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INTRODUCTION 

HE varieties of mice known to fanciers as “variegated” are char- T acterized by very finely dispersed spotting patterns consisting of 
small clumps of colored and white hairs (fig. I). The amount of white 
spotting and the areas and distribution of the patches vary considerably 
in variegated individuals and strains. In the darkest types there are small 
white spots on the forehead, neck and center of the back within which are 
very small patches of colored hairs. In the lightest types only the dark 
cheek and rump patches of the fundamental spotting pattern remain, the 
rest of the pelt being white with occasional small patches of colored hairs. 
The dark areas themselves often consist of colored and white hairs inti- 
mately mixed as in the roan patterns of other mammals. As in other 
spotted types the belly is generally more spotted than the back, that is, 
a larger proportion of its area is white. We have noticed only one excep- 
tional case of variegation on the belly; usually black and white areas 
are discrete. 

Mice with such broken and irregular patterns resembling variegated 
have appeared in several sets of experiments in which the gene W (black- 
eyed-white spotting) was present. Thus when black-eyed-whites (Wwss) 
were crossed with self-colored forms (wwSS), LITTLE (1915) observed that 
the WwSs progeny had irregular colored white patches, with the pattern 
broken into smaller areas than in pied forms (wwss). This was similar 
to the coarse variegation which has appeared occasionally in our stock. 
Similar results were obtained by DUNN (1920). So and IMAI (1920) de- 
scribed various combinations of W and s and their alleles. A spotted type 
known to the Japanese as “Kasuri,” with fine silvered markings like 
variegated bred like WwSs. Matings of Kasuri (WwSs) by pied (wwss) 
gave more variegateds and selfs and fewer black-eyed-whites and pied than 
expected. This would occur if some of the Kasuri parents were WwSS. 
Our experiments prove that both of these genotypes show the variegated 
pattern. Black-eyed-whites (Wwss) which occasionally had some dark 
markings also showed, according to So and IMAI, the same silvering or 
roaning effect in the dark areas. DANFORTH and DE ABERLE (1927) like- 
wise record the appearance of W w S S  as “roan.” A similar variegated pat- 
tern was described in a mouse assumed by KEELER (1931) to contain a new 
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44 L. C. DUNN 
mutation to W .  The evidence that a new mutation had occurred is not 
convincing since no history of inbred ancestry of the "mutant" is given 
and since, as shown later in this paper, the gene W in certain selected 

FIGURE [.-Variation in amount of whitespotting in variegated mice. 

strains may have no expression except in the production of anaemic lethal 
homozygotes and an occasional dark spotted heterozygote. A silver strain 
of this sort has been maintained in this laboratory for nine years. The 
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VARIEGATED SPOTTING I N  T H E  MOUSE 45 

variegated pattern of the mutant may thus be due to the same gene W 
with which we have worked, accompanied by a fortuitous combination of 
modifiers. 

The variegated races of the English fanciers show these finely dispersed 
patterns to such an extreme degree that it was not a t  first evident whether 
they belonged to the same genotypes as the similarly spotted mice used by 
the American and Japanese investigators, or whether they had additional 
pattern genes. They had gvidently been selected for maximum inter- 
mixture of colored and white areas, since the standard for variegated is 
defined by the National Mouse and Rat Club of Great Britain (a fanciers’ 
organization) as follows: “A variegated mouse shall be of any colors which 
run one into the other, the more scattered the better; and must be free from 
any spots or solid patches as in Evens or Brokens.” 

In spite of this, considerable variation in pattern and extent of spotting 
was evident among the fanciers’ variegated, and we undertook a genetic 
analysis of this type to determine the causes of this variation, to study the 
relation of the genes involved to the peculiar variegated pattern, their 
dominance relations in the various combinations and their interactions 
with other spotting genes, with the eventual object in view of gaining some 
insight into the mechanism by which the spotting genes affect differentia- 
tion of colored and white areas in the skin. 

Since the gene W was found to be present in all variegated types, and 
since this had been shown to act as a lethal through causing an embryonic 
anaemia in certain combinations (DETLEFSEN 1 9 2 3 ,  DE ABERLE 1927) a 
special study was made of the effect of W on spotting in those homozygotes 
which survived to the age of pigment development. Other observations on 
the lethal action of W will be reported in a separate paper. 

The methods of grading and description of spotted forms are those de- 
scribed in the first paper in this series (DUNN and CHARLES 1937). 

PRELIMINARY EXPERIMENTS WITH BLACK VARIEGATED MICE 

Breeding experiments with strains of well-marked variegated mice ob- 
tained from an English fancier (Mr. W. Turton of Bath) showed that 
none bred true to this condition. When mated together, they always 
bore not only variegated progeny but also anaemic young which died soon 
after birth, as well as self-colored offspring. Some variegated mice pro- 
duced also black-eyed-white and pied offspring while others did not. 
All of the mice tested were homozygous non-agouti black (aaBB) and in 
the experiments reported in this paper this combination was retained. The 
effects of the spotting genes as described below are thus those which ap- 
pear when combined with black. The effects when other color genes are 
substituted will be described in later papers. 
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46 L. C. DUNN 

Matings of variegated with black-eyed-white animals known to carry 
W (Wwss) demonstrated that the variegated mice carried the same gene 
W .  Matings of variegated with pied (wwss) showed that most of the 
variegated mice obtained from fanciers carried both the pied gene, s, 
and its normal allele S (self) and were WwSs. A few of the fanciers’ varie- 
gated proved to be WwSS. This genotype has been designated Type “C” 
(Du” 1920). As shown below it cannot be distinguished phenotypically 
from WwSs variegated. The two variegated phenotypes are consequently 
combined in table I, which shows the results of the preliminary matings in- 
volving variegated. 

