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PROTEIN polymorphisms demonstrable by zone electrophoresis are finding 
increasing use in studies of the population genetics, systematics, and ecology 

of rodents. For wild populations of the house mouse (Mus  musculus), studies to 
date have dealt largely with esterases and hemoglobin (PETRAS 1967; SELANDER 
and YANG 1969; SELANDER, YANG and HUNT 1969), although genetically deter- 
mined variation in a variety of other proteins has been described in laboratory 
strains and may be expected to occur in wild mice from which the domestic forms 
were derived. In  an effort to increase the number of protein types available for 
studies of wild populations, and to assess the extent of genic polymorphism in wild 
populations of this species for comparison with estimates available for Drosophila 
and other organisms, we have examined electrophoretic variation in 35 enzymes 
and nonenzymatic proteins in samples of mice taken in several barns at a farm in 
southern California. 

MATERIALS AND METHODS 

Adult mice were trapped in 10 large chicken barns at  Hallowell Farm, near Ramona, Cali- 
fornia, on 4 December 1968 and maintained in the laboratory for 10 to 20 days on a diet of Purina 
laboratory chow and water. Variation in hemoglobin, in plasma and erythrocyte esterases, and in 
albumin, transferrin, and other nonenzymatic plasma proteins was studied in several hundred 
mice in samples from all 10 barns, but our examination of most other proteins was limited to a 
total of 56 mice taken in Barns 1,2,3,  and 16. Alkaline phosphatase phenotypes were determined 
for 67 mice from Barns 2 through 6, and variation in isocitrate dehydrogenase was studied in 90 
mice from seven barns. 

Preparation of tissue extracts: Samples of blood, kidney, and liver tissues were processed for 
electrophoresis as follows: 1.0 ml heparinized blood from each mouse was centrifuged at 
2,500 x g for 10 min and the plasma removed. To prepare hemolysates, erythrocytes were resus- 
pended and washed twice in 10 ml saline, lysed in 1.0 ml deionized water and 0.5 ml toluene, 
and centrifuged at 43,500 x g for 30 min. Plasma and hemolysate samples, as well as extracts of 
other tissues, were stored at 4°C for  from 12 to 48 hr before electrophoresis. 

In the preparation of extracts of kidney and liver, tissue samples were homogenized in two 
volumes of deionized water and centrifuged at 49,500 x g for 30 min, following which the super- 
natant was shaken with a half-volume of toluene and recentrifuged. 

Electrophoretic and staining techniques: Electrophoresis was performed on a horizontal 
apparatus with paper inserts, as described by SELANDER and YANG (1969). Buffers employed in 
electrophoresis and stains used for the demonstration of proteins were as follows: 
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Hemoglobin and erythrocyte esterases: Gel buffer 0.01 M Tris, pH 8.5 (adjusted with hydro- 
chloric acid). Electrode buffer: 0.30 M boric acid and 0.06 M sodium hydroxide, pH 8.2. Stains: 
Amido black for hemoglobin; a-naphthyl propionate and Fast Garnet GBC salt for esterases. 

Non-hemoglobin erythrocytic protein: Gel buffer: 1:4 dilution of stock solution of 0.125 M 

sodium acetate and 0.0085 M disodium salt of EDTA, pH 5.4. Electrode buffer: 1 :I dilution of stock 
solution. Stain: Amido black ( B I ~ L E  and PETRAS 1967). 

Lactate dehydrogenase regulator in erythrocytes: Gel buffer: 1 :I9 dilution of stock solution of 
0.9 M Tris, 0.02 M tetrasodium salt of EDTA, and 0.5 M boric acid, pH 8.6. Electrode buffer: 1 :4 
dilution of stock solution for negative electrode tray and 1 : 6 diluticn for positive electrode tray. 
Stain: See SHOWS and RUDDLE (1968a). 

6-Phosphogluconate dehydrogenase in erythrocytes: Gel buffer: 1 :9 dilution of electrode 
buffer. Electrode buffer: 0.1 M Tris, 0.1 M maleic acid, 0.01 M magnesium chloride, and 0.01 M 

disodium salt of EDTA, pH 7.4 (adjusted with 1 . 0 ~  sodium hydroxide). Stain: See SHAW and 
KOEN (1968a p. 351). 

Phosphoglucose isomerase and phosphoglucomutases in erythrocytes: Gel buffer: 1 :I9 dilution 
of electrode buffer. Electrode buffer: 0.14 M monobasic potassium phosphate and 0.06 M sodium 
hydroxide, pH 6.7. Stains: See CARTER and PARR (1967) for phosphoglucose isomerase, and 
SPENCER, HOPKINSON and HARRIS (1 964) for phosphoglucomutases. 

Esterases and other proteins in plasma: Gel buffer: Stock solution A: 0.03 M monohydrate 
lithium hydroxide and 0.19 M boric acid, pH 8.1. Stock solution B: 0.008 M monohydrate citric 
acid and 0.05 M Tris, pH 8.4. Gel buffer: 1 :9 mixture of stock solutions A and B. Electrode buffer: 
Stock solution A. Stains: a-Naphthyl butyrate and Fast Blue RR salt for esterases; amido black for 
other proteins. 

NADP-Isocitrate dehydrogenases and alcohol dehydrogenase in h e r :  Gel buffer: 6.07 mM 

dibasic potassium phosphate and 1.21 mM mcnohydrate citric acid. pH 7.0. Electrode buffer: 
0.214 M dibasic potassium phosphate and 0.027 M monohydrate citric acid, pH 7.0. Stains: See 
HENDERSON (1965) for isocitrate dehydrogenases, and SHAW and KOEN (1968a) for alcohol 
dehydrogenase. 

