
POSTNATAL CHANGES IN THE INTENSITY OF COAT COLOR 
IN DIVERSE GENOTYPES OF THE GUINEA PIG’,’ 

SEWALL WRIGHT 

Department of Genetics, University of Wisconsin, Madison, Wisconsin 

Received June 3, 1960 

HE fur of guinea pigs is well developed at birth. As the pigment has been 
produced under almost constant conditions, this initial intensity has seemed 

better adapted for intensive analysis of the interaction effects of genes than that 
after exposure of the skin to the effects of varying temperatures and nutritive 
conditions. Such an analysis has been the subject of a number of preceding 
papers (WRIGHT 1949, 1959a,b,c, 1960a,b). 

Visual grades were, however, also assigned to adults in the colony at the times 
of birth of their litters in the same way as to their young, by comparison with 
standard squares of fur, numbered in such a way that each grade was barely 
distinguishable from the adjacent ones (eumelanics ranging from 1, near-white, 
to 21 for intense black: phaeomelanics from 1, also near-white, to 13, the most 
intense yellow or “red”). Indices derived from reflectionmeter readings (cf. 
WRIGHT 1959c) were also obtained in 1952-1954 for parents as well as young. 
The average index for intense black was 41.3, for intense brown 34.8, and for 
intense yellow 22.7 while that for white was zero by definition. 

As the amount of pigment per unit weight of hair had been determined 
colorimetrically in many animals to which visual grades had also been given 
(RUSSELL 1939; HEIDENTHAL 1940; WRIGHT and BRADDOCK 1949), it was possible 
to derive formulae by which the amount of pigment could be estimated either 
from visual grades or reflectionmeter indices (WRIGHT 1949, 1959~).  

It has been convenient to recognize seven major series of self colors, ranging 
from relatively intense (with C present) through grades of dilution (with lower c 
compounds) to pure white (cap ,  eecrcra or ECkdCkdTappff in which cTcra includes 
crcT and crca and similarly with CkdCkdTa). 

Black, dark-eyed dark sepia EaaBP- 
Pink-eyed pale sepia EaaBppF 
Brown-eyed dark brown EaabbP- 
Pink-eyed pale brown EaabbppF 

Stable yellow ee---F 
Fading yellow ee---ff 

Pink-eyed pale brownish cream Eau- P P f f  

1 Paper No. 800 from the Department of Genetics, University of Wisconsin. 
2 This investigation was aided by a grant from the Wallace C. and Clara A. Abbott Memorial 

Fund of the University of Chicago where the experimental work was conducted. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/45/11/1503/6058907 by guest on 25 M

ay 2023



1504 SEWALL WRIGHT 

The same eumelanic color as found with E and the same phaeomelanic color as 
found with ee are combined in a mosaic pattern in tortoise-shells with epep or ef'e, 
and in a banding pattern in each hair in agoutis with EA.  The visual grades refer 
to the prevailing color on the backs of self-colored animals ( E m  or ee) or the 
unmixed areas on the backs of tortoise-shells. The reflectionmeter readings were 
taken at the darkest point near the middle of the back. 

Second order variations in intensity of all series have been due to genes 
Dm, dm;  Si, si (WRIGHT 1959a,b,c); and in the case of pale eumelanics also to 
less well-identified modifiers of which the leading pair is represented by Mp,, 
m p ,  (WRIGHT 1960a). The pairs Dm, dm;  Si, si have been studied most 
thoroughly in the dark sepias and stable yellows and especially in compounds 
involving lower c compounds, cd&, cdcr, c d e ,  c 'e ,  in which the dilution effects of 
d m  and si are most pronounced. As the effects of these modifiers on intensity are 
rather similar, it is convenient to group genotypes according to the number of 
plus modifiers (4 = DmDmSiSi, 3 = DmdmSiSi and DmDmSisi, 2 = dmdmSiSi, 
DmdmSisi and DmDmsisi, 1 = dmdmSisi and Dmdmsisi) . Genotypes with 
dmdmsisi are pure white except for occasional very pale spots on the head. 
Browns of genotype EbbCP are subject to dilution of a peculiar sort (known as 
dinginess) in which genes C, P and F reduce color above the optimum CPpff 
(WRIGHT 1947, 1960a). 

Postnatal changes: Tables 1 to 6 give the indices (Z,). These have been trans- 
formed into the relative amounts of pigment ( M , )  at the time of the first litter 
after reflectionmeter readings began to be taken. Actual first litters are usually 
born when the parents are about one half year old, but many of the matings on 
hand when reflectionmeter readings began to be taken had already had one or 
more litters. The most important changes in intensity have, however, occurred 
by one half year of age in most colors. The standard of comparison (100) is 
intense black (EBCP) for dark and pale sepias, intense brown (EbbCPp) for 
dark and pale browns, and intense yellow (eeCFF) for all yellows. Pale brownish 
creams (ECppjj) have been compared both with browns and yellows. The 
columns headed 100 M J M ,  give the percentages that the estimates at birth of 
first litter form of the estimates for the same genotypes (many more individuals) 
at birth. These percentages are averaged for each c compound (or group of com- 
pounds in some cases) in the last columns. 

It may be seen that there are marked changes in intensity in many cases and 
that these are not all in the same direction even in the same series of colors. 

More critical though less extensive evidence of change can be obtained by 
restricting consideration to cases in which the same individuals were graded at 
birth and at their first litter. This is done in Tables 7 to 11 which give the index, 
I , ,  the change from birth (A,_,) and value of t from paired comparisons. The 
average index at birth of litters after the first (Iz), the difference from that at 
birth of the first litter (Az-,) and the value of t from these paired comparisons are 
also given. It should be noted that these comparisons of later changes are not 
based wholly on the same animals as those on which the initial changes are 
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COAT COLOR INTENSITIES 1505 
based. Significance at the .05, .Ol and .001 levels is indicated by one, two or  three 
asterisks, respectively. 

These tests support the more important changes indicated in Tables 1 to 6. 
The greatest decrease in intensity of yellow after birth is in Cff (“fading” 
yellow), but there are highly significant decreases in “reds” (CFF, CFf) . The 
term stable “yellow” is, in fact, somewhat of a misnomer. Those with rck de- 
crease slightly but significantly, and those with C1Ccra decrease greatly. On the 
other hand, those with cd& and three or four plus modifiers increase slightly but 
significantly, and those with &cra increase considerably more. Those with ckcd 

TABLE 1 

Indices (I,) ,  percentages which estimates of amount of melanin (M,) form of the more numerous 
estimates at birth MO of yellows, graded at the time of first litter (usually 5 or 6 months) 

At first litter 

NO. 

e d F F  except sisi 
sisi 

F f  

ckCkFF (4,3) 
(2) 

F f  

22 
3 
8 

20 
1 
2 

4 
1 

4 
17 
6 

9 
13 
30 
15 
2 

5 
11 
18 
27 

19 
1 

18.5 
18.3 
17.1 

12.8 
12.3 
10.2 

16.6 
15.7 

8.1’ 
6.8 
6.1 

18.4 
15.5 
12.2 
1.1.1 
11.5 

13.6 
11.8 
7.7 
3.3 

8.6 
1.1 

100 
MJMO 

63.3 
76.6) 
67.51 

- .  

107.1 
86.3 

101.2 
142.51 

78.6J 

126.1 

100.0 

146.9 
152.3 
126.1 
103.5 

50.8 
39.4 

AV. 

65.5 

84.7 

109.5 

70.1 

109.0 

122.5 

50.8 
39.4 

ECPPff 32 2.5 M.3 M.3 

In most cases the number of plus modifiers (Dm,Si) is indicated in parentheses. ECppff (pale brownish cream) is 
included as if yellow. 
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1506 SEWALL WRIGHT 

TABLE 2 

Data on dark sepias, graded at the time of first litter, similar to those for yellows in Table I 

At first litter 

Dark sepia 
genotype No. I ,  

CTC" (4,3) 

17 40.2 
18 39.3 
2 39.2 

6 38.4 
1 37.6 
1 34.0 

3 37.3 
3 375 
12 37.2 
3 36.2 

2 39.1 
2 38.2 

5 36.5 
4 34.1 
9 33.6 
17 29.3 

10 41.1 

19 38.2 
7 35.44 
7 32.44 

89.7 

116.5 """1 
117.1) 

93.2 

125.3 
150.21 

110.71 

102.0) 

125.11 

126.3( 

131.0 

155.1 ( 
162.51 

106.1 

174.4) 

AV. 

