
STUDIES ON SPOTTING PATTERNS 

I. ANALYSIS OF QUANTITATIVE VARIATIONS I N  
THE PIED SPOTTING OF THE HOUSE MOUSE 

L. C. DUNN AND D. R. CHARLES 
Columbia University, New York 

Received July 20, 1936 

INTRODUCTION 

HE processes which lead to the formation of patterns during ontog- T eny in animals are a t  present very imperfectly understood. Con- 
cerning the mechanisms underlying even such apparently superficial pat- 
terns as the markings of the skin and hair in mammals we have almost no 
knowledge; yet they provide a rich and varied material from which it 
should be possible to discover some of the steps by which one part or area 
of the body comes to differ from another. Many of these patterns are 
hereditary and by selection, both in nature and under domestication, have 
come to be characteristic of species, varieties and family lines. They have 
been much used as material in the study of heredity and several of the 
variations have been shown to depend upon relatively simple genic dif- 
ferences. Thus to our interest in them for the light they may throw on 
some of the problems of individual development is added at  once a new 
problem, how the genes influence a specific pattern, and one of the means 
for studying it, that is, the ability to bring certain pattern variations under 
the control of experimental breeding. 

Of major importance from both points of view are the variations in 
white spotting in the domesticated rodents which can be bred rapidly in 
the laboratory. The various forms of white spotting which occur in other 
mammals are all known in rodents, so the generalizations from this order 
may provide a basis for understanding similar patterns common to other 
groups. The basic variation moreover is an apparently simple one in all 
mammals, the failure of the hair follicles of certain regions of the skin to 
form the normal pigments (melanins) which appear in other areas. 

In rats, mice, guinea-pigs and rabbits differences between the white 
spotted and the solid or self colored (the wild type) condition depend upon 
gene substitutions; and the differences between several of the different 
spotting patterns within some of the species have also been shown to men- 
delize although in none of them has a complete genetic analysis been made. 

1 The investigations reported were supported in part by the Fund for Research of Columbia 
University. The assistance of Mr. Nathan Kaliss, Mr. G. A. Lebedeff, Miss Ilse Michaelis, Miss 
Jeanne Coyne, and Mr. Gottfried Spannar. at  various points in the study, is gratefully acknowl- 
edged. A preliminary report has been published in abstract form (Dunn and Charles 1933). 
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MOUSE SPOTTING PATTERNS I5 

The genes which have been identified have been listed and the effects of 
the spotting genes in the different species have been compared by CASTLE 
(1930“). Detailed descriptions and bibliographies will be found in CASTLE 
(193ob) and in KEELER (1930). In the rat two mutant genes with major 
effects on spotting are known: “hooded” in which the head and a stripe 
along the back are colored and the rest of the body is white, and “Irish” 
in which a white spot appears only on the belly. These behave as alleles 
of each other and of the wild type condition. Within the hooded type there 
is considerable variation in the extent of the white areas and this has been 
shown by CASTLE and PINCUS (1928) to be due to mutant genes (probably 
many with small effects) which influence the quantity of white spotting. 
In addition there is variation in the hooded pattern in long inbred and 
presumably homozygous lines, due probably to random developmental 
variations not under genetic control. In the guinea pig one mutant gene s 
is known which differentiates white spotted from self colored forms. How- 
ever, ss animals isogenic for all other loci (in so far as long-continued 
inbreeding can produce the latter condition) may vary from nearly 
self colored to nearly all white, due largely, according to WRIGHT 
(1920) to random developmental variations not directly under the control 
of genes. Other mutant genes modifying the pattern effects of s may occur 
(PICTET 1925; ILJIN 1928), but their existence and behavior apart from s 
are not well attested. That multiple modifying genes with small cumula- 
tive effects on the total extent of white spotting exist in the guinea pig 
as in the rat is shown by the differentiation between long inbred pied fami- 
lies in average extent of white spotting (WRIGHT 1920 and 1922), and by 
the results of crossing inbred lines (WRIGHT and CHASE 1936). 

In the rabbit two mutant genes with major effects on spotting are 
known. One (English) when homozygous restricts pigment to eyes and 
ears; the other (Dutch) when homozygous restricts pigment to the head 
and posterior part of the body and produces a blue or wall eye. At least 
three other genes, one of which may be an allele of Dutch, are concerned 
in producing variations in the latter type of pattern from almost self- 
colored to nearly all white, and there are probably in addition genes with 
minor quantitative effects (PUNNETT and PEASE, 1925). No estimates of 
the degree of non-genetic variation have been made, but its importance 
is probably much less in rabbits than in guinea pigs. 

The spotting genes of the house mouse will be discussed in detail below. 
Here it may be noted that two genes with major effects have heretofore 
been identified, one being found in the pied or blotched forms, the other 
in the more irregularly spotted “variegated” forms and both together in 
black-eyed whites. There is ample evidence of multiple genes with quanti- 
tative effects modifying the extent of white spotting and indications of one 
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16 L. C. DUNN AND D. R. CHARLES 

gene which restricts pied spotting to the head and belly only. In both the 
house mouse and the deer mouse, other mutant genes with minor effects 
on white spotting (blaze, tail or ventral spotting only) have been reported 
several times. There is a considerable degree of non-genetic variation in 
pied spotting of the house mouse, since inbred families may show individ- 
ual variations over a wide range. 

In each of the rodents studied one or more genes with major effects on 
white spotting have been found and in each there is evidence of a number 
of other genes with minor effects. The preservation of these many mutant 
forms is probably due to conscious selection of variant types during the 
long history of domestication of these species. Only a few mutant genes, 
and these all with small effects (blaze, tail or belly spots) have been obtained 
directly from the wild type. The more extreme departures from the wild 
type, in which most of the body is white, appear in each case to be due to ac- 
cumulations of several geneswith quantitativeeffects. In none of these forms 
is all of the variation in extent of white spotting due to the action of mutant 
genes, but the degree of determination by genetic and other agencies varies 
from species to species. The highest degree of genetic determination appears 
in the rat in which the one pattern type (hooded) breeds true within fairly 
narrow limits. At the other extreme is the guinea pig in which much of the 
variation is non-genetic. The rabbit and the mouse occupy intermediate 
positions in this respect. This is of some importance in judging the suit- 
ability of the different species as material for an analysis of the action of 
the spotting genes; for the advantages of experimental control over the 
material can be obtained only where spotting is largely controlled by genes. 
Other requisites are the existence of a number of utilizable genes with in- 
dividual effects considerable enough to be measured, expressed in a variety 
of patterns in all parts of the body and relatively independent of environ- 
mental variations. These conditions seem to be reasonably well met by 
the house mouse, as discussed below, and in addition this species has the 
largest number of other located genes and breeds most rapidly. 