Hexose-6-phosphate dehydrogenase, glucose-6-phosphate dehydrogenase, and fumarase in 
kidney; aldolase in liver: Gel buffer: 1:9 dilution of electrode buffer (7 mg NADP added to gel 
after cooking). Electrode buffer: 0.50 M Tris, 0.02 M disodium salt of EDTA, and 0.65 M boric 
acid, pH 8.0. Stains: Hexose- and glucose-6-phosphate dehydrogenases as described by RUDDLE, 
SHOWS and RODERICK (1967), except dipotassium salt of glucose-6-phosphate substituted for 
disodium salt; aldolase and fumarase as described by GILLESPIE and KOJIMA (1968). 

NAD-Malate and NADP-malate dehydrogenases in kidney or liuer: Gel buffer: 0.008 M Tris 
and 0.003 M monohydrate citric acid, pH 6.7 (adjusted with 1.0 M sodium hydroxide). Electrode 
buffer: 0.223 M Tris and 0.086 M monohydrate citric acid, pH 6.3. Stains: See SHOWS and RUDDLE 
(1968b). 

Lactate dehydrogenase in kidney and alkaline phosphatase, xanthine dehydrogenase, and 
indophenol ozidase in h e r :  Gel buffer: 0.08 M Tris and 0.005 M monohydrate citric acid, pH 8.7. 
Electrode buffer: 0.30 M boric acid and 0.06 M sodium hydroxide, pH 8.2. Stains: Lactate dehydro- 
genase as described by MARKERT and MASSARO (1966); alkaline phosphatase and xanthine 
dehydrogenase as described by SHAW and KOEN (1968a). 

Statistics: Significant interbarn heterogeneity in allele frequencies is apparent for many of 
the loci studied in the Hallowell Farm mice, indicating interbarn subdivision of the total popu- 
lation. This situation, analyzed in detail by SELANDER and YANG (1969) and by SELANDER, YANG 
and HUNT (1969), is typical for wild house mouse populations. Allele frequencies, derived by 
direct count or, where a “silent” (null) allele was involved, from maximum likelihood estimates, 
were tested for homogeneity by chi-square analysis, as described by SNEDECOR and COCHRAN 
(1967 pp. 240-241). For loci at which interbarn heterogeneity was not demonstrated, data from 
several barns are pooled (Table l),  but, for other loci, data are presented for each barn, and the 
overall frequencies of alleles are represented by unweighted barn means rather than by pooling 
samples from different barns. 

Allele frequencies and expected numbers of individuals of various phenotypes were calculated 
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using the unbiased formulae of H A L ~ ~ N E  (1956) and LEVENE (1549) for small samples. For loci 
at which silent alleles occur, allele frequencies for certain samples were calculated by a maximum 
likelihood method utilizing information on the frequency of homozygotes for the silent allele 
and the degree of deficiency of heterozygotes not involving non-silent alleles. When homozygotes 
for the silent allele are not represented in a sample, application of the maximum likelihood 
method is arbitrary, since heterozygote deficiency, even when marked, may be due wholly or in 
part to intrabarn subdivision rather than to the presence of a silent allele (SELANDER and YANG 
1969). 

RESULTS 

In  the following account, the proteins examined electrophoretically for varia- 
tion are arranged according to function. 

HydroZases: Alkaline phosphatase ( l i v e r ) :  In liver extracts stained for alkaline 
phosphatase, three phenotypes are represented in proportions suggesting the seg- 
regation of two codominant ajleles at a single locus (Table 1). The allele pre- 
sumed to produce the rapidly migrating band, which is present in low frequency, 
is provisionally designated Ap-la; that producing the slowly migrating band, 
Ap-lb. This apparent polymorphism has not previously been described for the 
house mouse, and remains to be confirmed by breeding tests. 

Esterase 1 ( p l a s m a ) :  Three alleles, E s - l a ,  Es-lb,  and Es-IC, are represented in 

TABLE 1 

Variation at several loci 

Number of 

Barns Mice Genotypes and phenotypes: observed (expected) Allele frequency 

5 67 

4 56 

4 56 

10 224 

4 56 

Alkaline phosphatase 
A p - l a / A p - l a  A p - l ” / A p - l b  A p - l a / A p - l b  

Fast Slow FS 
1 (0.2) 61 (60.2) 5 (6.7) 

6-Phosphogluconate dehydrogenase 
Pgd-Ia /Pgd- la  P g d - l  b /Pgd- lb  Pgd- la /Pgd- lb  

Fast Slow FS 
2 (3.7) 29 (30.7) 25 (21.7) 

Phosphoglucomutase 1 
P g m - l a / P g m - l a  Pgm-Ib/Pgm-Ib  Pgm-Ia/Pgm-Ib  

Fast Slow FS 
48 (48.2) (0.3) 8 (7.5) 

Esterase 5 
Es-Sa/Es-Sa Es- 5 b / -  

Band absent Band present 
198 26 

Lactate dehydrogenase regulator 
L d f l / L d r a  Ldrb/ -  

B subunit absent B subunit present 
7 49 

A p - l a  Ap-1’ 

0.052 0.948 

Pgd- la  Pgd- lb  

0.259 0.741 

P g m - l a  P g m - l b  

0.929 0.071 

Es-5a Es-5’ 