89.7 

85.1 

99.8 

122.2 

114.1 

151.8 

106.1 

162.8 

TABLE 3 

Data on dark browns, excluding dingy browns, graded at the time of first litter, 
similar to those for yellows in Table I 

At first litter 

Dark brown ion 
genotype NO. II MJMO AV. 

CPF non dn 

ckclcPF 
ckcaPF 

cdca (2,l) 

32 

3 
1 

5 
2 
1 

4 

31.2 78.0 . . .  

82.3 29.8 
30.8 

29.7 83.5 
26.5 82.4 
32.2 86.9 

29.2 146.8 

6 33.0 90.5 . . .  
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COAT COLOR I N T E N S I T I E S  1507 

TABLE 4 

Data on dark browns carrying C, ai time of first liiter, similar to those for yellows in Table I 
except that sires and dams are dealt with separately 

- ~~ 

Sire at first litter Dam at first litter 

Dark brown 100 100 
genotype Dinginess No. I ,  M J M ,  No. Il M J M ,  

ECPF 
ECPff 
epepCPF 

Total 

ECCPPFF 
ECCPPFF 
ePePCCPPFF 
ePePCPPFf 
ePePCPPff 

Total 

non d n  
non dn  
non dn  

non d n  

dn+ (SH) 
dn- ( S H )  
dn+ (SH) 
dn+ (SF) 
dn+ (SF) 

dn  

6 31.3 78.6 
7 31.4 75.5 
1 28.4 69.5 

14 76.4 

16 23.1 78.6 
11 17.1 86.0 
2 18.5 68.0 
2 21.2 64.7 
8 24.8 64.6 

39 76.6 

6 32.9 
7 31.2 
5 29.6 

18 

17 29.1 
9 21.4 
3 20.1 
2 31.9 
9 28.5 

40 

87.6 
74.5 
75.6 
79.2 

122.3 
124.3 
78.0 

142.0 
84.6 

111.9 

The estimates at  birth ( M O )  with which the estimates at first litter dre compared, include both males and females as 
there is no significant difference at this time. The symbol dn refers to dinginess; dn+ and dn- refer to the darkest and 
lightest dorsal areas on dingy browns. The symbols in parentheses are strain designations. 

TABLE 5 

Data on pale sepias, graded at time of first litter, similar to those for yellows in Table I 

At first litter 

Pale sepia 100 
genotype No. 11 W M . 3  AV. 

BCppFF 
F f  

ckckFF 
ckc7FF 

24 
8 

5 
6 

2 

13.6 42.8 
15.1 61.41 

14.4 
9.2 

5.9 
7.9 
9.0 
6.7 51.0 

47.5 

62.4 

46.6 

7.9 . . .  . . .  

7.2 
5.8 
5.1 
4.2 61.2 

23 7.5 96.8 

I 2.8 100.0 

63.8 

96.8 

(100.0) 
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1508 SEWALL WRIGHT 

TABLE 6 

Data on pale browns, graded at time of first litter, similar to those for yellows in Table I .  
Pale brownish creams (ECppff) are entered here as well as in Table I 

Pale brown 
genotype 

At first litter 

100 
No. 1, %/MO AV. 

bbCppFF 
F f  

65.8 10 15.4 67.1) 
13 13.7 64.81 

1 15.3 90.6 90.6 

cdcdFF 

cTcrFF 

4 13.0 68.9 68.9 

58.9 6 6.8 44.9) 
3 9.3 87.01 

5 5.1 81.7 81.7 

32 2.5 46.7 46.7 

TABLE 7 

T h e  number of yellows of uarious genotypes with indices at both their own birih and at their first 
litter I,; the amount of change (A,-,) and the ualue of t from the paired comparisons; the 

number with more than one index after birth, the average for all later indices 
(Iz), the change from I, to I, (Az-,) and the value of t 

First adult grade AV. later grade 
- _ _  - Yellow 

genotype No. I ,  Ai-0 t No. I ,  Az-l t 
~ _ _ _ ~ ~ _ . _ _ _  ~ _ _  

eeCFF 7 18.0 -3.3 4.5** 13 18.3 -0.2 0.7 
Ff  5 16.6 -4.8 7.8** 2 15.8 -0.4 1.3 

cWFF 11 12.9 -0.8 2.5* 10 13.6 +08 2.7* 

c"craFF(4$,3) 6 7.5 -2.0 4.6** 9 7.3 t 0 . 4  1.1 
(2) 5 6.2 -1.1 2.0 3 7.1 +0.4 0.6 

ckcdFF 3 16.6 +l.O 0.7 2 14.4 -1.6 1.1 

cdcdFF (4,3) 17 16.1 +1.1 3.8" 8 17.2 -0.5 1.5 
34 11.9 +o.o 0.2 28 12.2 +O.l 0.8 

(291) 21 5.4 +0.8 2.3* 26 4.8 +o.o 0.1 
cdcraFF (4,3) 10 12.5 +2.4 4.2** 9 13.4 +0.5 1.7 

cff 7 7.8 -5.3 9.6*** 7 8.9 -0.5 0.9 

* Significance at the .05 level 
* *  Significance at the .01 level. 

* * *  Significance at the ,001 level 
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COAT COLOR INTENSITIES 1509 

TABLE 8 

Data on changes in intensity of dark sepias (EBPF), similar to those for yellows in Table 7 
~ ~ ~~ ~ ~~ 

First adult grade AY. later grade 
Dark sepia 

genotype No. I, Ai-" t No. I 2  A2.q t 

CF 
ckck 
CkC" 

7 40.2 -0.4 1.2 9 40.8 +0.4 1.1 

7 39.7 -1.2 2.1 5 40.8 +0.9 1.7 

8 39.5 +0.7 1.5 7 41.1 +1.3 1.9 

ckca 3 37.9 -0.4 2.3 5 39.3 +l.O 4.5* 

(2J 1 13 36.9 +2.7 4.6*** 7 37.3 +O.l 0.2 

cdcr (2) 2 38.2 +2.1 0.5 1 35.2 0.0 

cdca (4,3) 5 34.5 +1.7 1.5 3 38.5 +2.1 3.9 

cdca (4,3) 5 37.2 -0.2 0.5 1 40.3 +1.9 

(2) 6 33.9 +7.2 10.3*** 8 34.0 +0.5 0.8 

(1) 7 30.6 $7.9 7.5*** 8 31.7 +1.5 1.5 

crcr (4,3) 5 41.1 +0.7 0.4 7 40.9 -0.5 1.5 

crca (4,3) 12 38.7 +5.0 12.9*** 11 38.9 f l . 2  1.9 

(2) 7 35.4 +6.8 7.2*** 2 38.1 +0.9 

( 1 )  7 32.4 t 8 . 0  5.5** 5 36.2 +3.6 2.3 

See footnotes Table 7.  

TABLE 9 

Data on changes in intensity of davk browns (EbbPFF), similar to those for yellows in Table 7 

First adult grade AV. later grade 
Dark brown 

genotype No, I, AI-0 t No. I ,  4 - 1  t 

C non dn male 
female 

dn+(SH) male 

dn-(SH) male 
female 

female 

C non dn (tot.) 

