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ABSTRACT. We looked for possible associations of SNPs in genes 
related to protein turnover, with growth, feed efficiency and carcass traits 
in feedlot Nellore cattle. Purebred Nellore bulls and steers (N = 290; 
378 ± 42 kg body weight, 23 months ± 42 days old) were evaluated for 
daily feed intake, body weight gain (BWG), gross feed efficiency, feed 
conversion ratio, partial efficiency of growth, residual feed intake (RFI), 
ultrasound backfat, rump fat, and ribeye area. Genotypes were obtained 
for SNPs in the growth hormone receptor (GHR-1 and GHR-2); calpain 
(CAPN4751); calpastatin (UoGCAST); ubiquitin-conjugating enzyme 
2I (UBE2I-1 and UBE2I-2); R3H domain containing 1 (R3HDM1-1, 
-2, -3, and -4), ring finger protein 19 (RNF19); proteasome 26S subunit, 
non-ATPase, 13 (PSMD13); ribosomal protein, large, P2 (RPLP2); and 
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isoleucine-tRNA synthetase 2, mitochondrial (IARS2) genes. Allelic 
substitution, additive and dominant effects were tested and molecular 
breeding values were computed. CAPN4751, GHR-1 and -2, IARS2, 
R3HDM1-4, and UoGCAST were found to be normally segregating 
polymorphisms. Additive and dominance effects were observed on 
BWG, feed efficiency and carcass traits, although dominant effects 
predominated. Significant allelic substitution effects were observed 
for CAPN4751, GHR-1 and -2, and UoGCAST on BWG, gross feed 
efficiency, RFI, and carcass traits, under single- or multiple-marker 
analyses. Correlations between molecular breeding values and 
phenotypes were low, excepted for RFI, based on allelic substitution 
estimates obtained by stepwise linear regression. We conclude that 
SNPs in genes related to protein turnover are related to economically 
important traits in Nellore cattle.

Key words: Bos indicus; Marker-assisted selection; Protein turnover;
Molecular breeding value; Residual feed intake

INTRODUCTION

Growth in livestock occurs mainly as a function of deposition of muscle and adipose tis-
sues in the body. The processes of protein synthesis and degradation, commonly called protein 
turnover, affect muscle growth rates and can consequently alter meat production traits in beef cattle.

Higher activities of protease inhibitors (e.g., calpastatin) have been related to de-
creased degradation rates of myofibril proteins in muscle and increased growth efficiency 
in cattle (Morgan et al., 1993). Additionally, protein degradation rates account, to a large 
extent, for variation in growth rate (Oddy et al., 1998) and energy requirements in beef cattle 
(Castro Bulle et al., 2007). Therefore, single nucleotide polymorphisms (SNPs) occurring in 
or nearby genes that act in the regulation of protein turnover may be useful as markers for 
growth and carcass traits.

A study by Barendse et al. (2007) reported several SNPs associated with feed effi-
ciency in beef cattle. Among the SNPs analyzed, the authors described some polymorphisms 
located in genes affecting protein synthesis and degradation. Furthermore, polymorphisms in 
the growth hormone receptor (GHR) gene have been shown to be associated with growth in 
beef cattle (Sherman et al., 2008) and SNPs in the calpain gene have been tested for their as-
sociation with meat tenderness and marbling (White et al., 2005; Casas et al., 2006) but not 
with growth traits, such as feed efficiency, or with carcass traits.

However, especially for feed efficiency traits, most of the studies identifying associ-
ated SNPs in beef cattle have been conducted in Bos primigenius taurus (B. p. taurus), but 
there are few studies on the association between SNPs and feed efficiency in Bos primigenius 
indicus (B. p. indicus). Furthermore, validation of molecular markers is a very important step 
for the use of marker-assisted selection in breeding programs.

Therefore, this study aimed to evaluate the associations of SNPs in genes related to 
protein degradation and synthesis identified in B. p. taurus, with growth, feed efficiency and 
ultrasound carcass traits in Nellore cattle, through the assessment of allelic substitution ef-
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fects, additive and dominant effects and the correlations between predicted molecular breed-
ing values and adjusted phenotypes.

