 	Beige (1958) 
Catinuggit (Sheti.) 	Ryder (1968) 

04 	Black 	Black reversed 	Roberts and 
mouflon 	badgerface 	 Jenkin (1926) 

Wildfarbigkelt 	Koch (1937) 

Svartbotn6tt 
(Icel.) 	 Pálsson (1944) 

Mufflon (Nor.) 	Berge (1958, 1964a) 



Main Name in Names used colour present 
work previously Reference 

number 

05 Black Black Roberts (1924) 

Black Dry (1924) 

Sort (Dan.) Zóphónlasson (1934) 

Svart (Icel.) Plsson (1944) 

Svart (Nor.) Berge (1958, 1964a) 

Noir (Fre.) Lauvergne (1961) 

Colours 06 - 09. Brown pigment present. One pattern visible 

in colours 06 - 08. No pattern visible in 

colour 09 

06 Greybrown Graabrunt (Dan.) Zóphónlasson (1934) 

Gráinórautt (Icel.) Plsson (1944) 

Brunskimlet, Berge (1958, 1964a) 
fjuskbrunt (Nor.) 

07 Brown Mógolsótt (Icel.) Pálsson (1944) 
badgerf ace 

08 Brown Brown reversed Roberts and White 
mouf ion badgerface (1930a) 

Môbotnótt (Icel.) PUsson (1944) 

09 Brown Moorit, murret Elwes (1912) 
(Sheti.) Ewart (1919) 

Brown Roberts and White 
(1930a) 

Brunt (Dan.) Z6pli6niasson (1934) 

M6rautt (Icel.) PIlsson (1944) 

Brunt, rOdt (Nor.) Berge (1958, 1964a) 

Colours 10-12, 	16. Black pigment present. Two patterns 

visible 

10 Grey Grágolsótt (Icel.) Plsson (1944) 
badger face 
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Main 
colour 

Name in 
present Names U8u Reference 

number work, previously 

11 Grey Grgbotnótt (Icel.) Pálsson (1944) 
mouflon Skimlet mufflon(Nor.)Berge (1958, 1964a) 

12 Black Svartgolsubotn6tt 
badgerface (Icel.) Adalsteinsson (1960) 

16 Grey badger.- Grgolsubotn6tt Present study 
face-inouf ion 

Colours 13-15,17. Brown pigment present. Two patterns visible. 

13 Greybrown Grm6rugols6tt 
badgerface (Icel.) Adalsteinsson (1960) 

14 Greybrown Grm6rubotn6tt 
mouf ion (Icel.) Adalsteinsson (1960) 

15 Brown M6golsubotn6tt 
badgerface (Icel.) Adalsteinsson (1960) 
-moullon 

17 Greybrown Grámórugolsu- (Should be possible, 
badgerface botn6tt 	(Icel.) but not yet 
-mouf ion observed) 

In connection with the above colour definitions, it 

should be borne in mind, that one cannot assume for certain 

that two colours which are similar phenotypically, but 

occurring in two different breeds are necessarily caused by 

the same genes, even if the mode of inheritance seems to be 

the same. 

The grey in the Gotland sheep is a typical example. It 

seems clear from Skárman's work (Skârman, 1961, 1963a, 1963b) 

that the grey colour in the Gotland sheep resembles to a 

great extent the grey colour in the Old Norwegian sheep and 

the grey in the Icelandic sheep, but in the Swedish experi- 



- 20 - 

ments some very dark animals, completely black at birth 

and 2 months, were included in the grey group. These animals 

would most likely have been classified as black both in Ice-

land and Norway. Such differences in the definition of the 

colours will naturally affect conclusions about their in-

heritance. 

C. Description of main colours 

In order to avoid ambiguity, the characteristic features 
of the main colours occurring in the present study are 

described below, and the criteria used for determining the 

colour in doubtful cases are also given. 

The colour description refers to colours at birth, 

except when otherwise stated. 

Colour 01 - white (Plate I, 2) 

Black and brown pigment are absent from all parts of 

the animal. Some tan pigment may occur in the Icelandic white 
sheep, as mentioned earlier. Thus some lambs are born com-

pletely white, while others may be born with an even, tan 

(rustred) colour all over the body and on the extremities. 

The latter animals will retain the tan colour on head and 

feet as adults, and many of the primary follicles will pro-

duce tan-pigmented fibres throughout the animals' life. 

Complete absence of tan and full tan pigmentation at 

birth are the two extremes of manifestation of tan pigment, 

and there is an almost continuous variation in tan colour 
between these extremes. 

In the present study, white lambs on some of the farms 

in the study have been given scores for tan colour at birth. 

The scoring system used was initiated by Dr. H. Pálsson and 

had been used at the experimental farm Hestur for several 
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years when the present study was started. The scores were as 

follows. 

Score 	 Amount of tan colour 

1 No tan colour visible. 

2 Tan colour on head, feet or tail. 

3, Tan colour on head, feet and tail, and some 
tan colour on body, but body more white than 
tan. 

4 Tan colour on head, feet, tail and body, and 
body more tan than white. 

5 Tan colour on head, feet and tail, and body 
completely tan. 

The tan colour described above is known to occur in the 

Welsh Mountain sheep, (Roberts, 1928), in the Orkney sheep, 

(personal observation), in the Australian Merino,(Hayman and 

Cooper, 1964), and possibly also in some of the red Medi-

terranean breeds of sheep (Mason, 1967). 

Some otherwise white sheep may show small black or brown 

spots on the body or on the extremities. These spots usually 

show complete lack of symmetry with respect to location, and 

are therefore phenotypically different from pigmented areas 

in nonwhite sheep with extensive white markings (see P. 31). 

Sheep with those small black and brown spots are therefore 

classified as white. 

Colour 02 - grey (Plate II, 2 and Plate III) 

The outercoat fibres are mainly black, and the undercoat 

fibres white. There is, however, very great variation in 

the grey colour at birth. Some lambs are born almost completely 

black and can only be distinguished from black by close 

inspection. 

The places to be examined most closely for occurrence 

of white fibres are the nose, the inside of the ears, the 
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front and rear flanks, the feet above the hoofs, and the 
scrotum on ram lambs. If no trace of white fibres or a 

lighter colour at the base of the birthcoat is found in 

those places, the lamb can almost certainly be described as 

black. If any of the above mentioned places show clear signs 

of white fibres, the lamb is definitely going to develop a 

grey colour of the type described above. One exception to 
this rule should be mentioned, however. Some lambs, seemingly 
heterozygous for white markings, may be born with a few white 
hairs on the top of the head. This has no connection with 

grey colour at all, if the criteria given above do not 
confirm the presence of grey colour. 

The other extreme of grey colour at birth is a very 
light grey colour, where only a minor proportion of the 

outer coat fibres are black, the others being either white 
or tan. These lambs could sometimes mistakenly be classi-
fied as showing the birthcoat pattern of some of the dark-

faced breeds, where the birthcoat fibres are black at the 

tip, giving the body a grey appearance. These darkfaced 
colours are, however, so rare in the Icelandic sheep that 
confusion has been avoided. 

In the present study, the definition given above for 
grey colour has been strictly adhered to when the colours 
were classified. It became evident during the course of 
collection of the present data that as knowledge about the 
criteria for grey colour increased and by increased experi-
ence, doubtful cases were very rarely encountered. 

For differentiation between the different amount of 
black fibres in the birthcoat of grey lambs, a scoring 
system was adapted and used on some of the farms, where the 
data for the present study were collected. 

The scores ran from 1 to 7, and the characteristics of 
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the type of grey within each score is given below. 

Score 	 Shade of grey colour at birth 

I 	 Lightgrey or lightgrey-speckled on head, feet 
and body. 

2 	 Lightgrey and tan on body, lightgrey or grey 
and tan on head and feet. 

Lightgrey on body, darkgrey on head and feet. 
4 	 Lightgrey spots in medium to darkgrey colour 

on body, darkgrey colour on head and feet. 
5 	 Medium to darkgrey on bead, feet and body. 
6 	 Medium to darkgrey on body, darkgrey on head 

and feet. 
7 	 Darkgrey on body, head and feet. 

Colour 03 - black badgerface (Plate IV, 1) 

The badgerface pattern is highly symmetrical. 

The belly of the animal is black, both undercoat and 

outercoat, the black colour extending backwards to the inner 

side of the hindlegs, up around the anus and to the underside 
of the tail. The black colour extends forward along the 

brisket to the inner side of the forelegs, up along the 

underside of the neck in a narrow line, covering the under-

side of the lower jaw. The inside of the ears is black. 
Sometimes black badgerface animals have a black patch with 

il].defined outlines in both rear flanks, the reverse of 

the light saddle of the wild Mouflon. 

The headmarkings, which were used as the main criterion 

for this colour when it first was described (Roberts, 1924, 

Wriedt, 1924), are not so clearcut in the Icelandic sheep 

that they can be regarded as a permanent feature of the 

character. 

The bars between the eyes, which were regarded as the 

main features of the badgerface pattern when it first was 
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described, are visible in the lighter types of badgerface 

in the Icelandic sheep, but not in the darker types. They 

cannot therefore be used as criteria for the pattern in 

Icelandic sheep. The same applies to the Old Norwegian sheep 

(Berge, 1964a).One feature of the head pattern seems, however, 

to be present in all black badgerface animals, and that is a 

light coloured spot underneath the eyes. 

The parts of the body which are not black, have a dirty 

white or tan coloured outercoat, while the undercoat fibres 

are often black, giving a grey-coloured band at the base of 

the staple, as the undercoat grows. This grey colour is the 

reverse of the ordinary grey, described above. This phenomenon 

has also been found by Sánches Belda (1952). 

The hairy parts on the face and the outside of the legs 

usually show a certain type of agouti colouring, where the 

tip of the fibre is rustred in colour, while the remainder 

of the fibre is black. 

Colour 04 - black mouflon 

This colour has also been called black reversed badger-

face (Roberts and Jenkin, 1928), but here it will be 

referred to as the mouf ion pattern in accordance with 

Berge (1958), due to the resemblance between this pattern 

and the colour pattern of the wild Mouflon. 

This colour is in many-ways entirely the reverse of 

the black badgerface colour described above. The belly of 

the animal is dirty white, but occasionally one can detect 

a few fine and short, black undercoat fibres on the belly. 

The white colour stretches backwards into the crutch and up 

around the anus, and extends to the underside of the tail. 

The brisket is white, and sometimes, but not always, a 

white band stretches from the brisket to the underside of 

the neck. The underside of the lower jaw is white or near 



- 25 - 

white. A light coloured mark above the eye seems to be a 

permanent feature of this pattern. The innerside of the ears 

is white, or near white. 

The upper part of the body shows predominantly black 

colour, although in many instances in the Icelandic sheep a 

pronounced agouti colouring of the birth coat is observed. 

This agouti colouring is sometimes different from the one 

observed in the black badgerface. In the black mouflon the 

tip of the agouti fibre may be black, followed by a rustred 

or greyish band, and from then on the fibre is black, but 

fibres with a light colour on the tip only may also be found 

in black mouflon lambs. The agouti colour is most pronounded 

on the lower part of the neck, but may occasionally be found 

almost all over the body. Sometimes it is almost completely 

absent. 

The hairs on the head and feet in black mouflon animals 

usually show the same type of agouti colour as above, i.e. a 

black tip followed by a lighter band. 

The undercoat fibres on the upper part of the body 

always consist of black fibres. As the lambs get older, some 

of the outercoat fibres on the upper part of the body may 

become white and show up in the pelt in autumn. These fibres 

are too few in number, however, for the colour to be mis-

takenly classified as grey mouflon. 

Colour 05 - black (Plate II, 1) 

This colour produces only black fibres on the animals 

at birth, and no white fibres are found anywhere on the 

animal at least during the first few weeks after birth. 

After the age of 6 months, however, some animals may develop 

white fibres, mainly in the outercoat. The numbers of these 

fibres may increase so much with age that the animals may 

become grey in appearance, particularly on the sides. A 
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distinction between genuine grey and greying black in adult 
sheep is that the undercoat of the greying black animal 

remains black throughout its life. 

Pálsson (1944) describes three types of black in adult 

Icelandic sheep, i.e. pure black, where the colour remains 

pitchblack throughout the animal's life, greying black, where 

white fibres develop in the outercoat with advancing age, as 

described above, and browning black, where the black colour 
shows some fading towards brown with advancing age. No attempt 

was made in the present study to distinguish between these 
three types of black, as no such distinction can be made 
between them until the animals have reached adult age, and 

the present study was mainly concerned with lamb colours. 

Colour 06 - greybrown 

This colour is the same as the grey colour, except that 

here the pigmented fibres have brown pigment. This colour is 

very variable phenotypically. The same 7 scores as were used 

for the grey have also been used for the greybrown :,,olour, 

the score 1 being given for the lightest shade- and 7 for the 

darkest shade. 

The lightest type of greybrown is so similar in colour 

to the darkest type of tan at birth that sometimes it might 

be difficult to distinguish between the two. This difficulty 

did not arise in the present study because very few grey-

brown lambs with the lower scores were born, and those born 

came from matings of known nonwhite parents, so the possi-

bility of white colour with tan pigment present could be 

excluded. 

Colour 07 - brown badger face 

This colour shows the same pattern as the black badger-

face, and the only difference is that the pigment in brown 
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badgerface animals is brown. This colour shows little 

variation and is easy to classify, but care has to be taken 

if greybrown badgerface could be expected, see colour 13 

below. 

Colour 08 - brown mouf ion 

This colour, called brown reversed badgerface by Roberts 

and White (1930a), is the same as black inouflon, but with 

black pigment replaced by brown. This colour shows little 

variation and is easy to classify. One thing which should be 
pointed out in connection with colours 07 and 08 is that due 

to the fact that these colours have brown pigment, any rust-

red agouti-bands will be more or less disguised, when the 

basic colour is brown. The same will happen to tan fibres 

which might occur on the upper part of the body in colour 07. 

They might mistakenly be classified as brown fibres. 

Colour 09 - brown (Plate II, 1) 

This colour produces only brown fibres on the animals, 

and no white fibres are found anywhere on the animal at least 

during the first few weeks after birth. The same greying 
with age as described for the black colour may occur in the 

brown colour. 

Pálsson (1944) describes two types of brown in Icelandic 

sheep, darkbrown and lightbrown, but no such distinction 

between brown colours has been attempted in the present study. 

Some phenotypic variation in the brown colour has been 

observed, however, but so far no conclusive evidence of two 

distinct classes of brown colour has been obtained. 

Colour 10 - grey badgerface 

This colour combines the effect of the badgerface pattern 

with the effect of the grey pattern in animals with black 

pigment. The combined effect is such that areas without 
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pigment in each of the separate patterns are also without 
pigment in the combined pattern. Similarly areas that are 
pigmented in both patterns separately are also pigmented 

in the combined pattern, while areas that are pigmented in 
one pattern and without pigment in the other are invariably 
without pigment in the combined pattern. This holds true 

as a general rule for colours which are the result of a 

combination of two separate patterns. 

For the grey badgerface colour particularly, the under-
coat fibres on the belly are thus white, while the outercoat 
fibres on the belly remain black. The undercoat fibres on the 

upper part of. the body will also be white, and so the upper 
part of the body will now mainly produce white fibres. The 
badgerface pattern inhibits pigment formation in the outer-

coat fibres on the upper part of the body, and the grey 

pattern inhibits pigment formation in the undercoat fibres 
all over the body. 

Colour 11 - grey mouflon (Plate IV, 2 and Plate V, 1) 

This colour combines the effect of the mouflon pattern 

and the effect of the grey pattern, so that areas that are 

white in the black mouflon remain white, while the grey 

pattern is manifested only in areas which are black in the 

black mouflon. These are turned grey in the grey mouflon. 

In the grey mouflon the white areas usually show com-
pletely white colour, whereas the same areas are dirty 

white in the black mouflon. The agouti colouring which 

occurs in black mouflon will also show up in the grey 

mouflon, because the grey pattern does not affect the 
colour of the outercoat fibres or the colour of the hair 

on head and feet. 
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Colour 12 - black badgerface - mouflon (Plate V, 2) 

This colour combines the effects of the badgerface 

pattern and mouflon pattern in a similar way to that described 
under colours 10 and 11, i.e. white areas in either pattern 
separately will produce white in the combination, while black 

areas must coincide in both patterns in order to produce 
black in the combined pattern. 

Thus the head shows a light spot under the eye from the 

badgerface pattern and a light spot above the eye from the 

mouflon pattern. The inside of the ears is light from the 

mouflon pattern, while the outside of the ears is light due 

to the badgerface pattern. The underside of the lower jaw and 

the belly is light due to the mouflon pattern, while the 

outercoat on the upper part of the body is white due to the 

badgerface pattern. The undercoat fibres on the upper part 

of the body are unaffected by both patterns and thus remain 

black, giving the base of the staple a silver grey colour. 

On the borderline between side and belly and on the 

rear of the hind legs, there is a darker stripe, where some 

of the outercoat fibres and all the undercoat fibres remain 
black. 

Colour 13 - greybrown badgerface 

This is the same colour as the grey badgerface, but 

black pigment is replaced by brown. This colour may be very 

difficult to distinguish from brown badgerface, until the 
lambs are at least 2 - 3 weeks old. 

Colour 14 - greybrown mouflon 

This is the same colour as grey mouflon, with black 
pigment replaced by brown. 
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Colour 15 - brown badgerface mouflon 

This is the same colour as black badgerface - mouflon, 

with black pigment replaced by brown. 

Colour 16 - grey badgerface - mouflon 

In this colour the patterns grey mouflon and black 

badgerface are superimposed on each other. In the combined 

pattern each of the basic patterns shows its effect on in-

hibition of pigment independently of the other pattern, so 

that the resulting colour shows the sum of these two patterns 

in pigment inhibition. 

This colour is extremely rare. The author has only ob-
served one animal of this colour, and no previous account of 

its presence is known. This animal, a one year old ewe, 
showed the typical badgerface - mouflon head pattern, but 

on the whole the head colour was lighter than in black 

badgerface - mouflon, due to the dilution from the grey 

mouflon pattern. 

On the body, the grey mouflon pattern had inhibited the 
formation of pigment in the undercoat, so the upper part of 
the body showed, white colour. An exception was the dark 

borderline around the white belly, where the dark outercoat 

fibres still remained black, cf. description of colour no. 12. 

Except for these black outercoat fibres on the borderline, 
the body produced white fibres only. The inside of the legs 

of this animal was almost white, but the outside similar to 
that of grey badgerface. 

The head pattern of this animal showed quite clearly the 

dark bars between the eyes, earlier believed to be the main 

characteristic of the badgerface pattern. The rest of the 

animal, however, showed no signs of any patterns whatsoever, 

except the dark colour on the feet and the black fibres on 
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the borderline between the side and the belly. 

Colour 17 - greybrown badgerface - mouflon 

This colour has never been observed, but would be pro-

duced by replacing black pigment with brown in the grey 

badgerface - mouflon colour. From the available evidence 

about the inheritance of the colours it should be possible. 

D. White markings in nonwhite sheep 

The white markings often shown by nonwhite sheep, are 

unpigmented areas on a pigmented background. They can there-

fore only manifest themselves in sheep showing pigment. It 

has further been found in the Icelandic sheep that the white 

markings are very rarely manifested in sheep with tan pig-

ment, so in the following the discussion will be confined to 

white markings in nonwhite sheep with either black or brown 
pigment present. 

The distinction between white markings and pattern is 

such that the pattern shows a very high degree of symmetry, 

and borderlines between pigmented and unpigmented areas are 

not clearly defined. The pattern may also show a regular 

mixture of pigmented and unpigmented fibres within a given 
area. 

White markings, on the other hand, are very rarely 

completely symmetrical, although some degree of symmetry is 

usually found. Borderlines between white and pigmented areas 

are clearcut, at least at birth. The birthcoat shows only 

white fibres in the white areas, and the basic pattern in 

the nonwhite areas is completely unaffected. 

White markings can, as far as can be seen, occur 

simultaneously with any of the patterns. 

In the classification of colours in the present study, 
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the main colour, i.e. the basic pigment and pattern com-

bination, was therefore determined first, and then a separate 

description was given of the white markings, independently 
of the main colour. 

Because of the great variation and lack of symmetry in 

the white markings, somewhat arbitrary, but fixed rules had 

to be laid down for the classification of the markings. Some 

overlapping of classification is therefore likely to occur, 

and some types of markings which should rightly have been 

classified as a separate group may have been overlooked and 

put into a related group. This was not easy to avoid, as it 

was deemed necessary to keep the number of classes down, if 

any picture at all was to emerge about frequencies of 

different types of markings and their inheritance. 

In order to develop a system for the description of 

white markings, the descriptions given by Pálsson (1944) were 

taken as a starting point. The names and descriptions given 

there refer to the markings on the whole animal. Some of the 
names, however, refer to phenotypes where the markings occur 

only on the head, others to phenotypes with markings only 

on the feet, and still others to phenotypes with markings 

on head and neck, and so on. 

On the basis of the descriptions and names of these 

phenotypes a new set of definitions for white markings was 

made, where each new definition was named and defined as 

referring only to a basic type of white markings on a 

definite part of the animal. Some animals will show white 

markings which combine two or three of these basic types of 

markings, and by defining each one separately, a coding 

system was built up which took into account the occurrence 

of several basic types of white markings on the same animal. 

The basic types of markings as defined in this system 
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Darkgrey lamb 

with extensive 

white markings 

(colour 0212). 

 

Brown lambs 

with extensive 

white markings 

(colours 0930 

left and 

0924 right). 

Alf 
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are given below with their Icelandic names and an English 

translation of those names, together with a description of 

the distribution of white colour on the animal due to each 
basic type of markings. 

It should be noted that the Icelandic names are 
adjectives, while nouns are used in the English translation. 

English name 	 Description 	 Icelandic name 

Dark eyerings 	Pigmented areas around 	Baug6tt 

the eyes, the remainder 

of the animal white. 

Patches 	 Pigmented patches 	Flekkótt 

left on a predomin-

antly white back-

ground, mainly on 

back and sides. 

Spots 	 Pigmented, irregular- 	flikr6tt 

ly outlined spots 

left on a predomin-

antly white back-

ground. 

Drops 	 Small, pigmented 	 Drop6tt 

spots which develop 

in the undercoat and 

are not visible until 

at the age of 1 - 2 

months. 

Dark head 	 Head completely dark, 	Albiid6tt 

neck white. 
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Jacob's markings 	Dark eyerings, dark 

spots on both sides 

of mouth, dark spots 

round and on the ears, 

and markings symmetri-

cal. 

Dark cheeks 	 Dark head with a 

white blaze or a 

white head spot 

and a white nose 

spot. 

Dark cheeks 	 As dark cheeks, 
and collar but also with a 

dark colour on the 

neck. 

Hood 	 Dark colour on 

head, neck and 

shoulders 

Hood and 	 As hood, but dark 
cloak 	

colour extends 

further back along 

the back of the 

animal. 

Coat 	 Dark colour on 

anterior and 

dorsal part, white 

on posterior and 

ventral part of 

body. 

Jakobsbfldótt 

KjominubLidótt 

Krogubildótt 

Hot t6t t 

Hottukdp6tt 

Hreinkp6tt 
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Huppukápótt As coat, but the 

ventral white 

extends upwards 

in one or both 

rear flanks. 

Al]. feet white, 

the white ex-

tending above 

knees, belly 

often white, but 

white is not 

visible to any 

extent on lower 

part of sides. 

As stockings, but 

with a white collar 

and white head spot 

and nose spot or a 

white blaze. 

As white collar 

and stockings, 

except that head 

has now only dark 

eyerings or dark 

cheeks. 

White on feet does 

not extend above knee. 

Stockings or socks 

with dark colour 

just above the 

hoofs. 

Coat with 
white flanks 

Stockings 

White collar 
and stockings 

Eagle head 

Socks 

Dark outer 
socks 

Ho sOt t 

Arnhos6t t 

ArnhöfdOtt 

Le is tot t 

Leggj6tt 
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Head spot 
	

White spot on 

top of head. 

Nose spot 
	

White spot on 

the nose. 

Blaze 	 White strip from 

top of the head 

down to the nose. 

Krün6tt 

La u :f 

Bles6tt 

The above definitions were used for developing a 

numerical code for the description of white markings, which 

is as follows. 

00 : no white markings visible (or detectable, if the 
sheep are white). 

10 : 	dark eyerings 

11 : 	dark eyerings and patches 

12 : 	dark eyerings and spots 

13 : 	dark eyerings and drops 

20 : 	dark head 

21 : 	dark head and patches 

22 : 	dark head and spots 

23 : 	dark bead and drops 

24 : 	dark cheeks 

25 : 	dark cheeks and patches 

26 : 	dark cheeks and spots 

27 : 	dark cheeks and drops 

28 : 	Jacob's markings 

30 : 	dark cheeks and collar 

31 : 	dark cheeks and collar and patches 

32 : 	dark cheeks and collar and spots 

40 : hood, no head spot 

41 : hood with head spot or nose spot or both 
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42 : 	hood and blaze 

43 : 	hood with patches, no head spot 
44 : 	hood with patches and head spot or nose spot or both 
45 : 	hood with patches and blaze 
46 : 	hood with spots, no head spot 
47 : 	hood with spots and head spot or nose spot or both 
48 : 	hood with spots, with blaze 

50 : 	hood and cloak, without head spot 
51 : 	hood and cloak with head spot or nose spot or both 
52 : 	hood and cloak with blaze 
53 : 	coat without head spot 
54 : 	coat with head spot or nose spot or both 
55 : 	coat with blaze 
56 : 	coat with white flanks, without head spot 

57 : 	coat with white flanks, with head spot or nose spot 
or both 

58 : 	coat with white flanks, with blaze 

60 : stockings with head spot or nose spot or both 
61 : stockings with blaze 
62 : white collar and stockings 
63 : eagle head 

70 : white collar, without head spot and socks 
71 : white collar, without head spot, with socks 

80 : head spot, no socks 

81 : head spot, socks 

90 : socks, no head spot 
91 : stockings, no head spot 
92 : dark outer socks, no head spot 
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With the code defined in the way shown above, it often 

proved possible to obtain information on some of the basic 

white markings of an animal Just from the name the colour 

had been described by in the flock books. If an animal was 

for example described as having hood markings, the first 

digit in the code for that type of markings is always 4, 

while the second digit gives further information about other 

basic white markings together with the hood. Similarly an 

animal with a hood and cloak would always have 5 as the first 

digit in the code for white markings, irrespective of the 

other basic markings. This made it possible to recover in-

formation about markings in terms of code numbers from flock 

books, even if the code system had not been in use when the 

records were made. On the other hand, these older records 

were of considerably less value than records made after the 

code system had been developed. With the code system in 

operation, the recording of the white markings was made as 

close to the given code as possible, while the lamb was 

available for inspection. 

E. Numerical code for colour description 

The codes for the main colours and the codes for white 

markings were combined into a 4-digit number, where the first 

two digits showed the main colour and the last two digits the 

type of white markings. The full code number for white colour 

was thus 0100, that for black mouflon with head spot and 

socks 0481 and that for greybrown badgerface 1400 to show 

some examples. 

When reference is made to code numbers for main colours 

in the following, only the first two digits of the full code 

number are used, and code numbers for white markings refer to 

the last two digits of the full code numbers. When a complete 



description of the colour of an animal is needed, the full 

code number will be given. The colour black badgerface with 

white collar and stockings will thus be referred to as 
colour 0362, etc. 



CHAPTER III 

Planned breeding experiments 

A. Methods 

In earlier studies of colour inheritance in sheep the 
techniques used for obtaining information have mainly been 

of two types. The first of these is based on obtaining true 

breeding animals of the colours under study, as the parental 

generation. In the P. progeny the dominance relationship 

between the colours is assessed, and in F2, or in the back-

cross to the recessive parental type, segregation of the 

original colours and new combinations of colours are ob-

served. The second approach has been to collect data on 

colours from flock books and to regard the matings as 

representative of either pure breeding of the true breeding 

parents or as various types of crosses among the true 

breeding types and their crosses. 

In the present study, these approaches were not used. 

Instead, the experiments aimed at genotyping as many of the 

individuals in the experiments as possible with respect to 

as many loci as possible. The genotyping was on the basis 

of the animals' phenotypes, the phenotypes or genotypes of 

their parents or the progeny of the individuals. 

For assessment of allelism, animals known or assumed to 

be heterozygous with respect to the genes to be assessed 

were mated to the recessive phenotype. In this way valuable 

information about the mode of inheritance could be obtained 

from few matings, when the heterozygotes were chosen with 

care. 

The planned experiments reported in this study were 
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initiated in 1957, and during the first 2 years all the 

experiments were carried out at the Experimental Farm, Hestur. 
The first step taken in connection with the study was 

a search for the phenotype or phenotypes which could be 

assumed to breed true with respect to colour, i.e. the colour 
at the bottom of the dominance/epistasis scale. 

From earlier work on Icelandic sheep (Zópb6nlasson, 1934) 

and from examination of flock books the preliminary conclusion 

was drawn that black and brown sheep without pattern when 

mated together produced offspring without pattern, while 

offspring without pattern often were obtained from parents 

showing one pattern. The patterns could therefore be assumed 

to be dominant or epistatic to no pattern. It could also be 

assumed that brown colour was recessive or hypostatic to 

black colour. 

It was also obvious that white sheep could carry genes 

for nonwhite colour, as nonwhite progeny out of white parents 

were quite common, some showing colour pattern and some 

without pattern. 

The working hypothesis was therefore that white colour 

was at the top of the dominance/epistasis scale, the patterns 

intermediate and no pattern recessive or hypostatic to both 

white colour and patterns. At this early stage no definite 

hypothesis about inheritance of white markings in Icelandic 

sheep was available. 

In 1950 all the sheep at the Experimental Farm at Hestur 

had been slaughtered as part of an eradication policy. No 

data from the flock prior to 1951 have been included in the 

present study. When the farm was restocked in 1951, some 

black ewes were bought in, and in addition 2 black badger-

face and one black inouflon ewe. Up to and including 1956, 

black, black badgerface and grey rams were used to some 
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extent on the farm, and some of the white rams gave nonwhite 
offspring from both white and nonwhite ewes. 

In the following, the identification numbers of the 
rams and ewes, where given, consist of a 5-digit number. The 
first two digits refer to the farm to which the animal be-
longed and the last three digits give the flock book number 

within the farm. Farm No. I is the Experimental Farm at 
ilestur. 

B. Experiments 

1. Grey and badgerface 

In the spring 1957 a grey badgerface ram lamb was born 
to a grey ram, No. 01035, and a white ewe, No. 01104. As this 
lamb showed two patterns simultaneously, it was decided to 
keep it for breeding experiments. 

The dam, No. 01104, had previously produced two black 

badgerface lambs when mated to a white sire which was known 
to sire black lambs, and the sire, No. 01035, had never given 

any badgerface progeny except where that pattern was present 
in the dams. 

The grey badgerface ram lamb, which was given the flock 
book number 01063, was therefore most likely heterozygous 

for the genes for both grey and badgerface. When mated to 
black ewes he was therefore expected to give progeny which 
segregated according to the ratio: 

I grey badgerface. 

I grey, 

I black badgerface, 

I black, 

assuming the genes for grey and badgerface to be at different 

loci without linkage. 
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The result of mating this ram to black ewes and whtte 

ewes which had given black lambs before was that only two 

colours appeared in the nonwhite progeny, grey and black 

badgerface, while grey badgerface and black colour were 

absent. The results obtained are shown in table 1. 

Table 1. Progeny of ram No. 01063, grey badgerface, used 

in 1957/58 

Colour of ewes 	 Colour of progeny 

White Grey Black badgerface Total 

White (beteroz.) 4 2 2 8 
Black 0 3 4 7 

The results Indicated strongly that the genes for grey 

and badgerface were alleles. 