In experiment I (table I) are shown the results of crosses of variegated 
by variegated, in which both of the parents had been shown to be WwSs 
either by the production of black-eyed-white (Wwss) or pied (wwss) 
progeny in inter se matings, or of either of these classes in matings by pied. 
The results depart somewhat from those expected on the above assump- 
tions, but this is shown to be due chiefly to the deficiency of the anaemic 
lethal type which is frequently destroyed by the mother at  birth. When the 
lethal class is omitted and the ratios among the survivors are calculated 
(2/12 Wwss; 6/12 WwS(-) ;  3/12 wwS) a very close fit to expectation is 
obtained. 

Experiment 2 shows the results of matings of variegated (WwSs) by 
Type “C” variegated (WwSS), both parents having been tested by pied 
and shown to be of the genotype given. The results conform to expecta- 
tion when the lethal class is omitted. 

Results of crossing each of the variegated genotypes with pied (broken 
spotted Line Ia) are shown in experiments 3 and 4. In experiment 3, varie- 
gated and pied classes fall below the proportions expected. The fact that 
the deficient progeny classes are WwSs and wwss, which arise from the 
Ws and wS gametes of the variegated parent, suggests linkage (in this case 
repulsion) between W and s,  but other extensive evidence (DUNN 1920, 
KEELER 1931) makes this unlikely. A few errors in classification may have 
occurred, but the detailed description of the progeny shows that there 
was practically no intergrading between the classes so this cannot account 
for any large part of the discrepancy. 

Another group of variegated mice from the same stock, when tested 
individually by pied, produced only variegated and selfs in about equal 
numbers (experiment 4), showing that these variegated were WwSS. 

In all, 5 2  variegated mice from English variegated stock were thor- 
oughly tested individually by crossing with doubly recessive pied wwss 
and with variegated mice of known genotype. Of these 37 proved to be 
WwSs and 15 to be WwSS. Contrary to expectation these genotypes were 
indistinguishable phenotypically; all were variegated mice ranging from 
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48 L. C. DUNN 

about 5 percent to about 80 percent white dorsally. Most of the WwSS 
mice were among those of the darker grades, but several of them were 
among the lightest variegateds tested, so that darkness or lightness affords 
no certain criterion of genotype. Factors influencing the degree of pig- 
mentation, apart from pattern, will be discussed later. 

Variegated mice were also crossed with black-eyed-whites (Wwss) de- 
rived both from the variegated stock and from an unrelated strain of 
English black-eyed-whites. Both sets of experiments yielded similar re- 
sults which are summarized in experiment 5 .  The proportions of the chief 
spotted types obtained conform to expectation when correction is made 
for deficiency of the lethal type surviving. 

Variegated mice (WwSs) from stock were outcrossed to unrelated self- 
colored mice from an inbred stock of English blacks (experiment 6). The 
progeny included only spotted and self-colored mice in equal numbers. 
Most of the spotted mice were variegated, but some were very dark, with 
only a small patch of white hairs in the belt region or with white only on 
the belly. When tested by pied about half of the spotted mice proved to be 
WwSs and about half WwSS (see experiment 6). The darker forms were 
all WwSS. These when bred together produced anaemics, dark variegated 
(or mice with too little white spotting to show variegation) and selfs 
(experiment 7). There was an excess of selfs and a number of these were 
tested and shown to be WwSS, so that this genotype could not always be 
separated from wwSS without progeny tests. Evidently modifying genes 
which were introduced from the self strain obscured the expression of 
WwSS. We have now bred a stock of WwSS variegated mice which after 
15 generations of selection produces only light variegateds (about 85 to 
98 percent white) and selfs or near-selfs, showing that variation in amount 
of pigment depends on other factors in addition to W and S.  These experi- 
ments with WwSS also confirm DANFORTH and DE ABERLE’S (1927) ob- 
servation that WW produces anaemia and is lethal also in combination 
with SS. We were able to rear some of the WWSS anaemics from this 
cross to the age of one to two weeks and to show that they too are black- 
eyed-whites. 

Finally the pied arising from variegated were bred inter se and crossed 
with pied from other sources. These matings yielded only typical pied 
progeny. 

The experiments thus far had shown that the variegated mice of the 
English fanciers contained the previously known spotting gene W in com- 
bination either with S or s (pied), and were thus the same as or similar to 
the Kasuri or silvered type of the Japanese. The fact that SO and IMAI did 
not observe the anaemic young which in our stock arise whenever varie- 
gateds are crossed with other genotypes containing W is not an important 
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VARIEGATED SPOTTING IN THE MOUSE 49 
difference. Unless litters are examined soon after birth, the anaemic type 
may not be detected and in some stocks it may not survive until birth. 

After these preliminary experiments, attention was turned to the two 
main problems arising from them: (I) the genic basis of quantitative varia- 
tions in degree of spotting in variegated mice and (2) the causes of the 
peculiar variegated pattern which we found associated with the gene W .  
The inheritance of quantitative modifiers is discussed below; the deter- 
mination of pattern in a later paper. 