Many unsolved problems stand in the way of immediate use of any of 
these variations for the eventual questions proposed. The first is the lack 
of a sufficient genetic analysis of the spotting variations which in general 
form a continuous series of which only the grosser steps can now be attrib- 
uted to specific genes. Such an analysis is needed to order to describe in 
quantitative terms the effects of the several genes of a complex, their inter- 
actions with each other and with other mutant genes, particularly with 
respect to the relative dependence of the effects of one spotting gene upon 
the effects of another (modifying relationships), their relative degrees of 
dominance in various combinations, and the extents to which their effects 
cumulate; and whether the effects of some are primarily on the pattern 
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MOUSE SPOTTING PATTERNS 17 

(localization of white and colored areas) or are more purely quantitative 
or general. Questions concerning the allelism and location of the genes 
wait upon such knowledge of their individual effects. Much of this infor- 
mation can be obtained by the recognized technique of experimental 
breeding aided by quantitative observational methods. Many problems 
of interpretation are raised by the data already in hand, whether, for 
example, the same genetic constitution is present in both white and colored 
areas or whether these differences are due to somatic segregation or so- 
matic mutation; whether the potentialities for formation of pigment and 
pattern are equal or diverse in the various surface regions; and in either 
case whether these conditions arise by embryonic localization in the usual 
sense or through some other mechanism. Finally what inferences do the 
data permit whereby the genes, whether or not the same in all points of 
the pattern, may be connected with more primary effects than the differ- 
ences in the completed pattern? 

The following papers are concerned chiefly with the presentation of new 
data from a genetical analysis of quantitative variations in (I) pied and 
( 2 )  variegated spotting of the house mouse and ( 3 )  interactions between 
genes influencing spotting and those influencing background color; and 
secondarily with (4) the determination of specific localized patterns and 
( 5 )  possible interpretations of the action of the genes involved with special 
reference to conditions in the mouse. 

THE PIED PATTERNS OF THE HOUSE MOUSE 

In  the house mouse is found the whole range of variation from unspotted 
or self-colored animals to those in which the whole coat is white, theonly 
color appearing in the eyes. Two chief mutant genes influencing white 
spotting have been identified through the work of C U ~ N O T ,  DURHAM, 
LITTLE, So and IMAI and others. One of these (W)  is found in the so-called 
black-eyed-white mice and in the “roan” or “variegated” forms, in which 
the black and white spots are generally small and scattered irregularly. 
These types will be discussed later (Part 11). 

The second major mutant gene (s) is found in the piebald (pied) or 
blotched forms shown in figure I .  The amount of white and the location 
of the white spots are extremely variable, but in pied forms generally the 
white and colored areas are discrete and clearly marked off. 

In spite of the great variability, there is evidence of a general pattern 
which is common to most of these types. In pied forms the belly is usually 
more spotted than the back, that is, a greater proportion of its area is 
white. The areas of special predilection for white spotting, the so-called 
“points of depigmentation” of ILJIN (1928) are also common to most 
spotted mice. These consist of the feet and tail, which are white in nearly 
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18 L. C. DUNN AND D. R. CHARLES 

all spotted forms; the navel or belly spot; the nose-tip and the blaze be- 
tween the eyes, which when confluent form the “white-face”; paired shoul- 

I 

FIGURE I.-Variation in amount of white spotting in pied mice (genotype ss-). Successive 
skins dfler by about five percent in amount of dorsal white. 

der spots on right and left of mid-line which are often joined to form a 
“collar”; paired lumbar or sacral spots often joined to form a belt. In the 
lighter forms more of these areas are white, and the individual white spots 
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MOUSE SPOTTING PATTERNS I9 

are greater in extent. The rump region and the areas about the eyes, ears 
and cheeks are nearly always colored. When pigment is confined to 
these areas in a regular pattern, the type is known to the fanciers as 
“Dutch-marked” (fig. I, m-p). This seems to be a general background 
pattern which is common in some degree to most spotted mice, and it ap- 
pears very commonly in other mammals. The fancier recognizes also a 
type known as “broken-marked” (fig. I, i, j) in which black spots are 
irregularly disposed within the dorsal central white areas of the Dutch 
pattern. In the “even-marked’’ type of the fanciers these dark spots are 
symmetrically placed on either side of the mid-dorsal line. 

Most of these forms may be obtained from mixed stocks of piebald mice. 
By inbreeding and selection, however, lines breeding true to greater or les- 
ser degrees of white spotting have been produced by C U ~ N O T ,  LITTLE, DUR- 
HAM and especially by fanciers, indicating that some of the quantitative 
variations within the pied type are hereditary. 

Evidence of a similar nature was provided by DUNN (1920) who showed 
also that some quantitative modifiers of white spotting had similar effects 
on pied (s) and on variegated white spotting (W) ,  indicating that some, a t  
least, of the multiple genes involved were not specific modifiers of the dif- 
ferent main spotting genes but had rather general non-specific effects. 
Pied strains with practically no white spotting and others with small 
amounts have also been isolated by selection (DUNN 1920 and DUNN and 
DURHAM 1925). One strain derived by selection from pied stock (ss) bred 
true for ten generations to a small amount of white on toes, tail or belly 
only. Finally, we have isolated by selection strains which are entirely 
white (fig. I, t) except for the eyes (described as “all-white” later in this 
report) and others with intermediate amounts. There is no doubt that there 
are several genes with quantitative effects on pied spotting and that these 
may be fixed or rendered relatively homozygous by inbreeding. 

Certain of the specific patterns appearing in the pied types are also under 
genetic control as discussed in a later paper. 

Two preliminary problems are raised by the occurrence of these heredi- 
tary variations within the pied forms. (I) Do all the variations in pied 
spotting have a genic basis? (2) If so, what is the phenotypic relation of 
the subsidiary genes to the pied gene (s)? Do they produce their effects 
only when s is present or do they also produce effects sui generis? 

To study these questions it was necessary to obtain pure strains of pied 
mice showing constant differences in spotting, to determine how these 
strains differed genetically, to describe if possible the quantitative effects 
of the genes involved, to isolate specific genes influencing spotting and to 
study the effects of these genes in animals in which the pied spotting gene 
was not present. 
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2 0  L. C. DUNN AND D. R. CHARLES 

METHODS OF DESCRIPTION 

A grading scale similar to that previously described (DUNN 1920) was 
used in which the proportion (percent) of white on both dorsal and ventral 
surfaces of each animal was estimated. By reference to a standard diagram 
in which each surface was divided into twenty parts, it was found possible 
to estimate approximately the sizes of the white areas and to assign each 
animal a numerical grade of from -100 for each surface. This estimation 
was made for each animal a t  from 3-6 days of age and recorded in the form 
of a fraction, the numerator being the estimated proportion of white on 
the dorsal surface, and the denominator the proportion of white on the 
ventral surface. Thus an animal with no white spotting was o /o ;  one en- 
tirely white IOO/IOO, and so forth. The estimates were rechecked at  about 
one month of age and occasionally later in life. Repeated estimates usually 
agreed and variations of more than 5 percent in the center of the range 
(50 percent white) were extremely rare. The accuracy of the estimations 
was also tested by planimeter measurements of the areas of the spots on 
prepared and tanned skins. It was found that the estimates were accurate 
within about -Ls percent in the center of the range and were somewhat 
better a t  the extremes. In practice, animals near the extremes (-IO and 
9-100) were graded to the nearest percent; others to the nearest 5 percent 
(compare footnote table I). Since the dorsal grade is a reliable guide to the 
total amount of spotting, only this grade is used in the discussion and in 
the tabulations which follow. 