MATERIAL AND METHODS

Population

In the present study, all animals were handled following the principles postulated by the 
Brazilian College of Animal Experimentation (COBEA) that guarantee animal health and welfare. 
This research was also approved by the Ethics Committee of Faculdade de Zootecnia e Engenharia 
de Alimentos (FZEA), of Universidade de São Paulo (USP), located in Pirassununga, SP, Brazil.

The data set of this study was obtained from 290 Nellore bulls and steers evaluated in 
feeding trials carried out at FZEA-USP and at Universidade Federal do Paraná (UFPR), located 
in Curitiba, PR, Brazil. Cattle were raised under grazing (primarily Brachiaria spp) conditions 
until around 18 months of age, and they were then enrolled in feeding trials. The feeding trial 
period varied from 56 to 84 days, after an adaptation period of 21 to 28 days, established to 
adapt the cattle to the feedlot diet and to the place. Cattle were housed in individual pens and 
in group pens composed of Calan Broadbent feeding doors (American Calan Inc., Northwood, 
NH, USA), with 25 m2 as a minimum space per animal. Individual and group pens were 
soil-surfaced and contained automatic water fountains. Animals were identified with ear tags, 
which were used for the individual control of all measurements taken during the feeding trials.

Phenotypic traits

Acronyms, trait means, and standard deviations (SD) are given in Table 1. Dry matter 
daily feed intake (DMI) was calculated as the difference between the amounts of feed offered 
and orts. Every 21 or 28 days throughout the experiments, cattle were weighed after 16 h of 
food withdrawal. The body weight gain (BWG) was obtained through the regression of body 
weight (BW) against feeding time (days), and the mid-test body weight (MBW) was calcu-
lated as the average between initial and final BW.

Trait	 Abbreviation	     Average	        SD

Age (days)	 -	 666	 65
Mid-test body weight (kg)	 MBW	 428	 46
Dry matter intake (kg/day)	 DMI	          9.52	        1.38
Metabolizable energy intake (Mcal/day)	 MEI	      23.7	      3.4
Average daily body weight gain (kg/day)	 BWG	          1.51	        0.38
Gross feed efficiency (kg/kg)	 GFE	            0.159	          0.034
Feed conversion ratio (kg/kg)	 FCR	          6.60	        1.56
Partial efficiency of growth (g/kg) 	 PEG	            0.315	          0.091
Residual feed intake a (kg/day)	 RFIa	          0.00	        1.03
Residual feed intake w (kg/day)	 RFIw	          0.00	        0.70
Ultrasound rib eye area (cm2)	 UREA	      71.7	      9.1
Ultrasound rib eye area (cm2100 kg/BW)	 UREA/BW	            0.151	          0.015
Ultrasound backfat thickness (mm)	 UBFT	          3.81	        1.58
Ultrasound rump fat thickness (mm)	 URFT	          6.47	        2.52

Table 1. Abbreviations, overall trait means, and standard deviation (SD) in experimental cattle.

RFIa = residual feed intake computed across contemporary groups; RFIw = residual feed intake computed within 
contemporary groups.
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Gross feed efficiency (GFE) and feed conversion ratio (FCR) were determined by the 
ratios between BWG and DMI. Partial efficiency of growth (PEG) was obtained as the ratio 
between BWG and the difference of actual DMI and expected DMI for maintenance.

DMI for maintenance was estimated using requirement tables developed for the Nel-
lore breed (122 and 119 kcal ME/kg BW0.75 for bulls and steers, respectively; Valadares Filho 
et al., 2006). Residual feed intake (RFI) was calculated as the difference between the actual 
feed intake and the expected feed intake, which was determined by regressing DMI against 
MBW0.75 and BWG, respectively. Sex and contemporary group were included as class vari-
ables to compute RFI across contemporary groups (RFIa), which accounted for differences 
across feeding trials. Individual RFI was also calculated within contemporary groups, includ-
ing sex as class variable, when needed (RFIw).