2. Badgerface and mouflon 

In 1958 another ram lamb born in the experimental flock 

at Hestur was found to show a combination of two patterns, 

this time the badgerface and the mouflon patterns (colour 

1200). The sire of this lamb was ram No. 01064, which was 

a black badgerface with white head spot, white collar and 

white socks, (colour 0362). Ram No. 01064 was known to be 

heterozygous for the badgerface colour, and none of his 

progeny except this one showed the mouflon pattern. The 

dam of the lamb was a black mouflon ewe, (colour 0400), 

No. 01164, which had earlier given nonwhite lambs without 

the mouflon pattern, but never before a lamb showing the 

badgerface pattern. 

This lamb is as far as is known to the author, the 

first lamb of this colour combination ever recorded. He 

was kept for breeding experiments; his flock book number 
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was No. 01073. From the breeding history of his parents he 

was likely to be heterozygous for the genes for both patterns. 

Ram No. 01073 was mated to white, grey, black and brown 

ewes the next winter, and the results are given in table 2. 

Table 2. Progeny of ram No. 01073, black badgerface-mouflon 

used in 1958/59 

Colour of ewes 	 Colour of progeny 

White 	Grey 	Black 	Grey 	Black Total 
badgerface badgerface mouflon mouflon 

White 
(heteroz.) 	6 	0 	 3 	0 	3 	12 

Grey 	 0 	1 	 1 	1 	1 	4 

Black 	0 	0 	2 	0 	4 	6 

Brown 	0 	0 	1 	0 	0 	1 

The segregation in table 2 strongly indicated that the 

genes for the badgerface and mouflon patterns were allelic, 

and therefore both allelic to grey. 

The sire of ram No. 01064 was 	ram No. 01515, which 

was brown with white blaze, white collar and stockings 

(colour 0962). 

As it was at that time anticipated that the occurrence 

of both brown colour and white markings was due to the 

homozygous condition of recessive genes, ram No. 01073 was 

expected to be a carrier of the gene for white markings and 

possibly also a carrier of the gene for brown colour. 

Of the white ewes giving nonwhite lambs, 3 had earlier 

given brown lambs, while 7 of the progeny out of the grey 
ewes 

and black/were out of dams which had previously given brown 

or grey-brown lambs. Assuming the white ewes to be hetero-

zygous for the gene for brown, this amounts to testing the 
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ram on 10 progeny out of ewes heterozygous for brown colour. 

None of the progeny were brown, and the probability of this 

occurring if the ram was heterozygous for brown colour is 
(0.75)10  or 0.0317. The mating to the brown ewe, where the 

probability of brown was 0.5 if the ram had been hetero-

zygous, brings the probability of all black progeny from a 

heterozygous sire down to 0.0158. From this test it may be 

assumed with high degree of confidence that the ram was not 
heterozygous for brown colour. 

The brown ewe in table 2 showed no white marking. She 

was sired by ram No. 01519, a brown ram with white markings. 

Only one other ewe mated to ram No. 01073 could be expected 

to be heterozygous for white markings. The brown ewe gave a 

black badgerface lamb with excessive white markings (colour 
0330) while none of the other lambs showed white markings. 

Ram No. 01073 was thus found to carry the genes for 

badgerface and mouflon patterns as alleles. He was most 

likely homozygous for the gene for black pigment and hetero-
zygous for a recessive gene for white markings. 

When the results given in tables 1 and 2 had been 
obtained it became obvious that the genes for grey, badger-

face and mouflon could be treated as equal in many ways. 

This was of particular interest with respect to their 
relationship to the gene for white. 

Early investigations of flock records and enquiries 

about the progeny of particular rams indicated that when a 

white ram gave nonwhite offspring showing one of the three 

patterns above, in matings with black or brown ewes, this 

pattern would be predominant among all his future nonwhite 

progeny. It was also found that on certain farms one of the 

above patterns was predominant among the nonwhite sheep in 

the flock for a long period of time, sometimes 10-12 years, 

while the other patterns were absent or very rare. These 
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findings suggested that the pattern genes might be allelic 

to white. 

3. White and mouflon 

In order to test this possibility it was decided to 

keep for breeding a white ram lamb bred from ram No. 01073 

and a white ewe, No. 01093, which had earlier given two 
brown lambs. This ram lamb, born in 1959, obtained flock 
book number 01079. His co-twin was a black badgerface lamb. 

It was certain that ram No. 01079 was heterozygous for 

the gene for white, and as his dam had now altogether pro-

duced 3 nonwhite lambs without the mouflon pattern and 2 

of these without the badgerface pattern, It was regarded 

as probable that she did not carry genes for either of the 

patterns found in ram No. 01073. Ram No. 01079 was therefore 

probably also heterozygous for either the gene for the 

badgerface or the gene for mouflon pattern. 

Rain No. 01079 was used for two seasons, 1959/60 and 

1960/61, and on two farms, in the first year at the Experi-

mental Farm and the second year at farm No. 05. He was bred 

to ewes with a wide variety of colours, as shown in table 3. 

Of the 4 progeny out of white ewes, 3 were white and 

I brown mouflon.. 

Of the remaining 38 lambs 17 were white and 21 non-
white. 

As table 3 shows, all the nonwhite progeny of ram 

No. 01079 showed the mouflon pattern. Of these, 8 were 

out of black or brown ewes without pattern, and they showed 

only the mouflon pattern and neither grey nor badgerface 

pattern. 
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Table 3. Progeny of ram No. 01019, white son of ram 

No. 01013 (table 2) and a white ewe, No. 01093, 

used in 1959/60 and 1960/81 

Colour and 
genotype Colours of progeny 2) 

of owes 01 04 08 	11 	12 	14 	15 Total 

White (A1A2- B2) 1 1 

White (A1A5.. - ) 2 1 3 

Grey (A2A5B1- ) 2 4 6 

Grey (A2A5B1B2) 1 2 3 

Greybrown (A2A5B2B2) 2 1 1 	 1 5 

Black badgerf. (A3A501- ) 1 1 	1 3 

Black mouflon (A4A5B1- ) 2 2 

Black (A5A5B1- ) 2 2 1 5 

Black (A5A5B1B2) I I 

Brown (A5A5B2B2) 9 2 2 13 

20 9 6 	4 	1 	1 	1 42 

See p.49 for explanation of gene symbols 

2) Code numbers for main colours, see p. 17 

Lambs out of grey, greybrown and black badgerface ewes 

on the other hand showed their own pattern In addition to 

the mouflon pattern In 7 lambs, and the mouflon pattern 

alone in 4 lambs among their 11 nonwhite lambs. This is 

consistent with expectation under the assumption that all 

these ewes were heterozygous for their own pattern. Rain 

No. 01079 has therefore only carried the gene for the 

mouflon pattern and not for the others. 

The results obtained from the progeny of rain No. 01079 

indicated strongly that the genes for white and the mouflon 

pattern were allelic. 

As regards the genes for black and brown pigment it is 
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clear from table 3 that ram No. 01079 was carrying both of 

them. In matings to ewes with brown pigment (greybrown and 
brown) he produced 7 nonwhite offspring, of which 3 showed 
black pigment and 4 brown pigment. In matings to ewes with 
black pigment known to be carriers of the gene for brown 
pigment, 3 lambs were produced, 2 with black and 1 with 
brown pigment. 

It became clear from the above that the genes for 
black and brown pigment were not at the same locus as the 
gene for the mouflon pattern. 

Had either one of the genes for pigment been allelic 
to the mouflon gene, one would have expected segregation 

into e.g. black mouflon on one hand and brown without 

pattern on the other hand, or into brown mouflon versus 

black without pattern. As all the nonwhite progeny received 
the mouflon gene from their sire and either the gene for 
black or the gene for brown, the latter two segregated 
independently of the mouflon gene. 

This discovery also led to the necessity of postulating 
a separate gene for no pattern as a recessive allele to 

the genes for grey, badgerface and mouflon. As the pigment 

genes were found to be at a different locus from the pattern 
genes, and as all the pattern genes were found to be epi-
static to the pigment genes, it became clear that absence 

of pattern could only occur when the animals were homo-

zygous for a recessive gene without effect on pigment, 
and allelic to the pattern genes. 

4. Hypothesis about colour inheritance in the Ice-
landic sheep 

On the basis of results obtained from the experiments 
and investigations described so far, a working hypothesis 
about the inheritance of colours in the Icelandic sheep 
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could be formulated. The hypothesis is shown below where 

the gene symbols used in the present study are also given. 
Black pigment was assumed to be produced by a single 

gene, B1  and brown pigment by its recessive allele, B2. 
The four basic patterns, grey, badgerface, mouflon and 

grey mouflon were produced by 4 separate, allelic genes, 
A2, A3, A4  and A6, and absence of pattern by a 5th allele, 
A5. The gene for white was also found to belong to this 

series and was given the symbol A1. 

Absence of white markings in nonwhite sheep was assumed 

to be due to a single, dominant gene and presence of white 
markings by its recessive allele, s2 in homozygous con-
dition. 

The dominance relationship among the A-alleles appeared 
to be as follows. 

Allele Colour or pattern Dominant to Recessive to 

A1  White All None 
A6  Grey mouflon A2,A4,A5  A1  
A2  Grey A5  A1,A6  
A3  

A4  

Badger face 

Mouflon 
A5  

A5  

A1  

A1,A6  
A5  No pattern None All 

The dominance relationship among A2, A3, A4  and A6  was 
found to be such that inhibition of pigment formation 

dominated over pigment production. 

The three allelic series were assumed to be at three 
independent loci, hereafter called the A-, B-. and S-locus. 

The above hypothesis was published In 1960 (Adaisteins-. 
son, 1960), but the data on which it was based, were not 

published at the same time. The present study Is the first 
complete account of the experimental work on which the 
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hypothesis was based and the experiments carried out later 
in order to test the hypothesis. 

5. 	Grey badgerface, grey niouf ion and homozygous grey 

The results obtained in the experiments up to and in-

cluding 1959 had given valuable indications about the mode 
of inheritance of several of the known colours, and the 
results and their implications aroused considerable interest 
among practical sheep breeders. 

For several years prior to 1959 there had been an 

increasing interest in the production of darkgrey lambs. 

The pelts of these lambs, when slaughtered at 4-5 months 
of age, were in increasing demand in Sweden for fur-making, 

and the darkgrey pelts fetched about three times the price 
of ordinary white pelts. 

Farmers who went in for this type of production had, 

however, not been very successful, because when they mated 
together darkgrey parents, the progeny showed a variety of 
colours. 

When farmers who had been using darkgrey rams were 

interviewed about the results, it was learned that no dark-
grey rams could be found which only gave grey progeny when 
mated to black ewes. They all gave a considerable proportion 
of black lambs, and some gave in addition greybrown and 
brown lambs, when mated to black ewes. The proportion of 
darkgrey lambs out of this type of mating seemed to be 
50 per cent at most and often considerably less. 

On farms where breeding of grey had been carried out 

for some time and where several grey ewes were available, 

the occurrence of lightgrey lambs with inferior pelt colour 
also was found to be a problem, and this in spite of care-
ful selection of darkgrey animals only for breeding pur-
poses. In this latter case the proportion of darkgrey lambs 
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also seemed to be 50 per cent at most, while lightgrey, black, 

greybrown, brown and various types of piebald lambs were at 

least as common as the darkgrey. 

The results of the experiments described so far indi-

cated that all grey progeny out of matings among grey badger-

face or grey mouflon sheep, should be homozygous grey. 

As it would obviously be of economic significance for 

pelt producers to obtain homozygous grey rams, permission 

was obtained to buy 25 ewe lambs and 4 ram lambs on behalf 

of the University Research Institute, Department of Agri-

culture. These animals were purchased in autumn 1959 from 

private flocks in Southern Iceland. Arrangements were made 

with a private farmer in the area at a farm called Skeidhá-. 

bolt to manage the flock and keep close record of all the 

sheep, under the supervision of the author. This flock was 

maintained at the same size on the same farm until autumn 
1963, when it was dispersed. 

In the foundation flock, 23 of the ewe lambs were 

grey mouflon and 2 grey badgerface. 

Three of the ram lambs were grey mouflon, and one grey 

badgerface. A fifth ram iamb which was also purchased was 

black with a white bead spot, white collar and stockings 

(colour 0562). The last ram was purchased in order to in-

vestigate the inheritance of the white collar. It was also 

expected that several homozygous black mouflon animals would 

be produced in the course of the experiment, and if the 

black mouflon pattern and the white collar could be com-
bined in the same animal, the resulting skin would have 

white edges and be otherwise black, a colour which might 

be of some commercial value in skins used for decorative 

purpose as rugs. This goal was not, however, achieved during 

the course of the experiments. 
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The first lambs thought to be homozygous grey out of 

this flock were obtained in spring 1980, when 3 grey ewe 

lambs were born, 2 of them very lightgrey, and one darkgrey. 

The 2 lightgrey ewe lambs were so light coloured that 

their pelts were of no value for the fur trade. These lambs 

indicated that the lightgrey animals which often were obtained 
in darkgrey x darkgrey matings would often be homozygous, and 

that because of their light colour they would always have 
been culled. 

The third grey iamb which was of the desired darkgrey 

colour and was also thought to be homozygous indicated 

that darkgrey homozygous animals might also be found. From 

interviews with farmers who had owned grey mouflon sheep, 

it had been learned, however, that two types of grey mouflon 

might exist, one in which the colour was produced by the 

gene for grey from one parent and -the mouflon gene from the 

other, and another type where the grey mouflon pattern was 

produced by one gene which had the sum effect of the other 
two. 

An indication of this was first seen by the author at 
a abeep sorting station in Eastern Iceland in autumn 1959, 

where a black ewe. with a grey mouflon lamb was observed. The 

owner of the ewe informed him that this lamb was by a grey 

mouflon ram which he owned, and that this ram sired alter-
natively black and grey mouflon progeny when mated to black 

ewes. As the owner did not keep accurate records of his 

sheep, this ram could not be investigated further. 

In the autumn 1960 it was discovered that a grey mouflon 

ewe on farm 18 had been mated to a black ram the previous 

winter and had produced a grey mouflon ram iamb. As both the 

ewe and the iamb were piebald the grey mouflon pattern was 
only found by close inspection. 



- 53 - 

In order to test the hypothesis that the darn of the 

darkgrey ewe lamb born in 1960 at Skeidháholt was a hetero-

zygous carrier of a gene for grey mouflon pattern she was 

mated to a black ram without pattern the next year. Then 

she produced two grey mouflon progeny. 

Three other grey mouflon ewes in the Skeidháholt flock 

had been obtained from the same flock as the ewe described 

above. They all proved to be heterozygous carriers of a 
single gene for the grey mouflon pattern. 

Of the 19 remaining grey mouflon ewes in the foundation 

stock at Skeidháholt, 16 were found to be segregating for 
the alleles A.., and A4, while one died and 2 were sold 
before they could be tested. All the grey mouflon rams used 

in Skeidháholt also segregated for the alleles A2  and A4, 
and all the grey badgerface animals were found to segregate 
for the A2- and A3... alleles. 

In all other respects the observed colours of the lambs 

in this flock were consistent with the conclusions drawn 
from the earlier experiments. 

In autumn 1960 a lightgrey ram lamb bred from white 

parents was purchased and tested on a private farm, No. 17. 

This ram came from a flock in eastern Iceland where grey 

colour was predominant among nonwhite lambs from white 
parents. 

It was obvious that if the pattern genes were allelic 
to the gene for white, all grey progeny from white parents 

heterozygous for grey would be homozygous grey, and from 

the results in the Skeidháholt flock it could be assumed 

that homozygous grey animals would often be lightgrey. 

This ram was mated to black ewes the next winter, and 
of the lambs born in 1961, 25 were darkgrey and 8 dark-
greybrown, while neither lightgrey nor black or brown 
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progeny were born. 

The ram was therefore homozygous for the gene for grey, 
but heterozygous with respect to pigment genes, i.e. of 
genotype A2A2B182. This experiment also showed that the 

heterozygous grey progeny were of a much darker colour 
than their sire. 

The grey mouflon ram mentioned earlier, (p.52) bred 
from a black ram and a grey mouflon ewe, was tested on a 
neighbouring farm, farm No. 18, in the same year by mating 
him to black ewes. The result was 8 grey mouflon and 8 black 

progeny, and neither grey nor black mouflon progeny were 

produced. This is the only ram of the genotype A 
6  A  5 that 

was tested in the present study. 

C. White colour and the pattern genes 

In 1980 it was decided to test the relationship 
between the pattern genes and the genes for white further. 
It was also found to be of considerable interest to in-

vestigate the occurrence of hypostatic colour genes in 
homozygous white sheep 

At this stage of the experimentation all the records 
for the ewes in the experimental flock at Eestur had been 
inspected and all ewes had been genotyped with respect to 
colour as far as was possible. During this inspection a few 
white ewes in the flock were found to carry the gene for 
grey, and these ewes were of interest in connection with 
production of homozygous grey animals. At the same time 
several white ewes were found which had been tested fairly 
well with respect to the occurrence of genes for nonwhite 
colour, without ever having given nonwhite lambs. 

Two ram lambs were selected for these experiments in 
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autumn 1960. One of them, No. 01091, was grey badgerface. It 

was decided to use this ram on some of the white ewes carry-

ing genes for grey and also on 2 grey badgerface ewes, in 

order to produce homozygous grey animals. This ram was also 

mated to white ewes which had earlier given black lambs and 

also to black ewes in order to test further the segregation 

of the genes for grey and badgerface. He was also mated to 

some white ewes which had never given nonwhite progeny 

before. Some of these ewes had a high probability of being 

homozygous white while others were less well tested. From 

the last matings it was intended to obtain white ram lambs 

for further experiments in the next year. 

The other ram kept for the experiments in 1960, No. 

01097, was a greybrown mouflon, son of ram No. 01079 and 

a greybrown ewe. 

This ram was mated to all available brown ewes at 

Hestur to test the segregation of the alleles A2  and A4  

on background of brown pigment, and also to black ewes 

known to be heterozygous brown. He was also mated to 

several well tested white ewes which had a high probability 

of being homozygous white. From the latter matings it was 

Intended to obtain white ram lambs for further experiments. 

The results of the matings of those two rams are given 

in tables 4 and 5. 

From table 4 it can be seen that the segregation of 

the genes for grey and badgerface supports the previous 

findings that they were allelic, and from table 5 it IS 

seen that the genes for grey and mouflon segregated In the 

same way on a background of brown pigment as the genes for 

grey and badgerface and badgerface and mouflon did on a 

black background. 
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Table 4. Progeny of ram No. 01091, a grey badgerface, used 

in 1960/61 

Colour and Colour of progeny 
genotype of White Grey 	Black 	Grey Total ewes 

badgerface 	badgerface 

White (A1 	u ) 5 1 6 
White (A1A2) 2 2 4 
White (A1A5) 2 1 3 
Grey 
badgerface (A2A3) 2 	 1 3 
Black (A5A5) 3 	3 6 

Table 5. Progeny of ram No. 01097, a greybrown mouflon, used 

in 1960/61 

Colour and 	 Colour of progeny 
genotype of 	

White Grey Black Grey- Brown Total ewes 	
mouflon brown mouflon 

White 	(A1  - - -) 11 	 11 
Black 	(A5AB1B2) 	 1 	2 	3 
Brown 	(A5A5B2B2) 	 7 	3 	10 

In autumn 1961, 4 white ram lambs sired by ram No. 01091 

and 4 white ram lambs by ram No. 01097 were kept for breeding. 
Due to shortage of black and brown ewes at the Experi-

mental Farm, only 2 rams could be tested on ewes belonging 

to the experimental flock. Black ewes from a neighbouring 

farm were brought to the Experimental Farm and kept there 

during the mating season for testing the third ram. The 5 

remaining rams were tested on private farms in the neigh-

bourhood of the Experimental Farm. 

All 4 sons of ram No. 01091 were mated to black ewes 
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only and all 4 sons of ram No. 01097 to brown ewes only. 

The 8 rams were tested as follows: 

Rain No. 	 Tested on 	Colour of 	Remarks 
farm No. 	test ewes 

Sons of ram No. 01091: 

01114 	 01 	 Black 	1 ewe from farm 24 

01115 	 01 	 Black 	Ewes from farm 24 

22001 	 22 	 Black 

25001 	 25 	 Black 

B. Zone of ram No. 01097 

01117 	 21 	 Brown 	Some ewes with 
white markings 

01118 	 01 	 Brown 	2 ewes from farm 
24 

01119 	 05 	 Brown 	Some ewes with 
white markings 

01120 	 20 	Brown 

The ewes from farm No. 24 were returned to the home 

farm after the end of the mating season and records obtained 

about them at lambing time with respect to number, colour 

and sex of lambs. 

On the farm where ram No. 25001 was tested, the ewes 

allotted to each ram were kept in a separate pen and the 

ram let loose in that pen. When ram No. 25001 was introduced 

into the pen with the black ewes intended for the experi-

ment, he was not seen to show any interest in the ewes for 

the first 2 days. As the farm manager feared that the rant 

would not serve at all and that the ewes might become 

barren, he decided to take ram No. 25001 out and use a 
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homozygous grey rain in this pen instead. The grey ram was in 

the pen for 2 days, but as ram No. 25001 had then started to 

show libido, the grey ram was taken out and ram No. 25001 re-

introduced to the black ewes. At the same time all the black 

ewes that the grey ram was known to have served were re-

corded, and all the other ewes assumed to have been served 

by ram No. 25001. The lambing results indicate very strongly 

that two black ewes, one giving 2 grey and the other one 

grey lamb, had been served by the grey ram. As no date of 

mating had been recorded and the date of lambing was not 

known with certainty either, exclusion of these three lambs 

is most likely justified, but the remote possibility exists 

that they are an exception to the rule, and they have there-

fore been recorded, without being included in the results 

from this mating. 

In addition to the 8 white rams described above, a 

black badgerface rain, a son of ram No. 01091 and a grey 

badgerface ewe, was also kept for breeding. This rain, 

No. 01116, was expected to be homozygous badgerface. He was 

tested in the same year on farm No. 23, by mating him to 

black ewes. 

The result of the experiments with the 8 white rams are 

shown in tables 6 and 7. 

None of the black ewes in table 6 showed white markings, 

and none of the nonwhite lambs in the table showed white 

markings either. Only 2 of the black ewes in table 6 were 

known to carry recessive brown. One of them was mated to 

rain No. 01114 and one to rain No. 01115; none of the lambs 

showed brown pigment. 

As table 6 shows, all the nonwhite lambs sired by the 

white sons of ram No. 01091 show only the pattern genes 

that ram No. 01091 carried. Three of the sons have obtained 

the badgerface gene from their sire and one the gene for grey. 
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As all of these sires produce only one type of pattern 

among nonwhite progeny (assuming the 3 grey lambs on farm 25 

to be by another sire), this is an important additional 

indication that the genes for badgerface and grey are allelic 

to each other and both allelic to white. 

Table 6. Four white sons of ram No. 01091 and white ewes, 

mated to black (A5A5)ewes, used in 1961/62 

Ran 	 No. of progeny 
No. 	White Grey Black 	Other Total Genotype 

badgerf. colours 	 of ram 

01114 	7 	0 	1 	 0 	14 	A 1  A  3 
01115 	6 	6 	0 	0 	12 	A 1  A  2 
22001 	5 	0 	12 	0 	17 	A 1  A  3 
25001 	7 	(3rn) 10 	0 	17 (20)A1A3  

* The occurrence of the 3 grey lambs is almost certainly due 

to the introduction of a homozygous grey ram into the 

mating pen of ram No. 25001 at the beginning of the 

mating season. 

Table 7. Four white sons of ram No. 01097 and white ewes 

mated to brown (A5A5B2B2) ewes, used in 1961/62 

Ram No. of progeny 
No. White Grey Grey- Black Brown Other To- Genotype 

brown mouflon mouflon colours tal of ran 

01117 4 0 0 0 8 0 12 A1A4B2B2  
01118 10 0 11 0 0 0 21 A1 A282B2  
01119 12 4 4 0 0 0 20 A1A2  BIB 2  
01120 5 4 6 0 0 0 15 A1A2  BIB 2 
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The results shown in table 7 are also in agreement 

with the hypothesis that the pattern genes are allelic to 

the gene for white. Three of the rams in table 7 give non-

white progeny showing the gene for grey, and the fourth 

nonwhite progeny showing the mouflon gene. All the nonwhite 
progeny in table 7 thus show only the pattern genes their 
grandire carried, and no other pattern genes have come 

into the picture from the white dams of the sires In table 7. 

The results shown in tables 8 and 7 must therefore be 

regarded as a proof that the pattern genes are allelic to 
the gene for white. 

The experiment with the 4 white sons of ram No. 01097 

was also intended to throw light on another aspect of the 

colour Inheritance, i.e. which genes for colour would be 

found to be segregating in white sheep which had a high 

probability of being homozygous white. 

As seen from table F, rams No. 01119 and 01120 have 

carried the gene for black pigment, while rams No. 01117 

and 01118 have been homozygous for brown pigment. 

This shows that genes for both black and brown pig-

ment can be found hypostatic to the gene for white. It is 

of interest to note In this connection that rams 01118 and 

01119 were twins out of ewe No. 01486. As No. 01118 was 

homozygous and No. 01119 heterozygous for the gene for 

brown pigment, it is clear that ewe No. 01486 has been 

heterozygous with respect to pigment, while most likely 

homozygous for the gene for white. 

Ram No. 01097 was hardly tested at all with respect 

to recessive white markings as he was only mated to one ewe 

known to be heterozygous for white markings. He produced no 

progeny showing white markings. 

The results from testing his sons with respect to white 
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markings are shown in table S. 

Table 8. Test for genes for white markings among 4 white 

eons of ram No. 01097. Nonwhite progeny only 

included 

White markings in ewes 

Absent 	Absent, known 	Present 
heterozygotes 

White markings in lambs 

Ram No. Absent Present Absent Present Absent Present Total 

01117 13 0 0 0 0 0 13 1) 

01118 10 0 1 0 0 0 11 
01119 5 0 0 0 0 3 82) 

01120 5 0 0 0 5 0 10 

 Includes 5 nonwhite lambs out of nonwhite ewes showing 
patterns, not included in table 7. 

 Includes one lamb from a black ewe, not included in 
table 7. 

From table 8 it can be seen that only one of the rams, 

No. 01119, has been proved to carry genes for white markings. 

The test is based on only 3 progeny out of dams homozygous 

for white markings, and all these 3 lambs showed white 

markings. It can therefore not be decided from this test 

whether the ram was homozygous or heterozygous for white 

markings. Of the other rams, only No. 01117 was tested to 

any considerable extent, and he was shown to have a probability 

of less than 0.031 for carrying the gene for white markings. 

All the above conclusions are based on the assumption that 

white markings are due to a single recessive gene in homo- 
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zygous condition. 

From the tests with respect to the genes for white 

markings, no conclusions can be drawn regarding their presence 

or absence in homozygous white sheep in general. 

Ram No. 01116, a black badgerface bred from grey badger-
face parents, was expected to be homozygous for the gene for 

badgerface. When mated to black ewes he produced 10 lambs, 

all black badgerface and no lambs of other colours. 

This ram showed rather clearly the bead markings which 
Roberts (1924) and Wriedt (1924) regarded as characteristic 

features of the badgerface pattern. These markings may have 
been more pronounced in ram No. 01116 than usually found in 
heterozygous badgerface sheep. The ram also showed limited 

amount of black underwool on the upper part of the body, a 

feature which possibly could be a result of the homozygosity 
of allele A3. These features were in no way conspicuous, 

however, and it must therefore be left an open question 

whether any visual distinction can be made between homo-

zygous and heterozygous badgerface animals. 



CHAPTER IV 

Collection of data from flock books 

A. Description of flocks 

Simultaneously with the series of experiments described 

in the previous section, measures were taken to collect 

additional information on the colour inheritance from flock 

books where records of matings and colour descriptions were 

known to have been made with care. 

In some cases it was felt that preparation of all avail-

able records from a given flock for analysis would be worth 

while, whereas in other flocks only information about progeny 

of certain sires and dams was found to be of interest. 

A pilot study of the system used for collecting informa-

tion and transferring it to punched cards for analysis was 

made in 1960 using all records since 1953 on farm No. 4. 

In 1961 all the records since 1952 from the experimental 

flock at Hestur and all the records from farm No. 5 were also 

prepared for analysis and transferred to punched cards. These 

records were punched directly from the flock books. Then the 

cards were run through an interpreter and the contents 

printed in a line at the top of each card. The interpreted 

cards were then checked against the flock books and all 

faulty cards replaced by corrected cards. For the record 

year 1961/62 only information from the experiments at Hestur 

in that year, described previously, was punched on cards. 

At the same time the records from the experiments carried 

out at farms No. 5, 20, 21, 22, 23, 24 and 25 were prepared 

for analysis and punched. 

On farm No. 4 the author had the opportunity to plan 
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all matings involving heterozygous white ewes as well as 

nonwhite ewes before the mating season in 1960. The aim of 

the planning was to produce as many darkgrey lambs as possible 

in the flock in spring 1961. As these planned matings in-

volved more than half the number of ewes in the flock, all 

records from 1961 were added to the previous collection. 

In 1960 the interest in obtaining homozygous grey rams 

for breeding was appreciable, particularly in the neighbour-

hood of the farm Skeidháholt where the first experiments on 

the production of homozygous grey lambs were carried out. 

It was therefore decided to collect information from 

several farms in this area on the use of rams which were 
either known to be homozygous grey from the genotype of 

their parents, or assumed toiomozygous grey on basis of 

their very light grey colour. Included in this collection 

were farm No. 2, Skeidbáholt, both the experimental animals 

and animals in the private flock, and farms No. 3, 6, 7, 8, 
9, 100  11 0  12, 13, 14, 15 and 16. 

In the last mentioned 13 flocks, all information since 

1953 was collected from farm No. 3, while for the other 

private flocks the data collection was restricted to ewes 

which were mated to certain rams in the year 1960/61, most 

of these rams being lightgrey and assumed to be homozygous 

grey. For the ewes mated to these rams all available records 

from earlier record years were also collected. As these ewes 

were usually either nonwhite or heterozygous white, and as 

they had previously been mated to rams with a variety of 

colours, these data contained a lot of inforiation with 

respect to colour inheritance. As the prices of darkgrey 

lambskins at this time were quite high, it was felt that 

almost all ewes on these farms which could produce grey 

lambs would have been mated to the lightgrey rams. This 
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method of collection was therefore expected to extract a very 

high proportion of the available information about colour 

inheritance from the records on these farms. 

In addition to the farms already mentioned in this 

chapter, the data on the 2 rams tested on farms No. 17 and 

18 described on p.53 were also included in this collection. 

Data were also obtained from one additional farm, No. 19, but 

when they had been Inspected and the people in charge of the 

recording interviewed, it was felt that all records from 

this farm should be discarded, as several serious incon-

sistencies between date of mating and date of lambing were 

found with resulting inconsistencies in the expected colours. 

On all the other farms, all collected records were included 

In the study. 

Special forms for the collection of the information 

from the last mentioned 17 farms were printed, and as the 

completed forms came in they were prepared for analysis and 

the data punched on cards. These cards were checked mechani-

cally in a card verifier, and faulty cards replaced by 

corrected cards. 

The punching of the data in the present study was 

completed in 1963, but circumstances prevented an analysis 

of the records at that time, so the cards were stored until 

the opportunity of analysing them at the Department of 

Statistics of the University of Edinburgh presented itself. 

B. Items of information collected 

The amount of information obtained on each animal in 

the data collection varied somewhat depending on its source. 

Most complete information was available about the 

experimental flock at Hestur, but in some of the private flocks 



only a limited amount of information could be obtained. 

The layout of the cards on which the data were punched 

was planned for the collection of the following items per 

each ewe recorded in the study. 

Farm and owner. 

Identification number of ewe. 

Birth year of ewe. 

Colour of ewe and colour score for white and grey 
colour. 

Identification number, birth year, home farm, 
colour and colour score of the sire and dam 
of the ewe. 

For each mating of a ewe the following inloriat1on was 

wanted: 

Identification number, birth year, home farm, colour 
and colour score of the rams to which the ewe 
had been mated. 

Date and fate of matins. 

Date of lambing. 