In addition to this quantitative description the general pattern type and 
the location of specific white or black areas on the back were recorded for 
each animal. 

THE PRODUCTION OF PURE STRAINS 

At the beginning of the experiment an attempt was made to collect as 
many forms of pied mice as were available. Our own stocks yielded only 
the belted and white-faced types which had been fixed by inbreeding and 
selection (DUNN and DURHAM 1925). 

These pattern types were extracted from a common parent after being 
crossed together in 1927. The white-face line was later crossed with self 
and re-extracted in its original form after four generations of selection. 
The new inbred lines of belted and white-face have now been carried 
through 2-25 generations of brother-sister matings. Each has bred true 
to its own pattern, with only minor variations. Within the belted type sev- 
eral families differing slightly in average width of the belt diverged during 
the early generations of inbreeding, indicating the segregation of genes 
with minor effects on amount of white spotting. Within each family, even 
after twenty generations of inbreeding, a considerable range of variation 
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MOUSE SPOTTING PATTERNS 2 1  

in amount of spotting persists (table I). The darkest family of Line 190 
varies from 5 to 45 percent white dorsally, with modal grade a t  15-20; 

the lightest family varies from IO to 50 percent white, with mode a t  35 
percent. The whole range may be encountered within a single litter. Selec- 
tion for greater or less amounts of spotting has failed to modify the range 
appreciably, no animals with more than 50 percent or less than 5 percent 
of white having been found. These results indicate that animals homozy- 
gous for ss and for other genes affecting spotting exhibit a considerable 
degree of non-genetic variation. The genes affecting spotting seem merely 
to set limits within which other developmental factors, not under genetic 
control, cause fluctuations. The “white-face” type shows less variability, 
from about 2-12 percent white within a single family, with the mode a t  
5-10 percent of white. 

In  1927, the various pied types maintained by English fanciers were col- 
lected; from them new inbred and selected lines were begun.2 The named 
varieties included “Dutch-marked,” “broken-marked” and “even-marked” ; 
typical exhibition specimens of each were purchased. In  addition a random 
assortment of pied mice was obtained from the same fanciers. These in- 
cluded nearly the whole range of pied variations in both amount and pat- 
tern of spotting. 

Attempts were first made to fix the spotting patterns, Dutch, even and 
broken, which are defined by location of black areas. This was unsuccessful 
in all three cases. These experiments are to be discussed in a later paper. 
Evidently the location of black areas in these patterns is not under genetic 
control but is the result of an occasional fortuitous combination of devel- 
opmental influences acting in animals with ss and other spotting genes. 

In the course of these experiments it was noticed that while specific 
patterns involving regular locations of black areas did not become fixed 
under inbreeding, certain limits in the total amount of white spotting did, 
in certain lines, tend to become relatively fixed (table I), and attention 
was then turned to producing inbred lines breeding true to a given degree 
of white spotting. Of first importance in this respect was the production 
of a stock breeding true to the maximum degree of white spotting, since 
this might be expected to contain the maximum number of genes tending 
to increase the extent of spotting. In one line (Dutch) such a selection made 
rapid progress, as shown in figure 2.  The original range of the animals of 
this line was from about 65-85 percent of dorsal white. After three genera- 
tions of selection several animals with no black spots a t  all appeared. 
This new form was called “all-white” to distinguish it from the genetically 

We are grateful to Professor F. A. E. Crew, Dr. J. N. Pickard, and Mr. Stewart Russell of the 
Department of Animal Genetics, University of Edinburgh for their help in obtaining material 
and for their kindness to one of us (L. C. D.) while a guest in their laboratory. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/22/1/14/5936809 by guest on 25 M

ay 2023
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MOUSE SPOTTING PATTERNS 23 

different “black-eyed-white” type. After the third generation only such 
all-white males were used for breeding and after the fifth only all-white 
of both sexes. From this time the strain bred true to an average of about 
99 percent white. The majority were all-white, but a few with small black 
spots on rump, ear, or cheek have continued to appear. The eyes in all 
cases retain full dark pigmentation. The disappearance of dorsal black 
spots in response to selection appeared to follow a regular course described 
below (Part IV). 

Two all-white families derived from a single mating in the fifth genera- 
tion have been bred through the 23rd generation by brother-sister matings 

Generation 

FIGURE 2.-The effect of selection for increased white spotting on a line of pied mice. The 
numbers of individuals on which the average spotting for each generation is based are given in 
the circles. 

and have remained constant. The distribution of the spotting phenotypes 
in these lines is shown in table I. The variation remaining in the stock is 
probably non-genetic since animals with a small black spot give about the 
same proportion of all-white young as those with no black at  all. Reverse 
selections toward increased amount of pigment have been ineffective. 
Inbreeding and selection experiments were carried on with other pattern 
types which appeared in the early generations of the all-white selection 
experiment. Thus a type with a black spot on the rump only was inbred 
with selection for this type for ten generations. I t  fluctuated in grade of 
spotting from 70-100 percent white with mode a t  85 percent but continu- 
ally produced all-white, Dutch and half-Dutch spotted. Either the type 
selected was heterozygous or else the black rump condition was non-genet- 
ic. No pure line of this type was obtained. 
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24 L. C. DUNN AND D. R. CHARLES 

Pure lines of other spotted and self-colored animals were produced by 
inbreeding. The spotting ranges of those used in subsequent experiments 
are shown in table I. This table illustrates two facts of importance in inter- 
preting the experiments which follow: (I) there is a clear differentiation in 
range and average amounts of spotting among the inbred strains shown; 
(2) there is much variation, which persists from generation to generation 
within each strain and this is especially great wherever the average is near 
the middle of the range. Light-spotted lines, such as all-white, and dark 
spotted lines, such as 66 and 118, show less variability. The factors respon- 
sible for this variability, whether genetic or non-genetic, appear not to have 

TABLE 2 

Inherilnnse of quantilalrve differences in pied ,potting. 

PERCENT OF DORSAL WKITE 

PI Line 118 (FLU) 7 89 35 2 I 

FL Line 19XLine 118 I I 4  3 3 10 7 9 9 7 1 I 

PI Line 19 all white (F7-*) I 9 29 I34 

FI Line 19XLine 118 I z 6 15 IO 1 2  14 19 27 29 28 19 34 21 14 z 3 2 

BC F, XLine 19 5 16 33 24 15 I O  9 1 2  

PL Line 190a Belt (Flo-n) 3 IO 22  23 31 2 7  2 8  15 5 

Ft Line 19oaXLine 19 I S 4 f  
PI  Line 19 all white (Fi-8) I 9 29 134 

Fs Line IgoaXLine 19 2 5 I 7 1 6 2 9 4 5 1 0  3 2 3 2 

equal measurable effects on all parts of the range, but to have lesser values 
in terms of area a t  the extremes than at the center of the range (cf. WRIGHT 
1920 and discussion p. 40). It is thus probable that the unit of measure- 
ment (percent of white) does not have the same significance throughout the 
spotting range. 