0.940 0.060 

L d F  Ldrb 

0.359 0.641 
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TABLE 2 

Esterase I 
~~~~~~~~~~ ~ ~ 

Genotypes and phenotypes observed (expected) 
Allele frequency 

Number ES-f"/- Es-1"- Es-l'/Es-f b Es-lC/Es-IC 
Sample of mice Fast Slow FS "Silent" Es-1' Es f b  Es-IC 

Barn1 31 
Barn2 M 
Barn3 26 
Barn4 21 
Barn5 9 
Barn6 6 
Barn9 29 
Barn12 17 
Barn15 17 
Barn 16 24 
Mean 224 

2(1.6) 24(23.7) 
(0.4) M(4Q.3) 
. . . .  25(25.0) 
. . . .  20(20.0) 
. . . .  S( 8.0) 
. . . .  6 (  6.0) 

l(0.3) 27(26.5) 
2(1.1) 13(12.3) 
l(0.2) 16(15.5) 

. . . .  24(24.0) 

4(4.5) l(1.2) 

l ( l .0)  . . . .  
. . . .  l(1.0) 

l(l.0) . . . .  

1 (1.8) (0.4) 
l(2.0) l(1.5) 

(0.9) (0.4) 

2(1.6) 2(1.8) 

. . . .  . . . .  

. . . .  . .  

0.10 0.70 020 
0.02 0.78 0.20 
0.02 0.9s 

0.76 0.24 
0.06 0.94 

1 .oo 
0.04 0.85 0.11 
0.09 0.60 0.30 
0.03 0.81 0.16 

1 .oo 
0.036 0.842 0.121 

~ 

XZIS = 54.55 **. 

the Hallowell Farm samples (Table 2).  Mice homozygous for the silent allele 
Es-1" were taken in Barns 1,2,4,  and 12, and the presence of this allele in Barn 9 
and Barn 15 is suggested by a marked deficiency of Es-la/Es-lb heterozygotes. 

Esterase 1 shows an unusual pattern of geographic variation in North America. 
With the exception of populations in southern California and southern Arizona, 
all North American populations tested are homozygous for Es-lb, as are those in 
Jamaica and Venezuela (SELANDER, YANG and HUNT 1969). Yet Es-2" and Es-lb 
are in approximately equal frequencies in the Htawaiian Islands (L. WHEELER, 
unpublished). The overall mean frequencies for the Es-1" allele in southern Cali- 
forfiia is 0.046. Both Es-la and Es-lb occur in inbred strains, but Es-lc has yet to be 
detected in inbred strains or in wild populations other than those at Hallowell 
Farm. 

Esterase 2 (plasma): Three alleles, Es-2", E s - ~ ~ ,  and E S - ~ ~ ,  are present at the 
Es-2 locus (Table 3). Direct evidence of the presence of the silent allele Es-2" 
is provided by the occurrence of homozygotes in Barns 1 and 5. Marked defi- 
ciencies of heterozygotes ( E s - ~ ~ /  Es-29 in Barns 3, 6, 12, and 15 suggest the 
pre:ence of Es-2" in low frequency. 

The alleles Es-2" and E S - ~ ~  are widespread in North America, the latter being 
the predominant allele in wild house mouse populations generally ( SELANDER, 
YANG and HUNT 1969) as well as in inbred strains (PETRAS 1963). E S - ~ ~  occurs 
in moderate frequency in southern California, southern Arizona, and southern 
Texas, but is unknown elsewhere. 

Esterase 5 (plasma): This locus is polymorphic, with the Es-5" allele common 
and E s - ~ ~  present, in low frequency, in all barns except 3 and 6 (Table 1). As 
indicated in Table 1, the allele E s - ~ ~ ,  which is responsible for the presence of a 
band, is dominant. Both alleles are widespread in wild house mouse populations 
in North America and elsewhere (PETRAS and BIDDLE 1967; SELANDER, YANG 
and HUNT 1969). 
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TABLE 3 

Esterase 2 

65 7 

Genotype and phenotypes: observed (expected) 
Allele frequency 

Number Es-Za/Es-ZO Es-Zb/- Es-Zd/- Es-2b/Es-P’ ~ 

Sample of mice “Silent” Fast Slow FS Es-20 Es-28 Es-26 

Barn 1 
Barn 2 
Barn 3 
Barn 4 
Barn 5 
Barn 6 
Barn 9 
Barn 12 
Barn 15 
Barn 16 
Mean 

31 
4) 
26 
21 
9 
6 

29 
17 
17 
21. 

224 

l(O.9) 8(  8.3) 
. . . . 12(11.3) 
(0.2) 12(11.4) 
. . . . 9(  9.2) 

(0.4) 3(  2.9) 
l(1.0) 8( 8.0) 

. . . . 19(19.0) 
(0.1) IO( 9.7) 
(0.5) 8 (  7.0) 
. . . 14(14.2) 

11 (11.2) 

5( 4.3) 
2 (  2.2) 

I (  0.9) 
1(  1.0) 

5( 3.9) 
1(  1.2) 

11 (10.4) 

. . . . .  

2(  1.6) 

11 (10.6) 
21 (22.2) 

9( 10.1) 
10( 9.6) 

2(  2.2) 
9(  9.1) 
5(  5.6) 
4( 5.7) 
9(  8.7) 

0.17 0.37 0.46 
0.51 0.49 

0.08 0.58 0.33 
0.67 0.33 

0.39 0.61 
0.08 0.61 0.30 

0.81 0.19 
0.08 0.68 0.24 
0.17 0.49 0.34 

0.77 0.23 
0.097 0.610 0.291 

xZl8 = 89.85**. 

Other plasma esterases: The number of esterase bands appearing on gels of 
mouse plasma varies with the electrophoretic system and stain employed, but is, 
in any event, large. PANTELOURIS and ARNASON (1966) resolved 19 esterase frac- 
tions in plasma of C3H mice, whereas PETRAS (1963) identified 11 bands in 
inbred and wild mice, and HUNTER and STRACHAN (I961 ) , working with Pallid 
and Swiss albino strains, found only nine bands. On our gels, three prominent 
esterase fractions are consistently present, in addition to bands of the Es-I, Es-2, 
and Es-5 systems. These three, designated A, B, and C for reference purposes, are 
monomorphic in the Hallowell Farm mice. For the purpose of estimating total 

TABLE 4 

Esterase 3 
~~~ 