Number of lambs born. 

For each lamb the following items were wanted: 

Sex, late in spring, identification number, accurate 
colour description and colour score, fate of lamb 
in autumn, and for lambs which were kept for 
breeding their future farm, owner and flock book 
number. 

In the experimental flock at Hestur all the items listed 

above were available for the sheep born on the farm while 

birth and pedigree records on the lambs bought to the farm 

when it was restocked in 1951 were not available. The amount 

of information from the other farms varied somewhat, but the 

minimum requirements, which were identification and colour 

descriptions of sire, dam and lamb, as well as number of 

lambs per birth and their sex, were always met with. 
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C. Preparation of records for punching 

Before the records could be punched, non-numerical in.-

formation had to be converted to a numerical code. The farms 

were numbered from 1-25, and the owners within farms also 

coded, if more than one owner was found on any farm. 

The following items were coded before punching: 

Pate og mating: 

Code 	Meaning 

0 	Ewe conceived and lambed 
1 	Ewe came back on heat 

2 	Ewe was barren 

3 	Ewe aborted 

4 	Ewe lambed, but number of lambs and colour 

not known 

5 	Ewe died between mating and lambing 

Sex of lamb: 

I 	Male 

2 	Female 

3 	Sex not known 

Fate of lamb in spring and summer: 

Lived until autumn 

1 	Born dead 

2 	Died at birth 

3 	Died between birth and shearing 

4 	Died after shearing or did not return 

from summer pasture 

Pate of lamb in autumn: 

Slaughtered 

1 	Kept for breeding on home farm 

2 	Sold for breeding 

In addition to the above coding, each ewe on record in 

the collected data was genotyped with respect to colour before 
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the punching of the data was started. 

The genotyping was based on the assumption that the 

colours could be explained in terms of genes at the three 

loci, A, B and 8, as described previously, p.  49. 

For genotyping individual ewes their own colour was the 

first criterion. White ewes were always assumed to carry A1, 

and if they came from white parents and had never given any 

nonwhite progeny they could not be genotyped any further. 

Their genotype was then written as 1....., where the dots 

represent unknown genes. During punching, only the first 

of the 6 columns in the card reserved for the genotype was 

punched and the others left blank. 

If a white ewe was known to be the daughter of a black 

sire, her genotype was punched as 15...., if nothing was 

known about the sire's genotype with respect to brown colour 

and white markings, and if no further information about the 

ewe's genotype could be obtained from her own progeny. For 

a white ewe out of a white dam and a brown sire with white 

markings the genotype was punched as 15.2.2, the blanks 

representing the unknown genes at loci B and 6, which she 

had received from the dam. If the third lamb of a ewe of 

this parentage had a brown sire with white markings and was 

black without white markings, this lamb would be taken as 

a proof that the ewe was of the genotype A1A5B1 B2S12, which 

was then punched as 151212. This would then be punched as 

her genotype in all cards carrying records made one year 

after this discovery and later. For records made up to and 

including the discovery of the previously unknown genes, 

the same genotype would also be punched in the cards, but 

an X (11-punch) would be punched above the newly discovered 

genes in all cards up to and including the year of discovery. 

The first three cards for the ewe in the above example would 
x  

then have had the genotype punched as 151212 (or 15J2J2), 
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while in all subsequent cards the genotype would be punched 
as 151212. 

The above distinction between genes known prior to and 

subsequent to a particular mating was made in order to use 
information after the particular mating as a mating of a 

known genotype. Matings prior to the discovery were on the 

other hand sometimes used in connection with genotyping of 
rams. 

When the ewes had been genotyped and all necessary non-
numerical information coded, the data were punched and the 

punched cards checked as described previously. 
During the punching, no information about the genotype 

of the ram was punched into the cards. After the punching 

was completed, however, the cards were sorted on main colour 

of lamb, genotype of dam, year of record and ram number, and 
only one locus of genotype of dam was taken into account at 

a time. 

After the first sorting, the cards were available in 

order according to ram, year on record sorted within each 
ram, genotype of ewe at the A-locus sorted within year with 

zone punching in genotype suppressed, and colour of lambs 
sorted within genotype of ewe. 

The cards were now run through a tabulator and counts 

made for lambs of each colour within genotype of ewe, record 

year and ram number. From these tables and from the colour 

of the sire and the information about the colour of his 

parents, his genotype at locus A was determined. When all 

rams had thus been genotyped with respect to the A-locus, 

the cards were again sorted in a similar way, but now with 
respect to the B-locus, and finally for the S-locus. When 

rams were genotyped with respect to the S-locus, the cards 

were sorted on 3rd and 4th digit of lamb colour, and not on 
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main colour. 

When the rams had been genotyped in this manner, a card 

was made out for each ram for each of his years on record. 

The knowledge about his genotype for colour in that particular 

year and his colour score, if available, was punched into the 

card, together with his identification. This information was 

then transferred to the proper fields in the data cards in 

a reproducer, and when this was completed the data were 

ready for final checking and analysis. 

D. Transfer of cards to magnetic tape 

Soon after the card reader of the KDF9 computer of the 

Edinburgh Regional Computing Centre (ERCC) had been installed, 

preliminary programming for transferring the card data on to 

magnetic tape was started. 

The ERCC had developed several routines in connection 

with reading cards and packing contents of cards on to 

magnetic tape, as well as routines for recovering information 

from cards kept in packed form on magnetic tape. These 

routines were tried during the first stages of the programming, 

but as the packing of the cards by the ERCC routines was done 

in such a way that the length of the record in packed form 

varied, depending on the contents of the card, it was decided 

not to use the ERCC routines for packing. 

Instead a special packing program was written for this 

set of data, whereby each card was packed into a record of 

constant length. 

The cards were read into store by using the READ CARD 

BINARY routine, and then 4 adjacent columns were packed into 

one word, and each card thus packed into 20 words. Each 512 

word block could therefore hold 25 full cards, and the first 

12 words of each block were not used for packed information. 



The first word in each block contained the block number, the 

second the type of cards, the third the number of the first 

card in the block and the fourth word the number of the last 

card in the block. The card numbers were the consecutive 

numbers of the cards as they were being read in. Words 5 - 12 

in each block were empty. 

Some mechanical difficulties were encountered when the 

cards were being read on to magnetic tape, and it was there-

fore decided to develop routines which could cope with all 

required types of analyses, including sorting, using the 

cards in their packed form on the magnetic tape so that any 

further reading in of the cards could be avoided. 

When all the cards had been read on to magnetic tape, 

they were scanned by a special program which checked for 

double punching in all numerical fields and checked that 

fields with alphabetic information contained only certain 

permitted letters. 

All cards with faults found by this scanning were printed 

out in full, and the correct values for the faulty columns 

found if possible. In most of the cases the faults were known 

to have been introduced by a reproducer which had been used 

when genotypes of sires were transferred to the data cards. 

In cases of faults where the correct values were not known 

with certainty, blank spaces were inserted instead of the 

faulty values. 

When these corrections had been carried out the data 

were ready for analysis. 

E. Selection of cards of interest 

Data where both alleles at the A-locus were known in 

both sire and dam prior to a particular mating were selected 



out of the whole material and transferred to a work tape. 
This selection was carried out in such a way that if a 

mating was found where the genotypes of both parents at this 

locus were known, the whole card was transferred to the work 

tape and kept there in the same way as on the original tape, 

i.e. in 20 packed words and 25 packed cards per each 512 

word block. 

Similarly all cards with both genotypes at the B-locus 

known prior to mating were selected out from the whole material 
and transferred to a work tape, and the same was finally re-
peated with respect to the S-locus. 

All information about segregation ratios was then obtained 

from the selected cards on the work tape. 



CHAPTER V 

Observed segregation at the A-locus 

A. Observed colours 

Altogether 21 different genotypes are possible at locus A, 

and 441 different types of matings are therefore possible by 

mating all genotypes of sires to all genotypes of dams. 

From the experiments and the collected field records, 

information is available on 111 of these matings, and the 

results of these are shown in table 9. In the table all lambs 

with known colour have been included. 

It has been pointed out before that the patterns manifest 

themselves independently of the type of pigment. Each pair of 

main colours with the same pattern is therefore given as one 

group in table 9. 

Table 9. Observed colours of lambs out of parents with both 

genes known at A-locus prior to mating, for all 

matings resulting in lambs with description of 

colour available 

Genotype of 	 Colour code of progeny1  
Sire 	Dam 	1 2+6 3-4-7 4+8 5+9 10+13 11+14 12+15 Unexp. Total 

A1A1 	A 1  A  1 	4 	 4 
A 1  A  2  26 	 26 
A 1  A  4  19 	 19 
A1A5  424 	 424 
A 2  A  3 	4 	 4 
A2A4  4 	 4 
A 2  A  5  70 	 70 

1) For explanations of colour code see p. 17. 
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Sire Dam 	1 2+6 3+7 4+8 5+9 10+13 11+14 12+15 Unexp. Total 

A 1  A  1 	A  3  A  5  22 	 22 

A 4  A  5 	6 	 6 

A 5  A  5  218 	 2 	220 

A 1  A  1  -sires 797 	 2 	799 

A, A2 	A, A2 13 5 18 

A1 A4  1 1 	 2 

A1 A5  24 	9 33 

A2A2  2 2 

A2A4  3 1 	 4 

A2A5  21 	26 47 

A 3  A  5 9 	7 3 	 19 

A4A5  7 	2 4 	 13 

A 5  A  5  54 	52 106 

A1 A2-sires 	134 101 	 3 	6 	 244 

A 1  A  3 
	A1 A2 	1 	 1 

A 1  A 	4 	2 	 6 

A 2  A  3 	I 	 I 

A 2  A  5 	4 	3 	 2 	 9 

A 3  A  5 	1 	1 	 2 

A 4  A  5 	2 	 1 	 3 

	

A 5  A  5  24 	33 	 3* 	60 

A1 A3-sires 	37 	39 	 2 	 1 	382 

* Same lambs as in table 6. 
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Sire Dam 	1 2+6 3+7 4+8 5+9 10+13 11+14 12+15 Unexp. Total 

A 1  A  4  A  2  A  5 	2 	 2 
A 3  A  5 	 2 	 2 
A 4  A  5 	 2 	 2 
A 5  A  5 	14 	 12 	 26 

A1 A4-sires 16 	 14 2 	 32 

A 1 A5 	A 1  A  1 10 10 
A1 A2  27 	6 33 
A 1  A  3 1 1 
A 1  A  4 36 	 13 1 	50 
A 1  A  5  293 	 96 1 	390 
A 2  A  3 2 	1 	1 4 
A 2  A  4 9 	1 	2 12 
A 2  A  5 9 	7 	 11 27 
A 3  A  5 3 	3 6 
A 4  A  4 2 2 
A 4  A  5  13 	 8 	3 24 
A 5  A  5  99 	 80 1 	180 

A1 A5-sires 504 15 4 23 190 	 3 	739 

	

A2A2  A1 A2  10 9 	 19 
A 1  A 3 	 2 	 2 
A 1  A 4 	2 	 2 	 4 
A 1  A  5  22 27 	 49 
A 2  A  2 	4 	 4 
A 2  A  3 	1 	 1 	 2 
A2A4 	13 	 17 	 30 
A 2  A 5 	35 	 35 
A 3  A  5 	1 	 1 
A 4  A  5 	8 	 13 	 2 	23 
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Sire Dam 	1 2+6 3+7 4+8 5+9 10+13 11+14 12+15 Unexp. Total 

A 2  A  2  A  5  A  5 	135 	 135 

A2A2-sires 34 233 3 32 2 	304 

A 2  A  3 	A 1  A  2 2 2 4 

A 1  A  5 6 3 2 11 

AA2  1 1 

A 2  A  3 2 4 6 

A 2  A  4 1 2 1 1 	 5 

A 3  A  5 1 1 

A 5  A  5 6 7 13 

A2A3-sires 8 12 11 8 1 1 	 41 

A 2  A  4 	A  1  A  3 2 1 	 3 
A 1  A  4 2 1 1 4 
A 1  A  5 4 4 3 11 

A 2  A  3 I I 

A2A4  6 3 10 19 

A 2  A  5 13 10 6 1 	30 

A 3  A  5 1 1 

A 5  A  5 19 20 39 

A2A4-slres 8 42 38 1 17 1 	1 	108 
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Sire Dam 	1 2+6 3+7 4+8 5+9 10+13 11+14 12+15 Unexp. Total 

	

A 2  A  5  A  1  A  2 	11 	6 	 17 

	

A 1  A  3 	1 	 1 

	

A 1  A  4 	1 	 1 	 2 

	

A1 A5  55 16 	 17 	 88 

	

A 2  A  3 	3 	 1 	4 

	

A 2  A  5 	42 	 21 	 63 

	

A 3  A  5 	5 6 	6 	2 	 19 

	

A 4  A  5 	4 	4 5 	 3 	 18 

	

A 5  A  5 	49 	 72 	 2 	123 

A2A5-sires 	68 125 6 5 121 	2 	3 	 3 	333 

	

A 3  A  3  A  5  A  5 	 10 	 10 

A3A3-sires 	 10 	 10 

	

A 3  A  4  A  1  A  5 
	6 	3 3 	 12 

	

A 2  A  5 	 1 	1 	1 	 3 

	

A 5  A  5 	 3 4 	 7 

	

A3A4-sires 6 	6 8 	1 1 	 22 

	

A 3  A  5  A  1  A  3 	3 	 3 

	

A1 A5 	1 	1 	3 	 5 

	

A 2  A  4 	 1 	 1 	2 

	

A 2  A 5 	1 	2 	1 	1 	 5 

	

A 3  A  5 	 2 	1 	 3 

	

A 4  A  5 
	 1 	 1 

	

A 
5  A  5 	 4 	2 	 0 	 6 

A3A5-sires 4 1 9 1 7 1 	 1 1 25 
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Sire Dam 	1 2+6 3+7 4+8 5+9 10+13 11+14 12+15 Unexp. Total 

A 4  A  4  A  2  A  5 	 2 	 2 
A 5  A  5 	 4 	 4 

A4A4-sires 	 4 	 2 	 6 

A 4  A  5  A1 A4 	2 	 2 
A 1  A  5 	1 	 1 	 2 
A 2  A  3 	 I 	 I 
A9A5 	I 	1 1 	 3 
A 4  A  5 	 4 1 	 5 
A 5  A  5 	 27 30 	 2 	59 

A4A5-sires 	3 1 	32 33 	 1 	2 	72 

A5A5 	A 1  A  1 3 3 
A1 A2  21 	27 1 49 
A 1  A  3 1 1 2 
A 1  A  4 1 7 8 
A1 A5  42 61 1 104 
A 2  A  2 9 9 
A 2  A  3 1 1 
A 2  A  4 15 12 1 28 
A 2  A  5 50 70 2 122 
A 3  A  5 14 	13 1 28 
A 4  A  4 2 2 
A 4  A  5 16 	9 25 
A 5  A  5 221 221 
A 6  A  5 2 2 

A5A5-sires 68 101 16 	37 374 	 2 6 604 



- 79 - 

Sire Dam 	1 2+6 3+7 4+8 5+9 10+13 11+14 12+15 Unexp. Total 

A6  A5 A1A5 	3 	 3 
A 5  A  5 	 16 	12 	 28 

A6A5-sires 	3 	 18 	12 	 31 

Total 	1690 631 101 162 741 	21 	76 	7 	23 	3452 

Altogether 3452 lambs with known colour are included in 

table 9. The most frequent colour is white with 1690 lambs. 

Next comes the black+brown group with 741 lambs and thereafter 

grey+greybrown, 631 lambs. 

Black or brown badgerface-.mouflon has occurred very rarely 

and has only been present in 7 lambs in table 9. It should be 

noted at this stage, however, that the expected number of 

lambs of this colour from the matings given in table 9 was 

4.75 lambs, as only 19 lambs were obtained from matings which 

could produce this colour and the probability for it occurring 

was 0.25 in each case. This important colour with respect to 

the dominance relationship between the badgerface and mouf ion 

patterns has therefore occurred with the expected frequency 
(X2 	1.422; 0.30>P>0.20). 

This result is therefore in full agreement with the view 

that the two patterns, badgerface and inouflon, will both be 

expressed when they occur together in the same animal. Roberts 

and White (1930a) found the badgerface pattern to be dominant 

to the mouflon pattern, while Berge (1958, 1964a) found the 

badgerface pattern to be recessive to the tuouflon pattern, 

and neither of these authors reported the simultaneous 

occurrence of the two patterns in the same animal. 



B. Unexpected colours 

As table 9 shows, 23 lambs out of the 3452, or 0.67 per 

cent, show colours other than expected. As deviations from 

expected colours are more likely to be discovered in some 

matings than in others one may assume that the observed 
anomalies are somewhat below the actual number of dis-
crepancies that could occur. 

The exceptions are so few, however, that the main hypo-

thesis about the allelic system at the A-locus explains the 

results reasonably well. Each exception, on the other hand, 

could throw some new light on the inheritance of the colours 

and each case will therefore be treated separately in the 
following. 

1. Individual cases 

Case 1. Mating A1A1  x A5A5. Two nonwhite lambs 

One of the lambs was born on farm No. 4. Date of mating 
5/1/1960, date of lambing 30/5/1960. Two lambs, white male 
and grey male. 

The sire No. 04008, genotype A1A1- - - -, was very well 
tested previously and never gave any nonwhite lamb except 
this one. 

The darn, No. 04036, black, genotype A5A5B1-81S2, had 
previously given 5 white lambs when mated to homozygous white 

sires, 2 black lambs, one of them with white markings, when 

mated to a black sire with white markings of genotype 
A5A5B182S2S2, and two black lambs when mated to a black 
sire of genotype A5A5B1 B281-. 

The probability that the dam carried a dominant gene 

which suppressed white was therefore less than 0.05, and the 

probability that she carried any unmanifested allele other 
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than A5  was 0.0625 or less. The ewe was therefore unusually 

well tested with respect to both these possibilities. 

Another ram used on the farm in the same year, No. 04011, 
genotype A1A2B1B2S1S1, could have been the sire of these lambs. 

In case of correct record the lamb can only be explained 
by either a mutation of A1  to A2  or by some kind of an inter-
action between the gene for white and rare unknown genes 

presumably obtained from both parents and therefore recessive. 

As the lambs could be produced by another sire on the same 
farm in the same year that seems a more likely explanation. 
Mismothering is also a possibility. 

The second lamb was born on farm No. 5. Date of mating 
12/1/1956, date of lambing unknown. One lamb, a brown female 
with white markings. 

The sire, No. 01509, genotype A1A1- - - -, was extremely 
well tested, and this was the only exception among his progeny. 

The dam, No. 05116, brown, genotype A5A5B2B2S1S2, had 
altogether 10 white lambs out of other matings to homozygous 

white sires, and further one black lamb when mated to a white 
sire of genotype A1A5B1B1S1S1. The probability that she carried 
a dominant gene which suppressed white colour was therefore 
extremely low. 

The brown ewe lamb born in 1956 was kept for breeding. 

She had altogether 6 lambs when mated to homozygous white 

sires,all of them white. When mated to a white sire of geno-
type A1A2B1B2- - she had twins, one white and the other dark-
grey. 

Both dam and daughter therefore seemed to give progeny 

with colours that would be expected from ordinary brown ewes. 

Faulty parentage and mismothering can most likely be 
excluded because no other sire used on the farm in that year 
was known to carry genes for both brown pigment and white 
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markings. 

This case seems therefore to have been a mutation from 
A1  toA5  

As sire No. 01509 was homozygous white his genotype with 
respect to pigment and white markings could not be found 

directly, and no definite proof can be provided to show that 

he carried these genes. One of his sons, however, No. 01540, 
of genotype A1A28182- -, was out of a grey ewe which had a 
probability of 0.72 of being homozygous for black pigment. 
This son had therefore probably obtained the B2-allele from 

his sire, No. 01509. White markings were common among non-

white sheep in the flock where sire 01509 was purchased. 

If this case is to be regarded as a mutation of A1  to A5, 
the A1-ailele cannot be regarded as a deletion, as this would 
prevent a back mutation to A5. 

Case 2. Mating A 1  A  3  x A5A5. Three grey lambs 

This case has already been discussed earlier, p. 57. 

Case 3. Mating A 1  A  5  x A1A4. One black lamb 

The iamb was born on farm No. 7. Date of mating 2/1/1961. 
Date of lambing 26/5/1961. Two lambs, white male and black 
male. 

The sire, No. 07035, genotype A1A5-B2S1-, was well 
tested and gave no progeny with unexpected colour except 
this one. 

The dam,No. 07016, genotype AA4- - - -, was also well 
tested. In matings prior to 1961 she produced one black 

mouflon lamb when mated to a black sire, 4 white and 2 black 
mouf ion lambs when mated to A1A5-sires, and 4 white lambs 
when mated to homozygous white sires. 

This is a case where mismothering could very well have 
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occurred, as altogether 5 rams used on the farm in this year 

could sire black lambs. Any other conclusion would therefore 

be of doubtful value. 

Case 4. Mating A 1  A  5  x A1A5. One grey lamb 

The lamb was born on farm No. 13. Date of mating 12/1271959, 

date of lambing unknown. Twins, white female and grey female. 

The sire, No. 13082, genotype A1A5B1- S2, was well 

tested and this was the only exception among his progeny. 

The dam, No. 13526, genotype A1A5- - - -, had previously 

given 3 white lambs by matings to white sires of genotype A1..., 

and one white and one black lamb when mated to a sire of geno-

type A1A5-B2- -. When mated to sire 13082 again in 1961 she 

produced 2 white lambs. 

No definite sire on the farm In 1959/60 was known 'to 

carry A2, but as the records from this farm are not complete 
the case will be left open to doubt. 

Case 5. Mating A 1  A  5  x A5A5. Oe grey lamb 

The lamb was born on farm No. 8. Date of mating 6/1/1960. 
Date of lambing 31/5/1960. One lamb, a grey male. 

The sire, No. 08015, genotype A1A5B1-S1-, was well tested, 

and this was the only exception among his progeny. 

The dam was No. 08038, brown, genotype A5A582B2S1-. 

The lamb could have been the progeny of a grey sire used 

on the farm in the same year. 

The ewe gave progeny of unexpected colours in another 

year, see case 9. 

Case 6. Mating A 2  A  2  x A4A5. White and black mouf ion 
'tT1i pair 

The lambs were born on farm No. 10. Date of mating 

31/12/1960, date of lambing unknown. Thins, a white male 

and a black mouflon female. 
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The sire was No. 10010, genotype A2A2B1B181 S1. He was 

lightgrey and was bought in on basis of the colour in the 
belief that he would be homozygous grey. He was well tested 

with respect to genes for both pigment and white markings. 
He gave altogether 26 nonwhite progeny out of other ewes in 
this year, and they all showed the A2-allele. 

The dam, No. 10004, genotype 452212, born in 1955, was 

not on record until 1958/59. In that year and the year after 
she was mated to sire No. 10008, genotype A1A5-B2-. -, and 
gave 1 white, 1 brown mouflon and I brown lamb. 

Two heterozygous white sires, No. 10008 above and 10007, 
genotype A1A5B1-S1-, were used on the farm in 1960/61, and 

both could have given this colour of progeny with ewe No. 
10004. 

Case Y. Mating A 2  A  4  x A 2  A  5  . One black lamb 

The lamb was born on farm No. 5. Date of mating 8/1/1961, 
date of lambing unknown. One lamb, a black female. 

The sire, No. 05049, genotype A2A4B1B1S1-, produced 
another black lamb in the same year when mated to another 
grey ewe of genotype A2-B4..21-. The dam of the first lamb 
was ewe No. 05606, genotype A2A5B1B2S1-, and the dam of the 
second ewe No. 05555. They are unrelated as far as can be 
seen. 

Another sire on the farm, No. 05051, genotype A2A5B1B1S1-, 
sired several black lambs this year, and so did sire No. 05026, 
genotype A1A5B1B1S1S1. Faulty parentage can therefore not be 
excluded. 

Under the assumption that the records are correct, 
either the A2-allele or the A4-a]lele has mutated to A5. 

Case S. Mating A2A5  x A2A3. One grey mouflon lamb 

The lamb was born on farm No. 7.  Date of mating 20/12/1960, 
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date of lambing 14/5/1961. Twins, a darkgrey male and a grey 
mouf ion female. Enquiries about the lamb indicated that an 
error has been made in writing down the colour of the lamb 
in the flock book. The Iamb was most likely black badgerface 
which would have been expected from this mating. 

Case 9. Mating A2A5  x A5A5. Two white lambs 

The lambs were both born on farm No. S. 
The first lamb was from a mating of unknown date with 

date of lambing 17/6/1958. One lamb, a white male. The dam 

was No. 08038, brown, genotype A5A5B2B2S1-, the same as 
reported in case 5. 

The sire was No. 08017, grey, genotype A2A5B1B2S1-. 
The ewe had first been mated to sire No. 08015 on 

31/12/1957 but had not conceived. The mating at which she 
conceived has taken place around 24/1/1938 if one assumes the 
gestation length to have been 144 days. This is after the end 
of the normal breeding season. Mating to two different rams 

on two consecutive days in order to ensure conception cannot 

be ruled out, particularly because the ewe had been barren 
the previous year. It is on the other hand unlikely that the 
same would apply to the anomalous result described in case 5 

for the same ewe. 

It is unlikely that the ewe carried a dominant gene 
which suppressed ordinary white colour, because both her 
parents were white. It is also very unlikely that she carried 
the A2-allele without manifestation, cf. case 5, as both her 
parents were of genotype A 1  A  5  and both showed this genotype on 
several occasions in other progeny than ewe No. 08038. 

The second white lamb out of an A 2  A  5  x AA5  mating was 
from a mating on 13/1/1960, with date of lambing 5/6/1960. 

One lamb, a white female. The sire was No. 08017, the same 
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as above, and the darn No. 08082, black with white markings, 
genotype A5A5B1-S252. 

An accidental mating to a white ram could easily explain 
this lamb. 

Case 10. Mating A 3  A  5 x A2A4. One brown lamb 

The lamb was born on farm No. 5. Date of mating 

29/12/1959, date of lambing unknown. 

Two lambs, a black mouflon female and a brown male, both 
with extensive white markings. 

The sire was No. 01064, black badgerface with white 
markings, genotype A3A5B1B282S2. This was the only progeny 
of that sire with unexpected colour. 

The dam was ewe No. 05598, grey mouflon with white mark-
ings, genotype A2A4B1B2S2S2. It was clear from the dam's 
parents that she did not carry the A6-allele. On the other 
hand It is just possible that she in reality was of genotype 
A4A5B1B22S2, and had been misclassified because of the 
extensive white markings. If this was the case, the brown 

lamb could well be expected from this mating. 

The brown lamb itself might also have been misclassified 
because of the white markings, i.e. it could have been brown. 
grey, and the grey pattern escaped detection. 

If the classification of both ewe and lamb is correct, 
this is another example of the loss of either the A2-allele 
or the A4-allele by mutation to A5. 

Case 11. Mating A 4  A  5  x A5A5. White and grey mouflon 

twin pair 

The lambs were born on farm No. 6. Date of mating 1/1/1960, 

date of lambing 15/5/1960. Twins, white female and grey mouflon 
male with white markings (colour 1144). 
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The sire was No. 06034, black niouf ion with white markings, 
colour 0431, genotype A4A5B1B182S2, and the dam No. 03137, 
brown, genotype A5A5B2B281S9 . 

As the white female lamb only developed scurs and not 

true horns, and both her parents were horned thatlanib is 
most likely the progeny of a polled, hom.zygous white ram 
used on the farm in that year. The colour description of the 
male lamb could have been faulty, the correct colour being 
black mouf ion with white markings. 

Case 12. Mating A 5 A  5  x A1A2. One black lamb 

The iamb was born on farm No. 4. Date of mating 6/1/1959, 
date of lambing 29/5/1959. Twins, white male and black female. 

The sire of these lambs was ram No. 04006, black with 
white markings, genotype A5A5B1B2S2S2. He was very well 
tested and never gave any other progeny of unexpected colour. 

The dam was ewe No. 04020, white, genotype A1A2B1- - -. 
In matings to heterozygous white sires she produced 2 white 

and 2 grey lambs, and when mated to A5A5-sires, excepting 
the mating in 1959, she produced 4 white and 3 grey progeny. 

The lamb in question could be a misclassification, but 

that is rather unlikely, as the farmer would have discovered 

the grey colour in autumn and then kept the lamb for breeding. 

It could also have been a case of mismothering, as 
several black lambs were born on the farm in the same year. 
The third possibility is that it was a loss of either the 
A1-allele or A2-allele by mutation to A5. 

Case 13. Mating A 5 A  5  x A1A5. One greybrown lamb 

The lamb was born on the Experimental Zarm Hestur. Date 
of mating 3/1/1957, date of lambing unknown. Twins, white 
female and greybrown male. 



The sire was 01055, brown, assumed genotype A5A5B2B21S1. 

He was the son of white parents, sire No. 01010, genotype 
A1A5-.82- - and darn No. 25017 on farm 25, assumed genotype 
A1A5-B2- -. Rain No. 01055 was bought to the Experimental 

Farm in autumn 1956 and was classified as brown then, 4-5 
months old. 

The dam of the greybrown lamb, No. 01232, genotype 
A1A5-B2- -, gave altogether 4 nonwhite lambs, none of them 
showing the A2-aliele, when mated to white heterozygous sires 
and nonwhite sires which did not carry the A2-allele. 

Ram No. 01055 on the other hand gave another greybrown 
lamb where the A2-allele was not present in the dam, see 
case 16. 

Case 14. Mating A 5  A  5  x A2A4. One grey niouflon lamb 

The lamb was born on farm No. 4. Date of mating 31/12/1960, 
date of lambing 19/5/1961. One iamb, a grey mouf ion female. 

The sire was No. 04030, black, genotype A5A5B1B1S1S1, 
and the darn No. 04045, grey mouflon, assumed genotype 

A2A4B1-B2-. As information is not available on the colour 
of the parents o. ewe No. 04045 she could eventually have 

been of genotype A2  A6 or A6  A.. The lamb in question could 
also have been sired by a homozygous grey ram used on the 

farm in the same year. This case must therefore be left open 
to doubt. 

Case 15. Mating A 5  A 5 x A2A5. Two white lambs 

One of the lambs was born on farm 10 in 1960. Date of 

mating and date of lambing unknown. One lamb, a white male. 

The sire was No. 10002, brown, genotype A5A5B2B2S1S2, 
The dam was No. 10011, grey, genotype A2A5B1-S1-. No informa-
tion is available on her parents. 
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The other lamb was born on farm No. 14. Date of mating 
2/1/1960, date of lambing 26/5/1960. One lamb, a white female. 

The sire of this lamb was ram No. 14061, black with white 

markings, genotype A5A5B1-S2S2, The dam was ewe No. 14122, 
grey, genotype A2A5B1-S1S2. 

Both the above cases could well have been due to faulty 

records of parentage, and the lambs could have been the progeny 
of any of many white sires used on these two farms in 1960. 

Case 16. Mating A 5  A  5  x A3A5. One greybrown lamb 

The lamb was born on the Experimental Farm Uestur. Date 

of mating 28/12/1956, date of lambing 23/5/1957. One lamb, a 
greybrown male. 

The sire of the lamb was No. 01055, brown, see case 13. 

The dam was ewe No. 01361, black badgerface with white 
markings, genotype A3A5B1B2S2S2. 

Ewe No. 01367 gave altogether 7 nonwhite lambs, other 
than the one above, which could not have obtained the A9-

allele from their sire. None of these lambs showed the 
A2-allele, so it seems completely justified to ascribe the 

unexpected colour to a deviation from normal in the sire of 
those two lambs. 

As mentioned before this ram was described as brown 
when he was purchased in autumn 1956. When he was slaughtered 
in autumn 1957, at 18 months of age, it was discovered by 

chance, on Inspection of the pelt, that he had a large patch 

of greybrown colour on the right hind leg, extending forward 

towards the middle of the right side. This patch had not 

been discovered before, presumably because the ram had a Long 

and dense outercoat and the greybrown patch was visible only 

by parting the fleece. 