When the all-white type had become fixed (7th-1oth generation) it was 
crossed with dark-spotted and medium-spotted lines and with several self- 
colored strains. 

CROSSES OF ALL-WHITE BY DARKER PIED 

The crosses with white-face, belted and broken pied lines were to test 
the inheritance of differences in amount of spotting; and specifically to 
discover whether the genic differences involved were substitutions in sev- 
eral loci or multiple allelic substitutions at one locus. 

The results of these experiments are shown in table 2. In the upper part 
of the table are shown the frequency distributions of mice of a dark pied 
stock, of all-white stock and of hybrid generations from this cross. The 
dark line (I 18) had been derived from the white-face pied line described by 
DUNN and DURHAM (1925). The figures given are for the seven generations 
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MOUSE SPOTTING PATTERNS 2 5  

of brother-sister matings immediately preceding the cross. The F1 from 
this cross consisted of broken, Dutch, and belted mice, all with some white 
on the face. In amount of spotting the average was intermediate between 
the two parent types, but there was a great deal of variation, from 2 0  to 
nearly 80 percent of white. Other considerations indicate that much of this 
variation is not hereditary. F1 animals from the center of the distribution 
were bred together to produce an Fz. The range and variability in amount 
of white spotting was greater in this generation than in the FI, but the 
extreme parental types were not recovered. A few animals as dark as the 
white-face form were obtained but none had the white-face form of spot- 
ting; they were belted or had both belt and blaze spotting. A few very 
light animals were also obtained but no all-whites. A backcross of F1 by 
all-white produced broken, Dutch and all-white types varying from 65 
to IOO percent white. 

The interpretation appears to be clear. White-face and all-white both 
contain one spotting gene (s) in common and differ by several spotting 
genes which act cumulatively and recombine in crosses. It appears certain 
that white-face and all-white do not differ only by alleles of one spotting 
locus since if they did, the parental and hybrid forms should have appeared 
in Fz in a tri-modal distribution. Because of a considerable degree of non- 
genetic variation, especially in the center of the range, it is impossible to 
determine exactly the number of additional spotting genes concerned. 
The best estimate is from the backcross generation in which about 16 out 
of the 124 animals reproduced the range of the all-white type.3 This gives 
a ratio of about Q all-white, corresponding to a difference of a t  least three 
major genes between the lines crossed. Comparison of the variance of Fz 
and F1 would lead to an estimate of about ten gene differences. 

The essential point at present, however, is not the number of factors 
involved, which the coarseness of the grading scale and the non-hereditary 
variation make it impossible to determine, but the fact of recombination 
of a limited number of spotting genes, as shown by the frequent recovery 
of the all-white parent type. 

In the lower part of table 2 are shown the results of crossing all-white 
with an inbred belted line (190a). The figures given for line 19oa (light) 
are for the eight inbred generations (Flo-l,) preceding the cross. The small 
FI consisted of broken spotted mice intermediate in amount of spotting 
between the parent types. The Fz was also intermediate but more variable 
and again the extreme parental types were not recovered. Seven out of 
125 or 5.6 percent of the Fz animals fell within the range of the all-white 

Assuming that all-white normally consists of about 78 percent all-white, 1 7  percent which 
are 95-99 percent white and 5 percent below 95 percent white (the distribution of the F7-s all- 
white parents). 
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type as compared with seven out of 2 5 8  or 2 .7  percent of the F2’s from the 
white-face cross. There may be fewer gene differences between belted and 
all-white than between white-face and all-white. There was no evidence 
of the clustering of frequencies about the grades of the parent types which 
should occur if belt and all-white represent allelic conditions of one spot- 
ting locus. It is concluded that belt and all-white contain one spotting 
gene in common (ss) and differ by several independent genes with quanti- 
tative effects on spotting. 

All-white crossed with a darker belted line ( L 2 2 8 )  produced results simi- 
lar to those above, but they add nothing of analytical interest. From the 
latter cross the dark belt was re-extracted by selection and inbreeding and 
after five generations of selection bred true to belt within the range of 
variation of the original belted line (L66 table I). From the last two crosses 
to belt, all-white lines were also re-extracted by selections from F3. These 
have bred true to the same range of variation as the all-white parent stock. 

The results indicated that these differences among the all-white, belt 
and white-face lines in amount of pied spotting are due to substitutions a t  
several loci other than that of the known gene s. They do not support the 
interpretation of C U ~ N O T  who first recognized and studied variations in 
spotting and assumed them to be due to different conditions of the pied 
gene itself, either alleles or varying from it in “strength.” His latest state- 
ment (1928, p. 207) is that “la panachure est conditionee par des facteurs 
de 1’2xtension, multiples et allelomorphiques, dont l’effet chez l’individu 
s’additionne algebraiquement.” The context shows however that he as- 
sumes more than two such “alleles” present in the same individual, and 
his formulation can only be applied if one assumes that his spotting genes 
sl, s2, s3, and so forth are independent multiple genes, in which case their 
relationships to the pied gene are not clear. The results do agree with the 
interpretation of LITTLE (1917b) who ascribed the variations in spotting 
to multiple modifying genes, and with the eventual interpretation of 
CASTLE’S experiments 011 the hooded spotting of rats (CASTLE and PINCUS, 
1928).  Whether the genes causing these variations are “modifiers” in the 
usual sense will be discussed in the next section. 

ANALYSIS OF THE “MODIFYING” GENES 

From the above experiments it was reasonable to assume that we had 
collected in the all-white stock several such “modifiers” which, when com- 
bined with ss, caused the whole coat to be white. We now proceeded to an 
analysis of these “modifiers.” The experiments were designed to separate 
the modifiers from s and to accumulate them in pure stocks from which s 
had been excluded and to answer the question, “DO the pied ‘modifiers’ 
produce spotting in the absence of s?” It was thus necessary to cross all- 
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white by a given self-colored race; to backcross the F1 animals (which 
should be heterozygous for s and probably for all “modifiers” as well) to 
all-white; to select the Ss offspring with the most white spotting and to 
backcross these to all-white; and to repeat this method of backcrossing 
to all-white until no further increase in the amount of spotting of the Ss 
animals was observable. The maximum number of effective “modifiers” 
should then have been obtained in homozygous condition in the Ss ani- 
mals and these, when bred together, should give SS animals exhibiting the 
effect of the “modifiers” only. Ss animals from the earlier backcross genera- 
tions should be heterozygous for some of the “modifiers” and homozy- 
gous for others, and by inbreeding these we hoped to obtain SS stocks with 
different “modifiers.” 