MODIFYING GENES 

One of the outstanding characteristics of the variegated pattern, as of 
most rodent spotting patterns, is its great variability in the relative extent 
of white and colored areas. From the original variegated stock animals 
were obtained which varied from solid colored to nearly solid white with 
dark eyes. Some of the major steps in this variation are obviously effected 
by the two major spotting genes concerned, W and s. Thus from this stock 
animals having neither spotting gene (wwSS) are usually solid colored, 
although the WWSS animals may have a small amount of white on the 
under surface. Those with both spotting genes (Wwss) are usually black- 
eyed-white, although they may have small colored areas around the ears 
or on the rump. Those with the pied gene alone (wwss) vary from 15 to 
85 percent white. The variegated classes WwSS and WwSs vary from self- 
colored to about 95 percent white. Since WwSs averages somewhat lighter 
than WwSS it is apparent that the presence of W influences the dominance 
of S ,  that is, a single s acts either as a modifier of W or cumulatively with 
it to increase the extent of white spotting. The great range of spotting 
variation within single genotypes, however, indicated that other condi- 
tions were fluctuating and until these were made constant it was impossi- 
ble to measure the relative effects of the main genes. 

In order to test the nature of some of the factors underlying this varia- 
bility, a stock of WwSS variegated was produced by mating together such 
tested individuals from the original variegated stock. These animals pro- 
duced off spring of three types : anaemic young (W w) which died shortly 
after birth, variegated (WwSS) and selfs (wwSS). Variability due to the 
pied gene was thus eliminated. The stock was maintained by crossing to- 
gether the variegated animals in each generation. This stock was then 
crossed with a self race (silver) in order to observe the effect of possible 
modifiers introduced from a non-variegated stock. The off spring showed 
little or no spotting indicating that W alone was not sufficient to produce 
the variegated pattern. These progeny were bred inter se for several gener- 
ations. Several of the pairs which produced anaemic offspring (indicating 
that they were WwSS) were taken as the starting point of an inbreeding 
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VARIEGATED SPOTTING IN THE MOUSE 51 

experiment in which the lighter animals (those with more white spotting) 
were selected in each generation. The results are shown in table 2. The first 
three generations consisted of inter se matings of WwSS animals without 
selection. Beginning with the fourth generation, the lighter (not always 
the lightest) litter mates were bred together. From the fourth generation 
on, two groups of progeny (in addition to the anaemics) appeared in each 
generation : (I) variegated animals with dorsal spotting ranging from about 
IO to 95 percent white, (2) animals with no white spotting or with a small 
white spot on the belly or occasionally on the back, never covering more 
than 5 percent of the back and never showing variegation. The former 
proved to be WwSS and the lightest of these were bred to continue the 
selection experiment; the latter were WWSS. Selection and inbreeding in- 
creased markedly the extent of spotting of the WwSS type from an aver- 
age of about one percent a t  the beginning of the experiment to about 90 
percent in the 14th generation. With increasing whiteness the degree of 
roaning (admixture of white hairs in colored areas) also increased so that 
in the last four generations all of the WwSS progeny were typical roans. 

A significant feature of the result is the failure of selection for light 
WwSS to increase to any marked extent the proportion of white on the 
WWSS animals which appear through segregation in each generation. Most 
of these animals through the tenth generation were either solid colored 
or had at  most a small white spot on the belly. After this generation the 
proportion of those with belly spot increased and a few with dorsal spot- 
ting appeared, but these never showed more than 5 percent of white, usu- 
ally as a small solid spot on the center of the back. Eight of this dark 
spotted type from Flo-1r were tested by crossing with light variegated 
(“C”) and gave no anaemics. They were thus probably WWSS. Three were 
tested by recessive spotted (wwss) forms and gave only self and dark 
spotted, and no black-eyed-whites or variegateds showing that these were 
WWSS. One dark spotted animal from the F13 of the selection experiment 
gave a different result. This animal was graded 5/20, but had a small roan 
patch on the belly, the only case of ventral variegation that we had ever 
seen. When bred to “K” spotted (wwSS) this exceptional male gave three 
dark spotted (1-2 percent) and one variegated! (60 percent), showing that 
he transmitted at  least one W gene. By another dark spotted animal 
(5/15) from FI3, the exceptional gave dark spotted (1-2 percent) and by a 
variegated (WwSS) he gave 4 self and I variegated but no anaemics. The 
latter tests are inconclusive but it is noteworthy that out of 12 gametes 
tested only one carried W .  It is possible he may have been a mosaic with 
W in only a part of his tissues and thus not a valid exception to the rule 
that the dark spotted and self animals produced by light variegated do not 
contain W .  
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VARIEGATED SPOTTING IN THE MOUSE 53 
If, as seems probable, selection has resulted in the accumulation in this 

line of accessory genes influencing white spotting, these would appear to 
have an important effect only in the genotype which contains W .  The small 
amount of spotting on WWSS may be due to the inclusion of minor genes 
of the “K” type. If any such were present in the variegated or self-colored 
original stocks they would have been retained by the selection for increase 
of white spotting. It is probable therefore that some of the accessory genes 
are specific modifiers of W in the sense in which BRIDGES (1919) has used 
the term. For each such modifying gene, which when homozygous and in 
combination with W increases the amount of white spotting, we shall use 
the symbol ~ ( W ) I ,  m(W)a-etc. (specific modifiers of W ) .  

The results of the selection experiment may thus be interpreted as due 
to the collection of several such modifiers, which collectively we shall refer 
to as the m(W) complex, in homozygous state. The progress toward 
greater extent of white which began in the fifth generation coincident with 
more stringent selection has been slow but steady, indicating multiplicity 
of genes with small individual effects. The assumption that the same 
modifying genes are present in both light variegated and unspotted or 
little spotted wwSS segregates has been tested by crossing the latter by 
the former. This cross (table 3, experiment 2) gave the same results in 
respect to spotting grade of offspring as the cross of light variegated inter se 
showing that the same modifiers are present in both but are relatively in- 
effective in the absence of W .  This demonstration also makes it improb- 
able that any close linkage exists between W and its modifiers. 

