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Genetic Control of Metabolism: 
Heritability Estimates of Enzyme Activities in Random-Bred Mice 

GRAHAME BULFIELD and SANDRA WALKER 

I n s t i t u t e  of An ima l  Genetics,  Univers i ty  of Ed inburgh ,  Ed inbu rgh  (Scotland) 

Summary. Heritabil i ty estimates were determined in the random-bred Q population of mice for seven enzymes, liver 
weight and body weight. The estimates were calculated by son-on-father regression at 10 weeks of age by mating Q 
strain males to inbred CBA females. Instead of using all the fathers and sons to calculate the heritability, families of 
the highest and lowest fathers were chosen as suggested by Hitl (I 970). The heritability of body weight was in general 
agreement with previous published data (0.40). The estimate for liver weight was higher (0.7t *) and liver alkaline 
phosphatase was significant (0.52"). The estimates for the other enzymes were not significantly different from zero 
(plasma alkaline phosphatase, -- 0.12; lactate dehydrogenase, -- 0.34 ; pyruvate kinase, 0.29; alcohol dehydrogenase, 
-- 0.10 ; hexokinase, -- 0. I 0; malate dehydrogenase, -- 0.20). 

I n t r o d u c t i o n  

Most genet ic  s tudies  of enzyme act ivi t ies  in the 
mouse,  have been concerned with s t ruc tu ra l  loci 
coding for enzymes,  or with regula tory  genes hav ing  
a ma jo r  effect on ac t iv i ty  (review Paigen 1971). If 
enzyme ac t iv i ty  is inf luenced by  m a n y  genes at other  
loci, and  since ac t iv i ty  m a y  be measured,  it  can also 
be s tudied  as a metr ic  character  by  the techniques  of 
q u a n t i t a t i v e  genetics.  

Yuhas  et al. (t967) and  N a y u d u  and  Moog (1967) 
have es t imated  the he r i t ab i l i ty  of the specific ac t iv i ty  
of some enzymes  us ing inbred  s t ra ins  of mice (h~=0.3 
to 0.7, av. 0.5). These es t imates  will, however,  no t  be 
comparable  to the addi t ive  genet ic  var iance  deter-  
mined  from r a n d o m - b r e d  mice (Falconer,  t960). 
Roder ick  (1960) has es t imated  a realised her i t ab i l i ty  
for cholinesterase ac t iv i ty  from a selection experi- 
ment .  He ob ta ined  very  different  values between 
the  two lines of ra ts  selected upwards  (0.13 and  0.58) 
and the two lines selected downwards  (t.31 and  t .39). 

The object  of the work repor ted  here was to in- 
ves t igate  the q u a n t i t a t i v e  genetic var ia t ion  of en- 
zyme ac t iv i ty  in a r a n d o m  breeding popula t ion  of 
mice (Q stock, Land  and  Fa lconer  1969) by  es t imat ing  
he r i t ab i l i t y  f rom the regression of son-on-father ,  
us ing  inb red  mothers .  Seven enzymes and  liver 
weight  were measured  and  body weight was included 
as a compar ison wi th  publ i shed  data.  Only  one was 
s igni f icant ly  different  f rom zero. The her i t ab i l i ty  of 
body  weight  was in agreement  with previously  
publ i shed  work. 

Abbreviations used. BV~ T, body weight; LW, liver 
weight; PAP, plasma alkaline phosphatase (EC 3.1.3.1); 
LAP, liver alkaline phosphatase (EC 3.1.3.t); LDH, 
lactate dehydrogenase (EC 1.t.1.27/28); PK, pyruvate 
kinase (EC 2.7.1.40); ADH, alcohol dehydrogenase 
(EC 1.1.1.2); HI(, hexokinase (EC 2.7.1.1); MDH, malate 
dehydrogenase (EC 1.1.1.37). 

M e t h o d s  

(i) Animals and Chemicals 
The Q mice used as fathers were kindly supplied by 

Professor D. S. Falconer from his random breeding con- 
trol population, which has been described (Land and Fal- 
coner t969). The CBA mothers were obtained from Dr. 
Festing of the M. R.C. Laboratory Animal Centre, 
Carshalton. Unless otherwise stated all chemicals were 
obtained from Sigma. 