Three experiments of this type were carried out. The self races used were 
a long inbred stock of dilute browns (Little); a stock of blacks obtained 
from an English fancier and inbred in our laboratory for seven generations; 
and a stock of black-and-tans inbred for ten generations. None of these 
races had shown any white spotting. Only such tested races can be regarded 
as self-colored, since most stocks of mice show traces of spotting on toes 
or tail tips and thus may contain minor spotting genes. 

The results of reciprocal crosses to the several self types and of back- 
crossing the hybrids to all-white for five to six generations were essentially 
similar and are combined in table 3. The first generation was self or nearly 
so. Actually 15 animals had no white whatever; 31 had a small white spot 
on the belly, coveiing not over 15 percent of its surface; two had somewhat 
larger belly spots, while three had, in addition, a small white blaze be- 
tween the eyes. The self alleles of s and the “modifiers” are apparently 
nearly completely dominant when all are heterozygous. The backcross of 
F1 to all-white produced two groups of progeny in about equal numbers. 
One group was self or dark spotted, varying from o to 40 percent dorsal 
white and included only three animals with no white spotting a t  all (self). 
The other group had more white spotting, varying from 55 percent to all- 
white. The two groups were clearly separated by two zero classes. The dark 
group proved to be Ss and the light ss. It was thus immediately evident 
that the “modifiers” from all-white when homozygous produce a consider- 
able amount of white spotting in the presence of one self or wild type allele 
of s, and thus are not specific modifiers in the sense of BRIDGES (1919). 
The chief difference between the Ss animals of the first backcross and the 
Ss animals of the F1 is that the former contain some ‘(modifiers” in homo- 
zygous condition while in the latter all are heterozygous and produce little 
or no spotting. Ss animals of the BC1 generation, from above the mean 
of the distribution, were again backcrossed to all-white. The BC2 so pro- 
duced again consisted of two groups of spotted mice, but the extent of 
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MOUSE SPOTTING PATTERNS 29 
white spotting in each group was much increased over BC1. The darker 
(Ss) group contained no self-colored animals at all, and some were nearly 
half white. Of the lighter (ss) group nearly half were IOO percent white 
and only one was as dark as 70 percent white. The lighter Ss animals were 
again backcrossed to all-white and in BC3 the extent of white spotting 
again increased although by a lesser amount than between BC1 and BCZ. 
In BCa there was a slight increase in amount of spotting but no increase 
in BCs. After five backcrosses the fertility and fecundity of the backcross 
animals had fallen so low, probably as a result of introduction of most 
of the genes of the poorly fertile all-white line, that it was impossible to 
carry the experiment further. The results show, however, that the chief 
object had been attained by the fourth backcross, that is, the backcross 
animals showed no further increase in the amount of white spotting, indi- 
cating that all or most of the effective genes had been introduced from the 
all-white race. 

As a further test, the lightest Ss animals (45-60 percent white) from 
BC,, BC4, and BC6 were inbred and their lightest Ss progeny again 
selected. Two generations of such selection produced no increase in the 
average grade of spotting over that obtained in BCa. Similarly nine of the 
lightest animals (45-60) from these generations were again backcrossed to 
all-white but no increase in amount of white spotting over that of BC4 
was obtained. 

The interpretation of these results is apparent when one compares the 
results obtained with those expected from the random assortment of genes 
with quantitative effects on white spotting in the system of matings used. 
To facilitate this comparison the results of the backcrossing experiment are 
shown graphically in figure 3, in which the average percents of white spot- 
ting for the individuals of the F1-BCs generations are plotted. The Ss 
and ss groups are shown separately. The average amount of spotting in 
the Ss animals rises from zero in F1 and reaches a maximum of just under 
40 percent in BC4. It appears to approach 40 as an asymptote. There is a 
similar rise in the grades of extreme individuals in each generation, but 
very little alteration of the range. The persistence of a constant degree of 
variation comes about presumably through a fortuitous balance between 
the diminishing effects of segregation and the maintenance of non-genetic 
variation which is greater when spotting phenotypes are nearer the middle 
of the range. The averages of the ss group rise similarly from BC1 (when 
this class first appears through segregation) and approach IOO percent 
white, the all-white type. 

These curves show a general resemblance to those describing the ap- 
proach toward homozygosis, after an outcross, brought about by repeated 
backcrossing without selection, to a homozygous parent type. Under such 
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30 
a system the proportion of individuals heterozygous in any one particular 
locus is halved in each generation and thus the proportion of individuals 
homozygous in all of the loci which differentiate the strains approaches 
100 as an asymptote, at  a rate which depends on the number of such loci. 
In the present case over 80 percent of the individuals are expected to be 
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FIGURE 3.-Changes in the average percent of white spotting in continued backcrossing of 

Ss animals (from cross of all-white by self) to the all-white parent type. 
ss progeny (unselected) 

----------- Ss progeny (unselected) 
____- ss progeny (from dark selected parents) 
__.._.______--- Ss progeny (from dark selected parents) 

Cross hatching shows the range of extreme variates. 

homozygous after the fifth backcross if the number of loci is seven or less, 
or over 90 percent if the number of loci is three or less. 

The general similarity of the approach toward limiting values of white 
spotting and of the theoretical results expected from random backcrossing 
is sufficient to indicate the general mechanism responsible for the results. 
The theoretical expectancies, however, are based on random matings 
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while in our experiment the lighter individuals in each litter were selected 
for backcrossing. There is evidence that the selection practised has not 
had any considerable effect. In  a special experiment the darkest (least 
spotted) animals were selected for backcrossing. Only animals less than 
7 percent white were bred in any generation. The results are shown in table 
3 and the averages are plotted in figure 3. Stringent selection against 
increase of white spotting did not alter materially the tendency shown in 
the light selection experiment for the percent of white spotting to increase 
in each backcross generation up to the fourth, although the spotting aver- 
ages in the dark series are somewhat below those of the light series. This 
indicates that the increase in amount of spotting in these experiments is 
due chiejly to the increasing homozygosis in the backcross animals of the 
genes of the all-white race. 

The relative ineffectiveness of selection is probably due to the presence 
of a good deal of non-genetic variation in white spotting and to the pres- 
ence of several modifying genes. The Ss animals of the BCs generation 
for example vary from 2 0  to 60 percent white, although over 90 percent of 
them should be homozygous for the mutant genes of the all-white type 
(exclusive of the Ss pair) if there are as few as three and over 80 percent 
if there are as many as seven. The persistence of the wide range of varia- 
tion throughout the five generations of backcrossing to a homozygous type 
(figure 3) finds here its explanation. The lightest animals of the last two 
backcross generations produced progeny with this same wide range of 
variation. Finally the absence of any sensible parent-off spring correlations 
between generations after BC1 shows that selection cannot have played a 
very important part. The results to be expected from random matings 
would therefore resemble fairly closely the actual results shown in table 3 
and figure 3, although the averages in each generation might be slightly 
below those of the light selection experiment and above those of the dark 
selection experiment. 