This greybrown patch and the two greybrown lambs pro- 
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duced by the ram indicate that the ram was a mosaic with re-

spect to colour, the mosaicism being visible in the greybrown 

patch and also present in the gonads. 

The colours of the progeny of the ram are shown in 

table 10. 

Table 10. Colour of progeny of ram No. 01055 

Genotype 	 Colour code of progeny 

of ewes 	01 	02 	03 	05 	06 	09 	Total 

A 1  A  2 	 1 	 1 
A 1  A  3 	 1 	 1 	 2 
A 1  A  5 	 2 	 1* 	2 	5 
A 2  A  5 	 3 	 4 	2 	1 	10 
A 3  A  5 	 2 	 1* 	 3 
A 5  A  5 	 2 	 2 

Total 	 4 	3 	3 	6 	4 	3 	23 

* Unexpected colours. 

The table shows that among the 19 nonwhite progeny the 

3 grey and 2 greybrown lambs in the 4th line could all have 

obtained their A2-allele from their dams. If this is assumed 

to be so, the ram has given the A2-allele to 2 nonwhite progeny 

out of 19. This again indicates that a mutation of A5  to A2  

has taken place at the 4-cell stage of the embryo, i.e. that 
the ratio between A2-. and A5-alleles was 1:7. 

The probability that the sire was in reality greybrown 

of genotype A2AB2B2S1S1  is very low, because then one would 

have expected about half of his progeny to have obtained the 

A2-allele from him. Under the assumption that none of the 



- 91 - 

grey and greybrown lambs in the 4th line of table 10 obtained 

the A2-allele from their sire, the observed ratio of 2:17 

differs highly significantly from the 1:1 expectation 

(X - 8.895; P<0.01). 

Discussion of unexpected colours 

The cases of unexpected colours described above can in 

several instances be ascribed to faulty records of the 

parentage of the lambs. 	
is 

In cases 13 and 16, faulty parentage/excluded, and the 

only explanation there seems to be a mutation of allele A5  

to A2. In case 1, the brown lamb with white markings on 

farm 5 also seems to be the result of a mutation of A1  to A5. 

In cases 6, 9, 11 and 15 white lambs have been obtained 

from matings where both parents were nonwhite. The lambs in 

question could all be the progeny of white rams used on the 

farms in the same mating-seasons, The white lamb in case 11 

is thus almost certainly the progeny of a polled white sire. 

The possibility that some of the anomalous white lambs 

above are of a different genetic constitution from ordinary 

white sheep cannot fully be ruled out, but convincing experi-

mental evidence for the existence of a new type of whie 

colour is still lacking. 

Contemporary twins by two different sires 

On 1/1/1961, ewe No. 87 on farm No. 2, brown, genotype 

A 
5  A  5 

 B 2  B  2  S  1  - was mated to ram No. 02097, a black mouf].on, 

genotype A4A 4B1B2S1-. Later in the same heat she was 

accidentally served by a white ram, No. 02088, genotype 

A 1  A  5 - - -S.,, and the second mating was recorded. 

The ewe gave birth to twins on 24/5/1961, one of them 
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black niouf ion and the other white. From the colours of the 

lambs they were obviously sired by one sire each. 

This indicent demonstrates bow easily accidents of this 

type may happen and that although one twin of a pair shows a 

colour which determines its sire without doubt, the other 

twin may be the progeny of another sire. 

Cases of unexpected colours out of matings where the 

genotype of both parents is known should therefore always be 

treated with suspicion if the observed colour could have been 

produced by any other sire present on the farm during the 

mating season. 

4. Unexpected colours produced by a lightgrey ram 

In autumn 1962 a lightgrey ram No. 06043, was bought in 

to farm No. 6 in the hope that he would be homozygous grey. 

The parents of the ram were not known with certainty, but 
were thought to be a white sire, genotype A 1  A  4  and a white 
dam, genotype A1A5. He was mated to ewes with a variety of 

colours the next winter, but mainly to nonwhite ewes in crde 
to produce grey lambs. 

In spring 1963 it became clear that the ram did not give 

grey colour to any of his progeny, but out of matings to bi, 

or brown ewes, white, black mouflon and black lambs appeared. 

The owner of the ram was naturally disappo luted and 

wanted to dispose of the ram, but due to fortunate circum-

stances it proved possible to make arrangements with another 

farmer who was willing to test the ram further during the 

next season by mating him to nonwhite ewes. The farmer was 

paid a fee from the University Research Institute for each 

lamb produced by the ram in this test. The data from this 

experiment are not included in table 9. 

The genotype for the ewes to which the ram was mated in 
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both years taken together and the colours of the lambs obtained 

are given in table 11. 

Table 11. Progeny of ram No. 06043, an unusual type of 

I ightgrey 

Genotype Colours of progeny 
of ewes 01 	02 03 	04 	05 	11 12 	Total 

A1- 3 
A 1  A  2 1 	1 2 

A 1  A  4 1 1 
A 1  A 5 3 4 	4 11 
A 2  A  2 1 	1 2 4 
A 2  A  3 1 1 	2 
A 2  A  5 1 	3 1 	4 	3 12 
A 3  A  5 1 	1 	1 3 
A4A5  2 10 	5 17 
A 5  A  5 4 13 	25, 42 

Total 16 	3 1 	29 	40 	5 1 	97 

As seen from table 11, no grey progeny were produced in 

matings to A5A5-ewes, the only colours occurring there being 
white, black mouflon and black. 

The colour of the rant and the colours occurring among 

his progeny indicated that the ram was of mosaic grey colour, 
and that his gonads contained a mixture of A1-, A4- and A5-
alleles. 

If this assumption is correct, one can divide the lambs 
into 4 groups according to the genotype of the dams. The 
first group contains white ewes of unknown genotype and the 
A1A4-ewe. No information can be obtained from the lambs of 

tiee ewes about the rain's genotype. In the second group are 
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ewes heterozygous for A1  which don't carry A4, in the third 
group A4A5-ewes, and in group 4 ewes which carry neither A1  
nor A4. The result of this grouping is set out in table 12, 

where the lambs are classified into 3 groups, 1, 2 and 3, 

according to whether they show allele A1, A4  or absence of 
both, respectively. 

Table 12. Progeny of ram No. 06043, according to genotype 

of dams. For explanations see text 

Ewe Geno- Colour group of progeny 
group type 1 2 3 Total 

1 A1-, A 1  A  4 4 0 0 4 
2 A1Ai, 	14 4 4 5 13 

3 A 4  A  5 2 10 5 17 

4 A i  Ai,i,jyii or 4 6 21 36 63 

Total 	 16 	35 	46 	97 

Several different hypotheses about the ram's genotype 

can now be tested on basis of the results in table 12. 

One might eventually suspect that the ram was hetero-

zygous for a dominant gene which partially suppressed white, 

and that he also was heterozygous for the A1-allele. Then 

one would expect 25 per cent of his progeny out of nonwhite 

ewes to be white, i.e. 16 white and 64 nonwhite lambs would 

be expected among the 80 lambs out of ewe groups 3 and 4. 

The observed numbers of 8 white and 72 nonwhite differ 

significantly from a 1:3 ratio (X - 5.000; P<005). This 

hypothesis must therefore be rejected. 

The possibility that the sire was of genotype A 4  A  5  , and 

that the white lambs were of a recessive type, can be tested 

on the lambs out of ewe group 4, under the assumption that 
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the recessive white would be expressed independently of 
whether the A4- or A5-allele from the sire was present. Under 

this assumption one would expect progeny obtaining A4- and 
A5-alleles from the sire in the ratio 1:1. The observed 
numbers, 21 Lambs obtaining allele A4  and 36 obtaining allele 
A5  from the sire, differ significantly from a 1:1 ratio 

(x 	3.947; <0.05). The white lambs can therefore not be 
explained by assuming them to be recessive white. 

The hypothesis that the sire carried a new type of 
dominant white, not allelic to A4  or A5  could be tested by 
the same criterion as the test for recessive white, because 
dominant white would be assumed to occur equally frequently 
with A4  and A5  alleles. The possibility of a new type of 
dominant white, non-allelic to A4  and A5  has therefore also 
to be rejected. 

If mosalcism is assumed as an explanation, the ram could 
originally have been of any of the 3 genotypes, A1A4, A 1  A  5  or 
A4A5. Below are set out the 6 possible mutations among these 
3 genotypes which would lead to the three alleles observed 
being present in his gonads, together with the expected 
ratios among the gametes. 

Genotype Situation Mutation 

A 1  A  4 	1 	A1  —>.A5  
2 

A 1  A  5 	3 	A1  —>A4  
4 	A5 —)A4  

A 4  A  5 	5 
6 	A5 ->A1  

Expected relative frequency 
of allele 

A1  A4  A5  

0.5-p 0.5 p 
0.5 0.5-p p 

0.5-p p 0.5 
0.5 p 0.5-p 

p 0.5-p 0.5 

p 0.5 0.5-p 

In the above, p is the proportion of gametes which carry 
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the new allele. 

The new allele will never be more frequent than the 
original allele from which the mutation arose, and in terms 
of allele frequencies this leads to the condition that 
p £ 0.25. 

In order to test which of the 8 situations has the 

highest probability, the observed frequencies of the mutated 

allele and its allele of origin should be added)  and this sum 
is expected to equal the frequency of the unaffected allele. 

The colours to be grouped together in each of the 6 

situations are shown in table 13. 

Table 13. Grouping of progeny for testing hypotheses about 

mutated allele 

Grouped Exp. with Unaf- Obs. 	freq. of 
Situation alleles higher fected grouped unaif. 

freq. allele alleles 

1 A1  + A5  A1  A4  42 	21 7.000 
2 A4  + A5  A4  A1  57 	6 41.286*** 

3 A1  + A4  A1  A5  27 	36 1.286 
4 A4  + A5  A5  A1  57 	6 41.286*** 

5 A1  + A4  A4  A5  27 	36 1.286 
6 A1  + A5  A5  A4  42 	21 7.000** 

** 0<0.01 

i3<0. 001 

The expected frequencies of the grouped and unaffected 
alleles in table 13 are always equal, 31.5:31.5. The 6 

situations give rise to only 3 X2,  s, because each situation 

has its reverse counterpart where the only difference is that 

one allele is expected with higher frequency in one situation, 

and the opposite allele is expected with higher frequency in 



- 97 - 

the reverse situation. 

It is seen that all situation except No. 3 and 5 have to 

be rejected. The choice between the two then depends on the 

observed frequencies of the mutated allele and its original 

counterpart. As seen from table 12, the A1-allele is less 
frequent than the A4-allele, so situation 5 is the only 
acceptable choice out of the 6 possibilities. 

The hypothesis that the genotype of the ram was originally 
A4A5, and that A4  mutated to A1  is in agreement with the 
observed colours among the progeny of ewes in group 4 in 
table 12. The progeny of ewe groups 2 and 3 also give a 

certain amount of information about the genotype of the sire, 

but because of the occurrence of the same alleles from sire 

and dams in these groups the information they contain can 
only be extracted by estimating p, the proportion of white 
gametes produced. 

The probabilities of lambs showing the three alleles for 

ewe groups 2, 3 and 4 are set out below. 	
Number of 

1) progeny 
Probabilities of progeny showing showing Sum 

Ewe group 	 A1 	 A4 	A5  A1  A4  A5  

A1A(i1 or 4) 	0.5(1+p) 	0.5(0.5-.0 	0.25 n1  n2  n3  N1  
A 4  A  5 	 p 	0.75-p 	0.25 n4  n5  n6  N2  
A1A(i j1 or 4) 	p 	0.5-p 	0.5 n7  n8  n9  N3  

1) ?rogeny not showing A1  or A4  have obtained allele A5  from 
the sire. 

An estimate of p from the progeny of the 3 ewe groups 

above can be obtained by the method of maximum likelihood, 

assuming a multinoinial distribution of the colours of the 
progeny. 
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The likelihood is: 

eL cc (l+p)"l (1_2p)h12l8  p fl4+fl7 (3_4p)fl5;  

L oc n1  log(1+p)+(n2+n8) log(1-2p)+(n4i-n7) log p+n5  log (3-4p) 

n4  2(n +n) n +n7  4n dL 	 2 	8 + 	_ 	,and 
dp 1+p l-2p 	p 3..4p 

-E(dQL  )=1/Var (p)- N1 	N1 +2N3 N2 +N3 4N2  

2(1+p) 	1-2p 	p 	3-4p 

The equation in p was solved by iteration, and the method 
of maximum likelihood scoring was used for that purpose, one 

of its advantages being that the variance of the estimate of 

p is obtained as part of the iteration procedure (Bailey, 1961). 

The maximum likelihood estimate of p and its standard 

error is found to be: 

- 0.107 ± 0.032, 

which gives the upper and lower 95 per cent confidence limits 

of PA  as 0.170 and 0.044, respectively. 
A mutation of A4  to A1  at the 4 cell stage of the embryo 

would give p - 0.125, a value which is within one standard 

deviation from the maximum likelihood estimate. A mutation 

at the 2 cell and 8 cell stages would result in expected 

p-values of 0.25 and 0.0625, respectively. The first of these 

is too high to be consistent with the calculated p-value, 

while the latter lies 1.39 standard deviations below the 

maximum likelihood value. It is therefore slightly more 

probable that the mutation occurred at the 4 cell stage of 

the embryo than at the 8 cell stage. 

Expected numbers of progeny showing the 3 alleles among 

ewe groups No. 2, 3 and 4 in table 12 can now be calculated 
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from the estimated value of p, and these values compared with 
the observed numbers by a X 2-test, which gives: 

X25  - 3.710; 0.70>P>0.50. 

In the above X2 , no allowance has been made for expected 
values below 5. Pour of the 9 cells have expected values 

below 5.0. 

The observed segregation in lines 2, 3 and 4 in table 13 
thus agrees well with expectation under the assumption that 
situation 5 on p.95 is the correct explanation of the geno-
type of ram No. 06043. 

Two further points remain to be mentioned. The mating of 

ram No. 06043 to a grey badgerface ewe, genotype A2A3B1-S1-, 
resulted in a black lamb. The lamb was born on farm No. 6. 

Date of mating was 1/1/1960, date of lambing 23/5/1980. One 

lamb, a black female. The ewe, No. 325, is of unknown ancestry. 
be 

Her genotype seems to/correctly assessed, as judged by her 

lambs in other years. In this case either the A2-allele or 
the A3-allele therefore seems to have mutated to A5. 

The other point to be discussed is the genotype of ram 
No. 06043 at loci B and S. He produced 8 nonwhite lambs when 
mated to brown ewes, none of them brown-pigmented. He could 

therefore be regarded as being homozygous for the gene for 

black pigment. When mated to ewes with white markings, he 
produced altogether 15 nonwhite lambs, 7 of them without 

white markings and 8 with white markings, which is in agree-

ment with expectation if he was heterozygous with respect to 
white markings. The zygotic genotype of the ram has there-

fore been A 4  A  5  B  1  B1  S18 2• 

In connection with the colour description it should be 

mentioned that the ram was described as being of a lightgrey 

colour, similar to that of ordinary homozygous grey rams, 
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but that some of the features of the mouf ion pattern could 

be observed on closer inspection. He had also a darker colour 

on one side of the head. The author had never the opportunity 

to examine the rain, and the colour description above was 
given by Mr. Gudmundur J6nsson, K6psvatni, who informed us 

about the existence of the ram and who was in charge of the 

experiment carried out in the second year with this ram. 



CHAPTER VI 

Analysis of observed segregation at the A-locus 

As mentioned previously, 441 different mating types are 

possible with respect to locus A, if all genotypes of sires 

are mated to all genotypes of dams. 

In table 9 are shown the colours of the progeny resulting 

from 111 realized matings with respect to this locus. 

As table 9 shows, the amount of information available 

from individual matings varies tremendously. There are thus 

available colour descriptions of 390 lambs resulting from the 

mating A 1  A 5
x A1A5, while in 65 of the 111 matings in table 9 

less than 20 progeny have been observed, and in 50 matings 

5 progeny or less have been observed. 

Tests of agreement between observed and expected fre-

quencies of colours in the matings reported in table 9 are 

complicated for two main reasons. The first of these is the 

large number of tests that can be carried out. One can test 

the goodness of fit of the observed frequencies from indi-

vidual matings and then add up the results from related 

matings and test the overall frequencies and at the same 

time the discrepancy between the matings on which the over-

all frequencies are based. The grouping of matings can be 

done in so many different ways and so many tests carried 

out that even by chance several apparently significant 

deviations are bound to be observed. As the chance deviations 

can not be distinguished from genuinely significant devi-

ations any attempted interpretation of such tests will be 

highly subjective. 

The other difficulty lies in the limited number of 

observations behind several of the matings in table 9, 



- 102 - 

making the tests insensitive even to large deviations. 

Correction for continuity has not been used in the present 

study, as this will on the average give too conservative 

tests (Grizzle, 1967). Any grouping of matings in order to 

improve the test must necessarily be subjective. 

From the above considerations it was clear that a test 

was needed which utilized all the available information on 

segregation in table 9, while the comparisons made in the 

test were kept to a minimum in order to avoid ambiguity in 

the interpretation of the results of the test. 

A. Estimation of allele parameters 

Deviations from expected segregation ratios can be 

caused by four different mechanisms, i.e. 

differential representation of the two alleles 

from either one of the parents, 

differential union of a gamete from one parent 

with the two gametes from the other parent, 

differential mortality of zygotes from one geno-

typic class to another, and 

phenotypic overlapping of different genotypic 

classes. 

The last mentioned cause of disturbed segregation can 

be excluded in the present study, because the observed 

colours in table 9 agree well with those expected. The 

only colours where misclassification due to overlapping 

phenotypes could be expected are grey vs. black and grey-

brown vs. brown. The fact that neither black nor brown 

lambs were observed in the matings A 2  A  2  x A 5  A  5  and A 5  A  5 

x A 2  A  2  shows that misclassification w.r.t. these colours 

must have been very rare. These colours will be discussed 

further later, p.  113 and onwards. 
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The first mentioned of the 4 mechanisms above can be 

regarded as the average effect of one allele as compared to 

the average effect of the other allele within the same geno-

type. The second and third mechanisms on the other hand can 

be regarded as interaction between alleles from the two 

parents. 

In case of differential representation of the two 

allel.es  from either one of the parents the probability of 

each one of the alleles being represented among the progeny 

is different from 0.5. For this type of deviation the relation 

between the genotypes of parents and progeny can be expressed 

in the general terms shown in table 14. 

Table 14. Relation between genotypes of parents and progeny 

From sire 	 From dam 	 Progeny 

Allele Probability Allele Probability 
2)  Genotype Probability 

A1 	pij 	 A 	qkl 	AjAk PjJ1 j 
AA A 	' - 1 	'tlk 	 I 1 	ij'lk 2 

A 	n 	 A 	 A A 
J 	ji 	 k 	'kl 	 j k 	t'ji'kl b3  

AA A 	" - 
1 	lk 	 j 1 	'ji'lk 4 

p 	j...n 
ji 	ij' 	'11k 	k1 

In case of equal representation of both alleles from 

each of the parents, i.e. PjfPjjk1lkO.5  the expected 

value of all the g's Is 0.25, while unequal representation 

of the two alleles from either one of the parents leads to 

g-values which differ from the expected 0.25. 

When all genotypic classes can be distinguished, Pjj  

and q can be estimated from the observed frequencies 
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and their agreement with expectation tested by a X2-test. 
The number of phenotypic classes of progeny from each 

mating depends on the dominance relationship among the 

A-alleles of the parents in question. 

Matings where only one phenotypic class is expected give 

no information about segregation ratios and cannot therefore 

be included in any segregation test. Matings which result in 

2 or more phenotypic classes can be grouped into 7 different 

main situations, as shown in table 15. 

and genetic 
Table 15. Relationship between phenotypic/probabilities 

Situation Number of 	Phenotypic probabilities Example 

No 	phenotypic 	 of 
classes 	p1  p2  p3  p4 matings 

1 2 91+g2+g3  g4  ... ... 	A1A5xA1 A2  

2 2 91+92 g3+g4  ... ... 	A1A2xA2A5  

3 2 91+g3  g2+g4  ... ... 	A3A5xA1A3  

4 3 91+92 g3  ... 	A1A4X A 2 A  3 

4a 3 91  92  g3+g4  ... 	A2A3xA3A5  

5 3 91+g3 
 92  g4  ... 	A2A4xA1 A5  

5a 3 91  g3  g2+g4  ... 	A4A5xA2A4  

6 3 91  92+g3  g4  ... 	A2AxA2A3  

g2  g3  g4 	A2A3xA4A5  

Situation 4a can be treated as situation 4 by changing 

the order of the alleles of the sire, and situation 5a can 

be treated as situation 5 by changing the order of the 

alleles of the dam. By doing this each mating where segre-

gation Is expected in table 9 will belong to one of the 

7 main situations in table 15. 
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Four phenotypic classes are only expected in situation 

7 of table 15. Direct estimation and testing of p1  and qkl 
within individual matings can therefore only be applied to 

a limited proportion of the data in table 9. 

The direct estimation of p ij  and q gives estimates of 

the representation of allele A1  from the sire genotype A1A 

and of allele A   from the dam genotype AkA1.  These estimates 

will therefore be specific for the two parental genotypes In 

question. 

A more general picture of allele representation can be 

obtained by expressing the allele probabilities p1  and 

as functions of new parameters, a1, a3, b   and b1  In the 
following way: 

a 
1  

	

P • 	p 	- 1 -p 	= ____________ IJ 	a1+aj  ' 	ii 	ii 	a+a3  

b  	 _____ 
kl bk+bl 1k l-1 

When the allele probabilities are defined in this way, 

a1  will be a parameter corresponding to allele A in all 

genotypes containing that allele, and similarly for aj, b  
and b1. This makes possible the assessment of the overall 

representation of an allele among observed progeny, irrespect-

ive of the genotype it occurs in, and from the a's a3  's, 

bk's and b1's the probability to be associated with each 

allele in all individual genotypes can be calculated. 
The new parameters a1, aj, b  and b have been esti-

mated by the method of maximum likelihood, on the basis of 

the data in table 9. 

In the estimation, allele A. was excluded because of 

the low numbers of prcgeuy in the matings where it occurred. 
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This gave 10 parameters, a1  to a5  and b1  to b5  to be esti-
mated. Because only the relative magnitude of the parameters 

can be assessed and not their absolute magnitude, all the 

prrameters were redefined, by dividing through all the a's 

by a5, and all the b's by b5. This gives a solution for a1  

to a4  and b1  to b4  as a ratio to a5  and b5  respectively, while 

a5  and b5  will occur as constants of value 1 in the equations. 

The number of parameters actually solved for was thus reduced 

to S. 

The probabilities for the 4 genotypic classes in table 

14, when expressed in terms of the redefined parameters are 

shown in table 16. 

Table 16. Genotypic probabilities in terms of redefined 

parameters 

Allele Allele from dam 
from 
sire Sum Ak 	 A1  

a1  b  a1  b1  a1  
A1  g= 

1 	a1+aj  bk+bl 
g2 	

ai  +a i bk+bl aj+aj 

a b  a4  b1  a. 
A. 
.3 

______ 
a1  +a 

______ 
bk+bl 

g4 	
a1+a bk+bl 

Sum 1 
bk+bl bk+bl 

The maximum likelihood estimation was based on the 

probabilities for the phenotypic classes in situation 1-7, 

as shown in table 15, where these probabilities were ex-

pressed in terms of the redefined expressions for the g's 
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shown in table 16. 

Table 17 shows the number of phenotypic classes in each 

situation, and the probabilities within each class. The like-

lihood for a single mating within each situation was then: 

e"  

and the complete likelihood was obtained as the product of 

the likelihoods from all, situations and all matings. 

The log-likelihood and its derivatives consist of 

additive terms. For ease of handling, the terms relating 

to each situation were differentiated separately and the 

expectations of the 2nd derivatives found. A computer pro-

gram was then developed which read in as data the indices 

of the alleles of both parents within a mating, the situation 

to which the mating belonged and the observed frequencies 

in the phenotypic classes within the mating. The program 

then calculated the contribution from this mating to the 

score vector and information matrix. The next mating was 

treated in the same way and the result added to the values 

already held in the positions of the score vector and in-

formation matrix, the indices of the alleles determining 

the vector and matrix elements to which the new information 

was to be added. 

When the information from all the matings with expected 

segregation in table 9 had been obtained in this form the 

iterative solutions to the simultaneous equations could be 

found. 

All 8 parameters were first estimated using all avail-

able data from table 9 and excluding all progeny with un-

expected colours. The resulting estimates, their standard 

deviations and the deviations of the parameters from the ex-

pected value, 1.0, divided by the standard error, are given 

in the upper part of table 18. 
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Table 11. Phenotypic probabilities within situations and 

classes 

Situation 
No. of 
classes 

Class 
No. 

Observed 
frequencies, 

Phenotypic 
probabilities 

ni Pi 

1 2 1 n1 ajbk+albl+aJbk 
2 n2  ab1  

2 2 1 n1 aj(bk+bl) 
2 n2 aJ(bk+bl) 

3 2 1 n1 bk(al+aJ) 
2 n2 b1(a1+a3) 

4 3 1 n1 a.(bk+bl) 
2 n2 aJbk 
3 n3  ab1  

5 3 1 n1 bk(al+aJ) 
2 n2 a1b1  

3 n3  ab1  

6 3 1 n1 njbk 
2 n2  a1bl+abk 
3 n3  ab1  

7 4 1 n1 albk 
2 n2  a1  b1  

3 na  aJ bk 
4 n4  ab1  

1) All probabilities to be divided by (al+aJ)(bk+bl) 



- 109 - 

In table 18 are also shown the maximum likelihood 

estimates of new parameters, c1, which are obtained under 

the assumption that a1  = b1  = Cj  for each 1. The c1  para-
meters are therefore combined estimates of a i and b1, and 

for their estimation the reciprocal matings are of identical 

importance and have been added together. 

Table 18. Maximum likelihood estimates (j3) and standard 

errors of the allele parameters a  for sires, 

b  for dams and c1  for sexes combined 

Parameters 	Estimate 	S.E. 	1.0-PA 
 

() 	 S.E. 

1.021 0.090 0.232 

a2  0.876 0.087 1.429 

a3  1.094 0.201 0.469 

a4  0.929 0.142 0.503 

0.945 0.081 0.629 
b2  0.839 0.094 1.722 

0.882 0.191 0.616 

b4  1.196 0.181 1.80 

0.979 0.056 0.383 

c2  0.855 0.062 2.345 

0.999 0.137 0.005 

1.044 0.111 0.393 

As table 18 shows, none of the a1  and b1  parameters 

are significantly different from 1.0, and none of the 

differences between corresponding a1's and bit  are 

significant. 

Two of the within sex parameters, however, deviate 
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appreciably from 1.0, i.e. a2  by 1.429 and b2  by 1.722 standard 

deviations, respectively,'when estimated from all, matings. 

Of the c-parameters only c2  is significantly different 

from 1.0 in all matings (P(0.05). 

The above significance tests relate only to individual 

parameters. The total effect of all parameters on the variation 

in segregation was found by calculating expected frequencies 

in individual matings in two ways. First the expectations 

were calculated on basis of the value 1.0 for all parameters, 

and then the niaxiniuin likelihood estimates of the parameters 

were used for a second calculation of the expected fre-

quencies. The X21 s obtained from these calculations are 

shown in table 19. 

Table 19. Test of significance of effect of allele para- 

meters on segregation ratios 

Parameters Due to, parameters Remainder 

Line estimated DF 	X2 Prob. DF X2 	Prob. 

1. 	Reciprocal matings separate 

1 None ... 	... ... 140 125.348 0.50>2>0.30 

2 a1 ,a2,a3,a4  8 	7.859 0.50>2>0.30 132 117.490 0.50>P>0.30 

b1  ,b2,b3,b4  

3 A,b2  2 	5.959 0.10>2>0.05 138 119.390 0.50>P>0.30 

2. Reciprocal matings added 

4 	None 	... 	... 	... 	98 76.141 0.95>2>0.90 

5 	c1,c2,c3,c4 	4 	5.961 0.30>P>0.20 94 70.180 0.95>2>0.90 

6 	C2 	 1 	5.220 0.05>2>0.02 97 70.921 0.98>2>0.95 

The results in table 19 confirm the trends found in 

table 18, i.e. that the 8 parameters when all are estimated 



together do not show a significant reduction in the variation 

in the segregation ratios. When a2  and b2 are the only para-

meters estimated, they account for a considerable, and nearly 

significant amount of the variation. The combined parameters, 

c1 ,c2,c3,c4, when all are estimated together, show a non-

significant reduction in the variation. When c2  only is 

estimated it accounts for a significant proportion of the 

variation. 

From the parameter X21s in table 19 one can calculate 
some differences of interest between X21s. 

Table 20. Comparisons of X21s from table 19 

Comparison among Obtained from 
DF X2 	Probability lines 

a1,a3,a4, 	 2 - 3 	6 	1.900 0.95>P>0.90 
b1  ,b31b4  

c1,c3,c4 	 5 6 	3 0.741 0.90>P>0.80 

a1,a2,a3,a4 vs. 	2 - 5 	4 	1.898 0.80>P>0.70 
b1  ,b2,b3,b4  

a2  vs. b2 	 3 - 6 	1 	0.739 0.50>P>0.30 

It is seen from table 20 that none of the X21s there 

are significant. This means that the only significant 

differences among the parameters are those between c2  on 

one hand and C1 , C3  and C4  on the other hand, and c2  is the 

only parameter that is significantly different from 1.0. 

The question whether the observed significance of the 

deviation of C2  from 1.0 is real or not must be dealt with 

critically. It is conceivable that significant deviations of 
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this kind could arise merely by chance when a large number 

of tests is carried out on the same material. 

On inspection of the individual matings in table 9 it 

can be seen that the deficiency is very marked in the matings 

A2  A5 x A5  A5 (X - 4.372; P<O.05) and A5A5  x A2A5  (X 	3.333; 

0.10>P>0.05), the sum of the reciprocal matings giving 

X-7.672 (P<0.01). This is the only significant X2  in com-
bined reciprocal matings with 20 progeny or more. 

The parameters a9, b2  and C2  were therefore re-estimated 

excluding these two matings. This led to the values given in 

table 21. 

standard 
Table 21. Estimates of a2, b2  and c2  and their/errors when 

matings A 2  A  5 x A 5 A  5  and A 5  A 
 5 x A 2  A  5  are excluded 

Estimate  11.041 Parameter 	 S.E.  
S. E. 

a2  0.967 0.115 0.290 

0.905 0.127 0.749 

0.931 0.082 0.518 

The estimates in table 21 are still below the expected 

value of 1.0, but not significantly so. The proportion of 

the variation accounted for by the new estimates is shown 

in table 22. 

The proportion of the total X2  accounted for by the 

Parameter X21s in table 22 is also nonsignificant. This 
might lead one to think that the deviations in a2, b2  and 

C
2 
 found in table 18 were due to aberrant ratios which were 

specific to the A 2  A  5 x A 5 A  5  and A 5  A  5 x A 2 A  5  matings. Further 

inspection of table 9, however, shows that the mating 

A 2  A  5  x A 2  A  5  also gives a considerable excess of nongrey 
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progeny (X - 2.333; 0.20>P>0.10) Although this deviation 

by itself is not significant it shows the same trend as the 

two other matings mentioned above. 

Table 22. Effects of allele parameters a2, b and C2  on 

variation in segregation ratios. Matings A 2  A  5 
 x 

A 5  A  5  and AA5  x A 2  A  5  excluded 

Parameters 	Due to parameters 	Remainder 

estimated DF X2 Prob. DF X2  Prob. 

