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Introduction 
Meat is one of the main protein sources in human nutrition and the consumption of meat 

products is growing continuously worldwide. The understanding of the genetic and 

metabolic backgrounds of muscle tissue is important for the sustainable improvement of 

meat quality. We are interested in the identification of genes influencing the intramuscular 

fat content (IMF) of muscles. We know from different studies in pigs that IMF has an impact 

on taste, tenderness and juiciness (Fernandez, Monin, Talmant et al., 1999; Cannata, Engle, 

Moeller et al., 2010). It is known that the intramuscular lipids are key factors for the muscle 

metabolism, including the capacity for glucose uptake (Phillips, Caddy, Ilic et al., 1996; 

Yaspelkis, Singh, Krisan et al., 2004). Nevertheless, only a few, explicitly IMF-controlling 

loci have been found in rodents, e.g. in mice and rats, before (Ochoa, Shireman and 

McManus, 2006) and hints were found that IMF-influencing genes are different from those 

for the distribution and quantity of adipose tissue (Tanomura, Miyake, Taniguchi et al., 

2002). QTL for IMF in sheep, pigs and cattle (de Koning, Janss, Rattink et al., 1999; 

Underwood, Tong, Zhu et al., 2007) and also several candidate genes were found 

(Stachowiak, Szydlowski, Obarzanek-Fojt et al., 2006; Schwab, Mote, Du et al., 2009). For 

the identification of genetic variation affecting IMF, we used the long-term selected Berlin 

Muscle Mouse (BMM) as a model. These mice have been selected for high body mass with a 

high percentage of lean mass since 1978. The advantage of a mouse model is that the murine 

genome is fully sequenced and comprehensive databases about many biochemical pathways 

have been established. The short generation intervals and the possibility to create additional 

genetic models make the mouse an interesting tool for genetic research in livestock, too. 

Since many biochemical pathways are highly conserved among vertebrates, it is likely that 

findings in mice can help to answer questions in livestock research.  

To facilitate genetic research, seven inbred strains (BMMI) have been developed from the 

outbred Berlin Muscle Mouse population over the past years. We performed a crossbred 

experiment between two of the BMMI strains and mapped QTL for IMF of the Musculus 

longissimus (LM) as it is a valuable muscle for meat production in farm animals.  

 

Material and Methods 
Animals. The Berlin Muscle Mouse inbred strains BMMI806 and BMMI816 were crossed to 

generate a reciprocal intercross population. The parental strains have been inbred for 21 

generations. The four parents of the reciprocal cross were full sibs to minimize residual 

genetic variance. Eleven F1 females and six F1 males were crossed to produce 93 F2 animals 

(47 females, 46 males), which were further crossed to produce an F3 population consisting of 
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163 females and 182 males. Litter size in the F3 population ranged from 5 to 10. For the QTL 

analysis, 332 animals were used. 

Mice were maintained under conventional conditions at 22 ± 2°C and controlled lightning 

with a 12:12 hours light:dark cycle. The animals were kept in groups of two to four animals 

of the same sex per macrolon cage. The animals had ad libitum access to food and water. 

Until the age of 70 days, the animals were fed a standard breeding diet (‘Altromin breeding 

diet no. 1314’, Lage, Germany) 

Phenotyping. The IMF was measured in the Musculus longissimus (LM) at the age of 10 

weeks. After decapitation and exsanguination at the age of 71 days, LM were collected and 

stored at -20°C until intramuscular fat measurements. For IMF measurements, the samples 

were dried in a forced air oven (Heraeus ‘UT 6200’, Hanau, Germany) at 102°C. 

Subsequently, IFM was measured twice using the nuclear magnetic resonance technology of 

the SMART Trac System (CEM, Kamp-Lintfort, Germany) as percentage fat of the dried 

muscle. 

Genotyping. DNA of the parental BMMI-strains was analyzed with the Mouse-Diversity-

Array (Yang, Ding, Hutchins et al., 2009) comprising 623,124 single-nucleotide 

polymorphisms (SNPs). Out of the diverse genomic regions, 164 informative markers, 

covering all chromosomes (except Y) in an average distance of 16.2 Mb, were selected for 

genotyping the parents, F2 and the F3 animals. Genotypes were determined by KBiosciences 

(Hoddesdon, U.K.).  

Statistical analyses. Phenotypes were log-transformed. QTL analyses were performed using 

R/qtl (Broman, Wu, Sen et al., 2003) and the procedures for single QTL detection and 

detection of interacting QTL. Direction of initial cross of parental strains, littersize (three 

levels), sex and dissector (three levels) were included as covariates into the model. 

Experiment-specific significance thresholds were obtained by 1000 permutations. For testing 

the influence of sex on a QTL, sex was fitted as interactive covariate in the standard model. 

A LOD-difference of 2.0 was considered significant (p ≤ 0.05) (Li, Lyons, Wittenburg et al., 

2005). Additional statistics were performed using the SAS software package (SAS System 

for Windows, Release 9.2). 