Genotypes and phenotypes: observed (expected) 

Es-3b/ Es-30/ Es-361 Es-3b/ Es-3” Es-3C/ Allele frequency 
Number Es-30 Es-30 Es-3 Es-3C E s - 3 1  Es-3d 

Sample of m c e  Moderate Slow Fast MS hlF SF Es-3b Es-3C Es-3d 

Barn 1 
Barn 2 
Barn 3 
Barn 4 
Barn 5 
Barn 6 
Barn 9 
Barn 12 
Barn 15 
Barn 16 
Mean 

31 
44 
26 
21 
10 
6 

31 
17 
17 
24 

227 

25 (25.2) 
32(32.8) 
18 (16.9) 

6( 6.3) 
5(  5.0) 

26 (25.3) 
8 (  8.4) 

16( 16.0) 

12 ( 12.1 ) 

22 (21.1 ) 

(0.1) . . . . 
. . . .  (0.6) 

(0.3) (0.1) 
l(O.4) (0.2) 

. . . .  (0.2) 

l(O.1) . . . . 
. . . . . . . . 

(0.6) (0.1) 
. . . . . . . 

l(O.02) . . . . 

4(3.7) 
1 (0.9) 
4(4.9) 
4(4.7) 
l(O.8) 
l ( l .0)  
l(2.8) 
6(5.1) 
l ( l .0)  

(1.9) 

2(1.8) 
11 (9.6) 
2(3.3) 
4(3.1) 
3(2.5) 

3(2.8) 
2(2.2) 

. . . .  

l ( l .0 )  

(0.1) 0.90 
(0.1) 0.86 

2(0.5) 0.81 
(0.6) 0.76 

, . . . 0.92 

l(O.6) 0.71 
. . , . 0.97 
. . . 0.94 

(0.2) 0.80 

(0.1) 0.90 

0.857 

0.07 0.03 
0.01 0.13 
0.11 0.08 
0.14 0.10 
0.05 0.15 
0.08 . . . 
0.05 0.05 
0.21 0.08 
0.03 . . . 
0.04 0.02 
0.079 0.064 

xZl8 = 35.66* *. 
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genic variation, it is assumed that each of these esterases is controlled by a differ- 
ent locus. 

Esterase 3 and esterase D (erythrocytes): Of the two prominent esterases ap- 
pearing in hemolysates (HUNTER and STRACHAN 1961), one, Es-3, is poly- 
morphic, and the other, designated esterase D, is monomorphic. At Hallowdl 
Farm, E s - ~ ~  is the predominant allele at the Es-3 locus, and both Es-3" and E S - ~ ~  
are in low frequency (Table 4 ) .  

Two other Es-3 alleles not represented in the Hallowell Farm material have 
been recorded in other populations. These are Es-~" ,  an  allele apparently limited 
to C57BL and certain other inbred strains (POPP 1966), and a silent allele, Es-3", 
discovered in samples from Fiji (L. WHEELER, unpublished) and occasionally 
found in Texas ( SELANDER, YANG and HUNT 1969). 

Aldolase (liver): Extracts of liver stained for aldolase uniformly show a 
5-banded pattern, indicating homozygosity at both the A and B loci (RUTTER 
et al. 1968). Genetic variants have not been reported for the house mouse at 
either locus. 

Dehydrogenases: Alcohol dehydrogenase (liver): This enzyme is monomor- 
phic, appearing as a single cathodally migrating band in all individuals tested. 

Lactate dehydrogenase (kidney): The Hallowell Farm samples are homo- 
zygous at both the A and B loci for lactate dehydrogenase, all individuals tested 
showing a uniform 5-banded pattern. Other wild populations examined, as well 
as the inbred strains, appear to be similarly invariant. 

Lactate dehydrogenase regulator locus (erythrocytes): The Hallowell Farm 
mice are polymorphic at the Ldr locus (Table 1 ) , originally described from inbred 
and wild mice by SHOWS and RUDDLE (1968a). For unknown reasons, the poly- 
morphic types, involving the presence or absence of B subunits, are more difficult 
to score in wild mice than in inbred strains. A possible explanation is suggested 
by SHOWS and RUDDLE'S (1968a p. 577) observation that the expression of a lac- 
tate dehydrogenase phenotype is influenced by genetic background. In any event, 
the frequencies recorded here must be regarded as only approximate, since we 
may have erred in scoring some individuals. 

Malate dehydrogenases (kidney): All three malate dehydrogenases, the NAD- 
dependent and the supernatant and mitochondrial forms of NADP-dependent are 
monomorphic in the Hallowell Farm samples. Supernatant NADP-MDH is poly- 
morphic (two alleles, Mdh-l' and Mdh-2 b ,  in inbred strains (HENDERSON 1966) 
and in many wild populations in North America (SHOWS and RUDDLE 1968b; 
SELANDER and YANG, unpublished). In o w  experience, the Mdh-1" allele, which 
is fixed in the Hallowell population, generally predominates in wild populations. 