Ckclc 

cdcdr 
C d c a  

crcr 

~ ~ 

9 31.1 
11 32.1 
5 22.6 
7 31.0 
5 18.4 
44 21.0 

U) 31.6 

2 29.1 
6 28.9 
4 29.2 
4 33.5 

-4.4 
-3.1 
+0.6 

-+3.4 
+1.4 
+2.5 

-3.7 

-5.6 
-3.2 
+2.4 
-0.1 

~ 

5.1*** 
3.0* 
0.2 
2.7* 
0.7 
0.8 

5.4* * * 

10.0*** 
3.2* 
0.3 

8 30.7 
6 31.2 
7 23.4 
9 29.8 
4 14.1 
3 23.2 

14 30.9 

2 31.8 
4 30.1 
4 30.0 
4 34.6 

-0.8 
+0.4 
+0.3 
+3.2 
-2.2 
+2.9 

-0.3 

+0.8 
t 1 . 2  
+0.8 
+l.8 

2.1 
0.4 
0.2 
3.1* 
0.7 
1.1 

0.6 

3.6* 
0.8 
1.1 

See footnotes Table 7. 
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1520 SEWALL WRIGHT 

TABLE 10 

Data on changes in intensity of pale sepias (EBppF), similar to those for yellow in Table 7. 
FF is present in all lower c compounds 

Pale sepia 
genotype 

CFF 
CFf 
CkCk 

ckck or ckcr 
ckcr 
CdCd 

cdca (4,3) 
cdca (2,l) 
crcr 

First adult grade AV. later grade 

No. 

9 
6 
5 
5 
5 
6 
5 
7 
3 

I1 

15.1 
15.4 
14.4 
15.8 
8.7 
8.3 
7.4 
4.5 
6.8 

___ 
t 

-7.9 
-6.5 
-5.5 
-5.9 
-4.1 
-3.7 
-3.7 
-2.8 
-0.6 

5.0*** 
6.4" 
9.8*** 
9.4* * * 
7.8** 
2.7* 
3.1' 
7.9*** 
0.3 

18 12.1 
8 10.3 
4 10.8 
1 9.8 
4 7.9 
9 5.7 
6 4.8 

10 3.8 
8 8.9 

-1.4 
-4.7 
-2.9 
-7.5 
-1.2 
-1.8 
-1.7 
-1.0 
fO.2 

3.5** 
5.1** 
3.5* 

4.9* 
3.6** 
3.3* 
2.6* 
0.5 

See footnotes Table 7. 

TABLE 11 

Data on changes in intensity of pale browns (EbbppF) and pale brownish creams (Eppff), similar 
to those for yellow in Table 7 .  FF is present in all lower c compounds 

First adult grade AV. later grade 

No. I ,  A2-1 t 

3 14.8 -3.7 .2.1 
5 15.8 -1.8 2.9' 
1 15.3 -1.3 . . 
4 13.0 -3.6 2.6 
5 9.1 -4.7 13.3*** 

18 2.8 -2.3 6.4*** 

7 13.9 -1.1 1.8 
8 14.1 -0.9 1.5 
2 20.6 -0.2 . . 
2 11.2 -2.2 
3 8.7 +0.5 0.7 

20 2.2 -0.5 2.5* 

See footnotes Table 7. 

seem to behave more like cdcd than CkCk, but the numbers are too small for any 
confident assertion. There are no important changes following the first litter. 

In the case of the dark sepias, the decreases in intensity of C and CkCkdr in 
Table 2 are not supported to the extent of significance in Table 8, but the increases 
in intensity of c'& (with any number of plus modifiers) and of cdcd and cdca 
with one or two plus modifiers are shown to be highly significant. It is re- 
markable that the P dark sepias with different numbers of modifiers tend to 
converge after birth while the &cra yellows tend to diverge. 

There is only one later change in Table 8 that is significant at the .05 level, 
and it is so small in absolute amount that it may reflect merely an accidentally 
small variance of differences. There is, however, a prevailing slight increase in 
later litters that must be given some weight. This did not hold for yellows. 

Among the dark browns (Table 9) there are highly significant decreases in 
intensity of nondingy intense (C non dn) and of cd& but a probably significant 
increase in the case of &Ca. The only significant change in later litters is an 
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COAT COLOR INTENSITIES 151 i 

increase in c d P  which partly compensates for the initial decrease and an increase 
in dingy intense females that extends a significant increase in these after birth. 

More extensive data on C browns are given in Table 4. Both males and females 
that are nondingy (largely Pp) become much lighter after birth (21 to 24 
percent), but in all categories of dingies the females either fade less than the 
males or become more intense (males lighten about 23 percent while females 
darken about 12 percent on the average). These agree with earlier results 
(WRIGHT 1947) and with the behavior of dingy brown modified by a gene 
"whitish" ( W )  described by IBSEN (1932) and IBSEN and GOERTZEN (1951). 

Table 5 shows a marked lightening of all pale sepia genotypes after birth 
except in the case of c7cr and c'c?. The tests of significance of individual changes 
in Table 10 show that these decreases are significant and that the lightening 
continues to later ages in this case. 

The pale browns also decrease in intensity (Table 6) .  The numbers of indi- 
viduals graded at birth and first litter were very small (Table 1 1 ) , but significant 
decreases are shown in two cases (CFf and cdc"). There is probably continued 
lightening, but none of the differences reach significance. From comparison of 
Tables 5 and 6 it appears that the C pale browns do not lighten as much as the C 
pale sepias, but more data are needed. 

The pale brownish creams (Eppf f )  are included in both Tables 1 and 6. The 
color in an earlier period was indistinguishable from pale yellow but had shifted 
halfway to pale brown from a shift in modifiers by 1952 (WRIGHT 1960b). The 
drastic decrease in intensity (to 47 percent of the intensity at birth if treated as 
eumelanic (Table 6) in comparison with 44 percent treated as phaeomelanic 
(Table 1 ) ) is clearly significant (Table 1 1 ) . 

Comparisons with earlier results: The estimates of amount of pigment from the 
reflectionmeter readings at birth and later are compared with the estimates made 
previously from visual grades in Tables 12 to 16. There is agreement in the 
main features but there are differences that are obviously too great to be due to 
sampling errors. There are several possible reasons. There is some danger, first, of 
subjective error in the case of the visual grades, and second, of error from shifting 
standards (since the standard fur samples tended to fade slowly and required 
restandardization from time to time). It is unlikely that the average grades at 
birth are affected appreciably by these causes. Third, there was more uncertainty 
in the visual grades of the adults whose coats differed markedly from the standard 
samples because of longer hair and different texture. Some of the comparisons 
suggest conservatism in recording changes from the grades at birth, This does not 
hold in all cases, however, and is probably only a minor factor if it held at all. 
In the fourth place, it must be noted that the two sets of estimates were not 
estimates of quite the same thing. In the visual grades, the fur in the genera1 
middorsal region was compared with the standard fur samples. A reflectionmeter 
reading, on the other hand, applies only to a very small area. This was, perhaps 
unfortunately, taken at the most intense region along the middorsal line. The 
ratio of the intensity of this in a given genotype to that in intense black (as 100) 
or intense yellow (as 100) need not be the same as that in a more extensive area. 
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1512 SEWALL WRIGHT 

TABLE 12 

Comparison of amounts of pigment in yellows estimated from uisual grades at birth and as adults 
(1949) and from reflectionmeter readings at birth and at birth of first litter (1960). In 

the former case the number of plus modifiers was not known, i n  the latter 
the auerages apply to those with three or four plus modifiers 

Genotype 

Pigment at birth 

1949 101,o 

No. M O  No MO 

871 100.0 65 100.0 
315 36.1 33 37.9 
58 38.6 32 44.7 

301 17.9 
353 17.1 
404 35.7 132 41.5 
405 13.6 
436 14.0 

75 

86 {I9., 
Many 0.0 0 
Many 0.0 0 
Many 0 0  0 

454 85.3 39 79.8 
697 34.5 55 33.3 
106 4.5 3 3.5 
495 5.1 10 3.8 
113 6.2 122 8.2 

Pigment in adults 

1960 

No. M ,  

85 76.1 
51 30.0 
3 40.2 

49 12.1 
27 12.0 
35 36.9 
46 16.0 
41 16.5 

Many 0.0 
Many 0.0 
Many 0.0 

27 52.3 
87 10.8 
25 0.1 
74 0.6 
29 3.0 

No. fill 

22 63.3 
20 31.6 
4 50.8 

22 51.4 

l6  I,,., 0.0 

0.0 
0.0 

8 53.9 
19 16.9 

1 1.5 
32 3.6 

TABLE 13 

Comparisons of estimated amounts of pigment in dark sepias analogous to those for yellows 

in Table 12 

At birth Adult 

Gem) type 

1949 1960 _ _ _ ~  
N O .  'WO No. Ad, 

1949 1960 

No. MI No. MI 

780 100.0 
48 88.6 
12 81.6 
46 93.5 

206 74.7 
151 66.6 
150 72.4 
457 38.7 
172 81.2 
324 42.4 

Many 0.0 

66 

71 

46 
20 
20 
57 
49 
68 
. .  

