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ABSTRACT: The genetic selection for maintenance ener-
gy requirement is an effective approach for improving feed 
conversion ratio. The selection for high (H) and low (L) 
oxygen consumption (OC) as indirect estimation of mainte-
nance energy requirement during 14 generations was exe-
cuted. The additive genetic and maternal genetic effects 
were estimated using 1,804 and 1,634 mice for H and L line, 
respectively. Additive genetic effect and maternal genetic 
heritability of OC per metabolic body size were estimated 
as 0.32±0.01 and 0.08±0.01 in the H line and 0.21±0.01 
and 0.09±0.01 in the L line, respectively. The comparative 
high maternal genetic heritability is indicative of the effect 
of mitochondrial function on the OC.  
Keywords: oxygen consumption; maternal effect; heritabil-
ity; mice 
 
 

Introduction 
 

Improvements in feed conversion ratio have been 
regarded as an approach to decrease the feed cost associated 
with animal production. The control of the energy utilized 
for maintenance influences production efficiency. There is 
considerable genetic variation in maintenance energy re-
quirements. Nielsen et al. (1997) selected for low and high 
heat loss lines in mice using direct calorimetry. McDonald 
et al. (2009) described the differences in hepatic mitochon-
drial efficiency between various mouse lines selected for 
heat loss.  We selected for high and low oxygen consump-
tion (OC) that was an indirect estimation of maintenance 
energy requirement (Hong Yu, 2013). Approximately 90% 
of OC occurs in the mitochondria. Therefore, selection 
based on OC may also be representative of mitochondria 
DNA function. Mitochondria DNA are maternally inherit-
ed. In this research, we estimated the additive genetic and 
maternal genetic effects of the mice selected high and low 
OC across 14 generation.  

 
Materials and Methods 

 
Base population. Four lines were used in this 

study: BALB/c (B), C3H/He (C) and high (AgH) and low 
(AgL) aggressive selected lines. First, F1 crosses were pro-
duced by conducting the flowing crosses: C×AgL, AgL×C, 
B×AgH, and AgH×B. Next, F1 (CAgL, AgLC, BAgH, 
AgHB) were mated as follows: CAgL×BAgH, 
BAgH×CAgL, AgLC×AgHB, AgHB×AgLC. Base popula-
tions were created by crossing these four-way cross popula-

tions. We then selected for high and low OC across 14 gen-
erations. 

 
OC measurement. The OC of each 8-week-old 

mouse was measured as follows. After starvation for 24 h 
with ad libitum access to water, each mouse was placed in a 
250-mL glass beaker (inner diameter: 5.4cm, length: 12cm). 
The glass tube was taken out of the lid of the airtight glass 
beaker container, and a polyethylene tube was connected to 
pressure meter. The mouse was maintained in the beaker for 
two or three minutes for reclamation. The amount of de-
compression was measured three times per mouse for 5 
min, and the mean value was assumed to be the OC of the 
individual. The unit of pressure used in this study was 
mH2O. The lid of the container was opened after each OC 
measurement to replace the air in the container. The body 
weight (BW) of each mouse was measured immediately 
before OC measurement. To calculate for OC per metabolic 
body size OOCMBW), OC was divided by the metabolic 
body size. 

 
Selection methods. For the base population, the 

OC of a total 227 mice were measured, from which 25 male 
and 25 female mice with high and low OC were selected, 
respectively. The high OC population was named the H line, 
whereas the low OC population was named as L line. For 
the first generation, 150 mice (75 males and 75 females; 8 
weeks old) born from the base generation were subjected to 
OC measurement. Genetic parameters and breeding values 
were estimated using the VCE6 program (Newmaier and 
Groeneveld 1998). Calculation was conducted with genera-
tion and sex treated as fixed effect, age was a covariate, and 
the animal was a random effect. On the basis of the estimat-
ed breeding value of OCMBW, 25 males and 25 females 
from each line were selected. A similar method of OC 
measurement and selection procedure was applied to the 
second generation. However, because OC had not been 
measured in the 3rd generation, the generation was renewed 
with no selection in the 3rd generation. OCMBW was 
adopted as a selection index until the sixth generation. OC 
was adopted as a selection trait from the 7th generation to 
the 9th generation and the individuals of the H and L lines 
were selected based on the estimated breeding value. At the 
10th generation, in the H line, OC was adopted as a selec-
tion criterion, whereas in the L line, OCMBW was adopted 
as a selection criterion. This change in selection criterion 
was based on the significant correlated response caused by 
changes in body weight as selection criterion was modified 
based on the genetic correlation with body weight, OC , and 



OC per metabolic body size. To avoid inbreeding, the coef-
ficient of inbreeding of the next generation was predicted 
using the selected males and females. The average age of 
the mice that were mated is was 12 weeks. 

 
Statistical analysis. The genetic parameters were 

estimated using the VCE6 program (Newmaier and 
Groeneveld 1998). In the statistical model, generation and 
sex were considered as fixed effect, the age at OC meas-
urement was considered as a covariate, and the animal, ma-
ternal genetic, and maternal environmental effects were 
regarded as random effects.  
 