Cattle were ultrasound scanned using an Aloka 500V real-time ultrasound with a 17-
cm, 3.5 MHz linear array transducer. These measurements were taken in the beginning and at 
the end of each feeding trial by trained personnel. Ultrasound backfat thickness (UBFT) and ul-
trasound ribeye area (UREA) were measured on the longissimus muscle between the 12th and 
13th ribs. Ultrasound rump fat thickness (URFT) was measured on the biceps femoris muscle 
(P8). UREA per 100 kg final BW ratio was calculated as an indirect measure of muscularity.

Genotyping and molecular markers

Genomic DNA was obtained by NaCl extraction (Olerup and Zetterquist, 1992) from 
whole blood drawn by venipuncture of the jugular vein. Allelic discrimination was performed using 
TaqMan® Real-Time PCR assays in an ABI Prism® 7500 Sequence Detection System (Applied Bio-
systems, Foster City, CA, USA) and LightCycler® Real-Time PCR System (Roche Applied Science, 
Mannheim, Germany). Information on the polymorphisms evaluated is summarized in Table 2.

Gene	 BTA	 SNP ID	 Location	 Accession No. -base position/dbSNP reference	 Mutation

CAST	   7	 UoGCAST	 Intron 5	 AY008267-282	 C/G
CALP1	 29	 CAPN4751	 Intron 18	 AF248054-6545	 C/T
GHR	 20	 GHR-1	 Promoter	 AF126288-149	 A/G
		  GHR-2	 Intron 4	 AY643807-300	 A/G
UBE2I	   6	 UBE2I-1	 N/I	 rs29019637	 A/T
		  UBE2I-2	 N/I	 rs42055278	 A/G
IARS2	 16	 IARS2	 N/I	 rs41257031	 C/T
RPLP2	   5	 RPLP2	 N/I	 rs29022979	 A/G
PSMD13	 29	 PSMD13	 N/I	 rs29021673	 A/G
RNF19	 14	 RNF19	 N/I	 rs29027340	 C/T
R3HDM1	   2	 R3HDM1-1	 N/I	 rs29011612	 A/G
		  R3HDM1-2	 N/I	 rs29021802	 G/T
		  R3HDM1-3	 N/I	 rs29021801	 C/G
		  R3HDM1-4	 N/I	 rs29014564	 C/T

Table 2. Summary of single nucleotide polymorphism (SNP) information and location.

BTA = Bos taurus chromossome. N/I = information about the location of the polymorphisms in the respective gene 
was not available.

Nine SNPs were compiled and chosen from Barendse et al. (2007). According to 
these authors, the SNPs were identified in the follow genes: R3H domain containing 1 
(R3HDM1-1, R3HDM1-2, R3HDM1-3, and R3HDM1-4) on chromosome 2; ubiquitin-
conjugating enzyme E2I (UBC9 homolog, yeast) (UBE2I-1) on chromosome 6; mitochon-
drial isoleucine-tRNA synthetase 2 (IARS2) on chromosome 16; ribosomal protein, large, 
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P2 (RPLP2) on chromosome 5; proteasome 26S subunit, non-ATPase, 13 (PSMD13) on 
chromosome 29; and ring finger protein 19 (RNF19), 70 kbp to left (RFP19) on chromo-
some 14. These genes are associated with mechanisms of protein degradation (R3HDM1, 
UBE2I, PSMD13, and RNF19) and protein synthesis (IARS2 and RPLP2). The other 
five polymorphisms were also studied because of their relationship with proteolysis and 
muscle growth in cattle. CAPN4751 is a polymorphism located in intron 18 (base 6545 
of AF248054) of the calpain gene (CALP1, GenBank accession No. AF248054) located 
on chromosome 29. According to White et al. (2005), this SNP is a silent mutation result-
ing from a cytosine/thymine substitution (C/T). The CAST gene (GenBank accession No. 
AY008267) is located on chromosome 7, and the UoGCAST polymorphism is a substitu-
tion of cytosine with guanine (C/G) located in intron 5 (base 282 of AY008267) (Schenkel 
et al., 2006). Another SNP in the UBE2I gene (chromosome 6; Antoniou and Gallagher, 
2002) reported in GenBank (refSNP: rs42055278) was chosen to be evaluated. GHR-1 is 
an adenine to guanine substitution in the promoter region of the GHR gene (GenBank ac-
cession No. AF126288, position 149) described by Ge et al. (1999). In intron 4 of the same 
gene, Maj and Zwierzchowski (2006) reported an A/G substitution (GenBank accession 
No. AY643807, position 300) called GHR-2 herein.