1. Reciprocal matings separate 

None 	... 	... 	... 	138 117.643 0.80>P>0.70 

a2, b2 	2 	1.728 0.50>P>0.30 136 115.915 0.80>P>0.70 

Reciprocal matings added 

None ... 	... 	... 	97 68.854 0.98>P>0.95 

c2  1 	1.435 	0.30>P>0.20 	96 67.419 0.98>P>0.95 

The first explanation of the deficiency of grey progeny 

in the above matings that comes to mind is that misclassi- 

fication of lambs with respect to colour has occurred. The 

results from the above matings were therefore re-analysed, 

and this time they, were grouped according to the birth-year 

of the lambs. The resulting segregation by year is shown 

in table 23. 

The heterogenity X21s in table 23 based on one degree 
of freedom show that no definite difference can be demonstrated 

with respect to the segregation ratios between the period prior 

to 1959 and the period 1959-1961. The grouping of the data 
into the two periods shown in table 23 was determined by the 
number of progeny out of the A 2  A  5  x A 2  A  5  mating, as this was 

the only grouping of the data into two year-classes which 
gave expected numbers above 5 in all classes. 
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Table 23. Segregation of alleles A2  and A5  according to 

birth-year of progeny 

Mating  

Birth - A 2  A 5  x A 2  A  5 A 2  A  5  x A 5  A  5 A 5  A  5 x A 2 A  5 

year of Colours Colours Colours 
progeny 02 + 06 08 + 09 02 + 06 05 + 09 02 + 06 05 + 09 

1953 0 0 0 	0 1 0 

1954 0 0 0 	0 2 2 

1955 3 0 4 	9 3 1 

1956 3 4 5 	10 5 8 

1957 3 2 9 	7 8 13 

1958 5 5 12 	20 11 14 

1959 16 4 8 	12 6 11 

1960 7 4 7 	6 3 6 

1961 5 2 4 	8 11 15 

Total 42 21 49 	72 50 70 

1953-1958 	14 11 30 	46 30 38 

1959-1961 	28 10 19 	26 20 32 

Heterogenity 

X2 , DP - 1 	2.122 	 0.089 	 0.388 

The A 2  A  2 x A 5  A  5  mating shown in table 9 gave no non-

grey progeny. As this type of mating only gave progeny born 

in 1961, one might have assumed that the accuracy of colour 

description had been increasing gradually and had reached 

perfection in 1961. The results in table 23 indicate strongly 

that the discrimination between grey and black has been 

equally accurate over the whole period of data collection. 

Another possible explanation of the defiency of grey 

progeny would be that certain rams had either been mistakenly 
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classified as grey when they were actually black, or that 

some of the grey rams carried a deleterious gene closely 
linked with the A2-allele which reduced the embryonic 

survival of grey progeny. 

Under both those hypotheses one would expect a signi-
ficant difference between sires with respect to the segregation 
ratio. Table 24 gives the results from the A 2  A 5 x A 5 A  5  matings 
grouped according to sires. 

The two heterogeneity X21s in table 24 are not signi-
ficant. This is naturally no proof that there is no real 
difference between sires with respect to segregation ratios, 

particularly because the more reliable heterogeneity X2  is 
rather large. If on the other hand the deficiency of grey 

lambs was due to sire differences only, these would have been 
expected to show up more clearly in the above test. 

A repeated assessment of the behavious of the A2-allele 
on independent data would make possible a final conclusion 

with respect to the significance of the deficiency of the 
A2-allele in certain matings. 

No independent data are available where the genotypes 
of both parents are known prior to the mating. But bearing in 
mind that all the grey sires used before 1960 were darkgrey, 

and that all the homozygous grey sires used in 1960/1961 
were lightgrey, the darkgrey rams could all be assumed to 
be heterozygous grey, of genotype A2A5. Several of the dark-

grey rams were tested for heterozygosity in their first year 
of use and they were all shown to be of genotype A2A5. The 
progeny from the test-year of each sire Is not included in 

table 9, so the results from these test-year matings can 

be used as an independent source of segregation information 
with respect to the A2A5-genotype among sires. The results 
of the matings of these rams in their test-year to ewes of 
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Table 24. Segregation of A2  and A5  alleles from individual 

heterozygous grey sires when mated to A 5  A  5  ewes 

Progeny showing allele 

Sire 	 A2 	A5 	Total, n 	DP 	X2  

01035 9 19 28 1 3.5714 

01072 1 1 2 1 0.0000 

01530 0 5 5 1 5.0000 

05031 11 9 20 1 0.2000 

05041 3 3 6 1 0.0000 

06024 3 9 12 1 3.0000 

07036 1 0 1 1 0.5000 

08011 2 5 7 1 1.2857 

08017 6 5 11 1 0.0909 

12014 7 4 11 1 0.8181 

14053 2 2 4 1 0.0000 

15007 1 2 3 1 0.3333 

16072 3 8 11 1 2.2727 

13 17.0721 	- 

All sires 49 72 121 1 4.3719* 

Heterogeneity 12 12.70021 ) 

Sires with 9.9531  6 

n>10 39 54 93 1 2.4194 

Heterogeneity 5 753372) 

* P<O.05 

o. 50 P>0.30 

10 
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known genotypes are shown in table 25. Also included in the 

table are the results from table 9 for the same matings. 

Matings with less than 10 progeny have been excluded from 

the table, in order to obtain X2's of reasonablereliability 

for comparison of the two data sets. 

Table 25. Progeny of heterozygous grey rams during and 

after test-year, when mated to ewes of known 

genotypes. White progeny from A1A5-ewes not 

included 

Test-year 	 Later years 	Both Hetero- 

Genotype 	 Progeny showing allele 	sets geneity 

of dam 	A2  A5  Total XI 	A2  A5  Total X 	X2 	X2  

A 2  A  5 (a) 15 16 31 11.110" 42 21 63 2.333 
jØ,34Ø** 

 3.703 

A 1  A  5  (b) 	8 15 23 	2.130 	16 11 33 0.030 1.143 	1.017 

A 3  A  5  (c) 	7 11 18 	0.889 	7 12 19 1.316 2.189 	0.016 

A 5  A  5 (d) 27 28 55 	0.018 	49 72 121 
4.372*  3.273 	1.117 

Sum 
(b,c,d) 	42 	4 96 	3.037 ' 72 101 173 5.418'6.605 

X 	 1.500 	 4.861* 6.249* 0.112 

Het. X2 	 1.537 	 0.857 0.356 

* P<0.05; ** 2<0.01 

1) DY- 3 

The comparisons shown in table 25 make it clear that the 

data from the test-year are in agreement with the data from 

the known matings. None of the heterogeneity X2's between sets 
are significant and the sum of the 4 heterogeneity X2's between 
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sets is not significant either (X - 5.853; 0.50>P>0.30). 
The A 2  A  5  dams give a highly significant deficiency of grey 

lambs in the test-year, while the results from the other ewe 

groups in the test-year do not differ significantly from 
expectation. The sum of both sets of data for the 3 last ewe 

groups in the table together shows, however, a significant 

deviation from expectation, and there is a good agreement 

between both sets with respect to the sum of the 3 ewe groups. 

The conclusion derived from this additional information 

must therefore be that there is a significant deficiency 

of progeny showing the A2-allele in matings where this 
allele is segregating. 

B. Subnormal variation In segregation ratios 

It is clear from tables 18-25 that estimates of the 

allele parameters a1, b1  and c1  show significant deviations 
from 1.0 for the parameter c2  only and nearly significant 

deviations for parameters a2  and b2. 
The significance of these deviations could not have 

been demonstrated convincingly by an ordinary X-test of 
the segregation ratios. This is seen from table 19, where 

the total X2  for all matings with 140 DF is 125.348. The 
corresponding X2  for matings with a 20 with 30 DI' Is 
37.566, none of these being significant. 

When the reciprocal matings are added the corresponding 

X2's are actually rather below expectation, and so give no 
indication of the disturbed ratios in matings where the 

A2-allele is segregating. 

The low X21s obtained for the remainder after esti-
mation of the parameters in added reciprocal matings indi-

cate that the variation left is abnormally low, particularly 
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in line 6 of table 19. It is also noticeable that this 

phenomenon is not manifested when the reciprocal matings 

are kept separate. This indicates an effect of sex of parents 

on the segregation ratios and a negative correlation between 

the ratios from the reciprocal matings. 

In table 26 are shown the X21s for matings where n 20 
for both reciprocal matings, first for the separate matings, 

then for the reciprocal matings added and finally the hetero-

geneity between reciprocal matings. 

Table 26. Comparisons of segregation ratios in reciprocal 

matings with n 20 in both matings 

Sire x Darn 	Dam x Sire 	Rec. mat. 	Retero- 

Matings 	 added 	geneity 

n DF X2 	n DF X2 	n DF X 	DF X2  

A1 A2xA1 A5  33 1 0.0909 33 1 0.8182 66 1 0.1818 1 	0.7273 

A1A2xA5A5  106 1 0.0377 48 1 0.7500 154 1 0.1039 1 	0.6838 

A A xA A,. 15 	5 179 1 2.0168 103 1 3.5049 282 1 0.0000 1 	5.5217* 

A€ A xA A 55 39 1 0.0256 27 1 0.3333 66 1 0.0606 1 	0.2983 * 
A2A5xA5A5  121 1 4.3/19 120 1 3.3333 241 1 7.6722 1 	0.0330 

A ArXAA.. 
4L 	5z 57 1 0.1579 25 1 1.9600 82 1 0.1951 1 	1.9228 

Sum 	535 6 6.7008 356 6 10.6997 891 6 8.2136 6 9.1869 

* <005 ** P<0.01 

Table 26 shows that only one of the heterogeneity X21s 
is significant, i.e. in the A 1  A  5 x A5A5-mating. In the added 

reciprocal matings the A2A5  x A5A5-mating shows a highly 

significant deviation from expectation as mentioned earlier, 

while the other added reciprocal matings show X2-values which 

are far below expectation when added together (X - 0.5414; P>0.99). 
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On examination of grouped matings with respect to 

segregation ratios from added reciprocal matings with n 1 20 

the picture given in table 27 emerges. 

Table 27. X21s in added reciprocal matings when grouped 

according to presence or absence of allele Al  

Mating 	 DF 	 X2 	Probability 

A1A 	x A1Ak 3 0.2644 0.98>P>0.95 

AA. x A A 13 6.5664 0.95>P>0.90 

A1A3  x AkAlJ 11 8.3326 0.70>P>0.50 

A 2  A  5 x A 5 A  5 1 7.6722 0.01>P>0.001 

Sum 28 22.8356 

, 	, k, 1 > 1 

A 2  A  5  x A 5 A  5  excluded 

The grouping of matings shown in table 27 indicates 

strongly that matings involving the allele A1  show less 

variation in segregation ratios than expected, while matings 

where both parents are nonwhite show greater variation. 

The subnormal variation found in connection with the 

A1-aileIe is in agreement with results reported by Dry (1936), 

Lauvergne (1961) and Hayman and Cooper (1964). Dry obtained 

646 white and 213 black progeny when both parents were known 

heterozygous white (X 	0.0190; 0.90>P>0.80) and Lauvergue 

obtained 129 white and 45 black progeny out of the same 

mating (X - 0.0689; 0.80>P>0.70), while Hayman and Cooper 

obtained a X2  - 0.0136 (0.95>P>0.90) when comparing observed 

numbers of white and nonwhite with those expected in a white 

flock segregating for nonwhite colour. Davenport (1905) on 
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the other hand obtained 40 white and 7 black out of the same 

type of mating (X 	2.5603; 0.20>P>0.10). 

This indication of subnormal variation in segregation 

ratios from matings involving white parents has not been 

pointed out previously as far as can be seen, and no previous 

explanation of this phenomenon is therefore available. 
It was therefore decided to examine the present data 

further in light of this finding and see if an explanation 
could be found. 

C. Effect of sex and type of birth of lamb on segregation ratios 

The first step taken was to examine the connection between 
sex of lamb and colour, irrespective of mating. For this pur-

pose all single and twin lambs in the whole material with 

known sex were grouped according to whether these were white 

or nonwhite. Table 28 shows the number of white and nonwhite 
lambs for each sex for singles and twins separately, together 

with the proportion of white lambs in each group. In table 29 
are given X2 's for comparisons of interest among the pro-
portions of white lambs. 

Tables 28 and 29 show clearly that the proportion of 
white lambs is different for the two sexes, the males showing 
a significantly higher proportion of white lambs than females. 

This sex difference is similar for both singles and twins. 

It is also clear from the tables that the proportion of 

white lambs is significantly higher among singles than among 

twins. 
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Table 28. Classification of singles and twins according to 
sex and colour 

Colours of lambs 	Proportion Sex 	White Nonwhite Total 	of white 

Males 	3498 	509 	4007 	0.873 
Singles 

Females 3489 584 4073 0.857 

Total 6987 1093 8080 0.865 

Males 3547 836 4383 0.809 
Twins 

Females 3464 899 4363 0.794 

Total 7011 1735 8746 0.802 

Singles 	Males 	1045 	1345 	8390 	0.840 
ind fv,iv 

Females 6953 1483 8436 0.824 

Total 13998 2828 16826 0.832 

Table 29. Comparison of proportions of white lambs accord-

jug to the classification in table 28 

DY 	X2 	Probability 

Between sexes: 

Within singles 1 4.601 0.05>P>0.02 
Within twins 1 3.203 0.10>P>0.05 

Sum 2 7.804 0.05>P>0.02 
Singles and twins combined 1 7.196 0.01>P>0.001 
Bet, between singles 

and twins 1 0.608 0.50>P>0.30 
Between singles and twins 1 119.624 P<0.001 
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Table 30 shows the proportion of males among nonwhite 
lambs when they are classified by colour pattern and sex, and 
also when classified according to black and brown pigment. 

Table 30. Proportion of males (p) out of total (n), classi-
fied according to colour and type of birth. Non-
white lambs only 

Colour 
code 

Singles Twins Singles and twins 

a 	p 

02 + 06 358 0.461 588 0.459 946 0.460 
03 + 07 59 0.372 82 0.500 141 0.446 
04 + 08 108 0.519 202 0.500 310 0.506 
05 + 09 512 0.473 738 0.493 1250 0.485 
10 + 13 11 0.273 23 0.522 34 0.441 
11 + 14 41 0.463 97 0.485 138 0.478 
12 + 15 4 0.500 5 0.200 9 0.333 

Total 1093 0.466 1735 0.481 2828 0.476 

Pigment 
type: 

Black 959 0.463 1485 0.481 2444 0.474 

Brown 134 0.485 250 0.488 384 0.487 

1) For explanation of colour code see p. 17. 

Table 31 shows the V's resulting from comparison among 
the sex ratios in table 30. 

Table 31 shows no indication of a significant difference 
in sex ratio among nonwhite lambs when classified according 
to colour pattern, pigment Lype and type of birth. 
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Table 31. Comparisons of sex ratios in table 30 

DF 	X2 	Probability 

Between colour patterns: 

Within singles 

Within twins 

Sum 

Singles and twins combined 

Ret, between singles 
and twins 

Between pigment types 
(black vs. brown): 

Within singles 

Within twins 

Sum 

6 5.052 0.70>P>0.50 

6 3.709 0.80>P>0.70 

12 8.761 0.80>P>0.70 

6 3.916 0.70>P>0.50 

6 	4.845 	0.70>P>0.50 

1 	0.230 0.70)P)0.50 

1 	0.045 0.90>P>0.80 

2 	0.275 0.90>P>0.80 

	

Singles and twins combined 1 	0.229 	0.70>P>0.50 

Ret, between singles 
and twins 	 1 	0.046 	0.90>P>0.80 

Between singles and twins 	1 	0.702 	0.50>P>0.30 

It should be pointed out that the deficiency in progeny 

carrying the A2-allele is not related to sex cx' type of 

birth of the progeny, of. tables 30 and 31. The comparison 

of the sex ratios within lambs carrying A2  with homozygous 

A 5  A  5  lambs shows no significance, neither within nor 

between types of birth. The deficiency of progeny carrying 

allele A2  as shown in tables 18, 19 and 25 is therefore 

iadepeadenL of sex and type of birth of the progeny. 
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D. Effect of colour on fertility 

The high proportion of nonwhite lambs among twins com-

pared with singles as shown in table 28 could arise from a 

variety of environmental causes. The nonwhite ewes in the 

data collection could for example be found mainly in flocks 

with high standards of feeding, or there might be a different 

age distribution of white and nonwhite ewes. Changes in 

feeding practices over the period of data collection might 

also have been concomitant with changes in the proportion 

of nonwhite ewes in the material. 

In order to examine the possible sources of variation 

in fertility the characters "number of lambs per ewe lambing" 

and "number of lambs per mating" were subjected to an ana-

lysis of variance. The method of fitting constants (Goulden, 

1952, Harvey, 1960) was used with the modification that the 

generalised inverse of the design matrix was calculated so 

that imposing restrictions on the simultaneous equations 

before inversion of the matrix was unnecessary (Searle, 1966). 

In order to reduce the size of the matrix when a large number 

of equations was being solved the technique of absorbing a 

set of equations as described by Harvey (160) was applied. 

A back solution for the absorbed constants was then obtained 

by using the procedure described by Goulden (1952). 

Several analyses of variance were carried out in order 

to examine the relationship between colour genotype and 

fertility. 

Comparison of 'all available genotypes of ewes among 

2 year old ewes was made with respect to number of lambs per 

ewe lambing. Ewes not lambing were excluded from this analysis. 

The comparisons were first made among 10 genotypes of 

ewes and then the genotypes were split into two groups, white 

and nonwhite, which were compared, and finally comparisons 
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were made among white and among nonwhite genotypes respectively. 

The least squares estimates from these analyses are shown 
in table 32 and the analyses of variance in table 33. 

The sums of squares for main effects given in tables 33, 
35 and 37 refer to the adjusted sums of squares. The between 

farm-years sums of squares have thus been adjusted for geno-
types, and the between genotypes sums of squares adjusted for 

farm-years. 

The error sums of squares have been obtained as the 

within subclass sums of squares. 

Table 32. Least squares estimates of effects of genotype of 

2-year old ewes on number of lambs per ewe lambing 

Genotype No. of 
Estimated deviations 

of ewe ewes Among White vs. Among Among 
all nonwhite white nonwhite 

A1- 1935 -0.078 -0.004 
A 1  A  2 7 -0.043 0.036 
A 1  A  4 4 -0.107 0.002 
A 1  A  5 115 -0.109 -0.034 
White 2061 -0.070 
A 2  A  4 26 -0.005 0.132 
A2- 22 0.076 0.083 
A 2  A  5 84 0.064 0.001 
A 
3  A 

 5 15 0.136 0.G20 
A 4  A  5 31 0.000 -0.083 
A 
5 

 A 244 0.065 0.014 
Nonwhite 422 0.070 

Sum 	2483 

Overall mean 
(unadjusted) 	 1.224 	1.224 	1.194 	1.370 
S.E. (within 
subclasses) 	0.364 	0.368 	0.349 	0.465 



127 - 

Table 33. Effect of colour genotype of ewes on variation 

in number of lambs per ewe lambing. Two year old 

ewes 

Source of variation 	 DF 	SS 	115 	F 

All genotypes together 
** 

Between farm-years 	 114 	93.0606 0.8163 6.18 

Between genotypes 	 9 	5.8191 0.6486 4.89** 

Interaction farm-years x genot. 	219 	43.3309 0.1979 1.50 

Error 	 2140 	282.8583 0.1322 

White vs. nonwhite genotypes 

Between farm-years 	 114 	93.5326 0.8205 6.05** 

Between genotypes 	 1 	5.4537 5.4537 40.19 

Interaction farm-years x genot. 	89 	17.4616 0.1962 1.45** 

Error 	 2278 	309.0931 0.1357 

Among white genotypes 

Between farm-years 	 96 	78.6923 0.8197 6.71** 

Between genotypes 	 3 	0.0926 0.0309 0.25 

Interaction farm-years x genot. 	51 	9.7603 0.1914 1.57** 

Error 	 1910 	233.2010 0.1221 

Among nonwhite genotypes 

Between farm-years 107 31.9812 0.2989 	1.38* 

Between genotypes 5 0.4241 0.0848 	0.39 

Interaction farm-years x genot. 79 15.9577 0.2020 	0.94 

Error 230 49.6573 0.2159 

* P<0.05; ** P<0.01 
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The main conclusions to be drawn from tables 32 and 33 

are that there is a substantial and significant effect of 

colour genotype of ewe on number of lambs per ewe lambing. 

This effect can be ascribed completely to the presence or 
absence of the A1-.aflele. There is no indication of a heterosis 

effect, as known white heterozygotes do not differ from the 

A1.group which must include a considerable number of homozygous 

white ewes. There is no detectable difference between nonwhite 

genotypes either, when compared to each other. This is of 

particular interest in connection with the grey ewes which 

would be expected to show a decrease in number of lambs per 

ewe lambing if the deficiency of grey lambs shown in tables 

18 and 19 was due to prenatal mortality of embryos carrying 
the A2-allele. 

The interaction between farm-years and genotypes is found 
from the between subclass sums of squares from which are sub-

tracted sums of squares for farm-years (unadjusted) and sums 

of squares for genotypes (adjusted). This interaction is 
significant in analyses 1, 2 and 3 of table 33, but the 

magnitude of the effect is low and does not invalidate any 

of the conclusions above regarding the overall effect of 

genotypes on fertility. It seems likely that the interaction 

is, at least partly, a reflection of a scale effect, occurring 

at low average fertility, which reduces within subclass 

variation when only ewes with 1 or 2 and only very rarely 

3 lambs are included in the analysis. If that is the case 

the significant interaction is a reflection of reduced error 

variation rather than variation in reaction of genotypes 

from one farm-year to another. It is seen from table 33 that 

the interaction mean square remains almost constant from one 

analysis to another, while the error mean square changes 

radically with changes in the unadjusted mean, which is 
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clearly seen in table 32. 

It is seen from table 33 that there is a significant 

difference between farm-years with respect to number of lambs 

per ewe lambing. This is to be expected, as fertility traits 

are known to have a relatively low heritability and that 

they are modified considerably by environmental factors. 

In order to examine further the possible causes for the 

difference in fertility between white and nonwhite ewes, an 

analysis was carried out where the effect of the colour of 

the sires of the lambs was entered as a variable. This type 

of analysis was applied to both number of lambs per ewe 

lambing and number of lambs per mating. For number of lambs 

per mating, ewes which had been mated but had not given 

birth to a lamb as a result of that mating were included in 

the analysis. These ewes had either returned to the ram, 
aborted or become barren. Ewes which had died during pregnancy 

or were without lambing records were excluded. 

In the analysis on number of lambs per ewe lambing, 

which was only carried out for 2 year old ewes, the ewes 

and rams were only divided Into two groups, i.e. white and 

nonwhite. This analysis includes all nonwhite ewes, 

irrespective of genotype and only ewes with known parentage 

of lambs, so that the numbers in part I of table 34 are 

slightly different from those given in table 32. 

In the analysis on number of lambs per mating, the ewes 

were first divided into 3 groups and the rams into 4 groups 

as shown In tables34 and 36, but subsequantly both ewes and 

rams were divided into two groups only, white and nonwhite. 

The results from the analyses for 2 year old ewes are 

shown in tables 34 and 35, while results obtained for 3 

and 4 year old ewes are shown in tables 36 and 37. 
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Table 34. Least squares estimates of effects of colour 
genotypes of ewes and rams on fertility. 
Two year old ewes 

Estimated deviations of 
Genotype 	Ewes 	 Rams 

of 	No. of Among White vs. No. of Among White vs. 
parent matings all nonwhite matings all nonwhite 

Number of lambs per ewe lambing. 
Overall mean (unadjusted) - 1.229 

White 2035 ..0.062 2094 -0.023 
Nonwhite 465 0.062 406 0.023 

Number of lambs per mating. 
Overall mean (unadjusted) 	1.089 

A1- 2186 -0.036 1311 -0.024 
A 1  A  1 432 -0.001 
A1A1,i71 138 -0.050 655 -0.034 
White 2324 -0.061 2398 -0.040 
Nonwhite 509 0.086 	0.081 435 0.059 0.040 
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Table 35. Effect of colour genotypes of ewes and rams on 

variation in fertility of two year old ewes 

Source of variation DF SS MS F 

1. 	Number of lambs per ewe lambing 

Between farm-years 115 94.1043 0.8183 5.96** 

Between matings 3 6.1749 2.0583 14.98** 

Between ewes ign. rams 1 5.8081 5.8081 42.27** 

Between ewes el. rams 1 3.6847 3.6847 26.82** 

Between rams el.ewes 1 0.3518 0.3518 2.56 

Interaction ewes x rams 1 0.0150 0.0150 0.11 

Interaction farm-years x matings 	173 34.0166 0.1986 1.43** 

Error 2208 303.3099 0.1374 

2. 	Number of lambs per mating 

Between farm-years 115 147.3322 1.2811 

Between all matings 11 10.1063 0.9188 
359** 

Between all parent genotypes 5 8.9786 1.7957 7.01 

Interaction ewes x rams, all genot. 6 1.1277 0.1880 0.73 

Between ewes ign. rams 2 7.5296 3.7648 14.70 

Between ewes e].. rams 2 4.1076 2.0538 8.02 

Between wh. and nonwh. ewes el.rams 1 4.0361 4.0361 15.76** 

Among white ewes el. rams 1 0.0715 0.0715 0.28 

Between rams el. ewes 3 1.4490 0.4830 1.89 

Between wh. and nonwh. rams el.ewes 1 1.2137 1.2137 4.72* 

Among white rams el. ewes 2 0.2353 0.1176 0.46 

Between matings, white vs. nonwhite 3 8.7376 2.9125 11.37* 

Between parent genot., wh. vs. nonwh. 2 8.7373 4.3686 16.99 

Interaction ewes X rams, 
white vs. nonwhite 1 0.0003 0.0003 0.001 

Interaction ewes X rams, 
other parent genotypes 5 1.1274 0.2255 0.88 
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Table 35. Continued 

Source of vatiation 	 DY 	SS 	MS 	P 

Interaction farm-years x matings 345 	97.2163 0.2818 1.10 

Error 	 2361 604.6575 0.2561 

* P<0.05; ** P(0.01 

Table 36. Least squares estimates of effect of colour geno-

types of ewes and rams on number of lambs per mating 

Estimated deviations of 
Genotype 	Ewes 	 Rams of 
parent 	No. of Among White vs.. No. of Among White vs. p 	 matings all nonwhite matings all nonwhite 

Three year old ewes. 

Overall mean (unadjusted) - 1.282 

A1- 1816 -0.077 942 0.011 

A 1  A  1 599 -0.019 

A1 Ai , 	i1 208 -0.028 518 0.033 

White 2024 -0.088 2059 0.016 

Nonwhite 412 0.105 0.088 377 -0.025 -0.016 

Four year old ewes. 

Overall mean (unadjusted) - 1.370 

A1- 1459 -0.074 783 0.028 

A 1  A  1 512 0.000 

A1Ai? 	i'1 243 -0.003 414 -0.006 

White 1702 -0.067 1709 0.013 

Nonwhite 309 0.077 0.067 302 -0.022 -0.013 
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Table 37. Effect of colour genotypes of ewes and rams on 

variation in number of 

and four year old ewes 

lambs per mating. Three 

Source of variation DY SS MS p 

1. 	Three year old ewes 

Between farm-years 101 148.5233 1.4705 4.58** 

Between all matings 11 9.7963 0.8906 2.77:: 
Between all parent genotypes 5 8.5963 1.7193 5.35 

Interaction ewes x rams, all genot. 6 1.2000 0.2000 0.62 

Between ewes ign. rams 2 7.7869 3.8934 12.12** 

Between ewes el. rams 2 7.1252 3.5626 11.09** 

Between wh. and nonwh. ewes el. ** 
rams 1 6.9933 6.9933 21.77 

Among white ewes el. rams 1 0.1319 0.1319 0.41 

Between rams el. ewes 3 0.8095 0.2665 0.83 

Between white and nonwhite 
rams el. ewes 1 0.1715 0.1715 0.53 

Among white rams el. ewes 2 0.6380 0.3160 0.98 

Between matings, white vs. nonwh. 3 7.7952 2.5984 8.09** 

Between parent genot., white ** 
vs. nonwhite 2 7.6179 3.8090 11.86 

Interaction ewes x rams, white 
vs.nonwhite 1 0.1773 0.1773 0.55 

Interaction ewes x rams, other 
parent genotypes 5 1.0227 0.2045 0.64 

Interaction farm-years x matings 339 113.0840 0.3336 1.04 

Error 	 1984 637.3575 0.3212 

2. 	Your year old ewes 

Between farm-years 86 97.2025 1.1303 2.85** 

Between all matings 11 5.1128 0.4648 1.17 

Between all parent genotypes 5 4.7364 0.9473 2.39* 



0.0073 0.0073 0.02 

0.3691 0.0738 	0.19 

115.9283 0.3943 	0.99 

642.5541 0.3969 
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Table 37. Continued 

Source of variation 

Interaction ewes x rams, all 
genotypes 

Between ewes ign. rams 
Between ewes el. rams 

Between white and nonwhite 
ewes el. rams 

Among white ewes el. rams 

Between rams el. ewes 

Between white and nonwhite 
rams el. ewes 

Among white rams el. ewes 

Between matings, white vs. nonwh. 

Between parent genotypes, white 
vs. nonwhite 

DY 	SS 	MS 	F 

6 0.3764 0.0627 0.16 

2 	4.3207 2.1604 
544** 

2 	4.4241 2.2121 
557** 

1 	3.4773 3.4773 8.76** 

1 	0.9468 0.9468 2.39 

3 	0.4156 0.1385 0.35 

1 	0.1041 0.1041 0.26 

2 0.3115 0.1558 0.39 

3 3.6264 1.2088 3.05* 

2 3.6191 1.8096 4.56* 

Interaction ewes x rams, 
white vs. nonwhite 	 I 

Interaction ewes x rains, other 
parent genotypes 	 5 

Interaction farm-years x matings 294 

Error 	 1619 

* P<0.05; ** P<0.01 

The conclusions that can be drawn from the results shown 

in tables 34 - 37 are much the same as those drawn from 

tables 32 and 33, as far as the ewes are concerned. The 

A1-allele in ewes shows again a highly significant effect 

on fertility, both on number of lambs per ewe lambing and 
number of lambs per mating. The least squares estimates of 

ewe genotype effects in table 34 are somewhat lower than the 
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comparable estimates in table 32. This is to be expected when 

it is considered that the ram genotypes were not taken into 
account in table 32, and it is seen from table 34 that they 

may have inflated the estimates in table 32. 

The effect of colour genotype of the rams on number of 

lambs per ewe lambing in table 34 is not significant. It is 

noticeable, however, that the estimated deviations for rams 

have the same sign as those for the ewes, but their magnitude 

is less. 
As regards the effect of colour genotypes of ewes and 

rams on number of lambs per mating, several points of 

interest emerge from tables 34 - 37. The effect of allele 

A1  in ewes is almost the same as that found with respect to 

number of lambs per ewe lambing, which indicates that the 

effect of the allele is operating at a very early stage of 
gestation, because a relatively high proportion of the 
matings resulting in no lamb is due to return of the ewe 

on beat. Among matings with known genotypes at the A-locus, 

183 matings resulted in no lamb. Of these ,112 or 61.2 per 

cent,were due to ewes coming back on heat, while 47 ewes 

aborted and 24 were barren. If this failure to conceive was 

unaffected by the A1-allele, one would have expected a 
greater discrepancy than that observed between the estimated 

deviations for white and nonwhite ewes in part 1 and 2 of 

table 34. 
It is seen from table 35 that the colour genotype of 

the ram has a significant effect on number of lambs per 

mating in two year old ewes. 

This effect seems to be connected with the presence or 

absence of the A1-allele only, because no difference is found 

between homozygous and heterozygous white sires. As this 

effect is only found in two year old ewes and not in 3 and 
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4 year old ewes, it could be argued that this is only a chance 

deviation which could be expected to turn up when several 
tests are carried out. The results obtained by Edgar (1962), 

on the other hand could possibly be taken as a support for 

the view that the ram effect found was a genuine one and would 
be expected to manifest itself more clearly in two year old 

ewes than in older ewes. Edgar found that the time taken for 

the ova to reach the uterus was shorter in two year old ewes 

than in older ewes and he suggested that this early passage 
into the uterus might endanger the life of the ovum. 