Although the main object of these experiments was to obtain a given 
end result rather than to study the process by which it was obtained, it 
is worth while to draw attention to several inferences from the results. 
The distribution of the Ss progeny in the first backcross has a single 
mode at  5 percent white. This makes it probable that no one gene in addi- 
tion to s has a major eject on spotting, since such a gene, segregating in 
this generation, should produce bimodality, of which there is no clear 
indication. This conclusion is confirmed by breeding tests of the darkest 
BC1 animals which should carry the wild type allele of such a gene and 
again segregate for it. This is shown not to occur (compare BC, generation 
in dark selection experiments). Distributions describing the Ss progeny in 
subsequent backcrosses are also monomodal and indicate variations of 
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the continuous type, probably due to minor effects of several genes com- 
bined with non-genetic variation. The distributions of the ss group gradu- 
ally approach that characteristic of the all-white type and become identi- 
cal with it in the BCs. From the proportion of the all-white type in the 
BC1 distribution it is possible to estimate that ut least three genes with 
major effects in addition to s are required to produce the all-white pheno- 
type. About 13 percent of the ss group in BC1 reproduce the phenotypic 
distribution of the isogenic animals in all-white strains. This corresponds 
closely to the 12.5 percent of individuals expected to have no wild type 
alleles in BCI if three major genes are segregating independently of s. 
The proportion of the all-white type in the ss group in BC2 is 55 percent, 
which is somewhat above the expectation for three genes, but even a slight 
effect of selection would influence these proportions to such an extent as 
to make comparisons unsafe beyond BC1 (when no selection could be prac- 
ticed). In addition, other spotting genes with very small effects are prob- 
ably present, but the number cannot be well estimated from the present 
data. 

Considering now the end result of the backcrosses to the all-white type, 
it is apparent, from the failure of further backcrossing or of selection to 
increase the amount of spotting in the Ss type, that nearly all of the effec- 
tive spotting “modifiers” from all-white had been collected in this type. 
The pied gene s was then eliminated by crossing together the Ss animals 
of the BC2-BC5 generation and by inbreeding those of genotype SS. The 
cross should produce a population consisting of SS:g Ss:$ ss. The actual 
results are shown in table 4, line 4. Only two clearly distinguishable types 
of offspring were obtained: all-white ss, and dark spotted animals similar 
in appearance to the Ss parent type. No solid colored young were found. 
It was thus apparent that the SS group was contained within the dark 
spotted phenotype, and since they were white spotted the “modifiers” 
were proved to produce spotting in the absence of the pied gene s. They are 
thus not specific modifiers but spotting genes in their own right. 

In order to distinguish SS and Ss animals, a large sample of the progeny 
of the SsXSs cross (referred to in our records as BCF, generation) was 
tested by individual matings with all-white (ss) animals. Those which 
gave only one type of spotted offspring and no all-whites were classified 
as SS;  those which gave two types (dark spotted Ss and all-whites ss) 
were classified as Ss. One all-white offspring was sufficient to indicate the 
parent’s genotype as Ss. The production of ten or more Ss offspring only 
was assumed to indicate the parent’s genotype as SS,  since such a result 
from an Ss parent has a probability of only 1/1024. This proved to be a 
safe working criterion. 

The results of these tests are shown in table 4. Ss animals from BC2, 
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BC,, and BC5 gave similar results when bred together. They produced 
progenies of which about t were of the all-white type while about $ were 
dark spotted (line 4). Of the dark spotted type 72 were tested by matings 
to all-white. Eighteen proved to be SS and 54 proved to be Ss. The former 
type (table 4, line 5 )  included animals with from IO to 35 percent of white; 
the latter type (line 6) varied from 15 to 60 percent white. Although the 
average grade of SS (18.9) is clearly darker than that of Ss (32.3) the dis- 
tributions overlap. The average grades differ by about 13 percent which 
might be taken as an estimate of the effect of a second S gene when it is 
substituted for s in this Ss type. The samples of SS and Ss animals on 
which this is based however are probably not random since the number of 
SS tested is small, and since the average of Ss is somewhat below the 37 
percent average characteristic of this type as established in BC5. It is 
clear nevertheless that with approximately the same genetic backgrounds, 
that is, with several other spotting genes in homozygous condition, ss pro- 
duces about IOO percent white; Ss about 35 percent white and SS about 
20 percent. The spotting of the last phenotype is due entirely to the action 
of other spotting genes obtained from the all-white type. For convenience 
we have called this type “K,” although it will be shown that it contains a 
complex of several spotting genes. From the comparison of the geno- 
types above it can be seen that ss with the “K” complex gives all-white; 
substitution of one S gene reduces the amount of spotting by 65 percent; 
substitution of a second S gene entails an additional reduction of spotting 
of only about 15, from 35 percent to 20 percent white. From this relation- 
ship can be obtained a measure of the relative dominance of S when com- 
bined with the “K” complex. In the absence of the “k” genes, S is practi- 
cally completely dominant to s, that is both SS and Ss are solid-colored; 
in the presence of the “k” genes S is incompletely dominant, the pheno- 
type of Ss being shifted to about a fifth (actually 15/80) of the distance 
between SS and ss. If complete dominance of S be called I, then the rela- 
tive dominance of S in the presence of the “k” genes is about .80. 

ANALYSIS OF THE NEW SPOTTING GENES (“K” COMPLEX) 

The experiments up to this point have demonstrated that the pied mice 
with which our experiments began contained several spotting genes 
in addition to the heretofore known gene s ;  that combination of a number 
of these other genes with s produces the all-white condition in which pig- 
ment appears in the eyes or in very small amounts on the head or rump; 
that these genes are not alleles of s but are inherited independently of s; 
that they are not specific modifiers of s since they produce their typical 
effect (white-spotting) when s is eliminated from the genotype, and finally 
that they materially change the dominance relations of S and s. It remains 
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now to study the inheritance and expression of these newly isolated spot- 
ting genes. 

From the “K” spotted type originating as described above, inbred lines 
have been established which have bred true to the new condition within 
certain limits of variation for five generations. The F1 generation (table 4, 
line 5) consists of those animals from BCFl which were tested and found 
to be SS. The lighter of these (IS percent white and over) were bred to 
produce an F2 and similar selection was practiced in subsequent genera- 
tions. In spite of such selection, the limits of variation have remained about 
the same (from 3 to 35 percent of dorsal white) for five generations, indi- 
cating a relatively homozygous genotype. The persistence of variation in 
F, shows that it is probably largely non-genetic. The spotting of this type 
is always in the mid-dorsal region, usually as a typical white belt extending 
around the body. The belly is usually spotted to about the same extent 
as the back instead of being more spotted as in other pied types. In general 
appearance, however, this type is not to be distinguished from belted 
pied. 