(ii) The characters: Body weight, liver weight 
and the assays for the activity of the seven enzymes 

Both fathers and their sons were analysed at 10 weeks 
of age. The techniques for the preparation of liver homo- 
genates and erythrocyte lysates and the determination 
of the activity of the seven enzymes have been reported 
in detail elsewhere (Bulfield and Moore, 1974). 

The extracts were tested for deterioration of tile en- 
zymes using a comparison of fresh and frozen CBA 
extracts. The enzymes chosen for analysis were those 
where no deterioration had taken place during storage. 
For each enzyme tile fathers were all assayed on one 
day and the offspring all on one day. This will remove 
any bias due to possible daily variation within a group. 
The activity of each enzyme was determined five times 
on each animal and the mean of these values was used 
in the heritability calculation. 

Activities are expressed as ~moles/min/gm of liver at 
30 ~ 

(iii) Heritability estimates by parent-offspring regression 

Twenty-one males from the Q population were eactl 
mated to two inbred CBA females, and the Q fathers 
and their sons were all killed at exactly 10 weeks of age. 
The sons were all housed under identical conditions and 
sampled randomly. The heritability (and its standard 
error) of each character was calculated from the regression 
of son on father. This is equivalent to the intra sire re- 
gression of daughter on dam (Falconer 1960) where the 
heritability is twice the regression coefficient and the 
standard error of the heritability is twice the standard 
error of the regression. 

Instead of using all the fathers and sons to calculate 
the heritability, families of the highest and lowest fathers 
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Table t. Means of the measurements of the nine characters on all the Q, strain fathers (n = 21), Data also for the highest 
and lowest groups of fathers and their sons 

Means of sons of fathers Means of fathers Number of Average * * from 
measurements Range of coefficient 
per animal fathers of variation High Low High Low 

within animals group group group group 
(n = 4) (n = 4) (n = 12) (n = 12) 

Body weight (gms)" 1 32,20--24.64 -- 3t.05 25.5t 26.05 24.62 
Liver weight (gms) 1 1,90-- 1.30 -- 1.83 t .40 1.65 1.48 
Enzymes :- 

PAP 3 18.31-- 8.66* -- 18.1t 9.47 16.40 16.67 
LAP 3 9,34-- 0.60* -- 8.13 0.98 6.35 4.65 
LDH 5 - 153,0 --49.6 + 2.76 125.7 70.2 101.9 t10.5 
PK 5 31.85--10.17 + 2.26 24.07 1t.49 25.09 24.03 
ADH 5 .5873--.2881 + 2.85 0.4408 0.3039 0.4422 0.46t0 
H K  5 .2650--.1368 + 1.50 0.2340 0.1427 0.t979 0.2043 
MDH 5 13.96-- 9.12 + 2.04 12.56 9.98 10.51 10.85 

* King-Armstrong Units at 37 ~ 
+ ~moles/min/gm liver at 30 ~ 

** each enzyme assay was determined five times on each animal so coefficient of variation given represents of the repeatab- 
ility of the technique. 

were chosen as suggested by Hill  (1970). The 21 fathers 
were killed and all the nine characters were determined 
on each. Then, for each character separately values were 
determined for three sons from each of the four highest 
and four lowest fathers (Hill, 1970). 

R e s u l t s  

All the  measu remen t s  made  on the  Q s t ra in  fa thers  
( f requency d i s t r ibu t ions  shown in fig. t) have  been 
t a b u l a t e d  showing means,  coeff icients  of va r i a t ions  
wi th in  animals.  The  d a t a  are a r ranged  to show the  

N1 

Fig. t. Frequency distributions of the nine characters on 
the Q strain fathers (n - -  2 1 )  

means  of the  fa thers  of the  h ighes t  and lowest  
groups and those of the i r  sons ( table /) .  I f  the re  
were m a j o r  gene effects segrega t ing  ill the  Q popu-  
la t ion  for any of the  charac te rs  s tudied,  this  would  
be expec t ed  to show as gross c lumping  of the  d a t a  
d isp layed in fig. t .  No gross c lumping  can be ob- 
served.  

The  d a t a  in tab le  I fo rm the  basis of the  pa ren t  
offspring regression and the  ca lcu la t ion  of he r i t ab -  
ilities, the i r  s t anda rd  errors  and  the i r  s ignif icance 
(table 2). 