In another stock of WwSS animals from the same origin, the original 
cross of variegated by self was followed by selection of the least spotted 
forms. This stock was maintained for 13 generations, and for the last IO 

generations produced no variegated animals. The presence of W is re- 
vealed only by the production of anaemics, and an occasional small belly 
spot. Since the two stocks are identical with respect to the main genes con- 
cerned (WwSS), it follows that plus spotting modifiers (the m(W) com- 
plex) have been accumulated in one, minus modifiers or the wild type 
alleles of the m(W) genes in the other. 

ANALYSIS OF MODIFIERS OF VARIEGATED 

An analysis of these modifiers has been made by crossing light varie- 
gated animals from the eleventh and later generations with one of the same 
self races (dilute brown) used in the analysis of the pied genes and by back- 
crossing the F1 animals to the light variegated type. The self race has never 
shown any trace of white spotting and has been proved (DUNN and 
CHARLES 1937) to carry the wild type alleles of the spotting genes of the 
pied series. 
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The cross of light variegated by such self-colored animals produced two 
classes of offspring in about equal numbers, one class entirely unspotted 
like the self parent; the other very dark spotted, either with white only on 
the belly or with a small white variegated spot on the back (table 3 ,  experi- 
ment 3 ) .  Of these the first group proved to be wwSS, the second WwSS. 
The spotting on the latter group seldom exceeded 5 percent (one excep- 
tional individual had 25 percent of white on the back); whereas the WwSS 
animals of the variegated parent type had an average of 8-85 percent 
white and none was darker than 65 percent white (table 3 ,  experiment I). 
It is clear that the variegated modifiers are nearly completely recessive to 
their wild type alleles in the self race. 

In  order to study the segregation of these modifiers both F1 types were 
backcrossed to light variegated (F13 grades 90 and 95). F1 spotted animals 
(0/25 to 8/30) when so backcrossed produced 21 anaemics (WWSS);  75 
with no dorsal spotting (wwSS); and 126 variegated (WwSS) ranging from 
5-95 percent white. The ratio of spotted to unspotted is about the ratio 
expected for segregation of W and w in this cross. The important feature 
is the evident segregation of modifiers influencing the amount of spotting 
in the WwSS type. In contrast with the limited variation of the varie- 
gated parent race (65-95 percent white with majority from 85-95 percent 
white) the backcross animals vary over the whole range from 5-95 per- 
cent and two-thirds of them are entirely outside the range of the varie- 
gated parent type. It must be assumed that these darker forms are due to 
wild type alleles introduced from the self race. 

The backcross of F1 selfs (wwSS) to light variegated gave essentially 
the same result with respect to quantitative variation in spotting, showing 
that the unspotted F1 animals contain the same modifiers as the spotted 
ones. This cross produced about equal numbers of spotted (51 WwSS) and 
unspotted (48 wwSS) animals. The former varied from 2-85 percent 
white, over half of them below the range of the variegated race. All WwSS 
backcross animals combined give the distribution shown in table 3 ,  line 6. 
If we assume that animals from 8-95 percent white have the genetic con- 
stitution of the variegated race (actually about 90 percent of the varie- 
gated race fall within these limits) then we may say that this type was re- 
covered in about IO percent of the backcross, a distribution which would 
arise if the F1 were segregating for about three independent loci of which 
the recessive alleles were present in the variegated race. Because of a con- 
siderable degree of non-genetic variation in spotting, estimates of this sort 
are unreliable, but the evidence leaves little doubt that much of the varia- 
tion in the backcross spotted animals is due to segregation of several 
specific modifiers of the spotting which accompanies the gene W .  

In  addition to such modifying genes, other causes not under genetic 
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VARIEGATED SPOTTING IN THE MOUSE 55 
control probably influence the degree of spotting. For this conclusion there 
is first the evidence from the inbred light selected stock which after 14 
generations still shows variation within the same family of from 85 to 
about 98 percent white. One dark variegated animal from the tenth gener- 
ation was only 35 percent white, although most of the spotted animals 
were over 60 percent white. When this exceptional individual was tested 
by light variegated (85 percent white) the Fl spotted animals were light, 
most of them from 6-80 percent white, like the normal variegated race 
at  this time. The Fz’s produced by interbreeding the light Fl’s contained 
only light variegated, so that the darkness of the exceptional parent ap- 
peared not to be transmitted, but to be due to a chance fluctuation in de- 
velopment. 

RELATION OF VARIEGATED MODIFIERS TO THE 

PIED GENES 

Questions now arose as to the relation between the specific modifiers 
of variegated and the spotting genes (non-specific modifiers) of the vari- 
ous pied races (DUNN and CHARLES 1937). The light variegated race was 
crossed with three inbred spotted stocks: (I) white-face pied, known from 
the previous experiments to contain the pied gene ss but probably no other 
spotting genes with important quantitative effects; (2) belted pied (Line 
190) which is known to be ss plus a t  least one other spotting gene but 
which contains the wild type alleles of some of the spotting genes involved 
in the “all-white” and “K” types of spotting; and (3) with animals with the 
“K” spotting complex which comprises most of the spotting genes of “all- 
white” except s (pied). 