Tables 34 - 37 show that the effect of the genotype of 

the ewe on number of lambs per mating can be attributed wholly 
to the presence or absence of the A1-allele. There is no 
detectable difference between the white ewes of unknown 
heterozygosity and the known white heterozygotes, so the 

effect does not seem to increase with hoinozygosity for A1. 
The effect of the A1-allele is highly significant for 

the three age groups examined, and in no case can any inter-

action between colour genotype and farm-years be demonstrated, 
for number of lambs per mating. This indicates that the inter-
action found for number of lambs per ewe lambing in tables 33 
and 35 has mainly been a scale effect. In no case has an 

interaction between genotype of ewe and genotype of ram been 
significant. 

The results obtained in tables 32-37 are in good agreement 

with the fact that the proportion of nonwhite lambs in table 

28 was found to be higher among twins than singles. The 

fertility has been shown to be appreciably higher among non-

white ewes than among white ewes. This results in a higher 

proportion of twins among nonwhite ewes, and as nonwhite ewes 

also have a higher proportion of nonwhite lambs the result 

will obviously be a higher proportion of nonwhite lambs among 
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twins than singles. This does not necessarily mean that no 

other factors are behind the differences found in table 28. 

E. Effect of colour genotype of parents on lamb survival 

Information was available on lamb survival up to the age 

of 6-8 weeks for 3047 lambs out of known genotypes with 

respect to the A-locus. The dead lambs were classified as 

having either been born dead or died at birth, died between 

birth and shearing, or survived until shearing time. The 

number of lambs in each of these three categories are shown 

in table 38, where they are also classified according to 

the genotype of the parents with respect to white colour. 

Table 38. Survival of lambs from known matings at the 

A-locus 

Colour of 	 Survival group 
parents 

Sire 	Dam 	a 	b 	c 	Total 

White White 917 12 36 965 

White Nonwhite 714 6 19 739 

Nonwhite White 357 6 9 372 

Nonwhite Nonwhite 925 15 31 971 

Sum 	 2913 	39 	95 	3047 

1) a: survival until shearing time of ewes 

b: born dead or died at or very shortly after birth 

C: died between birth and shearing 

A comparison among the individual mating groups under 

the assumption of the same distribution on survival groups 

gives a X2 - 4.729 (0.70>P>0.50). There is thus no indi-

cation of any effect of the A1-allele on the survival rate 
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of lambs up to 6-8 weeks of age. 

F. Sex and colour ratios among singles and twins in known 

matings 

As was shown in table 28 there was a significantly 

higher proportion of white lambs among males than females. 

At the same time it was shown in table 26 that there was a 

significant difference between segregation ratios in the 

reciprocal matings A 1  A 5 
 x A 5  A  5  and A 5  A  5 x A1A5. It has also 

been pointed out earlier that matings involving white parents 

show subnormal variation, see e.g. table 27. 

In order to examine these phenomena further, the results 

from all known matings were grouped according to sex and 

type of birth of lamb, and the matings were grouped according 

to whether the parents were white or nonwhite. Because the 

A 1  A  5  and A 5  A  5  genotypes when combined showed unexpected 

heterogeneity the matings involving these genotypes were 

examined separately. Table 39 shows the segregation ratios 

for this new classification togehter with X21s calculated 
among the ratios, while table 40 gives an overall picture 

of the X21s calculated in table 39. 
In table 39 are included only singles of known colour 

and sex and twins with known colour and sex of both lambs 

within the pair. Lambs from A1A1-ewes were not included in 

table 39 and neither were lambs from A6A5-parents. As a 

result of this the numbers in table 39 are lower than those 

for corresponding matings in table 9. 
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Table 39. Sex and colour segregation for singles and twins 

Type Lamb group 
Mating of Total DF X2  

birth wm nm WI nf 

A. 	All matings (1, j, 	k, 1 - 2, 	3, 4, 	5) 

A1 A1xA1 A1  S 84 86 170 1 0.234 

T 141 147 288 1 0.042 

S+T 225 233 458 1 0.140 

A1A1xAkA1 
0  

63 49 112 1 1.750 

T 116 92 208 1 2.769 

S+T 179 141 320 1 4.513* 

A1 AxA1 A1  S 73 19 65 30 187 3 3.189 

T 129 30 122 51 332 3 5.574 

S+T 202 49 187 81 519 3 8.471* 

AIAJxAkA1 S 31 35 56 46 168 3 9.095* 

T 92 82 89 87 350 3 0.606 

S+T 123 117 145 133 518 3 3.483 

A1A3xA1A1  S 37 84 37 29 137 3 1.248 

T 53 60 67 18 258 3 5.287 

S+T 90 94 104 107 395 3 1.972 

AIAJxAkA1 S 183 231 414 1 5.565* 

T 344 352 696 1 0.092 

S+T 527 583 1110 1 2.825 

Total number of progeny 3320 
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Table 39. Continued 

Type Lamb group 
Mating of Total DY X2  

birth wm nm wf nf 

B. 	Matings involving only genotypes A1 A1 , A 1  A  5  and A 5  A  5 

A1 A1 xA1 A5  S 76 75 151 1 0.007 

T 125 137 262 1 0.550 

S+T 201 212 413 1 0.293 

A1 A1 xA5A5  S 42 32 74 1 1.351 

T 80 60 140 1 2.857 

S+T 122 92 214 1 4.206* 

A1 A5xA1 A5  S 55 17 40 22 134 3 4.245 

T 95 18 96 37 246 3 6.791 

S+T 150 35 136 59 380 3 6.765 

A1 A5xA5A5  5 9 9 17 22 57 3 8.614* 

T 32 22 38 22 114 3 6.561 

S+T 41 31 55 44 171 3 6.848 

A5A5xA1 A5  S 7 9 7 ii 34 3 1.294 

T 10 18 18 24 70 3 5.657 

S+T 17 27 25 35 104 3 6.308 

A5A5xA5A5  S 43 44 87 1 0.012 

T 65 57 122 1 0.525 

S+T 108 101 209 1 0.234 

Total number of progeny 1491 
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Table 39. Continued 

Type Lamb group 
Mating of Total 

birth wm nm wf nf DF X2  

C. 	All matings except those in part Bbove 

A1A1xA1A1  S 8 11 19 1 0.474 

T 16 10 26 1 1.385 
S+T 24 21 45 1 0.200 

A1A1xAkA1 S 21 17 38 1 0.421 

T 36 32 68 1 0.235 

S+T 57 49 106 1 0.604 

A1A3xA1A1  S 18 2 25 8 53 3 5.013 

T 34 12 26 14 86 3 2.434 
S+T 52 14 51 22 139 3 1.911 

AIAJXAkA1 S 22 26 39 24 111 3 6.369 

T 60 60 51 65 236 3 1.729 

S+T 82 86 90 89 347 3 0.447 

A A  xA A S 30 25 30 18 103 3 3.757 
i j 	1 	1 

T 43 42 49 54 18 3 2.000 

S+T 73 67 79 72 291 3 1.021 

A1AJxAkA1 S 140 187 327 1 6.755** 

T 279 295 574 1 0.446 

S+T 419 482 901 1 
4405* 

Total number of progeny 1829 

S - singles; 	T - twins; wm white, am = nonwhite male; 

wf - white, nf - nonwhite female. 
* 
P<0.05; 

**p< 
0.01 
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Table 40. Summary of X21 8 from Table 39 

Matings Singles Twins S+T Heterog. 

DY X2  DY X2 DY X2 DF 

A 12 20.871 12 14.370 12 21.403*  12 13.838 

B 12 15.523 12 22.941*  12  24.654*  12 13.810 

C 12 22.790*  12 8.229 12 8.588 12 22.431* 

B+C-A 12 17.144 12 16.800 12 11.838 12 22.106* 

A all matings 

B 	matings involving only genotypes A1Alf  A 1  A  5  and A 5  A  5 

C all matings except those in B 

P<0.05 

The grouping of the segregation results in table 39 has 

been used to calculate altogether 70 X21 8 as seen from table 

39 and 40. Of these, 14 show a value which is significant at 

the 5 per cent probability level. This is appreciably in 

excess of the number of significant X21 8 one would expect 

under assumption of random variation in the segregation 

ratios in table 39. It has been pointed out before, in table 

28, that the proportion of white lambs was different for the 

two sexes and also showed a marked difference between singles 

and twins. It has on the other hand been shown in table 27 

that the variation in segregation ratios was abnormally 

small when both sexes and all types of birth were taken 

together. In table 27 it was further shown that this sub-

normal variation seemed to be connected mainly with matings 

involving the A1  -allele. 

The abnormal variation in the above segregation ratios 

is difficult to explain. The X21 8 In table 40 indicate that 

there is a difference between matings B and C with respect to 
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is 
the underlying cause of the variation. This/particularly 

shown by the significant heterogeneity X2  in the bottom right 
hand cell of table 40, which indicates that the twin-single 

heterogeneity is different for the two mating groups B and C. 

Mating group B contains genotypes which are either homozygous 

or heterozygous for the alleles A1  and A5. It is therefore 

more likely that this mating group can yield some information 

on the effect of individual alleles on the variation than 

the more heterogeneous genotypes in mating group C. Mating 

group B has therefore been chosen for a closer examination 

of the nature of the variation found in tables 39 and 40. 

The most common cause of disturbed segregation ratios 

is differential embryonic mortality. The results obtained 

earlier on the effect of the A1-allele on fertility would 

support the view that white ewes had a higher incidence of 

embryonic mortality than nonwhite ewes. If this was the only 

explanation, one would expect the nonwhite ewes to show 

unaffected segregation and the deviations from expectation 

should then only be found among white ewes. Table 41 shows 

the X21s from table 39B classified according to white and 
nonwhite ewes for singles and twins separately and for singles 

and twins combined. 

Table 41. Comparison of X21s from table 39B 

Ewe 	Singles 	Twins 	S + T 	Heterog. 
type DF X2  DF X2 DF X2  DF X2  

White 	7 5.546 7 12.998 7 13.366 7 5.178 
Nonwhite 5 9.977 5 9.943 5 11.288*  5 8.632 

Sum 	12 15.523 	12 	22.941*  12 	24.654*  12 13.810 

* P<0.05 
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Table 41 shows that relatively more of the variation 

can be attributed to nonwhite ewes. The sum for singles and 

twins among white ewes gives X2-  18.544 (0.20>P>0.10) 
14 

while for nonwhite ewes one obtains X 0  - 19.920 (P<0.05). 

This excludes embryonic mortality among white ewes as the 

only underlying source of variation in table 39B, and one is 

inclined to believe that selective fertilization might play 

a part in the process. 

G. Selective fertilization and embryonic mortality 

Several attempts have been made to develop a model 

which would explain the variation in segregation ratios in 
table 39B in terms of selective fertilization and embryonic 

mortality. 
The model that gave the best fit to the data among those 

tried had the following parameters. 

u - advantage of sperm carrying allele A1  over sperm carry- 

ing allele A5. This advantage was only expected in 

sperm from A1A5-rams. 

V - advantage of sperm carrying the X-chromosome and 

allele A5  in matings involving white ewes. 

s - excess mortality of white embryos in white females. 

The selective fertilization was thus only assumed to be 

connected with sperm activity, while the presence or absence 

of the A1  or A5  allele from the dam in the fertilized ovum 

was assumed to be a random process. The probabilities for 

union of gametes in the matings in table 39B are shown in 

table 42 as functions of the three parameters u, v and s. 

Table 43 shows the probabilities for white and nonwhite 
male and female progeny for the same matings, obtained by 

summation of the individual probabilities in table 42. 
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Table 42. Probabilities of union of gametes in the matings 
in table 39B as functions of the parameters u, v 

and s. 

Mating 	Sperm 	 Ovum carrying 	 Denominator 

Sire Darn carrying 	Al 	 A5 	 d1  - 

A1A1xA1 A5 	A1, Y 	l/d1 	 1/d1  

All  X 	1/d1 	 1/d1 	 4 

A1A1xA5A5  Al, Y 
	

1/d 2 

Al, X 
	

l/d2 	 2 

A1A5XA1 A5 	A1, Y (1+u-v)(1-.$)/d3  (1+u-v)(1-s)/d3  

A5 14 Y (1-u-v)(1s)/d3  (1-u-v)/d3  

A1 , X (1+u-v)(1-s)/d3  (1+u-v)(1-s)/d3  
A5, X (1-u+3v)(1-s)/d3  (1-u+3v)/d3 	8-2s(3+u-v) 

A1 A5xA5A5  A1, Y 	 (1+u)/d4  

A5, Y 	 (1-0/d4  

All X 	 (1+u)/d4  

A5, X 	 (1-0/d4 	 4 

A5A5xA1 A5  A5, Y (12v)(1-s)/d5 	(1-2v)/d5  

A5, X (1+2v)(1-s)/d5 	(1+2v)/d5 	 4-2s 

A5A5XA5A5  A5, Y 	 1/d5  

A5, X 	 1/d6 	 2 



- 146 - 

Table 43. Probabilities (p) of segregation classes in 

table 39B as functions of u, v and s. 

Mating 
Group of progeny 

Sire Dam Wh. male nonwh. male Wh. 	female nonwh.female 

A1A1xA1A5  0.5 0.5 

A1A1XA5A5  0.5 0.5 

A1A5xA1A5  (3+u-3v)(1-s)/d3  (1-u-v)/d3  (3+u+v)(1-sd3  (1-u+3v)/d3  

A1A5xA5A5  (1+u)/4 (1-0/4 (1+u)/4 (1-0/4 

A5A5xA1A5  (1-2v)(1-s)/d5  (1-2v)/d5  (1+2v)(1-s)/d5  (1+2v)/d5  

A5A5XA5A5  0.5 0.5 

The observed frequencies in table 398 were assumed to be 

multinomially distributed with probabilities in each class 

as shown in table 43. The likelihood was then of the form 

Up 

where p1  refers to Individual probabilities in table 43 and 

to the corresponding frequencies in table 398. The log-

likelihood function, L = Zn1logp1  was used in the estimation 

procedure, and the estimation carried out by a general 

maximum likelihood program which finds an iterative solution 

to the parameters and their variance-covariance matrix by 

numerical differentiation (Finney, 1968, personal communi-

cation). 

In the estimation procedure, u and v were first esti-

mated as separate parameters for singles and twins, while s 

was estimated as a common parameter for both singles and twins. 

In the first estimation 5 parameters were thus involved, 

US, UT,  VS,  VT and s, where the subscripts refer to singles 

and twins, respectively. The first estimation gave very low 
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and non-significant values for US  and v8, so in a second 

analysis they were both assumed to be 0, and only UT, v  and 

s were estimated in the second analysis. 

The results from the estimation are shown in table 44, 

and the reduction in X2-values due to parameters in table 45. 

Table 44. Maximum likelihood estimates of the parameters 

U, v and s and their standard errors 

Parameter 	 Matings in table 398 

Singles 	 Twins 

u and v estimated for both singles and twins 

Li 	 -0.051 ± 0.111 	 0.285** ± 0.076 

	

0.004 ± 0.053 	 0.100 	± 0.038 

S 
	

0.177 ± 0.104 

u and v estimated only for twins 

Li 	 0.293** ± 0.074 

0.099** ± 0.037 

S 0.199 ± 0.092 

 

** P<0.01 

 

The results in tables 44 and 45 indicate strongly that 

selective fertilization and selective mortality operate 

actively in matings involving genotypes with combinations 

of alleles A1  and A5. The significant parameters obtained 
from these matings are also in agreement with deviations 

from expectations described earlier. The value obtained for 

in matings from table 390 is in agreement with the lowered 



-148 - 

fertility of white ewes as shown in tables 32-37. The value 

for VT  from the same matings is in agreement with the dis-

crepancies found between males and females with respect to 

the proportion of white lambs (table 28), and the value for 

UTI VT and s explain most of the excess variation found in 

table 39B. The presence of selective forces of the type 

described here, could give rise to decreased variation in 

segregation ratios as found in the A1A5xA1A5  matings. 

Table 45. Reduction in X2  values due to the maximum likeli-

hood parameters in table 44 

Matings in table 39B 

Source of X2 	DF 	X2 	Probability 

Total 24 38.464 0.05>P.0.02 

5 18.105 P<0.01 

Remainder 19 20.359 0.50>P>0.30 

'AT' 	VT, 	s 3 17.723 P<0.001 

Remainder 21 20.741 0.50>P>0.30 

S, v5  (by diff.) 2 	0.382 	0.90P>0.80 

The difference between singles and twins in the matings 

in table 39B with respect to ü and 	is of particular interest. 

This difference suggeststhat selective fertilization due to 

differential activity of sperm carrying alleles A1  and A5  

respectively is mainly active when two ova are shed. One 

might assume that variation in ovulation time is greater 

in ewes shedding two eggs than in ewes shedding only one 

egg. If this was so the ewes shedding two eggs would some-

times shed an egg very early and sometimes very late relative 
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to time of mating, compared to ewes shedding only one egg. 

If the different types of sperm are assumed to have different 

peaks of activity in relation to time of mating, those with 

an early peak would fertilize early shed eggs more frequently 

and those with a late peak would fertilize late shed eggs 

more frequently. Increased variation in ovulation time would 

therefore be expected to accentuate any differences in peak 

activity of the different types of sperm. It should also be 

borne in mind that the matings in the present study usually 

took place only once during the heat. This would be expected 

to increase the chances of detection of different peak 

activity of different sperm types, whereas the peaks would 

overlap if several matings occurred during the same heat. 

It is not clearly established what the relation is 

between variation in ovulation time and the number of eggs 

shed. Donald and Read (1967) found, however, that the length 

of the heat period in the highly prolific Finnish Landrace ewes 

was considerably longer than that reported for other less 

prolific breeds (Robinson, 1959), and Land (1968, personal 

communication) found for the same breed some indication of 

a positive relationship between length of heat and number of 

lambs born. The finding in the present study that Q and 

are significant in twins and not In singles may therefore 

well have a meaningful biological explanation. 

It should finally be pointed out that the effect of 

parameter v is assumed only to be found in white ewes. This 

makes it necessary to postulate a difference between white 

and nonwhite ewes with respect to either average ovulation 

time or variation in ovulation time. No such difference has 

been demonstrated in sheep as far as can be seen, but it is 

of interest in this connection that a large difference has 

been found between Large White pigs and an isolated sample 
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of Large Black pigs with respect to time of ovulation, the 

Large Black ovulating 24 hours later relative to onset of 

oestrus, than the Large White (Burger, 1952, quoted by 

Hancock, 1962). 

The difference between the matings in table 39B and 39C 

as regards the variation in segregation ratios is of con-

siderable interest in connection with selective fertilization 

and embryonic mortality. The fact that the variation in 

table 39C is mainly found among singles while the variation 

in table 39B is mainly connected with twins indicates that 

the underlying causes of the variation are different for 

the two sets of data. 

The preceding analysis of the variation in table 39B 

indicates strongly that the variation there is due to the 

action of alleles A1  and A5  in certain genotypes. The data 

in table 39C consist of such a mixture of genotypes with so 

few progeny from each mating that an analysis of the combined 

data is unlikely to reveal clearcut effects of specific 

alleles on the variation. 

H. Relation between score for tan colour and homozygosity 

for the A1-ailele 

As described earlier, p.21, scores from 1-5 were given 

for the amount of tan colour in the birth coat of otherwise 

white lambs. These scores were available for altogether 366 

white lambs out of parents with known genotype in the present 

study. 

The matings from which these lambs were obtained were 

of three types. The first type was the mating A1A1xA1A 

(1>1), from which homozygous and heterozygous lambs are 

expected in the ratio 1:1, the second type was the mating 

A1AxA1A (i,j1) with expected ratio of homozygotes to 
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heterozygotes of 1:2, and the third type A1  - x A1A (i,j>1), 

which gives only heterozygous white lambs. 

The scores given for the amount of tan colour at birth 

are subjective and it is therefore likely that some differences 

may exist in scoring standards from one year to another and 

also between scorers. It was therefore decided to group the 

observed scores into two classes only, class a containing 

scores I and 2, and class b, containing scores 3, 4 and S. 

Score class a will thus contain lambs without tan on the 

body and score class b lambs with tan colour on the body. 

Table 48 shows the observed frequencies of the white lambs 

with score for tan colour by mating groups and score classes. 

Table 46. Observed frequencies of white progeny with score 

for tan colour by mating groups and score classes 

Mating 	Ratio of 	
Score class 

group 	horn : het. 	a 	b 	 Sum 

1 1 	: 1 51 8 59 

2 1 	: 2 104 20 124 

3 0 	: 1 138 45 183 

Sum 	 293 	73 	 366 

A test of the hypothesis that the distribution of the 

progeny is independent of the mating group gives X = 5.111 

(0.10>P>0.05). This indicates that there may be a difference 

between homozygous and heterozygous white lambs with respect 

to tan colour. 
In order to examine that relationship further, two 

parameters were postulated, p, the proportion of homozygotes 

in score class a and q, the proportion of heterozygotes in 

score class a. The proportion of homozygotes in score class b 

was then 1-p and that of heterozygotes in score class b, 1-q. 
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The probabilities of the individual classes in table 46 

are shown as functions of the parameters p and q in table 47, 

which also gives the expected frequencies in each class. 

Table 47. Expected frequencies of progeny in tan score classes 

by mating groups 

Mating 	Ratio of 	 Score class  
group horn het. 	a 	 b 	Sum 

1 	1 : I 	N1(p4-q)/2 	N1(2-p-q)/2 N1  
2 	1 : 2 	N2(p+2q)/3 N2(3-p-2q)/3 N2  

3 	0 	: 1 	1 N3q 	N3  (1 -q) 	N3  

The maximum likelihood estimates of p and q were found 

by the method of maximum likelihood scoring (Bailey, 1961). 

The probabilities in table 47 to the power of the correspond-

ing frequencies in table 46 when multiplied together formed 

the likelihood, the log-likelihood was found and was 

differentiated w.r.t. p and q to find the score, and the 

negative expectations of the second derivatives formed the 

information matrix from which the variance-covariance matrix 

was obtained by inversion. 
The maximum likelihood estimates of p  and q together 

with their standard errors are given in table 48. 

The difference between and when divided by its 

standard error gives a t-value of 2.30 (P4).05). 

The expected frequencies can now be calculated from the 

relationship given in table 47 by inserting the obtained 
values of and given in table 48. A comparison of the 

expected frequencies with the observed frequencies in 

table 46 gives X2  - 0.058 (090>P>0.80). 



- 153 - 

Table 48. Maximum likelihood estimates of parameters for 

tan colour score distribution and their standard 

errors 

Parameter 

Estimate 	 0.986 	0.756 	0.230 

S.E. of estimate 	 0.079 	0.031 	0.100 

t 	 2.30* 

* P<0.05 

The significant difference between and shows that 

the distribution of the homozygotes on the two score classes 

differs significantly from that of the beterozygotes. The 

nonsignificant X2  shows furthermore that the estimates of p 
and q suffice to explain the observed difference between 

mating groups with respect to the score for tan colour. 

Of the homozygotes, 98.6 per cent fall into score 

class a, and only 14 per cent into score class b, while 

only 75.6 per cent of the lieterozygotes fall into score 

class a and 24.4 per cent into score class b. 

This result shows ai interesting aspect of the action 

of the A1-allele. In its heterozygous state it inhibits the 

formation of black and brown pigment, while the homozygous 

condition reduces the production of tan pigment. This finding 

is comparable to the results obtained by Dry (1924), that 

the blue complexion among white Wensleydale sheep was far 

more common among beterozygotes than among homozygotes. 
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I. Relation between score for grey colour and homozygosity 

for the A2-allele 

Score for grey or greybrown colour was available for 344 

lambs out of parents with known genotypes at the A-locus in 

the present study. The scores 1-7 were used for the different 

intensity of colour of grey lambs, as described earlier, p. 23, 
score I being used for the lightest grey and score 7 for the 

darkest grey at birth. In the following, only 3 score classes 

will be used, class a containing scores 1 and 2, class b for 

scores 3, 4 and 5 and class c for scores 6 and 7, the main 

reason for adding together adjacent classes being low numbers 

in several of the original score classes. In the following, 

grey and greybrown lambs have been taken together and will 

be referred to as grey. 

The lambs with score for grey colour can be divided into 

4 groups according to the type of mating from which they came. 

In mating group 1 all grey lambs were homozygous grey, while 

in groups 2, 3 and 4 the expected ratio between homozygous 

and heterozygous grey lambs was 1:1, 1:2, and 0:1, respectively. 

The distribution of the progeny from the 4 mating groups 
on score classes when compared under the assumption that 

mating group had no effect on colour score distribution, 

resulted in X2 	151.194 (P<0.001). This value of the X2  
shows without any doubt that there is a very marked differ-

ence between the mating groups with respect to distribution 

of grey progeny on score classes. The difference is obvious 

without the test, as seen from the observed frequencies in 

table 49. 
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Table 49. Observed frequencies of progeny with score for 

grey colour by mating groups and score classes 

Score class 
Mating 	Ratio of 
group 	horn : het. 	a 	b 	c 	Sum 

1 1 	: 0 25 11 2 38 

2 1 	: 1 22 II 29 62 

3 1 2 6 8 8 22 

4 0 	: 1 1 42 179 222 

Sum 	 54 72 218 344 

For the estimation of the difference between homozygotes 

and heterozygotes with respect to score for grey colour, 4 

parameters were postulated as a measure of the proportion of 

homozygotes and heterozygotes in the 3 score classes. Para-

meters p1  and  p2  gave the proportion of homozygotes in score 

classes a and b respectively and 1-p1-p2  the proportion of 

homozygotes in score class c, while q1, q2  and 1-q1-q2  

referred to the corresponding proportions for heterozygotes. 

Table 50 shows the expected frequencies of progeny in each 

score class for each mating group as a function of the 

parameters. 

The maximum likelihood estimates of the 4 parameters 

were obtained in the same way as described for the score 

for tan colour, p.152.Table 51 shows the estimates of the 

parameters together with their standard errors. 

As seen from table 51, the homozygous grey lambs are 

very frequent in the lighter coloured classes, 68.1 per cent 

of them occurring in classes 1 and 2 and 26.7 per cent in 

classes 3, 4 and 5, while only 5.2 per cent are expected to 

occur in score classes 6 and 7. The heterozygotes show a 
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Table 50. Expected frequencies of progeny in score classes 
for grey colour by mating groups 

Ratio Score class 
Mating of 
group hom:het. a b c Sum 

1 1 	: 	0 N1p1 N1p2 N1 (1-p1 -p2 ) N1 

2 1 	• 	1 
N2(p1+q1) N2(p2+q2) L(2-..p1.m.p2-q1-q2) N2 

2 2 2 
N(p+2q) N(p~2q) N3(3 -P -p-2q-2q) 

3 3 3 

4 0 	: 	1 N4q1 N4q2 N4(1-q1-q2) N4 

Table 51. Maximum likelihood estimates of parameters for 

distribution of score for grey colour and their 

standard errors 

Parameter 
q1 p11 P2 q2 p22 

Estimate 	 0.381 0.005 0.676 3.267 0.193 0.074 
S.E. of estimate 	0.060 0.005 0.060 0.057 0.025 0.065 

t 	 11.30** 	 1.14 

completely different Picture, with less than 1 per cent 

expected in score classes I and 23. 19.3 per cent in score 

classes 3, 4 and 5 and 80.2 per cent expected in the dark.. 

grey score classes 6 and 7. The difference between the 

proportion of homozygotes and heterozygotes in score class 
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a is highly significant. It can also be seen from table 51 

that the probability that a heterozygous grey lamb will be 

found with scores 1 or 2 for grey colour is very low. Lambs 

having scores 3, 4 and 5 are about equally divided among 

homozygotes and heterozygotee, while lambs with scores 6 or 

7 will very rarely be found to be homozygous. 

When the expected values in the score and mating classes 

in table 50 are calculated by inserting the values of the 

parameters in table 51, a comparison of the expected values 
with those observed in table 49 yields a X2 = 4.889 (0.30>P> 
0.20). The estimated parameters have thus improved the 

agreement between observed and expected fremencles to such 

an extent that the remaining variation between mating classes 

is nonsignificant. The variation in score distribution between 

mating groups can thus wholly be attributed to the difference 

in distribution of homozygotes and boterozygotes on score 

classes. 

The fact that the heterozygous grey lambs are pre-

dominantly darkgrey and the homozygous lambs mainly llghtgrey 

raises an interesting point in connection with the dominance 

of the A2-allele over the Ac-allele. It is conceivable that 

if an allele with the same effect as A2  existed in a pre-

dominantly hairy animal this allele wculd hardly have any 

detectable effect in its heterozygous state due to lack of 

undercoat, and would be regarded as recessive under such 

conditions. 

The increased lightening of the colour in homozygotes 

would make the effect detectable, and the allele would be 

regarded a recessive. The presence of the undercoat in the 

mixed wool type sheep prcvides material for the allele to 

act upon, so that its presence in heterozygous form can be 

detected and hence the allele must be regarded as dominant 
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over A5. 
As shown earlier, p.118, there was a significant defici-

ency of progeny carrying the A2-allele in matings where this 

allele was segregating. This was particularly obvious in 

the matings A2A5xA2A5, A2A5xA5A5  and A5A5xA2A5  in table 9. 

It is therefore of particular interest that the part of 

the variation in table 49 which remains after fitting the 

parameters shown in table 51, is nonsignificant. This implies 

that the estimates of Pj  and q1  shown in table 51 apply 

equally well to all mating groups in table 49, Irrespective 

of whether the mating groups contain only homozygous grey 

lambs, a mixture of homozygotes and heterozygotes or only 

heterozygotes. In other words, there is no indication that 

the observed mixture of homozygotes and heterozygotes in 

mating groups 2 and 3 of table 49 differs from the expected 

mixture of 1:1 and 1:2 respectively. 

This agreement with expectation indicates strongly 

that the disturbed segregation of the A2-allele found earlier 

is not due to differential mortality, but rather due to 

selective fertilization. 

J. Selective fertilization involving alleles A2  and A5  

The discrepancy between observed and expected frequencies 

of the A2-allele as found earlier, see p.109-118,  can not be 

ascribed to increased mortality of embryos carrying the 

A2-allele, because the fertility of the ewes of genotype 

A 2  A  5  in table 32 is not different from that of other non-

white ewes. It has also been shown in connection with the 

distribution of homozygous and heterozygous grey lambs on 

colour scores that the ratio between homozygous and hetero- 
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zygous grey lambs seems unaffected by the deficiency of 

grey lambs. These findings therefore indicate that the 

discrepancy is due to selective fertilization rather than 

selective mortality. 

As pointed out earlier, no evidence was found of any 

difference between the sex ratio among grey lambs on one 

band and other nonwhite lambs on the other hand.. This indi-

cates that the mechanism behind the selective fertilization 

involving the A2-allele is different from the one involving 

alleles A1  and A5. 

It is also noticeable that the matings A2A5XA5A5  and 
A5A5xA2A5  both give a similar deficiency of grey progeny, and 

that the mating A2A5xA2A5  also gives a marked deficiency of 

grey progeny, which is a completely different picture from 

that obtained from the A1 A5xA1A5, A1 A5xA5A5  and A5A5xA1 A5-

matings. 

The three matings involving the A 2  A  5  and A 5  A  5 - geno-

types indicate that the selective fertilization is both 

active among the sperm from A2A5-sires and also that sperm 

carrying allele A5  favours the retention of the A5  - carrying 

chromatid of the fertilized egg, while the A2-allele is 

expelled more frequently in the second polar body at the 

second maturation division (see e.g. Hancock, 1962). Of the 

62 lambs with score for grey colour in mating group 2 of 

table 49, altogether 56 come from A2A5-dams mated to sires 
of genotype A 1  A  2  , A 2  A  2  and A 2  A  4  . As the grey lambs in this 

mating group show no deviation from expectation with respect 

to distribution on colour score classes, the sperm carrying 

the A2-allele can be regarded as nonselective with respect 

to alleles A2  and A5  in the egg from the A2A5-ewe. 