Results and Discussion 
 

Genetic parameters. The estimated genetic pa-
rameters of body weight, OC, and OC per body weight are 
listed in Table 1-3. The values for direct genetic heritability 
of body weight, OC, and OCMBW of the H were moderate, 
although significantly higher than those of the L line. The 
maternal genetic heritability of both lines was estimated as 
low. However, these values were significantly different 
from zero. Maternal common environmental heritability 
was also low. The additive genetic correlations among BW, 
OC and OCMBW were similar between the H and L lines. 
That is, the additive genetic correlation and maternal genet-
ic correlation between BW and OC were positive, whereas 
those between BW and OCMBW were weak negative and 
those between OC and OCMBW were strong positive. The 
genetic correlation between the additive and maternal ge-
netic effects of BW was strong negative in the H line and 
weak negative in the L line. However, those of OC and 
OCMBW were moderately negative in the H and L lines. 
These results suggest that additive and maternal genetic 
effects operate adversely on OC and OCMBW. The interac-
tion of the additive genetic effect and maternal genetic ef-
fect as estimated by statistical genetics reflects the interac-
tion of mitochondria function relating to OC and nuclear 
genes.  

 
Table 1. Additive and maternal genetic heritability and 
genetic correlations (H line) 

 

Heritabilities and SE are indicated in the diagonal; genetic correlations and 
SE are indicated above the diagonal.  
BW: Body weight, OC: Oxygen consumption, OCMBW: Oxygen con-
sumption per metabolic body size. 

 
 

Table 2. Additive and maternal genetic heritability and 
genetic correlations  (L line) 

 
Heritabilities and SE are indicated in the diagonal; genetic correlations and 
SE are indicated above the diagonal.   
BW: Body weight, OC: Oxygen consumption, OCMBW: Oxygen con-
sumption per metabolic body size. 
 
 
Table 3. Maternal environmental effect 

 

Heritabilities and SE are indicated in the diagonal; genetic correlations and 
SE are indicated above the diagonal.   
BW: Body weight, OC: Oxygen consumption, OCMBW: Oxygen con-
sumption per metabolic body size. 

 
Genetic trends of selection traits. The additive 

and maternal genetic trends (breeding value expressed per 
standard deviation) of H and L line were estimated (Figure 
1-4). The additive genetic value of OC increased linearly 
and that of OCMBW also increased with the selected gen-
erations in the H line. Furthermore, the maternal genetic 
value on OC increased until the 8th generation, and then it 
decreased thereafter. The maternal genetic value on the 
OCMBW increased after the 8th generation. On the other 
hand, in the L line, the additive genetic value decreased 
until the 12th generation. However, the additive breeding 
value was remained constant thereafter. Furthermore, the 
OCMBW of the L line did not change after 7th generation. 
The maternal genetic value of OC and OCMBW decreased 
until 3rd generation; however it did not change afterwards. 

BW OC OCMBW BW OC OCMBW

BW 0.43 0.53 -0.28 -0.51 -0.13 0.35
0.02 0.03 0.03 0.05 0.07 0.06

OC 0.33 0.65 -0.27 -0.36 -0.01
0.01 0.03 0.06 0.07 0.06

OCMBW 0.32 0.15 -0.26 -0.37
0.02 0.06 0.08 0.06

BW 0.15 0.46 -0.36
0.01 0.06 0.06

OC 0.07 0.59
0.01 0.06

OCMBW 0.08
0.01

Additive genetic effect Maternal genetic effect

BW OC OCMBW BW OC OCMBW

BW 0.31 0.66 -0.24 -0.10 -0.32 0.12
0.02 0.02 0.03 0.05 0.07 0.06

OC 0.20 0.50 -0.13 -0.23 -0.08
0.01 0.03 0.05 0.06 0.05

OCMBW 0.21 -0.08 0.13 -0.32
0.01 0.05 0.06 0.05

BW 0.17 0.37 -0.37
0.01 0.07 0.05

OC 0.08 0.50
0.01 0.05

OCMBW 0.09
0.01

Additive genetic effect Maternal genetic effect

 
BW OC OCMBW BW OC OCMBW

BW 0.20 0.58 -0.35 0.18 0.34 -0.45
0.02 0.04 0.04 0.01 0.04 0.03

OC 0.11 0.56 0.11 0.69
0.01 0.04 0.01 0.03

OCMBW 0.13 0.16
0.01 0.01

L lineH line



These results suggest that the selection response for OC 
was asymmetrically diverse. That is, selection for high OC 
promotes additive genetic and maternal genetic values, 
which in turn results in a more active oxygen response. 
However, the selection response in low OC does not pro-
ceed. The low selection response to low OC may be at-
tributable to homeostasis because the decrease in the meta-
bolic function, which is related to the survival, was pre-
vented. 

 

 
Figure 1: Additive genetic trend of oxygen consumption 
for H line  
 
 

 
Figure 2: Maternal genetic trend of oxygen consumption 
for H line  
 
 

 
Figure 3: Additive genetic trend of oxygen consumption 
for L line  
 

 
Figure 4: Maternal genetic trend of oxygen consumption 
for H line  

 
 

Conclusion 
 

The selection for the high and low OC was per-
formed to improve feed efficiency ratio. The selection re-
sponse was identified after selection across 14 generations. 
Significant differences in the feed conversion ratios were 
observed between the H and L lines. The heritability of OC 
per metabolic body size of the H line was significantly 
higher than the L line. The selection response of the H line 
was more advanced than that of the Line and showed 
asymmetric diversity. The maternal genetic effect of OC in 
both lines indicated low heritability, although this value 
was significantly different from zero and suggested that the 
maternal genetic effect was related to the OC. In addition, 
the negative correlation between the direct genetic effect 
and maternal genetic effect suggests that the direct genetic 
effect regulates the maternal genetic effect.  
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