Statistical analysis

Gene and genotypic frequencies for each marker were estimated by simple count of 
different alleles and genotypes, using PROC FREQ in SAS (SAS, 2004). Association analyses 
between SNP and traits were conducted with PROC MIXED, using a mixed model:

Yijk = μ + CGi + Sj + αl(age) + α2(days on feed) + α3(genotype) + sik + eijk

where Yijk = phenotypic value of the trait; μ = general mean of the trait; CGi = fixed effect 
of contemporary group (feeding trails 1 to 5); Sj = fixed effect of sex (steers and bulls); α1 = 
regression coefficient of covariate of age at the measurement; α2 = regression coefficient of co-
variate of days on feeding; α3 = regression coefficient associated with the number of favorable 
alleles for each marker; sik = random effect of sire [sik ~ N(0, σs

2)]; and eijk = random residual 
error [eijk ~ N(0, σe

2)].
Days on feeding was not significant on BW, DMI, BWG, GFE, FCR, PEG, RFIa, 

initial UBFT, initial and final URFT and initial UREA, and therefore, it was excluded from the 
model for these traits. The same was done for age on measurement of GFE, FCR, PEG, RFIw, 
RFIa, and initial URFT.

Additive effect was estimated as the difference between the two homozygous means 
(Falconer and Mackay, 1996). Dominance effect was estimated as the deviation of the het-
erozygote from the mean of the two homozygotes (Falconer and Mackay, 1996). The average 
allele substitution effect was estimated by regressing the phenotype against the number of 
copies of one allele of only one SNP using the cited mixed model in SAS.

Three approaches were considered to estimate the allelic substitution effects. In 
the first, each polymorphism was analyzed individually, whereas in the second, a multi-
ple-marker analysis was conducted, including all SNPs in the model. In the third method, 
the adjusted phenotypes were submitted to least square estimation, using stepwise regres-
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sion in SAS and including all SNPs as independent variables in the model. In that proce-
dure, the significance level for the SNP to be introduced and kept in the model was set at 
20 and 10%, respectively.

The allelic substitution effect estimates were used to compute individual molecular 
breeding values (MBV) for each trait by multiplying the number of copies of the favorable al-
lele by the respective substitution effect estimated. The model predictive ability was assessed 
by the Pearson correlation between adjusted phenotype and estimated MBV. Phenotypes were 
adjusted for all effects described in the model above using their estimations obtained in the 
present study.

RESULTS

Six SNP were not polymorphic and showed the following fixed genotypes: CC for 
RNF19, GG for RPLP2, AA for R3HDM1-1, TT for R3HDM1-2, CC for R3HDM1-3, and 
GG for UBE2I-2 (Table 3). The SNP R3HDM1-4 showed the following allelic and genotypic 
frequencies C = 0.31, T = 0.69, CC = 0.18, CT = 0.26, and TT = 0.56.

Marker	                                    Allele frequency			   Genotypic frequency

R3HDM1-1	 A - 1.00	 G - 0.00	 f(AA) = 1.00	 f(AG) = 0.00	 f(GG) = 0.00
R3HDM1-2	 G - 0.00	 T - 1.00	 f(GG) = 0.00	 f(GT) = 0.00	  f(TT) = 1.00
R3HDM1-3	 C - 1.00	 G - 0.00	 f(CC) = 1.00	 f(CG) = 0.00	 f(GG) = 0.00
R3HDM1-4	 C - 0.31	 T - 0.69	 f(CC) = 0.18	 f(CT) = 0.26	  f(TT) = 0.56
UBE2I-1	 A - 0.33	 T - 0.67	 f(AA) = 0.21	 f(AT) = 0.24	  f(TT) = 0.55
UBE2I-2	 A - 0.00	 G - 1.00	 f(AA) = 0.00	 f(AG) = 0.00	 f(GG) = 1.00
RNF19	 C - 1.00	 T - 0.00	 f(CC) = 1.00	 f(CT) = 0.00	  f(TT) = 0.00
PSMD13	 A - 0.03	 G - 0.97	 f(AA) = 0.00	 f(AG) = 0.05	 f(GG) = 0.95
RPLP2	 A - 0.00	 G - 1.00	 f(AA) = 0.00	 f(AG) = 0.00	 f(GG) = 1.00
IARS2	 C - 0.78	 T - 0.22	 f(CC) = 0.63	 f(CT) = 0.32	  f(TT) = 0.06
CAPN4751	 C - 0.13	 T - 0.87	 f(CC) = 0.02	 f(CT) = 0.22	  f(TT) = 0.76
UoGCAST	 C - 0.55	 G - 0.45	 f(CC) = 0.29	 f(CG) = 0.51	 f(GG) = 0.20
GHR-1	 A - 0.03	 G - 0.97	 f(AA) = 0.00	 f(AG) = 0.05	 f(GG) = 0.95
GHR-2	 A - 0.20	 G - 0.80	 f(AA) = 0.02	 f(AG) = 0.36	 f(GG) = 0.62