100.0 

b . l  

79.6 
64.9 
78.8 
42.1 
92.4 
45.8 

0.0 

105 
8 

5 
25 
25 
27 
91 
30 
56 

Many 

95.6 
80.5 

92.3 
72.8 
75.8 
79.4 
54.5 
86.1 
70.8 

O+ 

17 

18 

6 
6 
2 
9 

10 
19 

c9.7 1..' 
75.0 
67.8 
80.4 
55.8 
98.1 
73.5 
o+ 
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COAT COLOR INTENSITIES 1513 

TABLE 14 

Comparisons of estimated amounts of pigment in dark browns (EbbP) analogous 
to those for yellows in Table 12 

At birth Adult 

1949 19bO 1!l49 1 qi,o 

Genotype No. MO No. nr, No. MI No. MI 

1,962 100.0 
202 96.1 
31 101.6 
90 97.4 

232 83.0 
82 84.6 
41 95.5 

143 63.2 
72 95.0 

224 63.9 
Many 0.0 

198 100.0 

6 67.9 
7 84.8 
4 96.4 

23 67.1 
27 98.0 
11 70.9 

0.0 

271 
17 

6 
24 

1 
26 
15 
39 

Many 

73.5 32 78.0 
84.0 3 70.8 

76.3 
70.0 1 75.9 

5 70.4 
70.0 
69.3 
77.0 6 88.2 
70.9 

O f  

TABLE 15 

Comparisons of estimated amounts of pigment in pale sepias (EBppF) analogous to those 
for yellows in Table 12. Standard 100 for intense black 

At birth Adult 

1949 19h0 144') 1960 

Genvtype No. MO No. M O  No. MI NO. MI 

468 17.1 
99 15.1 
21 10.9 
39 9.1 

147 6.2 
168 5.3 
158 3.3 
172 2.4 
202 2.0 
92 0.5 

Many 0.0 
108 11.4 

60 22.1 
26 14.2 
4 15.9 

13 9.0 
11 8.8 
13 9.8 

35 4.6 
41 3.1 
17 1.3 

0.0 
67 16.9 

101 
20 

1 
7 

28 
16 
30 
52 
21 
24 

Many 
35 

7.5 24 8.9 
4.1 5 9.6 
7.7 
5.1 6 5.2 
2.6 
2.8 5 3.5 
2.0 2 4.3 
1.3 6 3.4 
2.9 23 4.0 
0.6 1 1.3 
0.0 0.0 
4.0 8 10.4 
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1514' SEWALL W R I G H T  

TABLE 16 

Comparisons of estimated amounts of pigment i n  pale browm (EbbppF) analogous to those 
for yellows in Table 12. Standard 100 for intense brown 

At hirth Adult 

1 114'1 1 O l r O  111411 111(iO 

NO. 'I?" No. MI No. M, 
-~ ~- ~ _ _ _  Genntj-pe N o .  MO _________ 

CFF 209 27.6 38 33.5 39 18.9 10 22.5 
ckCk 244 22.6 1 24.6 1 9.6 1 22.3 
CkCd 10 16.7 . . .  
CkC? 100 16.3 1 21.8 

50 13.1 1 17.6 8 4.7 . .  . .  
C W  7 14.2 23 25.5 4 17.6 
CdCV 3 7.3 10 16.1 2 1 .0 
C@ 23 4.0 28 15.6 3 2.1 9 8.8 
c'rc? 35 4.1 23 6.6 3 5.3 5 5.4 
C'Ca 60 0.9 4 2.9 13 0.9 
C"L Many 0.0 0.0 Many 0.0 0.0 
C F f  20 22.3 67 29.2 8 12.3 13 18.9 

. .  

This holds especially of sepias. A new born black with gene C is of a uniformly 
saturated black all over its back. while the intensity of lower c compounds falls 
off laterally (as does a C red). The striking differences between the values for 
dark sepias of genotypes chch'17 and crcT in the two sets of estimates (Table 13) is 
undoubtedly due to this cause. The midline of these was usually as intense a 
black as in C blacks. but the color often showed a slightly brown tinge laterally. 
These near-blacks were in fact not graded by comparison with a black fur  sample 
(which soon acquires a slight brownish tinge) but with a recently born C black 
with no tinge of brown (even on the belly) as the standard for grade 21. An 
animal that showed any brownish tinge laterally was assigned grade 20 even 
though as black as possible along the midline. There are probably small differ- 
ences due to this cause in other cases. Finally, the most important cause of 
differences was undoubtedly difference in the prevailing array of modifiers. The 
nmdifiers Dm, d m ;  Si, si were not understood until after all of the records dis- 
cussed in 1949 had been made. Extreme dilutes (largely those with only one plus 
modifier) were indeed not mated in the series (closed in 1944) from which the 
1949 records were taken, and there were very few of these among the young 
that were graded. Many of the young, however, undoubtedly had only two plus 
modifiers though three or four must have been more common. The 1960 aver- 
ages (from animals born in 1952-1954) are restricted to those with three or four 
modifiers (Tables 12 to 16). This restriction is probably largely responsible for 
such differences as the much greater intensity of the & yellows in 1960 as com- 
pared with 1949 since d m  had been especially abundant in these. The es+' dmates 
for the pale sepias and pale browns are more erratic than in the other cases. This 
is due in part to small numbers and in part to segregation of modifiers of the type 
of Mp.  There is also an  obvious systematic difference, the 1960 estimate being 
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COAT COLOR INTENSITIES 1515 

much higher in most cases but especially where cd was involved. At least two 
minus modifiers (mpl, mp,) had been very common in the colony at an early 
period and caused so much difficulty in distinguishing c compounds that pale 
sepias and pale browns that were considered abnormally pale for their genotypes 
were systematically rejected in making matings (WRIGHT 1960a). The average 
grades, thus, were much higher in 1952-1954, when the reflectionmeter readings 
were taken, than they had been up to 1944, the last year on which the 1949 
averages are based. 

In view of these differences, it is obvious that no simple meaning can be at- 
tributed to any sort of average of the 1949 and 1960 estimates. Each should be 
considered separately for what it is (for the fullest understanding of the age 
effects). Nevertheless, the discussion of these effects is facilitated so much by re- 
duction to single sets of figures for pigmentation at birth and in adults that we 
present the unweighted averages of the two sets in Table 17 and Figures 1 and 2. 
Where a genotype was represented in only one set, the average is given in pa- 
rentheses, and modified in the case of pale sepias and pale browns as described 
in the caption. Amounts of dark and pale brown are given here relative to 50 for 
intense brown which puts them on approximately the same basis as the sepias 
and thus relative to 100 for intense black. 

Scheme of interactions: It is obvious that the differences in direction and 
amount of change cannot be accounted for by any single process or pair of op- 
posed processes. This is not surprising in view of the number of loci that are 
concerned and consequent minimum number of processes at which rate may 
change with changes in age or environmental conditions. Figure 3 is a variant of 

TABLE 17 

Unweighted averages of estimates of amounts of pigment from visual grades (1949) and 
from reflectionmeter readings (i960) at birth (MO) and as adults (M,) 

EBP EBPPF EbbP EbbppF E p p f f  eeFF 4 -- 
Genotype M ,  Mi MO M, M, M ,  MO MI MO M ,  MO MI MO Mi 

100 93 
93 81 
90 (82) 
96 87 
77 74 
66 72 
76 80 
4Q 55 
87 92 
44 72 

100 93 
0 o+ 

20 8 50 38 
15 7 49 39 
13 50 
9 5 49 (38) 
8 (4) 38 37 
8 3 42 (35) 

(5) 3 48 
4 2 33 (35) 
3 4  4 8 4 1  
1 1 34 (35) 
0 0  0 o+ 

14 7 50 38 

15 10 
12 8 

(12) . . 
(12) . . 