The F1 from the cross of white-face by light variegated gave only very 
dark variegated of about grades o to IO (table 3 ,  experiment 8), that is, 
about the same result which was obtained by crossing self (d br) by light 
variegated. The white-face stock thus seems to contain, like the self stock 
used, the dominant alleles of the variegated modifiers. All of this F1 genera- 
tion was heterozygous for s, which is thus shown not to act as an im- 
portant modifier of variegated when heterozygous and not in combination 
with other spotting genes. Half of the F1 animals showed dark variegated 
spotting (WwSs) while half were either self or had only a small white spot 
on the belly (wwSs). The former (3-5 percent white) were backcrossed to 
the light variegated race (80-85 percent white) to test the segregation of 
variegated modifiers. The backcross generation (table 3 ,  experiment 9) 
contained anaemia (WW),  and nearly the whole range of spotting varia- 
tion from self to 80 percent white, as in the similar backcross of F1 from 
self (d br) by light variegated. This is to be contrasted with the white-face 
range of 5-15 and the variegated range of 65-95 and clearly indicates a 
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segregation of several modifiers. It is not profitable to analyze this result 
further, since the backcross variegated animals consist of two sorts, 
WwSS and WwSs, each with various combinations of modifiers, and the 
parts played by s and the modifiers cannot be separated without further 
breeding. 

The cross of belted pied Line 190 (average about 30 percent white) by 
light variegated from the thirteenth inbred generation (average about 90 
percent white) produced two classes of offspring (table 3, experiment I I). 
Half were self or nearly so (-10 percent white) WWSS; and half were 
variegated (WwSs) ranging from 35-65 percent white. There was no over- 
lapping between the two types. Animals of the variegated group were 
clearly darker than the light variegated parent type, showing that Line 
190 pied contains some of the type alleles of the variegated modifiers. 
The fact that this F1 was much lighter than that from the less spotted 
white-face pied cross shows either that 190 contains some of the varie- 
gated modifiers which white-face lacks or else that s or K genes even when 
heterozygous act as modifiers of variegated, when other spotting genes 
(from 190) are also heterozygous. 

The F1 self-colored animals (WWSS) were backcrossed to Line 190 pied 
(wwss) to test whether the variegated modifiers for which they were 
heterozygous would influence the grade of pied. This backcross produced 
two classes of young, dark spotted varying from self to 5 percent white 
(wwSS), and lighter belted and broken pied (no variegateds) wwss (table 3, 
experiment 12). The latter varied from 2-65 percent white. Three of them 
were above the usual grade of the 190 parent race, and they showed more 
white spotting on the average than the 190 race. It is possible therefore 
that additional variegated modifiers introduced into a pied race do, even 
when heterozygous, increase the extent of white spotting. These may thus 
not be entirely specific for the spotting conditioned by W but may act 
cumulatively with other spotting genes. 

The above cross is of further interest in showing that the finer details 
of the variegated pattern apart from the degree of spotting are influenced 
by the genetic constitution. The F, variegated animals from the cross of 
190 by variegated all showed a much coarser variegation than animals of 
equal grade from the selected variegated stock. This took the form of 
larger patches of black and entire absence of roaning or admixture of white 
hairs in black areas. 

Light Variegated animals, 75-95 percent white, from Flz-la were crossed 
with “K” belted animals (15-30 percent white) from the Fr of that line. 
Two classes of offspring appeared in F1 (table 3, experiment 14). Half were 
self or dark spotted *IO percent white (wwSS), and half were variegated 
ranging from 5-80 percent white (WwSS). The F1 variegated animals had 
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more white spotting than the Fl’s from 190, notwithstanding that 190 has 
more spotting than “K” and also introduces the pied gene s into the cross. 
The Fl’s were in fact only a little less spotted than the light variegated 
parent race itself. This must mean either that the “K” race contains sev- 
eral of the variegated modifiers, or that the “k” spotting genes act cumu- 
latively with the variegated modifiers even when both are heterozygous. 
It is significant that the wwSS F1 type is much darker than the “K” type, 
about half of the F1 type having no dorsal spotting, a condition not en- 
countered in the “K” race. Light variegated, therefore, has transmitted 
the dominant alleles of one or more of the “ K ”  genes which are thus 
shown to be different from some at least of the variegated modifiers. 

The backcross of the F1 variegated type (WwSS) to the “K” race pro- 
duced but few offspring (table 3, experiment IS). In respect to spotting 
these fell into two distinct groups. About half were self or dark spotted 
(0-10); and half were variegated of the coarse type varying from 35-75. 
The amount of spotting in the variegated type was less than that of the 
F1, but this may have been due to the use of dark F1 parents (55 percent 
white). The amount of spotting in the wwSS progeny was however some- 
what increased over the grade of the similar group in F1, an effect of seg- 
regation of “ K ”  genes. 

Selfs (wwSS) from F10-12 of the light variegated race were also crossed 
with “K” belted (F4). The F1 (table 3, experiment 16) contained only dark 
spotted animals, *IO percent white. These when backcrossed to the “K” 
parent type produced offspring ranging from self to 45 percent white (table 
3, experiment 17). Nearly all of them showed belt spotting, only 7 out of 
125 having no dorsal white spotting. The range exceeded that of the “K” 
parent type and the distribution included more animals in the lighter 
spotted classes than ever appear in the “K” race. The lighter animals from 
this backcross generation were inbred with selection for light spotting for 
two generations. The progeny (table 3, experiment 19) varied from 25-40 
percent white, a range and average considerably above that of the un- 
crossed “K” race. These differ from “K” by factors introduced from the 
light variegated race. 