Xanthine dehydrogenase (liver): This enzyme is monomorphic in our samples, 
showing a single band. 

Hexose-bphosphate dehydrogenase and glucose-&-phosphate dehydrogenase 
(kidney): At the autosomal locus Hpd-2 controlling the B or hexose-specific form 
of this enzyme (SHAW and KOEN 1968b), two alleles (Hpd-2" and Hpd-lb) are 
present at moderate frequencies in all four barns (Table 5) .  These alleles, cor- 
responding to those designated Gpd-ia and Gpd-ib by RUDDLE, SHOWS and ROD- 
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TABLE 5 

Hexose-6-phosphate dehydrogenase 

659 

Genotypes and phenotypes: observed (expected) 
Allele frequency 

Sample of mice Slaw Fast SF Hpd-1 a Hpd-lb 
Number Hpd-la/Hpd-i' Hpd-Ib/Hpd-ib Hpd-la/Hpd-f  b 

Barn 1 13 7(6.8) l(0.8) 5 (5.3) 0.73 0.27 
Barn2 15 5(4.7) 3(2.7) 7 (7.6) 0.57 0.43 
Barn3 14 3(3.9) 2(2.9) g(7.2) 0.54 0.46 
Barn16 14 2(1.0) 8 (7.0) 4(5.9) 0.29 0.71 
Mean 56 0.532 0.468 

x Z 3  = 11.07*. 

ERICK ( 1967) on the basis of studies of inbred strains, are widespread in wild pop- 
ulations ( SELANDER and YANG, unpublished). Glucose-6-phosphate dehydro- 
genase appears to be monomorphic. 

6-Phosphogluconate dehydrogenase (erythrocytes): Two alleles, producing 
anodally migrating bands of differing mobility, are represented (Table I ) ,  of 
which Pgd-la (Easter band) is present in lower frequency than Pgd-lb (slower 
band). The heterozygote has three bands, suggesting a dimer molecular configura- 
tion, as reported in the rat (PARR 1966) and a variety of other organisms (CARTER 
et al. 1968). This polymorphism has not previously been described in the house 
mouse but is widespread in wild populations ( SELANDER and YANG, unpublished). 

NADP-Isocitrde dehydrogenases (liver): At Hallowell Farm, the mitochon- 
drial form of NADP-dependent isocitrate dehydrogenase (migrating cathodally 
under the electrophoretic conditions employed) is monomorphic, whereas the 
anodal, supernatant form is polymorphic for slower migrating and faster migrat- 
ing bands, corresponding to the alleles Idh-la and Idh-l b, respectively, described 
by HENDERSON (1965, 1968) from inbred strains. The two alleles are present in 
approximately equal frequencies (Table 6). Interbarn variation in allele fre- 

TABLE 6 

NADP-Isocitrate dehydrogenase (supernatant) 

Genotypes and phenotypes: observed (expected) 
Allele frequency 

Fast SF Idh-1' Idh-lb 
Number Idh-l'/ldh-l a Idh- i  b / l d h - i b  Idh-la/ ldh-lb 

Sample of mice Slow 

Barn1 13 1 ( 2.6) 2(3.6) lO(6.7) 0.46 0.54 
10 (6.9) 0.67 0.33 

Barn3 14 1( 1.3) 6(6.3) 7 (6.3) 0.32 0.68 
Barn4 13 lO(10.1) (0.1) 3 (2.8) 0.88 0.12 

7(7.6) 6 (4.8) 0.23 0.77 
Barn 6 8 2(  1.4) 3 (2.4) 3 (4.2) 0.44 0.56 
Barn16 14 9( 9.4) (0.4) 5 (4.3) 0.82 0.18 
Mean 90 0.546 0.454 

Barn2 15 5(  6.5) (1.6) 

Barn5 13 ( 0.6) 

xZ6 = 40.08**. 
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quencies is marked, with the frequency of Idh-2" ranging from 0.23 in Barn 5 to 
0.88 in Barn 4. These alleles are widespread in North American populations 
( SELANDER and YANG, unpublished). We were unable to demonstrate NAD- 
dependent IDH activity. 

Oxidases: Indophenol oxidase (liver): This enzyme has been partially char- 
acterized by BREWER (1967), who reported a genetic variant in a human family. 
Comparable variants have been detected in kangaroo rats (Dipodomys) by 
W. E. JOHNSON (unpublished). Because the achromatic bands produced by 
activity of this enzyme, which are especially well shown in gels stained for 
xanthine dehydrogenase, are uniform in mobility in the Hallowell samples, the 
controlling locus is judged to be fixed for a single allele. 

Isomerases and mutases: Phosphoglucomutases (erythrocytes): Two prominent 
phosphoglucomutase systems appear in mouse hemolysates. The more anodal of 
these is monomorphic in the Hallowell samples, but the other system exhibits 
polymorphism of a type explicable in terms of two codominant alleles producing 
rapidly and slowly migrating bands. These have been designated Pgn- la  (fast) 
and Pgm-lb (slow). Only Pgm-la was recorded in Barn 1, but Pgm-lb was present 
in low to moderate frequency in the other three barns sampled (Table 1). Many 
North American populations are polymorphic for these alleles ( SELANDER and 
YANG, unpublished). 

Phosphoglucose isomerase (erythrocytes): The polymorphism recently de- 
scribed for this enzyme in wild mice and in inbred strains by CARTER and PARR 
(1967) is not apparent in the Hallowell samples, all of which have a single band 
and are, therefore, judged to be monomorphic. 