8 (4) 
10 (6) 
6 ( 2 )  
5 3  
3 3  
1 (1) 
0 0  

13 8 

7 3 100 
0 0 37 
0 . .  42 

. . . .  18 
0 . .  18 
0 0 39 

. . . .  17 
0 . _  17 
0 . .  0 
0 0 
0 0  0 

. . . .  83 

70 
31 
45 
13 
13 
4.4 
23 
23 
0 
0 
0 

53 

Where only one estimate was available this is put in parenthesis. In the case of pale sepia (EBppF) and pale browns 
(EbbppF) the marked systematic difference is partially allowed by multiplying by 1.5 if the single estimate is for 1949 
and by 0.67 if for 1960. Cases in which only one individual was available are omitted. Standard for brown and pale brown 
is 50 for EbbCP. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/45/11/1503/6058907 by guest on 25 M

ay 2023



1516 S E W A L L  W R I G H T  
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FIGURE 1.-Estimates of amounts of pigment in eumelanic genotypes at birth (broken for 
,cspi:as. dotted for browns) and as adults from Table 17. 

70 

60 

50 

I I $/ 
40 

30 

20 

IO 

FIGURE 2.-Estimates of amounts of pigment in phaeomelanic genotypes at birth (broken) 
nrl as adults from Table 17. 
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COAT COLOR INTENSITIES 1517 

Predispodt i on Dif  f arentiation En-zyme S y s t e m  Pigment 
(in eabqe?&is @termis) (of m e l a n o c y t e s  1 (in pigment g r a n u l e s )  (from tyrosine) 

C h a n c e  Region 1 

FIGURE 3.-A hypothetical scheme of sequences of reactions controlled by known genes. 
residual genetic factors, temperature and age, designed to account for their effects in all tested 
combinations. Symbols (f) or (-) indicate direction of effect of preceding factor on the char- 
acter. 

schemes that have been presented in previous papers (WRIGHT 1927, 194la. b. 
1942. 196a) in the attempt to represent as simply as possible the observed inter- 
action effects. Any such scheme is necessarily tentative since there are points at 
which there is no real basis for choice between alternatives. It should be noted 
that the purpose has been to present possible sequences of interactions, irrespec- 
tive of their sites of action in contrast with a scheme of color factors of the mouse 
given by MARKERT and SILVERS (1956). An arrow in the diagram may trace to 
a reaction in a pigment granule from a gene product from the nucleus of the 
same cell or one from a neighboring cell, or one from a cell in a remote part of 
the body; it may trace to a change in the external environment. 

For simplicity no distinction is made between the genes represented by the 
usual symbols and their primary products. Unanalyzed arrays of genes are rep- 
resented by Z. Thus, Z(So) refers to the genetic factors for sootiness of yellow. 
It is convenient in many cases to use A4 (modifier) followed by the symbol for 
the gene. the main effect of which seems to be modified. Thus, B ( M s )  represents 
the array of genetic modifiers of spotting (ss) . This is done even though the gene 
may be treated as an amorph (e.g., I: ( M p )  ) . The symbols Z (Leu) and Z (Lph)  
are used for factors that limit the amounts of eumelanins and phaeomelanins. re- 
spectively, and Z ( D b )  is used for residual factors that affect the dinginess of 
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1518 SEWALL W R I G H T  

5rown. Numbers are associated with many of the processes for convenience of 
reference. The arrows indicate the directions and relative productivities of proc- 
esses. Joint processes, in contrast with additive ones, are indicated by connecting 
the arrows by an arc. An arc at the divergence of arrows indicates alternative or 
competing processes. A reversed arc beyond an arrowhead indicates that the 
process does not contribute to color. It will be well to discuss the scheme briefly 
here although the justification for some of the points comes later. 

Various processes that may lead to death or reduced vitality of pigment cells 
are represented at the left side of Figure 3, (1 ) to (4). The action of the e locus 
determines between a predisposition (6) toward eumelanic differentiation ( E )  
or ( 5 )  toward phaeomelanic differentiation ( e )  or a mosaic (ep) ,  the latter sub- 
ject to the effects of spotting and other modifiers. The phaeomelanic predisposi- 
tion may be reversed (IO) in cells under certain genetic and environmental con- 
ditions that lead to sootiness in predominantly phaeomelanic fur. The eumelanic 
predisposition (including tendency to sootiness) may be reversed (8) in a phase 
of the hair cycle by gene A or its feebler allele A' (a gene introduced into the 
guinea pig from the Brazilian cavy. Cauio rufescms) (DETLEFSEN 1914; WRIGHT 
1916). 

It is postulated that the amounts of the primary products of the c alleles are in 
the order C > ck > cd > C' > c" for reasons that will be brought out later. It is 
further postulated that in cells with phaeomelanic differentiation (7) something 
combines (13) with products of C (in excess and therefore dominant). ck or  cd 
but that the products of c' and c" are specifically incapable of this reaction. Next 
it is postulated that cd product while less in amount that ck product has a speci- 
ficiiy that enables it to take part in this reaction at a higher rate and thus to 
produce more yellow pigment (in adults). The term mixomorph was suggested 
in earlier papers (WRIGHT 1941a,b) for an allele that produces relatively abun- 
dantly a product of relatively low efficiency. The allele ck may thus be described 
as a mixomorph relative to cd with respect to yellow. STERN (1943), who has ap- 
plied a similar two dimensional theory to the actions of multiple alleles in Dro- 
sophila, justlv points out the advantages of a two dimensional nomenclature. We 
might describe c'' as a hypoefficient hypermorph relative to cd in this case, or con- 
versely, cd as hyperefficient hypomorph relative to ck. Alleles c' and c" behave as 
if amorphs with respect to yellow, but, as they produce products that are revealed 
in other cases, it seems better to describe them as hypomorphs of zero efficiency 
in this case. 

The phaeomelanic enzyme precursor is represented as acting jointly with 
products of F (at (14)), or f (at (15)), and the product, above a certain threshold 
117). as acting jointly (18) with something that is limited ( B ( L p h ) )  (16) to 
give the phaeomelanic enzyme system. 

In cells with eumelanic differentiation, something combines with the c prod- 
ucts at (19) to give a eumelanic enzyme precursor (c-eu) . It is postulated, how- 
ever, that this competes (20) with a feeble yellow precursor (c-ph). As C is al- 
\wys dominant, its product is assumed to be always in excess. It is assumed that 
the ck product is apportioned largely to the eumelanic reaction while crz product, 
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COAT COLOR INTENSITIES 1519 

because of its specificity, is apportioned largely to the phaeomelanic reaction. All 
of the products of cT and ca that escape destruction are available for the eumelanic 
precursor. The latter must combine (at (21) ) with P (or p" an allele that differs 
only in its reduced eye pigment (ILJIN 1926a)) in order to be of high enough 
efficiency to produce dark sepias or dark brown. There is less production of 
eumelanin in the hair with cdP than with crP, whether because of reduced quan- 
tity at this level or lower efficiency or both. Thus, c' behaves as a hyperefficient 
hypomorph relative to cd in this case. In  the eyes of the same animals, on the 
other hand, cd produces more eumelanic pigment than c', and the latter behaves 
merely as a hypomorph. There seems to be no competition with a yellow process 
in the eyes even in the most favorable cases as in pink-eyed yellows (cf. GREGORY 
1928 and MARKERT and SILVERS 1956 with respect to the guinea pig and mouse, 
respectively). The F product behaves as a feeble substitute for P (reaction (22) ) 
permitting the development of pale sepia or pale brown in the absence of P. In  
this case, the pale yellowish sepia of EBcVppF with much underlying phaeome- 
lanin contrasts markedly with the pale slaty sepias of EBCppF and EBckckppF 
and the neutral gray of EBc'c'ppF (WRIGHT 1960b). The latter, however, has 
very little sepia pigment, less than with cdcd, and, thus, in it cr behaves merely as 
a hypomorph. Under the scheme of Figure 3, it must be postulated that cr has a 
specific property that applies to cr-eu as well as to its primary product that makes 
it barely capable of combining with F product, or else of producing an  inefficient 
product with it (in contrast with its behavior with P product). In an earlier 
scheme (1927) this double negative interpretation of the inferiority of cr to cfi in 
pale sepias was avoided at the expense of complexity elsewhere. The amount of 
pigment in pale sepias or pale browns is subject to profound modification, repre- 
sented here as due to action of modifiers X (Mp) on reaction (22). In  the previ- 
ous paper (WRIGHT 1960) these modifiers were represented as additional feeble 
substitutes for P. This .has the disadvantage that one would expect considerable 
pale eumelanin in the absence of both P and F unless the threshold were higher 
than it actually seems to be. The present scheme also differs from the preceding 
in representing f as responsible for the feeble yellow of ee# instead of attributing 
this to residual heredity and treating f as an amorph. We have also here repre- 
sented f as a very feeble substitute for P, and F (23) responsible for the traces of 
eumelanin that are formed in pale brownish creams ECppfl. The present scheme 
gives a relatively simple interpretation of the paradox that there is little or no 
underlying yellow in pale sepias ECppF, an approach to pure pale yellow in 
ECpp#, considerably more yellow admixed with very pale sepias in EcdcdppF 
but neither yellow nor sepia, leaving pure white, in Ecdcdpp#. We may suppose 
that the C-eumetanic process prevails almost completely over the C-phaeome- 
lanic process in competition for F while in the case of the cd-eumelanic and c"- 
phaeomelanic process (both weaker than the preceding) , the latter tends to pre- 
vail. On the other hand, in the absence of both P and F ,  the C-eumelanic process 
gives a product of such low efficiency with f that even though competition leaves 
little of the joint Cf-phaeomelanic product this is efficient enough to give more 
yellow than the eumelanin from the Cf-eumelanic product. Finally both c'f- 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/45/11/1503/6058907 by guest on 25 M