The Fl’s were also bred together (table 3, experiment IS). The F P  con- 
sisted of selfs and dark spotted varying from 5-20 percent white. The 
lighter grades not represented in F1 (15-20 percent) are due to segregation 
of “ K ”  genes, in this case in combination with m(W) genes. 

The situation may be clarified by comparing these results with those 
obtained by crossing “K” with a self race (d br) which is known not to 
contain the variegated modifiers. The comparison is made in table 4. 
There can be no doubt that the self-colored animals from the selected varie- 
gated stock contribute genes which increase the amount of spotting when 
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“k” genes are present either in heterozygous (F1) or in homozygous (BC, 
F2) condition. The total effect of the m(W) genes is not great; they add 
only about 5 percent to the grade of the “K” segregates, but this is their 
effect when heterozygous. We have no adequate measure of their effect 
on the “K” complex when homozygous, but an estimate may be made by 
comparing the average grade of the inbred “K” race (about 16 percent in 
F4) with the average of a “K” race derived from inbreeding the lightest 
spotted animals from the cross of self m(W) by “K” (table 3, experiment 

T A B L E  4 

Comfiarison of resultg nf crossing ‘K“  spofted u’ith ( I )  selfs derived from the selecled race, 
( E )  selfs @of selected for m(W) nodijers (dilute brown). 

PERCENT OF DORSAL WHITE 
PARENTS 

GENEB- 

ATION 0 5 IO 15 20 2s 30 35 40 45 n m 

FI Self (d b r )XYK” spotted 41 
FI Self (from light Var.)X”K” spotted 15 zg  8 

41 0 

52 3 .  

BC F, (from d b r )X“K”  spotted 9 1 2  28 13 7 3 z 74 10. 

RC FI (fromlight Var.)X“K” spotted 7 25  3 0  I Z  13 21 13 3 I 12s I S .  

F, F , X F I  (from d b rXK)  161 IQ 9 4 
F, F I X F l  (from self m ( W  XK) 8 2 0  4 5 3 

I 9 3  1. 
40 6. 

19). This race now (F3) has an average grade of 35 percent. The increase of 
about 2 0  percent over the uncrossed ‘(K” race is probably due to the pres- 
ence of m(W) modifiers, which have become homozygous under inbreed- 
ing and selection. Although it is not certain that all m(W) modifiers were 
present, the data are sufficient to show that they have a measurable 
effect when added to the ‘(K” complex. The clearest fact from the above 
experiments is that crossing light variegated with (‘K” reduces somewhat 
the degree of variegated spotting in WwSS animals, and increases the de- 
gree of belt spotting in wwSS animals with the “k” genes. 

The other crosses with self, white-faced and belted pied show that the 
effect of each race in reducing the degree of variegated spotting when 
crossed with selected light variegated is correlated with the number of “k” 
genes assumed to be present in each race (DUNN and CHARLES 1937). Thus 
if we assume an average spotting of 85 percent white for the light varie- 
gated (WwSS) type a t  the time the crosses were made, this is reduced to 
less than 5 percent in WwSS hybrids from light variegated by self (dilute- 
brown) which we assumed to contain no “k” genes; to about 5 percent in 
WwSS hybrids from light variegated by white-face, which we also assumed 
to contain no “k” genes; to about 40 percent in WwSS hybrids from light 
variegated by belted pied, which we assumed to contain a t  least one “k” 
gene and to about 70  percent in WwSS hybrids from light variegated by 
“K” which we assumed to contain a t  least three “k” genes. There is no cor- 
relation between degree of variegated spotting and presence of one pied 
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gene s, since WwSs hybrids from light variegated by either white-face or 
belted are less spotted than WwSS hybrids from light variegated by “K.” 
Thus the heterozygous “k” genes tend to act cumulatively with W when 
m(W) genes are heterozygous, while heterozygous s shows little of this 
tendency. This may be due to the peculiarity in the expression of s noted 
in the previous part; that is, s appears to have little or no effect alone but 
disproportionately great effects when combined with genes of the “k” 
type. 

INTERACTIONS OF T H E  GENES AFFECTING T H E  

VARIEGATED PATTERN 

In the absence of data on homozygous combinations of the several spot- 
ting and modifying genes involved, their interactions, which are appar- 
ently complex, cannot be completely described. However several indica- 
tions are clear from the data in this part. 

I. The modifying genes accumulated by selection in the light variegated 
WwSS race (our m(W) complex) are multiple and probably recombine 
at  random with each other and with W .  By themselves they produce little 
or no spotting even when several are homozygous. In the combinations 
studied, they apparently do not initiate the processes leading to spotting. 
Animals with these genes (but without W or s) do sometimes show a little 
spotting as in some “self” segregates from the light variegated race, but 
this q a y  be due to the presence in that race of independent spotting genes, 
like those of the “k” type, with minor effects, since these appear in many 
so-called self races derived from fanciers’ stocks. 

2 .  The m(W) genes interact with W in a very striking way to produce 
when several are homozygous a maximal variegated spotting effect which 
renders nearly the whole pelt white. They do not interact thus with any 
other gene and the relation is thus a specific one. We have called this, 
following BRIDGES, a specific modifying effect of m(W) on W .  