Hydrases: Fumarase (kidney): We find no individual variation in mobility 
of bands in the fumarase phenotype in the Hallowell samples. The genetic con- 
trol of this enzyme in the house mouse has yet to be determined, but, judging 
from the presence of five bands in the phenotype, we presume that it involves 
two loci. 

Nonenzymatic proteins: Hemoglobin (erythrocytes): Three alleles at the Hbb 
locus (P-chain) affecting electrophoretic mobility patterns of hemoglobin are 
known in inbred strains: Hbbs, Hbbd and Hbbp. HbbP, discovered in the inbred 
strain AU/Ss (MORTON 1962, 1966; RUSSELL, BLAKE and NORWOOD 1968), has 
yet to be demonstrated in wild populations, which, however, are segregating for 
Hbbs and Hbbd. Electrophoretic mobility appears to be unaffected by known 
allelic variation at the a-chain Hba locus (RUSSELL and BERNSTEIN 1966). 

Subpopulations in all 10 Hallowell barns are polymorphic for Hbbd and Hbbs, 
with an average frequency of 0.574 for Hbbd (Table 7). Over most of North 
America, Hbbs has a higher frequency than Hbbd, but Hbbd predominates in 
southern California, with an average frequency of 0.565 ( SELANDER, YANG and 
HUNT 1969). 

Non-hemoglobin erythrocytic protein (erythrocytes): Polymorphism at  the 
Pro-l locus has been described in inbred strains by BIDDLE and PETRAS (1967), 
who also reported that 197 mice from wild populations in the Windsor, Ontario, 
area were monomorphic for a slowly migrating band similar to that produced by 
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TABLE 7 

Hemoglobin (Hbb) 
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~ ~~ ~ ~~~ 

Genotypes and phenotypes. observed (expected) 
Allele frequency 

Sample of mlce Strong dffuse Single Weak diffuse Hbbd Hbb' 
Number Hbbd/Hbbd HbbS/Hbba Hbbd/Hbb' 

Barn 1 31 
Barn2 49 
Barn3 26 
Barn4 21 
Barn5 10 
Barn 6 6 
Barn9 31 
Barn12 17 
Barn15 17 
Barn16 24 
Mean 227 

16 (14.1 ) 5(3.1) lO(13.8) 0.68 0.32 
21 (22.4) 2(3.4) 21 (18.1) 0.72 0.28 

7(  7.4) 5 (5.4) 14( 13.2) 0.54 0.46 
7( 7.3) 3 (3.3) 11 (10.4) 0.60 0.40 
3(  2.9) 2(1.9) 5 (  5.2) 0.55 0.45 
I (  1.4) l(1.4) 4 (  3.3) 0.50 0.50 

IO( 8.7) 8(6.7) 13 (15.7) 0.53 0.47 
4 (  4.6) 3 (3.6) IO( 8.7) 0.53 0.47 
3(  2.4) 7(6.4) 7(  8.3) 0.38 0.62 

12( 11.9) 2(1.9) 10( 10.1) 0.71 0.29 
0.574 0.426 

~2~ == 18.97'. 

the Pro-la allele of C57BL/10 mice. Mice from Hallowell Farm are similarly 
monomorphic. 

Prealbumins (plasma): Variation in the presence or absence of a prealbumin 
component, Pre, apparently corresponding to prealbumin 2 in the classification 
of REUTER et al. ( 1  968) , as described by SHREFFLER ( 1964) , is shown in samples 
from Hallowell Farm and in those from most wild populations in North America, 
with the Pre-a allele predominant. As noted by SHREFFLER (1964 p. 630) , the 
phenotypes are difficult to score consistently, particularly in females, so we have 
not calculated allele frequencies for ow samples. However, the mean frequency of 
the less common allele, Pre-b, exceeds 20%, and, thus, the locus is, by conven- 
tional standards, polymorphic. 

Prealbumin 3, a fraction migrating slightly slower than Pre, appears to be 
invariably present and constant in mobility in our samples. Prealbumin 1, a pro- 
tein reportedly confined to adult males (REUTER et al. 1968), is not resolved on 
our gels. 

Albumin (plasma): The Hallowell Farm samples are monomorphic for this 
protein. Genetic variation in electrophoretic mobility of albumin has not been de- 
scribed for the house mouse. 

Transferrin (plasma): Interstrain polymorphism involving two alleles at the 
plasma transferrin locus ( T r f )  has been described ( COHEN 1960; SHREFFLER 
1960) for domestic mice, but comparable variation has not been reported in wild 
populations (PETRAS 1967; &LANDER, YANG and HUNT 1969). Like all other 
wild populations we have sampled, those from Hallowell Farm are monomorphic 
for the Trfb allele. 

Other plasma proteins: In addition to the prealbumins, albumin, and trans- 
ferrin, three darkly staining protein bands, one of which may represent cerulo- 
plasmin, are visible on our plasma gels. In Hallowell Farm mice, all three, desig- 
nated A, B, and C for reference purposes, are monomorphic. 
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TABLE 8 

Electrophoretic variation in proteins in house mice from Hallowell Farm 

Number of 
controlling Phenotypic Number of 

Protein loci variation alleles 

Hydrolases 
Alkaline phosphatase 
Esterase 1 
Esterase 2 
Esterase 3 
Esterase 5 
Plasma esterase A 
Plasma esterase B 
Plasma esterase C 
Erythrocyte esterase D 
Aldolase 