ay 2023



1520 SCTVALL W R I G H T  

eumelanic product and cdf-phaeomelanic product may be supposed to fall below 
the thresholds at (24) and (1 7) and so give no pigment of any sort. 

The CP, CF and Cf eumelanic products are  represented in Figure 3 as acting 
join'ly with one or the other of two limiting substances differentiated (at (25))  
by genes B and b, respectively. The upper limit for the B substance is repre- 
sented as affected by modifiers Z (Leu) at (26) and that for the b substance, some 
50 percent lower than the preceding, is affected by these modifiers at (27) .  The 
effects of the products of P with the higher c alleles are supposed to be somewhat 
damped by the ceiling imposed by B and Z:(Leu) at (26) and very much clamped 
by the much lower ceiling imposed by bb and ~ ( L P U )  (at 27). On the other 
hand. the F and f products, even with C, are so far below the ceiling in either 
case that there is substantially no damping or difference in amount of pigment. 

It is postulated further that excess product of CP and CF over that required to 
saturate the bb limit (and in extreme cases the B limit) tends (31) to destroy the 
product a t  (29) or (30) subject (28) to various sorts of modifiers H ( D b ) ,  etc. 
IBSEN'S gene W ,  absent from m y  colony, is required for any reduction idingi- 
ness) of black. 

Temperature and age effects: Considerable light on the physiologv of the 
changes is thrown by experiments conducted by WOLFF (1955) in the same 
colony. He  made reflectionmeter readings of animals at about one and one half 
months of age that still carried their initial pellages. Some were plucked on the 
rump and exposed to either 16°C or 32°C for 30 days when a reading of the new 
pzllaqe was made, and others were left unplucked for 30 davs at  these same 
temperatures before making a second reading. It was found that there was no 
Ggnificant difference in the subcutaneous temperature whether hair was present 
or not (33.3"C at  16"C, 38.2"C at 32"C, rectal temperature 39.1"C). New hair 
grew at the rate of 0.5 mm per day. Kair of the second pellage was beginning to 
show slightly above the skin at  the time of plucking. Such hair was not removed 
bv plucking with the consequence that some of the new hair had been exposed to 
relatively low temperatures at its tip even if exposed to 32°C for 30 days before 
the second reading. 

There were significant differences in many cases. It is desirable for the present 
purposz to transform the average reflectionmeter reading, as reported. into the 
indices used here. This is done in Table 18 for the plucking experiments which 
include most of the significant results. The average indices before and after ex- 
pDsure, and all of the differences are given for each temperature. WOLFF'S paper 
must be consulled for the level of significance of the differences with each of the 
three filters that were used. The values of t from the amber and green filters were 
usually in good agreement while that from the blue filter was usually, but not 
always, somewhat less. We have indicated somewhat roughly the significance of 
the differences between the values before and after exposure by a single asterisk 
in parentheses if WOLFF found significance at  at least the .05 level in only one 
filter, by two asterisks if there was significance at  the .01 level in at least two of 
the three tests and one asterisk without parentheses in intermediate cases. 

The dark sepia series ( E B P )  show rather consistent results as brought out in 
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WOLFF'S analysis. The new pellage was in all cases darker than the old at both 
16°C and 32"C, but the darkening was in all cases greater at the lower tempera- 
ture. In the albinos there was appreciable darkening only at 16°C in agreement 
with the long-known effect of low temperature in this case and in the similar case 
of the Himalayan rabbit (SCHULTZ 1918; ILJIN 1926b; WRIGHT 1927). Apart 
from this, the intensity a t  16°C was significantly greater than that a t  32°C only 
in the cases of cdc" and crcr. There was significant darkening at 16°C in all cases, 
though somewhat doubtfully in the intense blacks (EBCP) .  The relatively slight 
darkening at 32°C (greatest in crc", C'V, c"cd and cdcr) may well have been 
merely the effect of low temperature on the tips of the hairs that had already 
begun to develop at the time of plucking. 

A\ to the physiological nature of the process, DANNEEL and SCHAUMANN 
( 1038) have attributed the similar process in the Himalayan rabbit to thermola- 
bility of the enzyme produced by the albino allele that characterizes them. Our 
hypothesis in the case of the guinea pig is that the product of cn is completely de- 
stroyed (process (12) in Figure 3 )  at  body temperature but that some escapes at  
the lower temperature of the shin after birth, especially in peripheral regions 
( ears. feet, nose), that the cr product is greatly reduced at  body temperature (40 
percent) and that the cd product is reduced somewhat less (some 30 percent). 
The  C and ch products seem to have been reduced much less since the slight dark- 
ening effect of low temperature indicated by WOLFF'S results is overbalanced at 
six months by a temperature-independent weakening of pigmentation. On the 
cther hand, there is clearly some damping of the effects of the c compounds by an 
u p p w  limit suggesting that the smallness of the low temperature effects on C and 
ck may be due at least in part to this. The  smaller amounts of darkening of the cd 
compound5 with only three or four plus modifiers in  contrast with one or two 
(shown in Table 2)  point in this direction. With darkening restricted by a ceil- 
ing, the observed reduction in the C and ck compounds at six months must be due 
to 10wcring of the ceiling (process (26), Figure 3)  rather than to a tendency to 
proportional reduction of all c compounds. The best evidence that there Is 
actually much less low temperature effect on C and ck than on the lower alleles 
comes from consideration of the yellows. 

 WOLF^‘ found a highly significant reduction in the intensity of red (eeCF) at 
both 1 G - C  m d  32°C. We may conclude that the 30 percent reduction, shown in 
Table 1 7  and Figure 2, is due to a weakening of the process of forming yellow 
pigment that occurs within one half a year after birth, independently of tempera- 
ture (processes 114) and (15) in Figure 3)  and that this occurs to a significant 
extent b\ t w o  and one half months. The reduction in the ck yellows (C'"c", ckc', 
ckc0) ,  shown in Table 17 and Figure 2, is due presumably to a similar process 
that occur\  so slowly that it was not revealed in WOLFF'S experiment. The in- 
creases in intensity of the cd yellows (cdca, c'V, cdcn) of Table 17 and Flgure 2 
correspo:~d to highly significant deepening of color found by WOLI'F i n  these 
same genotypes at 16°C but not 32°C. This reaction, thus, must be considcred as 
d u e  t o  low temperature (process (12) in Figure 3 ) .  WOLFF found a slight, but 
possibly significant, reaction of this sort with chef&. W e  may interpret these results 
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COAT COLOR INTENSITIES 1523 

as implying that in the case of ck the weakening of pigmentation with aging ulti- 
mately dominates over a slight stimulatory effect of lower temperature that 
occurs at birth while in the case of the cd yellows, the latter process completely 
dominates over any aging effect. I t  should be noted that in referring to an aging 
effect it is not meant to imply an effect of old age. Guinea pigs do not reach their 
full weight until they are more than one and one half years old and, thus, are 
very immature physically at one half year. It is clear from the lightening of chcr", 
with only 17 percent as much pigment as C yellows, that in this case the process 
is not a mere lowering of an upper limit but a more or less proportional dilution 
at all levels. 