This leads to the definition of the following proba-

bilities: 
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p 	- probability of fertilization by sperm carrying allele A2  
j 	 H 	 it 	H 	 H 	 H 	A5 

q 	- 	probability of retention of allele A2  in an A 2  A  5  egg 

fertilized by sperm carrying allele A5. 

1-q 	probability of retention of allele A5  in an A 2  A  5  egg 

fertilized by sperm carrying allele A5. 

The above probabilities lead to the zygotic probabilities 

shown in table 52. 

Table 52. Zygotic probabilities in matings A2A5xA2A5, 

A2A5xA5A5  and A5A5xA2A5  as functions of p and q. 

Allele from Mating 

Sire 	Dam A2A5xA2A5  A2A5xA5A5  A5A5XA2A5  

A2 	A2  0.5p 

A2 	A5  0.5p p 

A5 	A2  (1p)q .. q 

A5 	A5  (1p)(1L.q) 1-p 1-q 

Genotype of prog.: 

A2A2  and A 2  A  5 p+qpq p q 

A 5  A  5 1-p-q+pq 1-p 1q 

From the observed segregation within the above matings 

shown in table 9, the maximum likelihood estimates of p and q 

can be found by the method of maximum likelihood scoring as 

described earlier. 

This leads to the following estimates and standard 

deviations: 
- 0.408* ± 0.041, and 

- 0.420* ± 0.041. 

* Significantly different from 0.5 (P<0.05). 
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The three matings above all gave high X2  values when the 
observed segregation was compared with expectation as shown 

on p.112 and p. 113. 

These three X21 8 added together give X 	10.038 

(0. 02>P>0.01). 

A comparison of the observed segregation ratios with 

those expected from the probabilities in the bottom part of 

table 52 and using the estimated maximum likelihood values 

for p and q, leads to X2  - 0.039 (0.90>P>0.80). The two 
parameters, 	and thus account for all the abnormal variation 

in those three matings, and the X - 10.038 0.039 9.999 

(P<0.01) shows that the combined effect of the two parameters 

is highly significant. 

The conclusion from the above estimation must be that 

when sperm containing alleles A2  and A5  compete for fertiliza-

tion of an ovum, the sperm carrying the A5-allele will 

fertilize a significantly higher proportion of the ova than 

the sperm carrying the A2-allele, and further that the A5.a 

carrying sperm will retain the chromatid carrying the A5-. 

allele of the ovum significantly more frequently than that 

carrying the A2-allele. This conclusion is only partly com-

parable to that reached by Bateman (1960), who found selective 

fertilization due to differential sperm transport operating 

in connection with the P-locus in mice, while his data showed 

selective penetration of eggs of different genotype, and not 

selective retention of different chromatids. 

Selective retention of chromatids can only occur if 

the locus in question is at some distance from the centromere 

so that crossing over has occurred, resulting in a hetero-

zygous ovum at the second maturation division 

It is unknown by what kind of mechanism selective 

retention of a chromatid carrying a particular allele in 
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the ovum could be produced by a given allele introduced by 

the spermatozoon. The phenomenon, however, might possibly be 

viewed in the light of somatic segregation. Somatic segre-

gation seems at least partly to be a function of the 
particular genes carried by the autosomes involved (Ohno, 

1966). Two chromatids carrying a certain allele at a given 

locus might thus show a specific affinity to each other and 

repulsion towards the two chromatids carrying a different 

allele at the same locus. This might lead to active double 

nondisjunction which would result in somatic segregation 

without tetraploidy. The active retention of the A5-allele 

of an A2A5-ovum by A5-carrying sperm could be assumed to 

operate in a comparable way, the A5-carrying chromosome of 

the sperm attracting the A5-carrying chromatid of the egg 
and showing repulsion towards the A2-carrying chromatid. 

It is of interest to note in this connection that non-

white spots in white sheep are relatively frequent. If the 

nonwhite spots-were to be regarded as arising from mutations, 

one has to assume an unusually high mutation frequency in 

order to account for the nonwhite spots according to Brooker 

and Dolling (1965). The same authors found higher frequency 

of black spot animals among known white heterozygotes than 
among the remainder of the population. Somatic segregation 

in the follicle forming tissue of A1A5-genotypes would be 

expected to result in black spots. Thus it seems possible 

that a connection might exist between selective retention 
of the A5-allele in the A2A5-egg and the frequent black 

spots in white A1A5-sheep, both phenomena being related to 

a particular effect of the A5-allele. It must be stressed, 

however, that this type of connection is highly speculative 

and the correct explanation of the mechanism leading to 

selective retention of a chromatid may be of a completely 

different nature. 



- 163 - 

K. Gene frequencies at the A-locus 

The data in the present study have not been collected 

as a random sample of colour data from the Icelandic sheep 

population. Calculation of gene frequencies from the data on 

the whole would therefore not give unbiassed estimates of 

the true frequencies of the different genes in question. 

Matings in the present material are also known to deviate 

widely from randomness with respect to colour, so any method 

of estimation which is based on the assumption that the 

matings are random could not be applied to this material. 

It was felt, however, that one might obtain a picture 

of one aspect of gene frequencies in the present material 

which would not be appreciably biassed. This consists of 

counting the progeny of each colour obtained from white ewes 

when mated to A5A5-.sires. The results of this count are shown 

in table 53, where progeny showing both black and brown pig-. 

ment have been added for each allele. 

Table 53. Number of progeny showing alleles A1  - A6  out of 
matings of A5A5-sires to white dams, and gene 

frequency 

Progeny 	No. of 	 Gene 	 S.E. of showing 
allele 	progeny 	frequency 	gene frequency 

A1  371 0.679 0.020 

A2  35 0.064 0.010 
A3  4 0.007 0.004 

A4  17 0.031 0.007 

A5  120 0.219 0.018 

A6  0 0.000 

Sum 	 547 	 1.000 
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As table 53 shows, 67.9 per cent of the lambs out of 

the mating in question have been white and the remaining 

32.1 per cent nonwhite. Under assumption of random segre-

gation, the heterozygous white ewes would be expected to 

give white and nonwhite progeny in the ratio 1:1, i.e. one 

would on the average expect one nonwhite progeny to be pro-

duced for each two progeny obtained from heterozygous white 

ewes. Thus one obtains the expected number of heterozygous 

white ewes by doubling the number of nonwhite progeny 

obtained. This gives the proportion of heterozygous white 

ewes as 0.642, and that of homozygous white ewes as 0.358. 

In table 54 is shown the frequency of all lambs with 

colour description by farm and main colour of lamb. 

It is obvious from table 54 that there is a large 

difference between farms with respect to the frequency of 

individual colours. This is to a large extent a result 

of the use of certain nonwhite or heterozygous white rams 

on certain farms for experimental purposes. Nonwhite ewes 

mainly were selected for the experiments on these farms 

and the remainder of the ewes were not included in the 

records. The data in table 54 are therefore not suited 

for estimation of gene frequencies for this reason. Another 

reason for a bias is the fact that even on the farms where 

all sheep have been recorded, the matings have been far 

from random with respect to colour. On several of the farms 

the nonwhite ewes have been mated to nonwhite rams mainly, 

and the white ewes to white rams. This deviation from 

random mating would tend to decrease an estimate of the 

frequency for allele A1. In other cases records have been 

available about heterozygous A1A5-ewes, which have then been 

mated to homozygous grey rams in order to produce darkgrey 

lambs, and this procedure also has introduced a bias. 



Table 54. Number of lambs of each main colour according to farm and year on record 

Farm 
No. 01 02 03 04 

Colour 

05 

code of 

06 	07 

progeny 

08 	09 10 11 12 13 14 

- 

15 Total 

1 4542 112 56 14 204 38 2 8 3313 610 00 5029 
2 315 57 6 28 20 4 0 2 0 7 3421 30 479 
3 696 53 1 17 14 6 0 4 5 2 400 60 808 
4 1044 130 0 15 107 10 0 2 17 0 13 0 0 1 0 1339 
5 4791 172 27 28 177 15 10 7 39 4 14 2 0 1 1 5288 
6 632 21 16 60 151 5 0 8 40 1 620 00 942 
7 466 8 0 32 85 0 0 0 20 1 100 00 613 
8 445 69 0 9 86 12 0 1 21 0 400 00 647 
9 6 11 0 0 0 4 0 0 0 1 10 0 0 0 0 32 
10 21 24 0 7 15 0 0 1 10 0 300 00 81 
11 1 16 0 0 0 1 0 0 0 0 2 0 0 0 0 20 
12 302 34 0 21 48 4 0 2 4 0 800 10 424 
13 642 20 1 9 76 0 0 2 3 0 010 00 754 
14 132 9 2 13 43 2 0 1 4 2 300 00 211 
15 27 30 0 10 12 0 0 0 3 0 4 0 0 0 0 86 
16 132 17 0 0 21 0 0 0 0 2 0 0 0 0 0 172 
17 4 37 0 0 0 11 0 0 0 0 0 0 0 0 0 52 
18 11 2 0 1 10 0 0 0 0 0 13 0 0 0 0 37 

1) For colour code explanations see p.  17. 



Table 54. Continued 

	

Farm 	 Colour code of progeny 

	

No. 	01 	02 	03 04 	05 06 07 08 09 10 11 12 13 14 15 Total 

20 5 4 0 0 0 8 0 0 0 0 0 0 0 0 0 17 
21 10 0 0 0 0 0 0 12 0 0 0 0 0 1 0 23 
22 5 0 12 0 0 0 0 0 0 0 0 0 0 0 0 17 
23 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 10 
24 8 6 0 0 0 1 0 0 0 0 00000 15 
25 7 3 12 0 0 0 0 0 0 0 00000 22 

14244 835 143 264 1069 121 12 50 199 33 125 8 1 13 1 17118 
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It is possible that some bias has been introduced 

in the data of table 53 through selective mating. This is 

believed to be of minor importance, except for ewes of 

genotype A1 A2 , which in some cases were selected for matings 

with A5A5-rams in order to produce darkgrey lambs. As the 

observed frequency of A2  is low, this type of selection can 

hardly have affected the results to any marked extent. In 

other respects A5A5-rams were mainly used alongside with 

white rains in the ewe flock, their use not being determined 

by their colour but by their assumed breeding value for 

other characteristics. 

It must finally be mentioned that on the assumption 

that selective fertilization and selective mortality are 

operating as indicated by table 44, the calculated gene 

frequencies in table 53 are biassed. 



CHAPTER VII 

Analysis of segregation of loci B and 5, 

and linkage between colour loci 

A. Segregation at the B-locus 

Table 55 shows the results from matings of both parents 

with known genotypes at the B-locus classified by genotypes 

of parents and sex of lambs, and table 56 shows a comparison 

of observed with expected frequencies in matings showing 

segregation. 

Table 55. Segregation at the B-locus from matings with known 

genotypes of both parents 

Mating Males Females Both sexes 

Sire 	Dam B1P Br. Total 81. Br. Total Bi. Br. Total 

B1B1xB1B1  9 0 9 7 0 7 16 0 16 

B1 B  xB2B2  22 0 22 22 0 22 44 0 44 

B1  B2xB1  111  0 0 0 1 0 1 1 0 1 

B1B2x1l1B2  18 8 26 11 5 16 29 13 42 

B1B2XB2B2  14 12 26 25 16 41 39 28 67 

B2B2x1lB2  8 8 16 11 12 23 19 20 39 

B2B2xB2B2  0 28 28 0 33 33 0 61 61 

Sum 71 56 127 77 66 143 148 122 270 

1)81 	- black pigment. Br. - brown pigment. 

As tables 55 and 56 show the segregation results are in 

excellent agreement with the assumption that black and brown 

pigment are produced by two allelic genes, B1  and B2, and 

B  being dominant to 82•  There is no difference between 

reciprocal matings and no difference between sexes of 

progeny. It is also noticeable that no detectable exceptions 



- 16 - 

from expectation have occurred. The classification of the 

pigment types has been done correctly as far as can be 

checked. 

Table 56. Comparison of observed with expected frequencies 

at the B-locus 

Mating 

Sire Dam 

Males 

DF 	X2  
Females 

DF 	X2  
Both 

DF 

Sexes 

X2  

Heterogeneity 

DF 	X2  

B1B2xB1B2  1 0.462 1 0.333 1 0.794 1 0.001 

B1B2xB2B2  1 0.154 1 1.976 1 1.806 1 0.324 
B2B2xB1B2  1 0.000 1 0.043 1 0.025 1 0.018 

Sum 3 0.616 3 2.352 3 2.325 3 0.343 

B. Segregation at the S-locus 

Table 57 shows the results from matings with both 

genotypes of parents known at locus S prior to mating. 

In the table the progeny have been grouped into two classes 

only, those showing no white markings and those showing 

white markings. 

The results of table 57 agree well with the hypothesis 

that white markings are caused by a single, recessive gene 
S2, in homozygous condition. The lack of progeny showing 

white markings in matings with both parents heterozygous 

for white markings must be ascribed to chance fluctuation, 

the probability of all 8 progeny showing absence of white 

markings being 0.100. As several lambs with white markings 

were obtained from matings where both parents were without 

white markings and of unknown genotype prer1ously, there is 

no doubt that the character is recessive. 

The lamb without white markings out of parents showing 
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Table 57. Segregation at the S-locus from matings with 

genotypes of both parents known 

Mating White markings of progeny 
Males Females Both sexes 

Sire Dam Abs. Pres. Total Abs. Pres. Total Abs. Pres. Total 

S1S2xS1S2  3 0 3 5 0 5 8 0 8 
S1S2xS2S2  1 1 2 1 4 5 2 5 7 
S252x51S2  27 29 56 29 24 53 56 53 109 
S2S2xS2S2  0 88 88 1* 85 86 1* 173 174 

Sum 31 118 149 36 113 149 67 231 298 

*Unexpected result 

white markings in table 57 was born on farm No. 1. Date of 

mating 25/12/1960, date of lambing 18/5/1961. Twins, a 

brown male with white markings, colour 0926, and a grey-

brown female, colour 0600. Sire No. 01080, brown with white 

markings, colour 0981, genotype A5A5B2B2S252. Dam No.01823, 

greybrown with white markings, colour 0662, genotype 

A2A5B2B2S2S2. Faulty parentage in this case is excluded. 

The most likely explanation is that the extent of the white 

markings is affected by a number of modifying genes and by 

chance variation, and that this effect has led to a complete 

absence of white markings in this particular lamb. The sire 

showed white markings only on head and feet and gave several 

progeny showing only a very limited amount of white markings. 

The mating S1S2xS2$2  has altogether only given rise to 

7 progeny. From the reciprocal mating, S2S2xS1S2, altogether 
109 progeny have been obtained, 56 males and 53 females. 

The obtained frequencies of progeny without and with white 

markings agree closely with those expected, giving the 

following X2's: for males, X2  n 0.071, for females 



X2 n 0.472 and for both sexes X 	0.083. None of these 

is significant. 

It must be emphasized in connection with the results 

in table 57 that the variation in the extent of the white 

markings in the homozygotee is enormous. In table 58 are 

shown the types of white markings of progeny showing white 

markings in table 57 classified according to the numerical 

code used for describing the extent of white markings of 

each individual shown on P. 36. 

As table 58 shows, the variation in the extent of the 

white markings is almost continuous, from code number 10, 

dark eye rings, to code number 80, white head spot only 

and code number 90, white socks only. It should be pointed 

out that the 30 lambs with no code number in the bottom of 

table 58 had usually been described as piebald (Icel.: 

flekkótt), without any further definition. 

Three types of white markings are of considerable 

interest, as they have been assumed to be inherited in a 

different way from that found here. The first of these 

is the hood (Persian hooded) which has been assumed to be 

dominant and to give hooded when homozygous and piebald 

when heterozygous, the second is the blaze which has been 

assumed to be inherited as a multifactorial character, and 

the third is the white collar, which has been reported to 

be a dominant character (for references see Serge, 1964a). 

The exact description of the white markings of the 

parents in the material was limited, and as the number of 

parents within any one class of white markings was also 

very limited, a classification according to code number of 

parents does not throw much light on the exact nature of 

the inheritance of special types of white markings. One. 

can, however, draw certain conclusions about the three 

types of white markings mentioned above from the present 
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Table 58. White markings of progeny in table 57 classified 

according to mating and numerical code. Both sexes. 

Numerical 

code1  

M a t i n g 
Total S1S2xS182  S1S2xS2S2  S2S2xS1S2  82S2xS2S2• 

00 8 2 56 1* 67 

10 0 0 5 5 10 

11 0 0 0 1 

24 0 1 2 9 12 

25 0 0 0 4 4 

26 0 0 0 6 6 

28 0 0 0 1 1 

2- 0 0 2 3 5 

30 0 0 2 6 8 

31 0 0 1 1 2 

32 0 0 2 0 2 

40 0 0 0 5 5 

41 0 1 3 5 9 

43 0 0 1 2 3 

44 0 0 6 13 19 

46 0 0 0 1 1 

47 0 0 0 1 1 

4- 0 0 2 14 16 

51 0 0 0 1 1 

54 0 0 0 3 3 

57 0 0 1 1 2 

58 0 0 0 1 1 

5- 0 0 2 6 8 

60 0 0 1 12 13 

61 0 0 2 7 9 

62 0 1 3 15 19 

63 0 0 1 3 4 

6- 0 0 0 4 4 
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Table 58. (Cont.) 

Numerical 	 eating 

code 	S1S2xS1S2  S182xS282  S2S2xS1S2  S2S2xS2S2  Total 

80 0 1 0 0 1 

81 0 0 6 9 15 

Be. 0 0 4 5 9 

90 0 1 4 5 10 

91 0 0 2 6 8 

0 0 6 24 30 

Sum 8 7 114 180 309 

1) For explanation of numerical code see p. 36. 

* Unexpected result, same as in table 57. 

data. There were thus two rams with code number 44 used to 

a considerable extent, and several of the ewes they were mated 

to were without white markings, either known heterozygotes 

or with one unknown allele at this locus. Code number 44 
refers to a hood with some dark patches and also a head 

spot or nose spot or both, a type of markings which closely 

resembles that found in hooded sheep of Asiatic origin. The 

two rams mentioned above should have given only piebald pro-

geny when mated to nonwhite ewes with white markings, if the 

hood was dominant, but instead they gave progeny with white 
markings only in those cases when the ewes could be assumed 

to carry the S2-allele, and they therefore gave altogether 

several progeny without white markings. This condition 

must therefore be regarded as recessive in the Icelandic 

sheep. 
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With regard to the blaze markings which have been 

assumed to have a multifactorial inheritance, one can see 

from table 58 that blaze markings can by no means be re-

garded a constant feature among the sheep which show white 

markings. Different types of blaze markings occurred among 

the parents, and if these were based on a multifactorial 

inheritance, one would expect some combinations of genotypes 

with white blaze to give progeny without white markings. 

This has not happened, however, except eventually in the un-

expected case shown in tables 57 and 58, but that case can 

easily be explained as extreme lack of expression of white 

marking due to genetic and environmental modification. 

The white collar is frequently found in the Icelandic 

sheep, but it has never been found on its own, as sheep 

with white collar have always shown some white on head and 

feet as well. The white collar in the present study seems 

to be in every respect comparable to the white collar found 

by Vasin (1928). Yet the inheritance of white collar in 

the present study is quite clearly recessive to no white 

markings. This is shown by the extensive use of 4 rams 

with white collar in the present study. In matings to 

ewes without white markings the white collar behaved as a 

completely recessive character. The final proof that the 

conditions hood and white collar are recessive is the fact 

that the segregation ratios in the matings S1 S2xS2S2  and 
S2S2XS1S2  are quite close to the expected 1:1 ratio. If 

the hood and white collar were dominant, all the rams 

showing these markings would have been homozygous for 

white markings, as they did not give any offspring without 

white markings in the matings S2S2xS2S2. They would there-

fore have been expected to give considerable excess of 

progeny with white markings in the mating S2S2XS1 S2, but 

this is clearly not the case, cf. table 57. 



- 175 - 

The conclusion must therefore be that the three types 

of white markings, hood, blaze markings and white collar 

are all recessive in the Icelandic sheep and that they are 

only different modifications of recessive white markings 

caused by homozygosity of the allele 

It should be remembered that so far all white markings 

have been assumed to be caused by the same allele, S2. There 

might eventually exist several alleles for white markings at 

this locus, and some of the variation in the extent of white 

markings could then possibly be accounted for by difference 

between alleles. So far separate alleles have not been 

isolated in the present study, and the amount of variation 

in the white markings will clearly make it a difficult task 

to decide whether the extent of the white markings is caused 

by segregation of more than one allele at this locus or to 

the action of modifying genes and intrauterine environment. 

Effect of loci B and S on fertility 

The effect of loci B and S on number of lambs per ewe 

lambing among 2 year old ewes has been examined. The ana-

lysis gave no indication of any effect of the genotypes at 

these two loci on this aspect of fertility. In table 59 

are shown the least squares estimates within farm-years of 

the black versus brown genotypes and of genotypes without 

white markings versus those with white markings. The results 

of the analyses of variance are given in table 60. 

Linkage between colour loci 

Very limited evidence is available on linkage between 

colour loci in the present data. With respect to linkage 

between loci A and B, knowledge is available about the 

origin of both alleles among only 5 sires heterozygous at 
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Table 59. Least squares estimates of effects of colour 

genotypes of ewes at loci B and S on number of 

lambs per ewe lambing. Two year old ewes. 

Genotype 	 No. of 	 Estimated 
of ewe 	 lambings 	 deviations 

B1- 372 -0.02 
B2B2  89 0.02 

Si- 375 -0.02 

22 86 0.02 

Table 60. Effect of colour genotypes of ewes at loci B and 

S on variation In number of lambs per ewe lambing. 
Two year old ewes. 

Source of variation 	 DF 	SS 	MS 	F 

1. Locus B 

Between farm-years, el.genotypes 109 35.1313 0.3223 1.62**  

Between genotypes, el.farm-years 	1 	0.0791 0.0791 0.40 
Interaction farm-yearsxgenotypes 37 9.0259 0.2439 1.22 
Error 	 313 	62.3228 0.1991 

2. Locus S 

Between farm-years, el.genotypes 

Between genotypes, e].farm-years 

Interaction farm-yearsxgenotypes 
Error 

109 35.7120 0.3276 1.64** 
1 0.0982 0.0982 0.49 

43 9.8086 0.2281 	1.14 
307 61.5210 0.2004 

** p < 0.01 



- 177 - 

both loci. These sires left altogether 30 progeny when 

mated to ewes which were homozygous B2B and which carried 

other alleles than those found in the sire at the A-locus. 

Of these 30 progeny, 16 showed the parental combination and 

14 the recombination of the genes in question. Thus there 

is no indication of linkage from this particular sample, but 

one can naturally not claim that the results eliminate the 

possibility of linkage. The estimated recombination per-

centage with its standard deviation is 46.67 ± 9.11, which 

gives the lower 95 per cent limits of the recombination 

percentage as 28.81 per cent, so It can be said with con-

fidence that there Is at least no close linkage between 

the two loci. 

For linkage between loci A and C information was avail-

able on the origin of both alleles of only 3 sires hetero-

zygous at both loci. They left altogether 8 progeny when 

mated to homozygous S2S2-ewes which carried other alleles 

at the A-locus than the sires. Of the progeny, 4 showed 

the parental combination and 4 the recombination of the 

genes in question. This very scanty evidence thus does not 

indicate any linkage between loci A and S either. 

Scattered information about linkage can be obtained from 

the progeny of individual sires in the present study which 

show segregation at two loci simultaneously, but where the 

origin of the alleles is not known. The groups of progeny 

are too small, however, to be of much value in an attempt 

to establish presence or absence of linkage by tests of 

heterognity. 



CHAPTER VIII 

Discussion of inheritance 

of colours in sheep 

In the following, earlier investigations on the 

inheritance of the colours encountered in the present 

study will be discussed, i.e. recessive black and brown 

pigment in nonwhite sheep, white colour with or without 

tan, the colour patterns grey, badgerface, mouflon, grey 

mouflon and no pattern, and the presence or absence of 

white markings. In addition the relation of dominant black 

and brown to the above colours will be discussed. The 

literature on these aspects of colour inheritance in sheep 

has been reviewed by Rae (1956), Rendel (1957), Berge (1958 

1964a), Ryder and Stephenson (1968) and Searle (1968). 

A. Recessive black vs. recessive brown pigment 

Roberts and White (1930a), studying the inheritance of 

recessive black and recessive brown in the Shetland and Soay 

sheep (as contrasted to white), came to the conclusion that 

the brown pigment was recessive (or hypostatic) to black. 

Z6ph3nIasson (1934) and Berge (1958) arrived at the same 

conclusion for Icelandic and Old Norwegian sheep, respectively. 

In all these cases, there was no difficulty in distinguishing 

between black and brown pigment. Serra (1948) on the other 

hand, postulated three allelic genes for brown pigment, all 

recessive or hypostatic to black. Vasin (1928) found a 

recessive dark brown colour, which he assumes to be diluted 

black, in both the northern sborttailed sheep of Russia and 

in nonwhite Merinos. It is not certain whether this is the 

same brown as found in the Shetland, Soay, Icelandic and Old 
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Norwegian sheep. Roberts and White (1930b) describe a 

recessive bleaching of dominant black to brown, but as 

this bleaching is not present at birth it is most likely 

different from Vasin's (1928) brown. Roberts (1932), 

describing the colour of the wild Mouflon and its in-

heritance, concluded that the undercoat of the Mouflon 

was clearly a brown, but the wild Mouflon was shown to 

carry genes for black pigment, so the brown colouring of 

the undercoat of the wild Mouflon must be due to a dilution 

of black. Ewart (1919) crossed brown sheep from Russia, 

called Siberian Mouflon, with Cheviot. The F   was white, 

and a backcross of brown F2  females to the Siberian Mouflon 

ram gave purebreeding brown. It seems likely from Ewart's 

experiments that the brown colour in these crosses is the 

same as the recessive brown in the Shetland and Soay sheep. 

This would imply that the Cheviots used in the experiment 

also carried the recessive brown. 

Roberts and White (1930a) state that the exact genetic 

relationship between black and brown cannot be established, 

as long as genes lower in the series, i.e. recessive to 

brown, are not discovered. Berge (1964a) on the other hand, 

assumes that brown is produced by a homozygous recessive 

gene which converts black pigment into brown, i.e. that 

brown sheep are homozygous black as well as homozygous for 

this recessive conversion gene. This assumption is based 

on the finding of a high proportion of black and multicoloured 

fibres in the fleece of a brown (red) ram of the C1c1 Nor-

wegian breed (serge 1964b). 

In light of the available iiierature, there seems no 

reason to assume that the genetic relationship between black 

and brown pigment in earlier studies differs from that Lound 

in the present study. 



Several other authors have studied the occurrence and 

inheritance of recessive black in sheep, (as contrasted to 

white),, but it seems almost certain that their black sheep 

have consisted of several types of nonwhite animals. Among 

these are Kelley and Shaw (1942), Kelley (1943), Hayman and 

Cooper (1964, 1965) and Brooker and Dolling (1965). All 

these authors conclude that the nonwhite condition is 

recessive to white. 

Kelley and Shaw (1942) defined the nonwhite colour 

in a different way from what has been done in the present 

study. Their white group consisted only of animals which 

showed no obvious large patch of pigmented wool. Animals 

with an obvious patch of black wool, but otherwise white 

were classified as pigmented. 

The results obtained by Warwick et.al. (1957) on the 

inheritance of recessive black are worth special attention 

in this connection. They postulated that recessive black 

could be produced by two pairs of genes, any one of which, 

when homozygous, would give recessive black. Their results 

have been quoted widely in the literature and they have been 

used to explain the occurrence of white lambs from matings 

where both parents were nonwhite. 

Because these results are not supported by the results 

from the present study, they have been examined carefully, 

and it seems that an alternative interpretation is possible, 

as far as the results from the Rambouillet x Mouflon crosses 

are concerned. 

The crucial matings are given below together with the 

assumed genotypes of the animals involved, using both inter-

pretations of inheritance. 
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Parents 

1. Mouf ion ram x Rambouillet ewe - 

w 1  w  1  w  2  w  2  W1W1W2W2 

A 4  A  4 	A1A1 

2. White 11-ram x Mouflon ewe —> 

(fig. 1B) 	(fig. IA) 

W1w1 W2w2 	w1w1w2w2  

A1 A4 	A 4  A  4  

Progeny 

White ram (fig. 

W1w1W2w2  

A1  A4  

Ram 603-Sb 
(fig. 28) 

W1w1w2w2  

A1  A4  

IB) 

1) 

3. Ram 603-SlO x rec. black ewe - 

W 1w1w,w2  w w W w 1 1 22 
A 1  A  4 	A 5  A  5 

White lamb 

(fig. 3A) 

W1w1W2w2  

A1  A5  

2) 

4. White 1'1-rani x White bet.Ramb. ewe- Black iamb 
	

3) 
(fig. 18) 	 (fig. 4A) 

W 1  w  1  W  2  w  2 	W1w1W2w2 	 w1w1W2w2  

A 1  A  4 	A 1  A  5 	 A 4  A  5 

5. Ram 603-SlO x White het..Raxnb. ewe —> Black agouti lamb 4) 

(fig. 48) 
W1w1w2w2 	W1?W2? 

A 1  A  4 	A 1  A  3 	 A 3  A  4 

Genotype according to Warwick et. al, 

Alternative interpretation. 

1) The colour of the ram is described as brownish which 

indicates strongly that he was white with tan colour 

present. This seems very likely from figures 18 and 28. 
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a 
This white lamb seems to have/tan spot on the neck, 

which would agree with the presence of tan colour in 

its sire. 

This lamb shows the mouflon pattern clearly as well as 

white markings. 

This lamb shows almost certainly the black badgerface 

-mouflon colour pattern with a white head spot. The 

A3-allele has been found in the Rambouillet (Heller, 

1915). 

All the evidence from ram No. 603-510 thus suggests 

that he has shown tan colour and has been of genotype 

A1A4. When the data are interpreted in this way the re-

suits agree fully with the results of the present study. 

The occurrence of the black badgerface-mouflon lamb (fig. 

4B) gives also a valuable support to the findings of the 

present study that the patterns badgerface and mouflon 

will both be expressed when they occur together in the same 

animal. 

The report does not permit any alternative interpre-

tation of the other case where two pairs of genes for re-

cessive black were found. That assumption is based on the 

occurrence of two black lambs where none were expected. It 

is clear from the report that the definition of black colour 

has been widely different from that used in most studies on 

colour inheritance in sheep. These two lambs can therefore 

hardly be taken as a proof of the existence of two pairs of 

genes which can produce recessive black. 

B. Dominant black 

The dominant black colour is indistinguishable from 

recessive black (Vasin 1928, Roberts and White 1930b). It 

is generally assumed that dominant black is produced by an 
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intensifying gene which suppresses completely the inhibiting 

action of the gene for white and the pattern genes on pig-

ment production. The gene for dominant black does not 

suppress the action of the genes for white markings (for 

references see Berge, 1964a). 
It has been demonstrated by Vasin (1928), Roberts and 

White (1930a) and Hoogshagen (1967) that the gene for 

dominant black is not allelic to the gene for white. It is 

not clear whether dominant black sheep usually carry the 

gene for white. Vasin (1928) assumes that they do so, while 

Adametz (1917) and Bonikowsky (1935) have not found the gene 

for white to be present in the Karakul in their experiments. 

The two latter authors on the other hand have reported several 

cases of dominant brown which they find to be hypostatic to 

dominant black. 
Z6ph6niasson (1934) reported the occurrence of dominant 

black in the Icelandic sheep. It has not been found in the 

present study. 

C. Dominant brown 

1. Darkbrown 

The dominant brown colour shows great variation according 

to Vasin (1928) and Bonikowsky (1935). 

Duck (1921, 1922), reporting on colours of F1-progeny 

from two black Karakul rams and white ewes describes 2 dark-

brown lambs by one of the Karakul rams. This ram sired 

altogether 94 lambs, 92 black and 2 brown. Duck describes 

these lambs as not being true red, but more of a chocolate 

red colour, and more black than red. One of these lambs was 

out of a Leicester ewe and the other out of a Lincoln ewe. 