Dehydrogenases 
Alcohol dehydrogenase 
Lactate dehydrogenase 

Lactate dehydrogenase regulator 
Malate dehydrogenases 

NADP-MDH in mitochondria 
NADP-MDH in supernatant 
NAD-MDH in supernatant 

Xanthine dehydrogenase 
Hexose-6-phosphate dehydrogenase 
Glucose-6-phosphate dehydrogenase 
6-Phosphogluconate dehydrogenase 
NADP-Ismitrate dehydrogenases 

Supernatant form 
Mitochondrial form 

Oxidases 
Indophenol oxidase 

Isomerases and Mutases 
Phosphoglucomutases 

Form 1 
Form 2 

Phosphoglucose isomerase 

Fumarase 
Hydrases 

Nonenzymatic proteins 

Hbb (,&chain) 
Hba (a-chain) 

Hemoglobin 

Non-hemoglobin erythrocyte protein 
Prealbumin 2 
Prealbumin 3 
Albumin 
Transferrin 
Plasma protein A 
Plasma protein B 
Plasma protein C 

1 
1 
1 
1 
1 
1 1  
l ?  
l ?  
1 2  
2 

l ?  
2 

1 

1 
1 
1 
l ?  
1 
1 
1 

1 
1 

l ?  

1 
l ?  
l ?  

2 

1 
1 
1 
1 
1 
1 
1 
l ?  
l ?  
l ?  

Polymorphic 
Polymorphic 
Polymorphic 
Polymorphic 
Polymorphic 
Monomorphic 
Monomorphic 
Monomorphic 
Monomorphic 
Monomorphic 

Monomorphic 
Monomorphic 

Polymorphic 

Monomorphic 
Monomorphic 
Monomorphic 
Monomorphic 
Polymorphic 
Monomorphic 
Polymorphic 

Polymorphic 
Monomorphic 

Monomorphic 

Polymorphic 
Monomorphic 
Monomorphic 

Monomorphic 

Polymorphic 
Monomorphic 
Monomorphic 
Polymorphic 
Monomorphic 
Monomorphic 
Monomorphic 
Monomorphic 
Monomorphic 
Monomorphic 

2 
3 
3 
3 
2 
1 
1 
1 
1 
1 (LocusA) 
1 (Locus B )  

1 
1 (Locus A )  

2 
1 (LocusB) 

2 
1 

1 

2 
1 
1 

1 (LocusA) 
1 (Locus B )  

2 
1 
1 
2 
1 
1 
1 
1 
1 
1 
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DISCUSSION 

The results of our survey of protein variation in the Hallowell Farm popula- 
tion of house mice are summarized in Table 8. A total of 35 protein species was 
examined, and, additionally, variation at  the locus regulating B lactate dehydro- 
genase subunits in erythrocytes was recorded. The observed variation is believed 
to be controlled by 40 loci, none of which is sex-linked. 

In the course of our survey, polymorphism was detected in two enzymes not 
previously reported to exhibit genetic polymorphism in the house mouse, namely 
alkaline phosphatase and 6-phosphogluconate dehydrogenase. Two other en- 
zymes, phosphoglucose isomerase and the supernatant form of NADP-malate 
dehydrogenase, known to be polymorphic in other wild populations in North 
America and in inbred strains, proved to be monomorphic in Hallowell popu- 
lations. 

For the loci that are polymorphic in the Hallowell Farm population, the mean 
number of alleles per locus is 2.25. Three of the esterase loci are segregating for 
three alleles, but only two alleles are represented at other polymorphic loci. This 
situation is characteristic of mouse populations generally, for our investigations 
of variation at four esterase loci and the hemoglobin locus Hbb in some 8,000 
mice from several hundred localities in North America (SELANDER, YANG and 
HUNT 1969) demonstrate that, with few exceptions, not more than three alleles 
are segregating at any locus in a single population. Over the whole range of the 
house mouse in North America, however, as many as seven alleles may be repre- 
sented at a single locus. 

From a sample of 18 proteins controlled by 18 loci in Drosophila pseudoobscura, 
LEWONTIN and HUBBY (1966) have estimated the proportion of the loci in the 
genome that are polymorphic. Inherent in this approach, which we have adopted 
in our study, are several potential sources of bias, as discussed in detail by 
LEWONTIN and HUBBY (1966 pp. 604-605) and SHAW (1969). Since only a 
minority of possible amino acid substitutions in peptides will affect the electro- 
phoretic mobility of a protein by altering its net charge, estimates of total genic 
polymorphism based on electrophoretically demonstrable phenotypes are mini- 
mal. For the house mouse, our results are almost certainly biased in favor of poly- 
morphic loci by the fact that methods for the detection oE an enzyme are normally 
published only when a polymorphism has been detected, generally in the inbred 
strains. In an effort to minimize the effect of this bias, we purposely examined a 
number of protein types not reported in the literature on biochemical variation in 
the house mouse. 

On the assumption that our sample of proteins, although not selected randomly, 
provides a basis for making at least a crude estimate of the total genic poly- 
morphism in wild populations of the house mouse, we may proceed to compare 
our results with those reported for other organisms. 

In a study of five natural populations of Drosophila pseudoobscura, LEWONTIN 
and HUBBY (1966) estimated that (1) 39% of the loci in the genome are poly- 
morphic over the whole species, (2) the average population is polymorphic for 
30% of all loci, and (3) 12% (range, 8% to 15%) of the loci in an average 
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individual are in the heterozygous state. For the house mouse, we have obtained 
remarkably similar estimates: (1) 14 of 40 loci, or 35%, are polymorphic over 
the whole species, as exemplified by the Hallowell Farm population and popula- 
tions in Texas and elsewhere in North America, (2) 30% of the 40 loci examined 
are polymorphic in the Hallowell population, and (3) 1 1 % of the loci in an aver- 
age individual are heterozygous. (In making this estimate, which is based on mean 
barn frequencies, a frequency of 0.50 was arbitrarily assigned to each of the two 
Pre alleles.) 