Table 3. Genotypic and allelic frequencies of markers in genes related to protein turnover in Nellore cattle.

Although the PSMD13 displayed both A and G alleles, the A allele was rare (3%), 
the AA genotype was not found (0%), and the AG frequency was very low (5%). In turn, 
the UBE2I-1 showed good segregation with a minor allele frequency (MAF) of 0.33 for 
the A allele and genotypic frequencies of 0.21, 0.24, and 0.55 for the AA, AT, and TT 
types. A good segregation was observed for IARS2, with allelic and genotypic frequen-
cies of 0.78 and 0.22 for the C and T alleles and 0.63, 0.32, and 0.06 for the CC, CT, and 
TT genotypes, respectively. GHR-1 showed low frequencies of the A allele (3%) and did 
not show the AA genotype. In contrast, the minor allele frequency for GHR-2 was much 
greater (20%, A allele) and all three genotypes were observed, despite the small frequency 
for AA (2%).

Suggestive (P < 0.10) and significant (P < 0.05) allelic substitution effects were seen 
for CAPN4751, UoGCAST, GHR-1, and GHR-2 (Table 4). Suggestive effects were observed 
on BWG for CAPN4751, on GFE for UoGCAST, on PEG and RFIw for GHR-2, and on final 
UREA for GHR-1. Significant effects were observed on BWG and UREA/BW for UoGCAST 
and on initial and final URFT for GHR-1 and CAPN4751, respectively.
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When using the multiple-marker model (Table 5), the effects of GHR-2 on PEG be-
came suggestive (P = 0.0984) with an estimate of -0.0135 kg/kg (SE = 0.0082), whereas the 
UoGCAST effects on GFE and the GHR-2 effects on RFIw was no longer at the suggestive 
significance level (P > 0.10). A suggestive allelic substitution effect of R3HDM1-4 on initial 
UBFT (-0.15 mm, SE = 0.090, P = 0.0952) was observed. The effect of UoGCAST on UREA/
BW, which had previously reached the significant level (P < 0.05), was no longer at the sug-
gestive significance level (P = 0.1230) when evaluated by the multiple-marker model, exhibit-
ing the greatest shift among all markers.

Trait	 Marker	 Estimate	 SE	 P	 Favorable allele

BWG	 CAPN4751	 -0.075	 0.039	 0.0555	 C
	 UoGCAST	 -0.072	 0.026	 0.0066	 C
GFE	 UoGCAST	 -0.004	 0.002	 0.0718	 C
RFIw	 GHR-2	  0.152	 0.084	 0.0719	 A
URFT initial	 GHR-1	 -1.371	 0.488	 0.0054	 A
URFT final	 CAPN4751	 -0.730	 0.335	 0.0303	 C
UREA final	 GHR-1	  3.381	 2.040	 0.0988	 G
UREA/BW	 UoGCAST	  0.003	 0.001	 0.0499	 G

Table 4. Allelic substitution effects of markers on growth, feed efficiency, and carcass traits in Nellore cattle, 
using a single marker analysis approach.