 

Results and Discussion 
Genotypes. The genotyping data revealed the diversity of the two parental inbred strains, 

which were originally derived from the same outbred population. Some chromosomal parts 

were fixed for the same haplotype in the two inbred strains. Assuming SNPs with different 

alleles in the two lines as different haplotypes, approximately 6.3% of the genomes were 

different between BMMI806 and BMMI816.  
 

Table 1 Intramuscular fat percentage of Musculus longissimus in two BMMI strains, F1 and 

F3 population (means, standard deviation)  

Sex  BMMI806 (BB) BMMI816 (AA) F1 F3 

Males n = 26 20 26 172 

 IMF (%) 10.56 ± 1.36 6.71 ± 1.21 6.79 ± 1.34 6.50 ± 1.58 

Females n = 12 8 17 160 

 IMF (%) 9.79 ± 1.97 8.28 ± 1.68 7.61 ± 1.54 6.31 ± 1.57 
 



Phenotypes. The BMMI806 strain showed a significantly higher IMF in the LM than the 

BMMI816 animals (males; p < 0.001, females; p < 0.05) (Table 1). The IMF of the male F1 

was significantly different from BMMI806 (p < 0.001) but not from BMMI816. The F2 

population was not measured for this trait. The IMF of the F3 males was significantly lower 

(p < 0.001) than that of BMMI806 but not significantly lower than BMMI816. The females 

of the F3 showed significantly lower IMF than the females in both parental strains 

(p < 0.001). F3 females also differed from the F1 females (p < 0.01).  

QTL mapping. We detected two QTL on chromosome 1 and 7, which were significant 

under at the genome-wide level of p < 0.05. Two Loci on chromosomes 12 and 16 were 

suggestive at the genome-wide level (p < 0.63). An interaction was found between the QTL 

on chromosome 12 and sex, which lead to a higher IMF in males being homozygous for the 

BMMI806 allele. The QTL for low IMF on chromosome 1, 7, 12 and 16 were recessive 

(Table 2). Animals being homozygous for the BMMI806 alleles at the QTL peak markers on 

chromosomes 1, 7, 12 and 16 had 0.77 (p<0.01), 1.04 (p<0.001), 0.33 and 0.75 (p<0.05) 

percentage points in IMF more, respectively, as compared to the homozygous BMMI816-

allele carriers. In our model, the QTL on chromosome 7 between 17 - 98 Mb had the highest 

effect and explained 5.24% of the phenotypic variance of IMF in the F3 population. The 

whole model including the four QTL, sex and the interaction between the chromosome 12 

locus and sex explained 16.9% of the observed variance.  

 

Table 2  QTL for IMF identified in the F3 population at the age of ten weeks  

a, b, c, d Marker closest to the chromosomal position with the highest LOD score, a = rs31886089, b = rs3675839, 

c = rs29211465, d = rs4167212 

1   Most likely chromosomal location given as Mb-position, calculated with the JAX Mouse Map Converter (Cox, 

Ackert-Bicknell, Dumont et al., 2009), 

2   95% - confidence interval (CI) in Mb determined by 1.5 LOD drop 
3   Peak of the LOD value curve (log-transformed trait values), * significant on genome-wide 5% level 
4,5   additive (a) and dominance (d) effects and their standard errors (s.e.) of the QTL, determined with the non-

transformed trait values (percentage points) 
6   F3 phenotypic variance (%) explained by the QTL; QTL effect given as reduction of the residual sum of squares 

fitting 1 vs. 0 QTL 

 

Discussion. Our QTL model explains 16.9% of the IMF variance in the F3 population. Most 

likely, there are further QTL that influence this trait, which we were not able to detect. A 

larger F3 population would probably have added further significance for some QTL that have 

now been excluded from the model, because they did not reach the genome-wide suggestive 

level. Within the confidence interval of the QTL on chromosome 7, we found the gene 

Pde8a at 88 Mb, a phosphodiesterase, which is functionally related to a previously described 

porcine IMF-controlling candidate gene (Kim, Ovilo, Park et al., 2008). Further 

investigations will be necessary to confirm this candidate.  

 

Chr@cM Mb
1
 CI 

2
 LOD 

3
 a (s.e.) 

4
 d (s.e.) 

5
 F3 var % 

6
 

sex   2.37  0.042 (0.17) - 2.77 

1@34.1 a 69 25-189 1.27  0.234 (0.13) -0.095 (0.18) 1.47 

7@8.7 
b
 17 17-98 4.40 *  0.461 (0.12) -0.294 (0.17) 5.24 

12@34.4 
c
 75 58-84 4.06 * -1.105 (0.39) -1.052 (0.57) 4.82 

16@23.8 
d
 33 31-93 2.13  0.311 (0.12) -0.227 (0.17) 2.50 

12@34.4:sex - - 2.29  0.783 (0.24)  0.424 (0.36) 2.68 



Conclusion 

We detected four QTL, which contribute to IMF. The localization of these genomic regions 

yielded information for the fine mapping and the identification of putative candidate genes. 

A subsequent comparative approach will contribute to the further elucidation of the 

metabolic background behind this important meat quality trait. The identification of the 

described QTL in a well studied laboratory animal was a crucial step on the way to the 

identification of IMF-controlling genes in livestock.  
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