The greater intensification of cdcra and to some extent of cdcd with three or 
four plus modifiers, instead of one or two, is not easy to account for. It does not 
occur in ckcTa yellows and is opposite in direction to the effects in P sepias. A spe- 
cific interaction effect of dm and si with cd (that permits excess fading to offset 
the low temperature effect) seems required. 

The difference between 2 and cd yellows with respect to direction of change 
after birth requires consideration of some results reported by IBSEN ( 1932). In a 
list of minor variations in his colony, he included a fading after birth of certain 
light yellows (eecdca) which he attributed to a gene that he named f .  No data 
were given. This gene was clearly not the same as that which I had designated f 
(WRIGHT 1923) since eecdca# in my terminology was found to be white or near- 
white at birth (WRIGHT 1927) and to have other major effects, not referred to by 
IBSEN. To avoid confusion, we will use f, here for IBSEN'S gene. 

This gene was clearly not present in my stock unless it can be supposed that it 
was very strongly associated with ~ and its dominant allele, F,,  with ca. It would, 
however, require complete or very nearly complete linkage for such an associa- 
tion to have been fully maintaind from 1916 to 1954 in the face of the deliberate 
attempt to make the genetic backgrounds of r? and cd alike by mating chc" with 
albino segregants from cdca x Pca and vice uersa (cf. WRIGHT 1925). 

A good example of this association is provided by two late matings, YC 70 and 
YC 71. The former was of the type eecacaFF x eer?cdFF. The young were graded 
visually at birth without knowledge of whether they were ckcn or cdca. Fourteen of 
them were mated with albinos transmitting E or en to test the genotype (Eckc"P 
being unmistakably darker sepia than EcdcaP). Eleven turned out to be ckcn and 
only three &ca. All of the former became paler (mean at birth, grade 4.55, mean 
as adults 3.70). One of the Pea's remained unchanged, but the others deepened in 
color (mean of three at birth, 4.00; as adults, 4.67). Mating YC 71 was of the 
type eeCkc"FF x eecdcaFF. The sire (r?ca) was of grade 5 at birth, changing to 4 
later, while the dam (cdca) also of grade 5 at birth, became of grade 7. The 
three young that proved to be Ckca on test all became paler (4.67 at birth, 4.00 
later). All of those young that proved to be cdca deepened (also 4.67 at birth but 
6.00 later). Altogether, the 14 tested Ckc" from both matings decreased an aver- 
age of 0.81 * 0.1 0 while the six tested c a p  deepened by 1 .OO -I- 0.30. 

The marked difference in behavior of the ck and cd yellows exhibited in Tables 
1 and 7 confirms the earlier results, but here applies to the last three years of 
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the colony after abundant opportunity for randomizing any linked modifiers 
over a period of nearly 40 years. 

Thus, the available evidence all indicates that the tendency to become paler 
cannot be dissociated from c+ nor the deepening tendency from ca. It is simplest 
to consider these to be properties of the two alleles themselves rather than of 
linked modifiers. IBSEN used only one symbol, cd, for a c allele found in dilute yel- 
lows in his stock. It seems possible that his observation of segregation of fading 
and nonfading within his yellow strain was actually based on segregation of 
2 and cd. He refers to matings of cdcaf,fr with dilute blacks ( E B c V P )  but does 
riot give any details that would indicate whether both ck and cd were present in 
the descendants. He notes, however, that the fading could not be transferred to 
blacks to produce a L'blue.'' This is not surprising if the gene transferred was ck 
which dilutes black much less than does cd. 

On bringing together the results from the dark sepia and F yellows with re- 
spect to the effect of temperature on c compounds, it is evident that the order of 
sensitivity, from greatest to least, is ca > c' > cd > c" among the lower alleles. 
This indicates that the amounts of product are in the opposite order. The com- 
plete dominance of C (which applies within all of the color series) and incom- 
plete dominance in all other cases where there is a difference, indicate that only 
C produces an excess of product with respect to the substrate. Thus, the primary 
quantitative order may be taken as C,ck,6Z,cr,~ from highest to lowest, and only 
the deviations from this that occur in particular cases require explanation in 
terms of differences in efficiency in some sense. 

In the case of eeCfl, WOLFF found considerably more reduction of intensity at 
both 16°C and 32°C than with eeCF. While there was greater reduction at the 
higher temperature, this was of doubtful significance. It is probable that the 60 
percent reduction in intensity shown in Table 1 7  and Figure 2 at one half year 
is due to a temperature-independent weakening of pigment production that is 
greatly enhanced by replacement of F by f .  The pertinent process is located at 
( 15) in Figure 3,  

With c7,chff, Ckcdfl and Pcdff7 the small amount of yellow pigment at birth 
(about five percent of that in reds) is wholly or almost wholly lost in adults. This 
and the complete or nearly complete whiteness of the heterozygotes of ck or cd 
with c' or c" indicate a threshold in the yellow process of about five percent of 
intense red (at (1 7) in Figure 3 ) .  

The pale sepias, EBCppF, showed approximately equal and highly significant 
decrease\ in intensity at 16°C and 32°C in WOLFF'S experiment. We accordingly 
interpret the drastic and long continuing decreases in intensity that occur nor- 
mally ( Tables 5 and 10) as the result in the main of a temperature-independent 
weakening of process (22). Process (23) probably also falls off but is shown by 
the feebleness of eumelanic pigmentation in ECppfl to be of little importance. 
The decreases in all other c compounds except crcr and cTca can be interpreted in 
the same way. In the case of C'C, however, the increase in intensity that WOLFF 
found a t  16°C indicates that even the drastic weakening of pigmentation with 
age in pale sepias can be overbalanced by the strong response to low temperature 
characteristic of cr .  
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WOLFF'S results with intense brown, EbbCPp, are the most paradoxical that 
he obtained, from the standpoint of the normal reduction in intensity shown in 
Tables 4 and 9. He found intensification at both 16°C and 32"C, and this was 
significant at the higher temperature in contrast with all other cases. 

It should be said, however, that strong intensification of brown has often been 
observed in new hair of young animals that have lost much of their initial coat. 
There is a process here that requires further study. 

The decreases in intensity in the preceding cases, except for the slight one in 
blacks, have appeared to apply more or less proportionately to all c compounds, 
after allowing for the release at birth from destruction by high temperature. The 
decreases in the dark browns are clearly not of this sort. As often noted, com- 
parisons of the relative intensities of the c compounds of dark browns with those 
of dark sepias indicates that the former are damped much more on approach to a 
ceiling, by some limiting factor. The adult results suggest a lowering of this 
ceiling from 50 to about 38 or 39 by a process located at (27) in Figure 3. None 
of the c compounds in adults can be distinguished with any confidence except 
caca (which shows the same sort of peripheral darkening as in albinos of the 
dark sepia series). All of these except &ea and erea are brought down to the new 
ceiling, while cdc? and cTca rise toward it (Figure 1 ) presumably because of the 
low temperature effect. 

Brown reaches its maximum intensity at birth with CPpff. As has been shown, 
the production of C, P and F in excess of that required to reach the ceiling leads 
to inhibition (dinginess) which is greatest with CCPPFF (WRIGHT 1947,1960a). 
With lowering of the ceiling before six months of age there is enough excess of 
CP and CF products to reduce dingy grown males some 23 percent below the 
new ceiling (Table 4 ) .  The females, however, tend to lose their dinginess and 
become on the average 12 percent more intense than at birth, though still usually 
below the ceiling at their age. 