The colour of these two brown lambs seems to have been 
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the same as or similar to that found in recessive brown 

sheep by Vasin (1928), and therefore possibly also the 

same colour as he found among Karakuls in Turkestan near 

Bokhara. Vasin describes that colour as black with a 

golden sheen and points out that it is similar in appear-

ance to the recessive brown in northern shorttailed sheep 

and Merinos. 
If one assumes that the dominant intensifier operates 

independently of whether the pigment is black or brown, 

sheep carrying the intensifier and homozygous or heterozy-

gous for recessive black pigment would be black, while sheep 

homozygous for genes for brown pigment would be brown. The 

occurrence of the two dark-brown lambs described by Duck, 

which has not yet been explained satisfactorily, would then 

have been due to the presence of the gene for recessive 

brown in heterozygous state in the Karakul ram, and recessive 

brown occurring at a very low frequency among the white ewes 

in the parental generation. Brown animals among the F1 Or, 

would then only be expected when the gene for recessive 

brown was obtained from both parents. Some Cheviots were 

used in Duck's experiments, and none of them gave any 

brown progeny, when mated to the Karakul rams. The Cheviots 

used in Ewart's (1919) experiments, on the other hand, were 

shown to carry recessive brown, so brown lambs would have 

been expected from them in Duck's experiments if all Cheviots 

carried recessive brown. 
Russian experiments (Nikoljskij et. al., 1929, quoted 

by Bonikowsky, 1935) involving so-called coffee-brown or 

milk-coffee-brown sheep also support the hypothesis that 

recessive brown in homozygous form would be expressed as 

brown in presence of the intensifier. 
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2 Reddish brown 

Duck (1921, 1922) reports a second type of brown in 

his crosses, which he calls true red. This seems to be 

the colour most commonly referred to as dominant brown 

(Adainetz, 1917, Vasin, 1928, Bonikowsky, 1935). 

The description of the dominant brown given by Vasin 

(1928) indicates strongly that this colour is comparable 

to the tan colour found in the Icelandic sheep, and that 

this colour is only expressed in the presence of the gene 

for white. Adametz (1917) showed that the dominant brown 

sheep in his study had lightcoloured horns and hoofs, which 

supports the hypothesis that they carried the gene for white 

and were of a dark tan colour. Crossings carried out by 

Bonikowsky (1935) between brown Karakuls and white European 

breeds, and his backcross of a brown Karakul-Rhön F1-ram 

to RhOn ewes also support this hypothesis. The results 

reported by Duck (1921, 1922), where a heterozygous Karakul 

ram was mated to black Karakul x white Y1-ewes, are also 

consistent with the same hypothesis. 

Henseler (1913) obtained some white lambs with brown 

markings and wild type coloured lambs in an F2  out of a 

Merino x Somali - cross, and these lambs have most likely 

been tan-coloured. 

Nikoljskij et. a]. (quoted by Bonikowsky, 1935)9  when 

mating a seemingly heterozygous black Karakul ram to coffee 

-brown fat rump ewes obtained 15 black lambs, 16 coffee-brown, 

one fox-red and one agouti. The fox-red lamb has almost 

certainly been tan-coloured and probably the agouti lamb 

as well. One can assume that the coffee-brown ewes were 

homozygous for recessive brown and that the black Karakul 

ram was beterozygous for recessive brown. If the ram and 

some of the coffee-brown ewes were heterozygous for the 
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intensifier, all the F1's not carrying the intensifier 

would be expected to become white or tan, assuming the 

gene for white to be present. 
The incomplete dominance of dominant brown over white 

reported by Bonikowsky (1935) and indicated by Duck (1921, 

1922), Vasin (1928) and LUthge (1932, quoted by Serra, 1948) 

is further evidence of its great similarity to the tan 

colour. As described earlier the tan colour in the Icelandic 

sheep shows great variation. 

D. White colour with or without tan 

As white is the most frequent sheep colour, most investi-

gations regarding colour inheritance in sheep have used 
white as a standard, and the characters studied have often 

been termed dominant and recessive on basis of their behaviour 

in heterozygotes obtained in crosses with white sheep. This 

does not necessarily indicate an allelic relationship of the 
colours studied to the white colour. 

White may occur as the fleece colour only, with pig-

mented extremities as for example in many of the British Down 

breeds, or may extend to the colour on head and feet, with 

no pigment visible, as in some extreme white-faced breeds 

such as the Merino and the Dorset Horn. There is general 

agreement that white colour is produced by a single gene, 

epistatic to recessive black and recessive brown. Some 

exceptions to this rule have been found (for review, see 

Brooker and Dolling, 1965). The exceptions can usually be 

explained by the occurrence of faulty parentage or difference 

in definition of white colour. 

The inheritance of the tan colour under that name has 

not been studied as far as the writer is aware of except in 

his own work, from which some preliminary results have been 
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published (Adalsteinsson, 1965). The results showed that 

selection against tan colour gave a very rapid response. 

E. Patterns and absence of patterns in nonwhite sheep 

1. Badgerface and mouflon 

The inheritance of the badgerface pattern was studied 
simultaneously by Roberts (1924) and Wriedt (1924), the latter 

calling the pattern "gromet". Their conclusion was that badger-

face was recessive (or hypostatic) to white. They both observed 

a considerable variation in the pattern. Roberts (1924) found 

that the badgerface pattern was not exhibited in the presence 

of dominant black. Roberts and White (1930a) further showed 

the badgerface pattern to be dominant (or epistatic) to 

recessive black, a result which was confirmed by Berge (1958, 

1964a). 

Roberts and Jenkin (1926) described the mouflon pattern, 

which they termed reversed badgerface. Roberts (1928) 

postulated that the genes for white, badgerface, mouflon and 

black might be allelic, white being dominant to all the 

others, badgerface dominant to mouflon and black, and mouflon 

dominant to black. 

This hypothesis was abandoned, however, in further 
experiments, where the inheritance of white, recessive black, 

recessive brown, badgerface and mouflon was studied simultane-

ously (Roberts and White, 1930a), on the following grounds. 

White - recessive brown F2  was found to give some black-

pigmented lambs, which would not occur if the genes for 

white, black and brown were alleles. 

The white x mouflon F1  was white. A back-cross of the F1  

to mouflon gave 3 white, 3 mouflon and in addition 3 badgerface, 

which would not have been produced if the two patterns badger-

face and mouflon were given by allelic genes. Similarly, 
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white x black gave white F1, which when backcrossed to black 

gave 9 white, 5 black and one badgerface, of which the last 

one would not have been expected if the genes for white, 

badgerface and black were allelic. 

In these experiments, no case was reported of animals 

showing both the badgerface and the mouflon pattern, and the 

badgerface pattern was regarded to be completely dominant. 

The variation of the badgerface pattern, on the other hand, 

was enormous. Some of the animals were almost completely black, 

and 4 cases are reported (Roberts and White, 1930a), where 

it was doubtful whether the lambs were black or badgerface. 

During the purchase of animals for the foundation of the 

experimental flock, very heavily pigmented types were excluded, 

but owing to the difficulties in securing suffieiently large 

numbers, some animals with reduced pigmented areas were in-

cluded. In some cases the ventral area was grey, and in the 

most extreme cases only the bars between the eyes were found, 

a little black on the ears, muzzle lightly pigmented, a black 

area on the lower jaw, and greyish legs (Roberts, 1924). The 

description of the type with extreme reduction of pigment in 

the foundation stock resembles considerably the colour of the 

black badgerface-mouflon animals found in the present study. 

It should also be noted that this type with reduced pigment 

seems to have been produced in the experiments, but it is 

not mentioned how frequent it was nor whether it was more 

frequent in some matings than others. The occurrence of two 

badgerface sheep heterozygous for that factor and either 

heterozygous or homozygous for the mouflon pattern, with 

whiter chin than in ordinary badgerface, is mentioned, but 

at the same time It is stated that all other animals of 

similar genetic constitution appeared indistinguishable from 

ordinary badgerfaces (Roberts and White, 1930a). It is also 
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clear from the description of the foundation stock that the 

rams used showed the typical pattern, while the ewes were 

more variable (Roberts, 1924). 

Some of the photographs of the modifications of the 

badgerface and mouflon patterns (Roberts, 1924, Roberts and 

White, 1930a) indicate that some of the modified types might 

have shown both patterns. The type showing extreme reduction 

of pigment (Roberts, 1924, Plate XX, 1) could possibly have 

been a lightcoloured type of badgerface-mouflon, but due to 

the clear head pattern it would have been described as badger-

face. On the other hand, the modification of the mouflon 

type (Roberts and White, 1930a) shown in Plate VIII, 3, could 

have been a badgerface-mouflon, where the badgerface pattern 

was on the dark side. This lamb was described as a mouflon, 

presumably because the characteristic head pattern was absent 

and the white belly of the mouflon pattern present. The lamb 

shown In fig. 5 in the same plate seems to have all the 

characteristics of a dark badgerface as shown in Plate VI, 6, 

of the same paper, while the characteristic features of the 

mouflon pattern, light belly and light colour inside the 

ears, are absent. As this iamb was from a mating where the 

badgerface pattern was not expected, it seems reasonable to 

assume that the dam might have been a dark badgerface-mouflon, 

classified as mouflon, and the sire a mouflon, carrying the 

mouflon pattern In a simplex state. 

The description of the variation in the patterns and 

the photographs given in the above mentioned studies there-

fore indicate strongly that some badgerface-mouflon animals 

may have been obtained in the experiments, and that they 

would have been classified as badgerface if they were of the 

light type but as mouflon if they were of the dark type. It 

also may be assumed that both the light and dark badgerface-

mouflon types would have been regarded as deviating consider-

ably from the characteristic patterns, and that rams of this 
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type would therefore not have been used. Assuming this to be 

the case, all the results obtained by Roberts and White (1930a) 

except two are consistent with the view that the genes for 

badgerface and mouf ion are allelic. 

The final conclusions drawn by Roberts and White (1930a) 

about the inheritance of the colours studied were as follows. 

111. White colour depends upon the presence of an 

inhibitor, which prevents the appearance of self-

colour or of the patterns. 

If the inhibitor is absent the coat may be either 

black or brown. Whether black is ailelomorphic to 

brown or not must be left an open question. This 

point will be discussed further in this section. 

In the absence of the inhibitor the factor for 

badgerface pattern either in the duplex or simplex 

state gives badger-face. Brown and white badgerfaces 

have not yet been obtained, but there is no reason 

to suppose that they cannot be produced. If the 

reversed badgerface factor is also present, either 

in the duplex or simplex state, it produces no 

effect; badgerface sheep which possess in addition 

the reversed badgerface factor appear to be in-

distinguishable from badgerface sheep that do not 

possess it. 

In the absence of the inhibitor and also in the 

absence of the badgerface factor, the reversed 

badgerface factor in either the duplex or simplex 

state turns self-colour into reversed badgerface." 

Koch (1937) found that the mouflon pattern was recessive 

to white. 

Serge (1958, 1964a) has also carried out experiments 

which involved crossings of sheep with the badgerface pattern 
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with sheep showing the mouflon pattern. In his experiments 

the occurrence of animals showing both patterns has not been 

recorded either, but his conclusion about the inheritance of 

the two patterns is that mouflon is dominant to badgerface, 

i.e. the opposite of the conclusion of Roberts and White 
(1930a). 

It is clear from Berge's work, that his criteria for 

classification of the patterns have been somewhat different 

from those of Roberts (1924) and Roberts and White (1930a). 

Berge (1964a) regards the occurrence of black belly to be the 

main criterion for badgerface and that of white belly to be 

the main criterion for the mouflon pattern, while the typical 

head pattern in the badgerface sheep is regarded of minor 

importance as a classification characteristic, as it will 

only be clearly visible In the lighter badgerface types. 

Results of crosses between sheep with the badgerface and 

mouflon pattern gave 27 mouflon, 8 badgerface, 6 without these 

patterns and none showing both patterns (Berge, 1964a). A 

similar crossing reported by Roberts and White (1930a) gave 

23 badgerface, I mouflon, I without both patterns and none 

showing both patterns. 

Berge (1964a) gives the percentage of white fibres in 

samples taken from the back of 10-14 days old lambs showing 

the patterns badgerface, mouflon and grey (skimlet). The 

highest and lowest figures for the grey lambs are 54 and 

13 per cent white fibres, respectively, for the mouflon 

lambs 88 and 0 per cent and for the badgerface lambs 84 and 

47 per cent white fibres. 

The mouflon pattern thus shows far greater variation 

than found by Roberts and White (1930a, 1930b) who regarded 

their reversed badgerface (Berge's mouflon) to show remarkably 

little variation compared with the badgerface. Roberts and 
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White also stress that on parting the fleece of the reversed 

badgerface animals on the dorsal side, the base of the staple 

showed the same colouration as found in ordinary black or 

brown sheep. 

The mouflon animal (Berge, 1964a) with the highest per-

centage of white fibres on the back far exceeds the highest 

percentage of white found in the grey animals, but is com-

parable to the highest number of white fibres obtained from 

badgerface. 

These figures and the use of the belly colour as one of 

the main criteria in the classification of the two patterns, 

indicates that badgerface-mouflon animals occurring in Berge's 

(1964a) study might have been classified as mouflons,particular-

ly if they were of the darker type. 

Berge (1964a) concludes that mouflon is dominant to 

badgerface and that the two possibly are alleles, as mouflon 

x mouflon have not given any badgerface, aid badgerface x 

badgerface never have given any mouflon. 

The difference between earlier results and the results 

in the present study with respect to the dominance relation-

ship between the badgerface and mouflon patterns can to a 

large extent have been due to the lack of recognition of the 

badgerface-mouflon phenotype. 

2. Grey 

The inheritance of grey colour in nonwhite sheep where 

the nonwhite condition is recessive (or hypostatic) to white 

has been studied by Dry (1926, 1927), Vasin (1928), Z6pb6nIas-

son (1934), Lofvenberg and Jobansson (1952), Morals et. al. 

(1953), Berge (1958, 1964a) and Skárman (1961, 1963a, b). 

There is considerable disagreement between these authors 

as to the inheritance of grey. 

Dry concluded that white, grey and black formed an 
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epistatic series. His conclusion regarding the relation 

between grey and white is based on the occurrence of some 

grey progeny (exact numbers not stated) from a white ram and 

black ewes, and several black lambs from this same white ram 

and black ewes. 

Vasin concludes that the gene for grey (wr) seems to 

have an intermediate mode of inheritance, predominantly 

recessive. His data on its inheritance are very limited. 

Z6ph6nIasson found that grey usually was dominant to 

absence of grey in nonwhite sheep, but he also observed 

several grey progeny out of black x black and black x brown 

matings. 

Lofvenberg and Johansson also found that grey usually 

behaved as if it were epistatic to black, but they also found 

several exceptions from that rule and concluded that the in-

heritance of grey seemed to be complicated. 

Morais et. al. concluded that their grey colour (jardo) 

was recessive to uniform pigmentation, and that it was 

expressed with both dominant and recessive pigmentation. 

Bergs (1958) concludes that grey generally is epistatic 

to black and brown and that this gene turns black into grey 

and brown into greybrown, but he also points out the possi-

bility that grey may show a varying degree of dominance. In 

his later work (1964a) he points out that the varying con-

clusions reached by the various authors may be due to 

different definitions of the phenotype for grey. He also 

points out that there may eventually exist several types of 

grey. He states that animals which are born grey or show 

greying at the base of the staple within a month from birth 

will, when interbred, give both grey and black progeny. Animals 

which are born completely black (not stated for how long they 

will remain black) may develop so many white fibres later in 

life that shey should be termed grey, but these animals when 
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interbred will only produce lambs which are black at birth 

and remain black for some time after birth. This type of 

black is hypostatic to grey, according to Berge (1964a). 
Skrman (1961, 1963a, b) concludes that there seem to 

be several genes behind the grey colour of the Gotland sheep. 

There seems good reason to believe that different criteria 

used for the classification of animals as grey and non-grey 

account for much of the discrepancies between earlier results 

reported on the inheritance of grey and the lack of agreement 

between them and the results found in the present study. 

The possibility should also be borne in mind, however, 
that grey colour could be produced by genes at more than cne 

locus. It seems thus reasonable to assume that the grey colour 

which Is found in the grey Karakul and other breeds which carry 

dominant black is different from the grey colour which is most 

common among the short-tailed North-European breeds. Dominant 
black suppresses both white colour and the badgerface pattern 

completely (Roberts, 1926) and would therefore be assumed 

to suppress the action of the A2-allele as well. Grey colour 
which manifests itself In sheep carrying dominant black is 

therefore most likely due to genes at a different locus from 

the A-locus. 

P. White markings in nonwhite sheep 

The investigations concerned with the inheritance of 
white markings have been reviewed by Berge (1964a). 

Berge divides the white markings into the following 

classes. 

1. White blaze and head spot. This group of markings is 
found in Russian northern shorttailed sheep, In the 

Romanov breed, in Old Norwegian and Icelandic sheep 
and eventually in nonwhite Merinos and Rambouiliets 
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(Adamets, 1917; Vasin 1928; Berge, 1958, 1964a; 

Pálsson 1944; Hayman and Cooper, 1964). 

White head spot and whitetail. This type of markings 

is found in Karakuls and in many Russian breeds and 

also in some British breeds and their crosses with 

the Piebald sheep. (Adamets, 1917; Roberts, 1926; 

Roberts and White, 1930b; Vasin, 1928). 

Recessive piebaldness. This type of markings is 

typical of the British Piebald breed and Is found 

when this breed is crossed with Dorset Horn (Roberts, 

1926). It is also common in crosses between Merinos 

and breeds with a black head and neck, and Is also 

found in the Icelandic sheep, and in nonwhite Merino 

(Henseler, 1913; Davy, 1927; Roberts, 1926; Adametz, 

1917; Plsson, 1944; Hayman and Cooper, 1964). 

Persian hooded. This colouration, which gives a black 

head and neck and white body is common among Asian 

and African fattailed sheep, where it occurs in 

combination with dominant black. A similar type of 

markings is sometimes found In nonwhite Icelandic 

sheep. (Henseler, 1913; Vasin, 1928; Davy, 1927; 

Páisson, 1944). 

A white collar. This occurs in some Russian breeds 

of sheep, and is found both In connection with 

dominant and recessive black. A similar type of 

collar usually occurring In sheep with white head 

spot or blaze and white on the feet has also been 

described in Icelandic sheep (Vasin, 1928; Pálsson, 

1944). 

Berge (1964a) follows In general Vasin's (1928) in-

terpretation of the inheritance of these five groups of 

markings assigning the following gene action and gene symbols 

for each group. 
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Group 	Caused by 	Gene action in 	Gene symbols 
genes at 	heterozygotes 

I 	 Several loci Recessive r0-r4  
2 	 One locus Dominant with Q 

varying mani- 
festation 

3 	 One locus Recessive s 

4 	 One locus Dominant,causing 
p ieba idness 

5 	 One locus Dominant Sk 

The basis for the assumptions about the inheritance of 

the white markings above is well founded for some of the 

groups and less firmly demonstrated for others. In only one 

of the investigations where nonwhite sheep showing white 

markings combined with dominant black were mated to white 

sheep has account been taken of the possibility of the 

occurrence of genes for white markings in the white parents 

(Roberts, 1926). It is of special interest to note that all 

the recessive nonwhite Merinos shown in photographs by 

Brooker and Dolling (1965) show white markings. This indi-

cates that white Merinos may be homozygous for white markings. 

In some of Vasin's (1928) experiments, no account seems 

to have been taken of the fact that some of the sheep used 

as self-coloured have had some white markings other than 

those under investigation. 

As the above shows, some of the conclusions of the 

earlier investigations on the inheritance of white markings 

are contradicted by the results of the present study. 

The situation can only be clarified by additional ex-

perimentation. As a working hypothesis it seems justifiable 

to assume that all types of white markings are due to bomo-

zygosity for one recessive allele at one locus, and that the 
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white markings are only expressed in nonwhite sheep. It 
seems also justifiable to assume that the extreme whitefaced 
breeds such as the Merino, Dorset Horn and Ramboulilet are 
homozygous for white markings as well as homozygous white. 
The variation in the amount of white on the body can be ex-

plained by the action of modifiers, and white head spot in 
animals heterozygous for white markings by incomplete dominance 

of the dominant allele for full pigmentation. 
If the above assumptions were valid, most of the dis-

crepancies between earlier investigations and the present study 

could be explained. 



CHAPTER IX 

Gene action at colour loci in sheep and their homology 

with colour loci in rodents 

A. The A-locus 

The patterns produced by the alleles at the A-locus are 

a result of the inhibition of production of black and brown 

pigment in either certain parts of the body or in certain 

types of follicles or both. 

The A-alleles manifest themselves in presence of both 

black and brown pigment, and the pigment type is easily detect-

able in presence of all the A-alleles except A1. It will 

therefore be assumed that the black and brown pigment types 

are eumelanin pigments, similar to those found at the B-locus 

in the mouse. 

The possibility that the brown (chocolate) sheep colour 

referred to in the present work is in reality a dark mcdi-

fication of phaeomelanin pigment and not eumelanin must be 

rejected for the following reason. A recessive gene, e, Is 

well known at the extension locus in guinea pigs and In the 

black rat which results in production of phaeomelanin only 

in ee-animals. This gene, however, when homozygous, masks 

completely the effect of the alleles at the agouti locus, 

while the brown colour found In the Icelandic sheep allows 

the expression of all the lower A-alleles, (for references 

see Searle, 1966). 

It may be assumed with some degree of confidence that 

the tan pigment found in some white Icelandic sheep is 

phaeomelanin. This assumption is partly based on the pheno-

typic similarity between tan colour in sheep and yellow in 
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mice. Both colours occur as a result of the action of Lhe 

top dominant allele at what must be regarded as the same 

locus. 

An important point in connection with the relationship 

between white colour in sheep and yellow colour in mice is 

the well known lack of tan colour in most white wool producing 

sheep breeds of Lhe world. In that connection it is worth 

noting that a recessive fading gene, £, is known in guinea 

pigs which in homozygotes results in complete fading of all 

phaeomeianin, while eumelanin is unaffected. The intermediate 

alleles in the albino series also sometimes affect phaeo-

melanin pigment to a greater extent than eumelanin (Searle, 

1968). It is also likely that several minor modifying genes 

affect the occurrence of tan pigment in sheep. In wool pro-

ducing breeds selection against pigmented wool has been 

carried out for a very long time. The lowered amount of tan 

pigment in homozygous white animals compared with heterozygtes, 

found in the present study, would also tend to lower the 

amount of tan colour in white, wood producing sheep. it is 

furthermore likely that the tan pigment decreases with 

decreasing fibre diameter of the wool. In a selection ex-

periment for and against hairy birthcoat in sheep, Purser 

and Karam (1967) found a markedly increased proportion of 

red kempy fleeces as a result of selection for kempy birth-

coat in the Welsh Mountain sheep. 

Tan colour occurs frequently among homozygous grey 

Icelandic sheep, and the outer coat of the badgerface sheep 

often shows an extensive amount of tan at birth. This tan 

colour 1L the same as the tan colour found in white sheep, 

and because the genes in question are alleles and the locus 

seemingly homologous to the agouti locus in mice, the 

assumption that the tan pigment is phaeomelanin seems 
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reasonably well founded. 

It must at the same time be stressed that as far as can 

be seen, no chemical determination is so far available of 

the tan, black and brown pigment in sheep. The above assump- 

tions about homology of pigment types must therefore remain 

tentative until the necessary chemical analyses have been 

carried out. 

The alleles at the agouti locus in the mouse have 

several features in common with those found in sheep, but in 

some respects the sheep series shows features not desrihed 

in the mouse so far. 

In both species the top dominant allele shows complete 

dominance over all the others, and in both secles 6xe top 

dominant has a pieiotropic effect. 

The lower alleles show the same characteristic dominance 

relationship in both species. Inhibition of eumelanin pro- 

duction dominates over eumelanin production (Hollander and 

Gowen, 1956). In both species alleles are found which show 

the sum effect of two separate alleles. In sheep Lhe A6-allele 

has the sum effect of alleles A2  and A4, while in tue mouse 

the AW_allele  has the sum effect of the alleles A and at. 

In spite of the many similarities between the A-series 

in sheep and mice, the A-alleles in sheep show some feaures 

which have not been found in mice so far and some of the 

features characteristic for the series in mice are not found 

in the sheep. The A-allele in mice has for example not been 

found in the Icelandic sheep. The agouti colouring found 

by Vasin (1928), which he claimed to be due to a recessive 

gene and which only seemed to be expressed in the presence 

of the gene for white, would not fit into the A-series found 

In the present study, because a homozygous gene which is 

expressed only when A1  is present cannot belong to the same 

allelic series as A1 . Lofvenberg and Johansson (1952) 



- 201 - 

suggested that the gene for grey in their study might be 

homologous to the agouti gene in rodents. This does not 

seem likely in light of the present study. There is no 

visible effect of the A2-alleie in heterozygous form which 

results in an apical or subapical band in the birthcoat 

fibres. In homozygous grey lambs the birthcoat fibres may 

have a dark tip followed by an almost pigmentfree distal 

part of the fibre, but this is a different effect from the 

banding found in some lambs carrying allele A4. In those 

cases of mouf ion coloured lambs where the agouti banding is 

seen in the birthcoat, the tip of the fibre may be dark, 

followed by a light-brownish band, which again is followed 

by a dark coloured distal portion, or the tip may be light-

coloured and the remainder of the fibre dark. 
The remarkable difference between the heterozygous and 

homozygous grey lambs at birth as described earlier, p.  156, 

shows also that the A2-allele behaves differently from the 

A-allele in mice. If the A2-allele occurred in mice it 

would most likely have only a very slight effect in hetero-

zygous form. 
A feature of the A-alleles in sheep not found in the 

agouti series in mice so far is the effect of the alleles 

on eumelanin pigment inhibition in certain follicle types. 

(For references in connection with follicle types in sheep 

see Ryder and Stephenson, 1968). This difference between 

the species may well be due to difference in follicle 

morphology rather than to difference in the action of the 

alleles. It is nevertheless of considerable interest, 
particularly in v}ew of the other main feature of some of 

the A-alleles which is common to both species, i.e. their 

differential effect on the dorsal and the ventral part of 

the animal. It is well established that the hair follicles 
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in yellow mice and in the yellow areas in black and tan 

mice contain melanocytes which are capable of producing 

eumelanin in non-yellow areas. In the yellow areas the 

eunielanin production of these melanocytes is inhibited, 

however, so that they can only produce phaeomelanin. 

(For references see Foster, 1965 and Searle, 1968). 

It seems logical to assume that the inhibition of 

production of black and brown pigment in certain follicle 

types in sheep is of the same nature as the inhibition of 

formation of black and brown pigment in certain body 

regions in sheep and mice. The effects of the 6 alleles 

found at the A-locus in sheep can then be described in 

terms of their inhibiting effect as shown in table 61, 

where + means presence and - means absence of black and 

brown pigment. 

Table 61. Effect of alleles A1-A6  on pigment production 

by body regions and follicle types. + - pre-

sence, - - absence, of black and brown pigment. 

Allele 	Back 	 Belly 
Primaries Secondaries Primaries Secondaries 

Al  - - - - 
A6  + - - - 
A2  + - + - 
A3  - + + + 
A4  + + - - 
A5  + + + + 

The picture that emerges from table 61 gives certain 

clues to the possible nature of the action of these alleles, 

which are not available from the mouse series. In black 

and tan mice the migrating melanoblasts which originate in 
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the neural crest and later become the pigment producing 

melanocytes of the follicles, find an environment which 

allows eumelanin production on the dorsal part, but one 

which inhibits eumelanin production on the ventral part 

of the animal. The inhibiting effect on the belly is a 

function of the particular environment within the follicles 

and seems to result from the action of the at_allele  either 

at the time of formation of the follicle or its action on 
the tissue from which the follicles are formed prior to 

their formation. Because only one type of pigment is 

produced within the area of eumelanin inhibition, the 
at_allele does not tell us whether the tissue from which 

the follicles are formed has been affected irreversibly, 

or whether the effect is produced during the formation 

of the follicle only. 

The effect of the intermediate A-alleles in sheep 

shows clearly that the inhibiting effect within the dorsal 

or the ventral area is limited to the period of follicle 

formation only and is not a permanent feature of the tissue 

from which the follicles arise. The A3-allele thus affects 

only the primary follicles on the upper part of the body, 

with the result that they do not produce black or brown 

pigment. Secondary follicles in the same area, which are 

formed from the same tissue, are able to produce black or 

brown pigment. The same allele is without effect on the 

belly, so that all follicles there produce black or brown 

pigment. The A6-allele has completely the reverse effect. 

The primary follicles on the back and sides are not affected 
by the inhibition of this allele, while all follicles on 

the belly and the secondaries on the upper part of the body 
have been inhibited from production of black and brown 

pigment. 
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A peculiarity in connection with the action of the 

A..alleles in sheep is that all the alleles A2, A2, A3, 

A4  and A6  seem to have the same function. They all in-

hibit production of black and brown pigment to some extent. 

The difference between the alleles is not due to different 

function, but due to different sites of function and diffe-

rent times of operation during foetal development. The 

A1-allele acts on the whole of the animal and during the 

entire period of follicle formation. The A3-allele acts 

early on the upper part of the body and then becomes in-

active there and is completely inactive on the belly. The 

A2-allele is inactive while the primary follicles are being 

formed, but becomes active during the formation of the 

secondary follicles all over the body, while the A4-allele 

is only active on the upper part of the body during the 

formation of the banding of the agouti coloured fibres, 
but fully active on the belly, until eventually during the 

very late stages of formation of secondary follicles which 

may then produce black or brown pigment. 

B. The B-locus 

The action of the alleles at the B-locus in sheep 
seems to be closely similar to that found at the B-locus in 

mice (Searle, 1968). It can therefore be assumed with some 

confidence that the black and brown pigment found in the 

present study is eumelanin. The B-locus in sheep shows the 

same mode of inheritance and similar phenotypic effect to 
that found at the B-locus in the mouse. The locus therefore 

meets these two criteria of genetic homology (Searle, 1968). 

The action of the alleles at the A-locus on the pigment 

produced by the B-locus has been discussed in connection with 

the action of the A-alleles. 
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C. The S-locus 

This locus seems phenotypically comparable to the 

S-locus in mice, but even more so to the S-locus in guinea 

pigs. In mice the effect of the spotting gene in as homo-

zygotes seems to be a complete absence of melanocytes from 

spotted areas, while in spotted guinea pigs melanocyte 

migration seems to be delayed, so that they have arrived 

too late to enter the follicle, but are present in the skin 

(Searle, 1968). The situation in sheep definitely indicates 

presence of some melanocytes in the skin in white areas in 

spotted animals. This is seen from the development of small, 

penny-size, dark spots in the undercoat in white areas in 

some spotted animals. If the areas, which are white at 

birth, contained no melanocytes, these dark spots would not 

be able to develop. 

The occurrence of these dark spots in the undercoat in 

white areas of sheep showing white markings is in close 

agreement with the hypothesis that white markings in sheep 

are partly due to delayed melanoblast migration. Delayed 

migration would lead to absence of melanocytes in the early 

formed follicles, and only follicles formed after the melano-

blasts had reached the affected areas would be expected to 

produce pigment. 

Some other process must also be assumed to be at work 

simultaneously with the delayed migration. If delayed 

migration only was responsible, the animals developing the 

dark spots in the undercoat in white areas would be expected 

to have an evenly dark undercoat in affected areas. It seems 

therefore likely that the number of melanoblasts in affected 

areas is reduced and that the late arriving, scattered melano-
blasts are too few to give a completely pigmented undercoat, 
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the result being dark spots scattered through the under-

coat in the white area. It is noticeable that the dark 

spots in the undercoat are usually denser in phenotypes 

with small amount of white than in animals with extensive 

white areas. 
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