The evidence on interactions of m(W) with s and with minor spotting 
genes from the all-white pied race (our “k” genes) is incomplete. The indi- 
cations are that the effects of m(W) do not cumulate with those of s but 
do to a slight extent with those of “ K ”  when both “k” and m(W) are homo- 
zygous. The latter two complexes may have some common genes although 
it is probable that some of the m(W) genes are independent of and act dif- 
ferently from those of the “k” series, since the latter may themselves initi- 
ate spotting reactions without W .  This difference may be primarily one of 
the magnitude .of effects of the individual genes, a threshold difference, 
by which genes with very small effects such as those of the m(W) series 
have pronounced effects only when combined with a gene influencing some 
step in the spotting reaction to a pronounced degree such as W ;  whereas 
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genes representing somewhat greater mutational changes, such as some of 
those of the “k” series, themselves reach the threshold effect more fre- 
quently but still to a lesser extent than W .  

DOMINANCE RELATIONS 

The gene W has usually been referred to as having a dominant effect on 
spotting and a recessive lethal effect, through causing an embryonic 
anaemia in homozygotes. In this case, as in so many others, the definition 
of dominance has been derived from the effects of the gene in only a few 
known heterozygous combinations, and its homozygous effects on spotting 
have not been described. When its effects in many combinations are ex- 
amined it becomes clear that W may with equal right be regarded as having 
dominant, partially dominant or recessive effects on spotting, depending 
chiefly on the genetic constitution with respect to S ,  s and m(W) genes. 

The gene W has been most commonly dealt with in black-eyed-white 
mice which are Wwss in constitution and when bred together produce 
about Q black-eyed-white and Q broken pied. When special efforts are made 
to observe all young immediately a t  birth, this ratio becomes 4 anaemic: 
4 black-eyed-white: 2 pied. In our stock of black-eyed-whites such obser- 
vations over a short period resulted in a birth ratio of 35 anaemics: 84 
black-eyed-whites: 37 pied, a proportion of 22.5 percent of anaemics. Most 
of the anaemics ordinarily die or are eaten by the mother soon after birth, 
but when they are left with the mother as the only young in the littcr they 
may survive for variable periods up to two weeks. The surviving anaemics 
from such matings become typical black-eyed-whites in pattern. The true 
ratio in respect to spotting is thus $ black-eyed-white:a pied. W in this 
combination acts as a complete dominant. 

When W is combined with SS and the type alleles of the m(W) genes as 
in our selected self-colored race (WwSS) it acts as a practically complete 
recessive. Such mice bred inter se produce $ self-colored: anaemic; the 
latter when reared to the age of pigment production are typical black- 
eyed-whites. A mutation to W in a wild type stock should therefore first 
act as a recessive and should become dominant only when introduced into 
stocks with mutant alleles of the m(W) genes. 

It is probable that the dominance of W in black-eyed-white stocks has 
been acquired through the selective accumulation of m(W) genes, and an 
experimental demonstration of this possibility has been given in the selec- 
tion experiment shown in table 2, in which a self-colored race (WwSS) in 
which W acts as a recessive has been converted by selection into a light 
variegated race (WwSS) in which W acts as nearly a complete dominant. 
The latter race now produces 2 anaemics (WWSS) which when they sur- 
vive develop the black-eyed-white phenotype; 4 very light variegated 
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( WwSS) which are hardly distinguishable from black-eyed-whites; and 2 
self or very dark spotted (wwSS). 

In at  least one black-eyed-white strain obtained from a fancier, both 
m(W) and “ K ”  type genes had probably been accumulated by selection 
since this strain was said to produce only black-eyed-white progeny. We 
tested several pairs from this strain and found that they did in fact produce 
only black-eyed-whites and anaemics showing that the parents tested were 
W w .  Some of the black-eyed-white progeny however, when tested, proved 
to be wwss, that is, they were all-white pied. The strain thus bred true only 

TABLE 5 

Relative dominance of W in variom combinations. 

P-NW PROQENY 

IN PROPORTIONS GENOTYPE FOB CONDITION OF 
w AND s m(W) LOCI % DORSAL WHITE 

f white 

$ self 
90-95 IO0 1 Light Variegated WWSS mutant 

wwssx wwss wwss mutant 
wwss mutant -5 

Self wwss type IO0 t white 

z self 

t white 

0. O .  1 

IO0 I 

wwssxwwss wwss t w e  
wwss type 

Medium Variegated wwss 
wwssx wwss wwss 

wwss 

part mutant 100 

part type 20-80 3 spotted 
0. $ self 

{ 
f white 

$ spotted 
IO0 

Black-eyed-white wwss mutant 
wwss x wwss wwss mutant 

wwss mutant 5-90 

$ white 

f spotted 50-100 

0-50 

Intermediate spotted w wss type 
wwssx wwss wwss type 

wwss t m e  

in the sense that it produced two indistinguishable phenotypes Wwss and 
wwss. In the presence of such modifier complexes W was obviously not a 
spotting differential a t  all; its only detectable effect was its homozygous 
lethal effect. The cumulative effect of many spotting genes W, s, m(W), 
and “ K ”  type, although it completely suppressed pigment development in 
the skin, did not appreciably modify pigment development in the eye, 
showing that the epidermal effects of such genes probably occur after the 
pigment determination process is completed in the eye. 

When W is combined with SS in the presence of some type and some 
mutant alleles of the m(W) genes, the relative dominance of W is reduced 
and it acts as an incomplete dominant. This is the situation in the earlier 
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6 2  L. C .  DUNN 
generations of the variegated selection experiment (table 2 ,  FbWl0) where 
inter se matings of WwSS gave $ WWSS, anaemics which become black- 
eyed-whites, $ WwSS variegated of intermediate grades and $ WWSS selfs, 
a clear I : 2 : I ratio. 