The hereditary basis of the new type has been tested by crossing it with 
the same homozygous self races (dilute brown and black-and-tan) which 
were used in the all-white crosses (table 5). The F1 animals from these 
crosses (line I) are self, or nearly so, never having more than a very small 
white spot (5 percent or less) on the belly, showing that the wild type 
alleles of the spotting genes are nearly completely dominant. In an FP of 
193 animals, only 32, or about 16 percent, showed any dorsal spotting, and 
none of these reproduced the extreme spotting grade of the “K” grand- 
parents (table 5, line 2 ) .  Most of the Fz spotted animals had only a small 
white spot on the back, covering less than 5 percent of the surface. The 
average grade of the Fz spotted was about 5 percent compared with an 
average grade of about 15 percent for the “K” parent type. Of the 161 
animals that showed no dorsal spotting, 60 were noted as having ventral 
spotting and the spots were sometimes as large as those occurring on “K” 
type animals. The remainder were either solid colored or were killed or 
died before the ventral spotting was established. There appeared to be, 
however, continuous variation from solid colored to about I 5 percent 
white, making an exact analysis difficult and uncertain. Fl was back- 
crossed also to the “K” parent type (table 5 ,  line 3). Out of 167 progeny 
68 were like the FI type (self or small ventral spot) and 99 showed some 
dorsal spotting. The significant departure from a I : I ratio shows clearly 
that more than one spotting gene is concerned. If these BC animals show- 
ing a ventral spot are classified as “spotted” the total of these is 128 or 
76.6 per cent of the total. Such a ratio should be obtained if two major 
genes, either one or both of which, when homozygous, lead to white spot- 
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ting, differentiate “K” from self. Here again there was intergrading varia- 
tion and while the general situation is clear, that is that a small number 
of spotting genes differentiate “K” from the wild type, the exact number 
and effect of each cannot be established with certainty from the present 
evidence. 

The new type “K” has been shown to be indistinguishable somatically 
from the belted pied type. It is interesting to observe the results of crossing 
the two similar types. In table 5, line 4, the range of “K” for the fourth 
inbred generation is shown compared with the range of the 19th inbred 
generation of the belted line 190 (line 5) from which animals to be crossed 
with “K” were taken. “K” is somewhat less spotted on the average, but 
the distributions of the two lines coincide over most of the range. The F1 
(table 5, line 6) is clearly much darker than either parent. Reversion has 
occurred toward the wild type condition, indicating that each race con- 
tains a t  least some of the wild type alleles of the spotting genes of the 
other race and that the loci involved show partial dominance. F1 animals 
were backcrossed to each parent type. The backcross to “K” (table 5, line 
7) produced roo offspring showing a continuous variation in spotting from 
self to 35 percent white; this represents an extension of the range of the 
“K” type at  the self end, indicating segregation of wild type alleles from 
190. The distribution shows evidence, more clearly marked in the off- 
spring of a number of individual pairs, of modes at  5 and at  30 percent 
white. The median falls in the 6-10 percent class, but there is no low or 
zero frequency here and consequently no clear evidence of simple segrega- 
tion of even one gene. It is likely, however, that the lower group is largely 
SS and the upper mainly Ss. 

The F1 animals were also backcrossed to line 190 (table 5 ,  line 8). Here 
two groups of spotted animals are clearly evident; a dark group of 108 in- 
dividuals varying from o to 15 percent white with one mode a t  1-5 per- 
cent; and a lighter group of 113 individuals varying from 35-75 percent 
white, with no clear mode, but with highest frequencies between 50 and 65. 
This represents segregation of S and s, the darker group being Ss, the 
lighter ss. Members of the lighter group when bred inter se produced only 
light spotted animals showing them to be homozygous ss. It is clear that 
the darker group shows less spotting than the “K” parent type, proving 
that wild type (self) alleles of the “V genes have been introduced from 
the pied (190) parent. This group is darker also than the F1 type, although 
like FI it is Ss; it contains a few entirely unspotted animals and many with 
spotting only on the belly. Such animals do not occur in either “K” or 190 
parent types and must be due to recombination of wild type alleles of the 
secondary spotting loci from 190, with S from the “K” line. 

Similarly the light ss group has much more white spotting than the 190 
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parent type and over 60 per cent of this group exceeds the upper range of 
the 190 type. This is undoubtedly due to recombinations of ss from 190 
with other spotting genes from the “K” parent. Some or all of these genes, 
when combined with ss, must influence spotting even when heterozygous, 
since the 190 parent must be assumed to be pure for the wild type alleles 
of at  least some of these genes. 

Accordingly, the lightest animals from BC F1(K/190)X 190 (table 5 ,  
line 8) should have in addition to ss the maximum number of other spotting 
genes (most of them in heterozygous condition) and when inbred should 
produce some animals homozygous for all spotting alleles involved in the 
parent race. Such BC animals from the spotting classes 60-75 have been 
bred together with the results shown in line 9. The 107 offspring ranged 
from 25 to 95 per cent white, with one mode at  60. They obviously had 
more white spotting than the population from which they were chosen. 
Two out of the 107 offspring fell within the range of all-white. This re- 
synthesis of the all-white type from the cross of two dark spotted lines 
shows that the latter contain different spotting genes, the effects of which 
cumulate when combined in the homozygous state. The number of gene 
differences involved is difficult to estimate, but it is probable that a t  least 
three with major effects are concerned as well as others with minor effects. 
The arrangement of these in the parent types must follow some such 
scheme as follows: Belt 190, ss(AABBcc . . . nn); “K” race, SS(aabbcc 
. . . nn); F1, Ss(AaBbCc . . . nn); all-white, ss(aabbcc . . . nn). 

The data from the backcross of F1(~90/K)X“K” (table 5 ,  line 7) are 
not well adapted for testing this hypothesis because of the continuous na- 
ture of the variation and the impossibility of separating genetic from non- 
genetic variations wherever such a condition obtains. However, the gen- 
eral character of the distribution and the limits of variation correspond to 
the predictions imposed by the above scheme. Thus about $ of the progeny 
from this backcross should be as dark as “K” or darker (4 SS- ,  a SsAa, 
etc.) and animals with more spotting than “K” should arise where Ss 
is combined with the other important spotting genes (a ,  b)  in homozygous 
form, since in other combinations Ss gives self or very little spotting as in 
BC F1(190/K)X 190, and in F1 all x self. Such recombinations are limited 
to 1/8 of the progeny of this backcross (Ssaabbcc) and probably fall 
within the upper parts of the “K” range. Consequently the backcross to 
trK7’ should give only “K” types and a proportion of very dark spotted 
forms increased over the F1 (KX19o) proportion by the segregation of 
wild type spotting alleles from 190 and this is the result obtained. 