HARRIS, HOPKINSON and LUFFMAN (1968; see also HARRIS 1966), using an 
approach similar to that employed by LEWONTIN and HUBBY (1 966) and by us, 
report that, for human populations, three of 12 (25%) arbitrarily chosen 
enzymes exhibit striking polymorphism. LEWONTIN’S (1967a) analysis of the 
time sequence of the discovery of erythrocytic antigens in the English population 
yields estimates of 36% for the proportion of polymorphic loci in the genome 
and 16% for the proportion of loci heterozygous in an average individual. 

Several additional estimates of levels of genic polymorphism in animal species 
are available, as follows: (1) 40% to 50% of loci polymorphic in insular popu- 
lations of Drosophila amnassae and D. nasuta in the South Pacific region 
(JOHNSON et al. 1966; STONE et al. 1968); (2) 52% and 63%, respectively, of 
27 loci polymorphic in the snails Cepaea hortensis and C. nemoralis in south- 
western England ( MANWELL and BAKER 1968) ; (3) 43% of 48 loci polymorphic 
in the pheasant Phasianus colchicus (BAKER et al. 1966) ; and (4) 54% and 58%, 
respectively, of 24 loci polymorphic in two populations of the quail Coturnix 
coturnix (BAKER and MANWELL 1967; MANWELL and BAKER 1968). Because 
these estimates were derived from studies that were not specifically designed to 
estimate proportions of polymorphic loci, they probably are more strongly biased 
toward polymorphic loci than those obtained for Drosophila pseudoobscura, the 
house mouse, and man. 

Available information on the genetics of the house mouse does not contribute 
materially to a solution of the perplexing problem of how the unexpectedly large 
amount of genic polymorphism revealed by recent studies of natural populations 
of animals is maintained ( LEWONTIN and HUBBY 1966; SVED, REED and BODMER 
1967; MILKMAN 1967; LEWONTIN 196713; CROW 1968). Although circumstantial 
evidence of heterosis at the Es-3 and Hbb loci is provided by observations of an 
excess of heterozygotes in wild populations in Texas ( SELANDER, YANG and HUNT 
1969), for no biochemical locus do we have any real understanding of the basis 
for maintenance of observed polymorphisms. 

GILLESPIE and KOJIMA (1968) have recently suggested that the frequency of 
polymorphism may vary among groups of enzymes with different functional 
characteristics. For Drosophila ananassae from Samoa and Fiji, polymorphism 
was found in only one of seven enzymes that have narrow substrate specificities 
and are involved in energy metabolism (Group I, “critical” enzymes) but in 
two of four enzymes that have relatively broad substrate specificities and are 
functionally peripheral to the major energy-producing and anabolic pathways 
(Group 11, “peripheral” enzymes). A similar comparison based on the present 
data is presented in Table 9, in which the loci have been assigned to three groups. 



POLYMORPHISM A N D  HETEROZYGOSITY IN MICE 

TABLE 9 

Protein variation in relation to junctional classification 
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Protein tvue 

Number of Polymorphic loci Mean proportion of 
controlling heterozygous loci 

oer individual laci Number Percent 

Group I: “Critical” enzymes 18 5 28 0.110 

Group 111: Nonenzymatic proteins 10 2 20 0.099 
Group 11: “Peripheral” enzymes 12 5 42 0.106 

Pooled 40 12 30.0 0.1059 

Group I consists of loci controlling aldolase, the phosphoglucomutases, phospho- 
glucose isomerase, fumarase, and all dehydrogenases except xanthine dehydro- 
genase. Group I1 includes loci controlling all other enzymes analyzed; and Group 
I11 includes loci controlling the nonenzymatic proteins. 

Of the 18 loci in Group I, 28% are polymorphic, as compared with 42% of 
the 12 in Group I1 and 20% of the 10 in Group 111. The intergroup variation is 
not statistically significant but, as in the case of D. ananassae, the percentage of 
polymorphic loci is higher in Group I1 than in Group I. In evaluating this varia- 
tion in the house mouse, it should be noted that four of the five polymorphic loci 
in Group I1 control enzymes of a single category, the esterases. It is apparent that 
a wider array of “peripheral” enzymes must be examined before the pattern of 
variation in the house mouse can be properly evaluated in terms of the GILLESPIE- 
KOJIMA hypothesis. 

We are indebted to K. KOJIMA and J. H. GILLFSPIE for advice and discussion of our work, to 
W. E. JOHNSON and B. CLARK for technical assistance, to R. RALIN for valuable assistance in 
preparing the manuscript, and to L. WHEELER for permission to cite her unpublished data on 
Hawaiian populations. The manuscript was cr:tically reviewed by C. R. SHAW, to whom we 
express our appreciation. 

SUMMARY 

An analysis of electrophoretically demonstrable polymorphic variation in 35 
enzymes and nonenzymatic proteins in wild house mice collected in 10 barns at 
Hallowell Farm, California, provides a basis for estimating the proportion of 
polymorphic loci in the genome. Of 40 loci controlling the proteins examined, 
30% are polymorphic; and, for the species as a whole, as represented by North 
American populations, 35% are polymorphic. I t  is estimated that 11% of the 
loci in an average individual of the Hallowell Farm population are in heterozy- 
gous state. These estimates for wild populations of the house mouse are remark- 
ably similar to those previously reported for Drosophila pseudoobscura by 
LEWONTIN and HUBBY (1966). 
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