When ss is substituted for SS in the above combinations, W continues 
to act as a dominant when the mutant alleles of the m(W) genes are pres- 
ent, and as a recessive in the presence of type alleles of the m(W) genes. 
The evidence for this consists of (I) results of inter se matings of black- 
eyed-whites and pied recessives, ( 2 )  results of matings between animals of 
genotype Wwss which show intermediate grades of spotting and produce 
t anaemics WWss (black-eyed-whites) 4 intermediate spotted (Wwss) 
like the parents and $ darker spotted pied (wwss); a ratio of 2 white; 3 
spotted. Several matings of this sort were reported by DUNN (1920) and 
although the eventual phenotype of the lethal class was not observed a t  
that time it can be safely assumed as black-eyed-white. In these cases the 
quantitative differences between the dominant and recessive classes is 
reduced by the presence of s and “k” genes which together produce spot- 
ting in the ww class. W in these cases thus acts as a differential between 
white and spotted, whereas where S is present, W differentiates white from 
self. 

The effects of W o n  spotting in these various combinations are summa- 
rized in table 5 .  Although this makes it evident that W has dominant, in- 
termediate or recessive effects on spotting according to the genotype with 
respect to m(W) genes, we have retained the symbol for W as a dominant 
since this has become fixed in the literature. 

COMPARISONS OF EFFECTS OF GENES INFLUENCING 

VARIEGATED AND PIED PATTERNS 

In this and the preceding paper we have attempted to analyze only the 
quantitative variations in two types of spotting patterns appearing in 
mutant stocks of mice. The qualitative differences in the patterns and pos- 
sible developmental steps involved will be discussed in later papers. Con- 
sidering only the effects on total amounts of white spotting, some simi- 
larities and some differences in the actions of the several genes are appar- 
ent. 

The gene W alone has been shown to have no effect on white spotting, 
but a large effect when combined with the m(W) complex, this combina- 
tion giving the lighter roan patterns or coats almost entirely white. 

Likewise Ss or ss has little or no effect alone but much more when com- 
bined with the “k” complex, giving the white type. 

The m(W) complex alone has little or no effect whereas the “k” complex 
alone has an appreciable effect although each individual gene of this com- 
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plex has probably but a minor effect when acting alone. The distinction 
is that between specific modifying action [m(W) on W ]  and additive action 
(“k” on s). This difference as we have indicated may be due to the magni- 
tude of the mutative steps involved, the m(W) mutations having effects 
below the visible threshold, the “ K ”  mutations having effects a t  or above 
the threshold. The absence of a sharp line of demarcation between the two 
sorts is shown by the apparent cumulative action of m(W) genes when 
combined with the “ K ”  complex. 

A striking fact is that the individual effects of all the genes studied are 
probably very small, the major departures of the spotting pattern from the 
wild type appearing only when several occur together, an event which 
would be rare in nature. This multiplicity ,of small mutative changes in 
loci affecting pigment production is shown also by the frequent occurrence 
of small white areas (feet, tail tips, blaze, belly spot) in laboratory stocks 
(LITTLE 1926, MURRAY and GREEN 1933, CLARK 1934, KEELER 1935) and 
in house mice taken from nature (LITTLE 1917, KEELER 1933). Only a few 
domesticated races are known in which these do not occur. The spotted 
races of the laboratories and fanciers have probably been produced by 
bringing into combination many genes with additive or modifying effects 
upon each other. 

In addition all of the spotted forms are subject to much non-genetic 
variation. The most constant races are those at  the extremes of the spot- 
ting range near self and all-white; the most variable those at  the center. 
In the present case this conclusion is drawn chiefly from observation of 
long inbred spotted stocks. Analyses similar to those of WRIGHT, who has 
studied this type of variation in the guinea pig, have not yet been made, 
but it is apparent that non-genetic variation, although accompanying all 
spotting conditions in the mouse, is not as marked in the mouse as in the 
guinea pig. 

SUMMARY 

House mice with the white spotting patterns known as variegated or 
roan (finely dispersed patches of colored and white hairs) show continuous 
variation from a few white hairs to the black-eyed-white condition. 

All such contain the gene W which is lethal when homozygous, producing 
embryonic anaemia. Occasional survivors (WW) are black-eyed-white. 

Variegated mice of the English fanciers’ races are either WwSs or WwSS. 
Selection for increase of white spotting in the latter type produced after 
14 generations a race in which the WWSS offspring (anaemics) are black- 
eyed-white, WwSS are light variegated from 90-98 percent white, WWSS 
are self or little spotted (maximum 5 percent white). 

Both of the latter classes contain a complex of modifying genes m(W). 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/22/1/43/5936812 by guest on 25 M

ay 2023



64 L. C. DUNN 

W has no effect on spotting except when combined with these specific 
modifiers, which thus determine quantitative variations in the variegated 
pattern. Some variation is also due to non-genetic causes. 

Crosses between a race in which such modifiers have been accumulated 
(light variegated WwSS m(W))  and self and pied races (white-face, belted, 
“K” spotted) showed that the modifiers were recessive and represented 
mutations a t  several loci (at least three). 

Studies of the effects of W in various combinations with S ,  s and the 
m(W) complex showed that W acts as a dominant whenever the m(W) 
complex is present, and as a recessive when the type alleles of m(W) are 
present, regardless as to whether SS, Ss or ss are included. Intermediate 
concentrations of m(W) genes produce incomplete dominance of W .  

The relations of the spotting genes considered in this and the previous 
paper indicate that each mutant gene when acting alone has a very small 
quantitative effect on one part of a reaction system concerned with local 
failures of melanin production. 
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