The conclusion seems clearly established that the new spotted form “K” 
differs genetically from the belted pied form which it closely resembles 
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phenotypically in a number of genes which affect spotting. One of these, 
(s) has a considerable effect when in combination with the others; at least 
three others have lesser effects, and there may well be others with very 
minor effects. An estimate of the effect of S can be obtained by compar- 
ing the differences in spotting between the Ss and ss animals from the 
backcross of F1(190/K)X 190 (table 5, line 8). The other genes are prob- 
ably distributed at random between these two groups and except for com- 
mon genes such as c . . . n, at  least one wild type alleIe of each is present 
in each individual. The Ss group has about 2.5  percent of dorsal white; the 
ss group has an average of about 56.5 percent white. The difference at- 
tributable to s is thus about 54 percent. This is to be compared with our 
estimate of 65 percent for the effect of S from the data on backcrosses of 
Ss (from self) to all-white (page 34). The two estimates are roughly simi- 
lar; the difference may be due to the presence of wild type alleles of two of 
the genes in the backcross to line 190, which probably reduces the effec- 
tiveness of s. No good estimate of the effects of the other spotting genes 
can be obtained from the above data. It should be remarked, however, 
that the difference between the grade of ss (56.5 percent) from the back- 
cross to line 190 and the grade of ss when the other spotting genes are 
homozygous as in all-white (grade 100) is about 43.5 percent, which is 
attributable to the combined effects of all the other spotting genes. 

A few crosses of “K” spotted with a white-faced pied line having an 
average spotting of from 5;ro percent have produced only self-colored 
animals; this is a reversion to wild type similar in kind to that which oc- 
curred in crosses of “K” by belted pied, but more complete. Apparently 
white-face, although known to contain ss, has the dominant alleles of all 
other major spotting genes of the “K” type. The white-faced line may then 
be represented as ss(AABBCC . . nn?). If this is so, then the white- 
faced and belted pied lines should differ by only a single major spotting 
gene. The evidence on this point is still incomplete but the indications 
point to the correctness of the above assumptions. Thus belted pied (line 
190) by white-face has produced to date 18 animals varying only from 
1-10 percent of dorsal spotting, that is all are within the range of the 
white-faced line and none within the range of the belted line. The FP 
consists of IO animals in the 1-10 percent group and 4 with 25-30 percent 
spotting, and no intermediates. A single gene difference is sufficient to ex- 
plain the present evidence. Moreover, white-faced pied crossed with an- 
other dark pied line (line 66) has produced in F1 only dark pied (1-10 per- 
cent) white, and a similar range in Fz and in backcrosses to line 66. These 
two lines then appear to have the same genes influencing the amount of 
spotting and to differ from the wild type only by the pied gene s. 
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DISCUSSION 

The set of mutant genes additional to the previously known s now found 
to be concerned with the production of spotting in fanciers’ races of pied 
house mice suggests a phenomenon which may well be more common at 
least in the inheritance of quantitative characters than has so far been 
realized. That is the fundamental identity of dominance modification and 
“gene interaction .” 

It has been seen that s is not, as commonly thought, the “main” mutant 
gene for pied spotting, with other genes as modifiers merely altering the 
amount. Instead, the “K” complex of a t  least three mutant genes has been 
shown to have effects sui generis and these are found to be qualitatively 
identical with those of s (that is, tending to suppress pigment develop- 
ment in some part of the skin). Among the alleles of these four or more 
loci many combinations are possible of which few have yet been clearly 
identified phenotypically. But even among these few a comparison may 
show the relations typical of “gene interaction” or of dominance modifi- 
cation, depending on which set of genotypes is compared phenotypically. 
The former is seen in the demonstration that s with one or more genes of 
the “K” complex produces about 25 percent of spotting (L190) ; the whole 
“K” group without s produces slightly less spotting in the same general area 
of the body; but s and the “K” genes in homozygous combination suppress 
pigment in all parts of the skin, though not the eye, producing the “all- 
white” phenotype with dark eyes. Dominance modification is shown by 
the previously discussed shift of the Ss phenotype from practical identity 
with the SS phenotype in the absence of the “K” complex to about a 
fifth of the interval from SS to ss in the presence of the “K” group of 
mutants. 

This double aspect of the data finds a possible basis in the  dependence 
of the quantitative phenotypic effect of any single gene upon the total 
reaction set by the remaining genes of the spotting group in the fashion 
assumed by SINNOTT (1935) for squash shape and by WRIGHT and CHASE 
(1936) for guinea pig spotting. The latter presumably comes closer to the 
present case. WRIGHT and CHASE assume essentially (in their “inverse 
probability transformation” of percent of white spotting) that successive 
substitutions of equal spotting genes produce at  first small alterations in 
amount of white, then larger changes and finally again decreasing change 
as the amount of white approaches IOO percent, alleles and non-alleles be- 
having indistinguishably. If then we compare the effects of substituting 
one and two recessives of the same locus, in the presence of different num- 
bers of recessives a t  other loci, the wild type gene might be nearly domi- 
nant a t  one end of the range of spotting variation and nearly recessive 
at the other (light) end, with an approach to intermediacy where the other 
genes determine a level of white near 50 percent. Thus in WRIGHT and 
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CHASE’S scheme gene interaction and dominance modification are only 
different aspects of a more general relation of phenotype to genotype. 

That a relation of this sort is involved in the case of mouse spotting 
seems fairly plausible from its consistency with what has so far been found. 
A direct experimental test of the scheme is obviously desirable. Although 
not yet possible in the guinea pig, it may be so in the house mouse, where 
the number of loci involved is reasonably small and where the several 
mutants are not equal in effect, s probably exceeding the others. 

The evidence shows also that the variations in spotting of the pied 
types are not due to reverse somatic mutations of s to S since they occur 
after s has been eliminated. By extension the same reasoning militates 
against the assumption of somatic mutation as a prime cause of spotting 
variations in this material. 

The test of the complex relationships of these spotting genes in com- 
bination can be made only from more extensive evidence from crosses 
between strains differing only in single spotting loci. Such strains are being 
prepared by resolving the “K” complex into its components. 

SUMMARY 

Quantitative variation in the pied patterns of house mice (consisting of 
blotches of colored and white fur) extends over the whole range from a 
few white hairs to an entirely white coat. 

Stocks breeding true to limited ranges of spotting variation (dark, 
medium and all-white races) and to certain localized patterns (white-face 
and belt) have been isolated by inbreeding. 

By crossing these together and with self-colored (unspotted) races, it 
has been shown that all of the original spotted forms dealt with contain a 
spotting gene s. Forms with much white spotting (all-white) contain in 
addition at least three other spotting genes with quantitative effects 
which are inherited independently of s. Races showing different degrees of 
white spotting differ in the number of spotting genes which they contain. 

These additional genes are not specific modifiers of s, since they produce 
spotting when s is absent. The effects of s and of the other spotting genes 
depend in part upon the combinations in which they appear. Thus, when 
other spotting genes are substituted for their type alleles, the relative 
dominance of S is shifted from I to .80. The effects of the spotting genes 
cumulate but not in a simple manner. They appear to cause greater.quan- 
titative changes in spotting when acting in phenotypes near the center of 
the spotting range than at  either extreme. 

In addition to variations due to gene mutations, a considerable degree 
of non-genetic variability is characteristic of all the homozygous spotted 
strains. The basis for this has not yet been analyzed. 

Somatic mutation is probably not a prime cause of spotting variations. 
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