Table 2. Heritability estimates (h 2) of the nine characters 
with standard errors (S. E.) and levels of significance (P) 

Cha- Cha- h 2 S . E .  P h ~ S . E .  P racter racter 

B \u  0.40 0.25 N. S. LDH --0.34 0.22 N. S. 
L}V 0.71 0.24 0.05 PK 0.29 0.29 N.S.  
PAP --0.12 0.40 N.S.  ADH --0.10 0.32 N.S .  
LAP 0.52 0.22 0.05 H K  --0.10 0.44 N.S .  

MDH --0.21 0.42 N.S .  

F r o m  table  2 it  m a y  be seen t h a t  the he r i t ab i l i t y  
es t imates  of the  a c t i v i t y  of six enzymes  are low, and 
not  s igni f icant ly  d i f ferent  f rom zero, and  one (LAP 
0.~2") is s ignif icant .  The  es t ima tes  for l iver  we igh t  
(0.7t *) and  t0  week body  weight  (0.40) are fa i r ly  high. 

D i s c u s s i o n  

The he r i t ab i l i t y  of enzyme  a c t i v i t y  in a r a n d o m  
breed ing  popu la t ion  gives  an e s t ima te  of the  pro-  
por t ion  of the pheno typ i c  cha rac te r  which  is addi-  
t i ve ly  genet ic .  This  could include va r i a t i on  f rom 
segregat ion at the  s t ruc tu ra l  locus and regu la t ing  
loci for the enzyme (Paigen, 197t).  I t  is p robable  
t h a t  there  are no genes wi th  ma jo r  effects  segrega t ing  
in this  popu la t ion  for any  of the  enzymes  s tud ied  as 
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there is no gross clumping of activity measurements 
in the Q strain mice used as fathers (fig. t). 

Although the heritability of the activity of only 
one enzyme is significantly positive, the generally 
large standard errors introduce an element of caution 
in placing too much reliance on these estimates. The 
heritability of t0 week body weight (0.40) is however 
similar to that  previously determined on this popu- 
lation for 8 week body weight (0.34) by Monteiro 
and Falconer (!966). The use of inbred CBA mothers 
in the present experiment to estimate the heritability 
might bias it is there is a concentration of dominant or 
recessive alleles in the CBA's. This dominance, how- 
ever, should be randomly distributed over the seven 
enzyme characters measured and would not be ex- 
pected to bias all the heritability estimates in the 
same direction. 

These heritability estimates of enzyme activity 
are lower than previously published ones determined 
by different designs and breeding systems (0.3 to 0.7, 
mean 0,5). The heritabilities of Yuhas et al. (t967) 
and Nayudu and Moog (t967) were estimated from 
data from inbred strains. These estimates would not 
be expected to agree with those calculated on random- 
bred mice. 

Whitney, McClearn and DeFries (1970) have dis- 
cussed in detail the influence of different experimental 
designs and breeding systems on the size 0f the 
heritability estimate of a physiological character. 
They found that  when the heritability of alcohol 
preference in mice was estimated from data on Fl's 
and I�89 by crossing a pair of very different inbred 
strains (the "classical analysis") they obtained values 
of 0.t8 to 0.35, depending on the method of calcu- 
lation. They then determined the heritability by 
parent-offspring regression in a heterogenous popu- 
lation, formed by crossing 8 inbred strains, randomly 
mated. By  this method they obtained a much lower 
heritability (--0.02 J2 0.t3) not significantly diffe- 
rent from zero. 

Roderick (t960) obtained a realised heritability of 
cholinesterase activity, in rats, of 0.t3 and 0.58 for 
two lines selected upwards and 1.31 and 1.39 for 
two lines selected downwards; an overall average of 
0.78. However, the extremely high heritability down- 
wards and the rather short duration of response to 
selection (4--6 generations) suggest fixation of a few 
pairs of alleles with major effects on cholinesterase 
activity. 

Although the data from inbred strains indicate that  
the heritability of enzyme activity is fairly high (av. 

0.5), the data from random-bred mice presented in 
this paper indicate much lower values (av. --0.06). 
If this observation can be generally confirmed then 
the additive genetic components of variance for 
enzyme activity are therefore small compared with 
such characters as body weight (0.40) and liver weight 
(0.7t). This low heritability would then have to be 
reconciled with the widespread existence of electro- 
phoretic enzyme variants in natural populations and 
the existence of many mechanisms for regulating 
enzyme synthesis by genetic (Paigen, 197t) or hor- 
monal and environmental means (review Rechcigl, 
t97t). 
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