This difference between males and females is interesting as it is the only 
known sex difference in color in guinea pigs except for a slightly greater amount 
of white in spotted females (ss) than in spotted males of the same inbred strain 
(WRIGHT 1926). WOLFF (1954) made experiments with castrated males and 
ovariectomized females, both with and without injected estrogen. The classes 
without androgen, whether with or without estrogen, darkened while the normal 
males (the only class with androgen) tended to lighten slightly. The difference 
between the males and the others as a group was significant at the .01 level. 
The available number of dingies (strain SH) was unfortunately inadequate for 
further testing of androgen, but it was concluded that it was a reasonable work- 
ing hypothesis that testicular androgens prevent a loss of dinginess that otherwise 
tends to occur. This loss of dinginess can hardly be due to a higher ceiling since 
this is not apparent in nondingy females. Androgen is represented in Figure 3, 
associated with spotting, IBSEN'S gene Whitish ( W ) ,  and other modifiers in 
affecting the dingy process. 

Pale browns (EbbCppF) showed no appreciable change at 16°C in WOLFF'S 
experiments but a significant lightening at 32°C. Even the latter is much less 
than the lightening observed at both temperatures in pale sepias. 
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By six months of age, however, all c compounds except c'c' and c'c" show 
decreases much like those shown by pale sepias while c'c' and c'c" a t  least hold 
their own, presumably because of the strong low temperature effect on C'. The 
same effects a t  (22) and (23) are to be expected as in pale sepias. The apparently 
smaller amount of decrease needs further study. 

The pale brownish creams (ECppff) gave results rather similar to those given 
by the pale browns in WOLFF'S experiments: a small but significant decrease at 
32°C and no significant change at 16°C. Again, however, there is great reduction 
at one half year of age, though not as great a one as in the similarly pale yellows 
of genotype eecVff, which as noted becomes pure white or very nearly so. The 
processes in Figure 3 that should be involved are (23) for the feeble eumelanic 
component and (15) for the phaeomelanic one. In the earlier records, ECppfJ ap- 
peared to be indistinguishable from ee3dfJ at birth. and it may appear that there 
should be equal reduction by weakening of process (15). In  the case of eeckcLff, 
however. there is no eumelanic process a t  all. and weakening of (15) has its 
full effect. In  the case of ECppff the phaeomelanic process is assumed to be very 
much reduced by the presence of eumelanic differentiation. The C eumelanic 
and C phaeomelanic processes are represented in the diagram as competing for f .  
If process (23) is weakened after birth, process (15), relieved to some extent 
from competition, would not decrease as much as where process (23) is not 
occurring at all. This could account for the fact that ECppfJ fades less than 
cIec'-ch f f .  

WOLFF'S results bring out one type of change that has not been dealt with so 
far. In eight of 50 yellows of genotype eeBPF (two C, one ?cd, two Ckc", one 
c'l( rl . one c'lc', one c"c") excluded from his tables, and in all three of genotype 
f vBc 'c"BF (Table 18) more or less eumelanin developed after exposure to 16°C. 
None developed after exposure to 32°C. He concluded that low temperature is a 
necessary but not a sufficient condition for sootiness in ee genotypes. It may be 
noted that SCHULTZ (1922) showed that the development of sootiness in yellow 
rabbits of genotype eeaaBC depends on low temperature. A somewhat similar 
proportion of the yellow guinea pigs carrying P develop conspicuous sootiness 
naturally after birth, and some of these were graded but all such records have 
been excluded from the averages for yellow in our tables. The degrees of sootiness 
in adults varied from a mere trace to almost the appearance of a light sepia. 

According to IBSEN (1932) there is a genetic basis for sootiness. It is probable 
that the conjunction of suitable heredity Z (So) and low temperature is necessary. 
Its  prevention by high temperature seems to require a different thermolabile 
enzyme than that postulated as due to the c alleles. This process is represented 
at (10) in Figure 3. 

There are certain other age effects which have not been considered so far. 
Guinea pigs with agouti allele A', derived from many generations of backcrossing 
the Brazilian cavy (Cauia rufescens) to black guinea pigs, were self black at  birth 
except for very narrow banding with yellow on the belly and nape (WRIGHT 
1916). The amount of yellow increased considerably later in life. It is possible 
that measurement would show similar changes in the effect of the allele A, 
but this has not been tested. 
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The gene gr (for grizzling) shows a conspicuous increase in effect with age. 
There is no effect of grgr at birth in any genotype, but with aging the hairs on 
the back (whatever the color) gradually become white (LAMBERT 1935 ; WRIGHT 
1947). There is often some effect of this sort in heterozygotes. Presumably 
there is premature death of the pigment cells. This progressive grizzling (process 
(4),  Figure 3) contrasts with the effects of Sisi and sisi (silvering) which are 
manifest at birth and not progressive. 

Finally, we may note an effect of increasing age of the mother. Analysis of 
spotting in an inbred strain revealed that as females became older the amount of 
white in the spotting pattern of their off spring became significantly greater. 
In this case there is no change in individuals (WRIGHT 1926). 

SUMMARY 

There are changes after birth in the intensities of the various coat colors of the 
guinea pig that differ in direction and magnitude, and, in some cases, there are 
changes in quality. At least ten different processes must be involved. 

The outstanding changes in the dark sepia series (EBP)  are the darkening 
of ears, feet, nose and sometimes backs of albinos (Fe), the strong general 
darkening of the lighter sepias ( crca and &c") and the moderate darkening of the 
sepias that involve only cr and cd. These effects are attributed to thermolability 
of the products of the c locus (100,40 and 30 percent destruction of the products 
of ca7 cr and cd7 respectively, before birth as compared with after birth). There 
is much less destruction of the products of C and ck, and the genotypes carrying 
these become slightly lighter at one half year of age because of a slight lowering 
of the upper limit. 

In  the pale sepias (EBppF)  there is a marked and long continuing reduction 
in intensity (50 to 60 percent by one half year) that is independent of tempera- 
ture and is attributed to the eumelanic processes that occur in the absence of P. 
These are overbalanced by the low temperature effect only in the very pale 
sepias of genotypes crcr and crca. 

In  the dark browns (EbbP) there is a lowering of the upper limit, already 
50 percent lower with bb than with B, by an additional 12 percent independently 
of temperature. The albinos darken similarly to those with BP. The light browns 
(crca, c d F )  darken to almost the same intensity as that to which the higher c 
compounds are reduced by the lowering of the ceiling. The limiting factor seems 
to be fully saturated in genotype EbbCPpff. Excess CP and CF product leads to 
inhibition (dinginess) and intensities far below the ceiling. There is further 
reduction after birth in dingy males, but the dingy females tend to become more 
intense though those with CCPPFF are still lighter than those with CPpff. 

The pale browns (EbbppF) behave similarly to the pale sepias for presumably 
the same reason. The amount of fading of the c compounds after birth (other 
than crcr and crca which again intensify slightly) seems to be somewhat less 
than in the pale sepias. 

The yellows (eeF) that carry C,  ckck, ckc' or CkCa fall off some 20 to 30 percent 
in the first half year, independently of temperature. This cannot be due to lower- 
ing of the ceiling since Ckc' and ckca have only 18 percent as much pigment as c. 
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This is attributed to the phaeomelanic process that involves F.  The genotypes 
with cd, on the other hand, tend to increase in intensity because the low tempera- 
ture effect on cd overbalances any tendency to fade. No yellow at all is produced 
at any age with c'c', crca or c"c". 

The fading yellows (eeff) show a much more drastic reduction in intensity 
after birth (some 50-60 percent) that is again independent of temperature and 
is attributed to the phaeomelanic process that involves f .  The extremely pale 
yellows c V ,  ckca and cdcd are all reduced to white, presumably by the same 
process with no apparent offsetting by the low temperature effect on ca. The 
heterozygotes of ck and cd with c' or ca are white or near-white at birth and 
lose whatever traces of yellow they may have. 

All of the yellows (eeF or eeff) are subject to a whole different process under 
certain conditions which include low temperature. Many animals that are pure 
yellow at birth develop sootiness of the type expected from the genes that affect 
the eumelanic process. 

The pale brownish creams ( E C p p f f )  are greatly reduced in intensity by one 
half year but not as much as pale yellows eecVff of similar intensity. The 
effects are independent of temperature, and that on yellow is presumably the 
same as in eeff yellows but is buffered by reduction in the competing Cf 
eumelanic process. 
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