Trait				                              Marker

	 CAPN4751	 GHR-1	 GHR-2	 IARS2	 R3HDM1-4	 PSMD13	 UBE2I-1	 UoGCAST

MBW	 0.3970	 0.4980	 0.7152	 0.4373	 0.9804	 0.6439	 0.6339	 0.9748
DMI	 0.4546	 0.1927	 0.5280	 0.3791	 0.4938	 0.6051	 0.2453	 0.4235
BWG	 0.0563	 0.4164	 0.4623	 0.1112	 0.3526	 0.1954	 0.1602	 0.0112
GFE	 0.1268	 0.9841	 0.1242	 0.3362	 0.7106	 0.3497	 0.4905	 0.1005
FCR	 0.1536	 0.8378	 0.2275	 0.4163	 0.3254	 0.3603	 0.1939	 0.2427
PEG	 0.4841	 0.8765	 0.0984	 0.8779	 0.5900	 0.6812	 0.9988	 0.5320
RFIw	 0.6179	 0.7079	 0.1146	 0.4727	 0.4205	 0.6879	 0.6573	 0.8223
RFIa	 0.3075	 0.5508	 0.1139	 0.6050	 0.9261	 0.5014	 0.5872	 0.9267
UBFT initial	 0.3144	 0.4845	 0.8536	 0.6887	 0.0952	 0.7970	 0.8086	 0.2086
UBFT final	 0.9526	 0.9343	 0.8289	 0.4889	 0.1686	 0.7047	 0.4515	 0.5752
URFT initial	 0.3794	 0.0079	 0.6792	 0.7391	 0.4714	 0.5966	 0.6058	 0.4784
URFT final	 0.0187	 0.4381	 0.6046	 0.4472	 0.4593	 0.5224	 0.9940	 0.9626
UREA initial	 0.9870	 0.1846	 0.7241	 0.2980	 0.9096	 0.1815	 0.3359	 0.3024
UREA final	 0.8081	 0.0634	 0.4445	 0.9198	 0.5826	 0.3110	 0.7949	 0.2084
UREA/BW	 0.4421	 0.1415	 0.3259	 0.3959	 0.7068	 0.5186	 0.8676	 0.1230

Table 5. Significance (P value) of allelic substitution effects of markers on growth, feed efficiency, and carcass 
traits, using a multi-marker model approach.

In the stepwise regression analyses, the models demonstrated low R2 values (0.02 to 
0.14; Table 6). The dry matter intake was the trait that was most explained by the stepwise re-
gressions model (R2 = 0.15). Except for BWG, RFIw, initial UBFT, and initial UREA, all traits 
had more than one significant SNP entering into the model. The CAPN4751, R3HDM1-4, and 
UBE2I-1 were significant in 8 of 15 traits that were evaluated. R3HDM1-4 had effects on most 
of the feed efficiency traits (GFE, FCR, PEG, and RFIa), whereas CAPN4751 and UBE2I-1 
exhibited most of their effects on carcass traits (URFT, UBFT, and UREA).

The coefficients of correlation between molecular breeding values and adjusted phe-
notypes were low and non-significant in most cases when the multiple-marker model was em-

For trait abbreviations, see Table 1.

For trait abbreviations, see Table 1.
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ployed (Table 7). Conversely, correlations of the MBV generated by stepwise regression were 
greater and significant most of the time, as noted for feed intake and carcass traits. However, 
there was an exception for the association between MBV and adjusted RFIw, regardless of 
the significance level adopted. Coefficients were around 0.50, a value much greater than that 
obtained for the correlation between MBV and other traits.

Trait1	 Intercept	 CAPN4751	 GHR-1	 GHR-2	 IARS2	 R3HDM1-4	 UBE2I-1	 UoGCAST	 Model R-Sq.	 C (p)	 P > F

MBW	 372.8***	 11.76*	 17.91†	 -	 -8.56*	 -	 -6.64*	 6.46†	 0.0933	  4.5891	   0.0002
DMI	     10.26***	 -	    -0.445*	 -0.312**	 -	 -	        0.232***	   -0.142*	 0.1474	  4.8013	 <0.0001
BWG	       1.53***	 -	 -	 -	 -	        -0.083***	 -	 -	 0.0585	  0.6938	 <0.0001
GFE	         0.160***	      0.0050†	 -	 -	 -	          -0.0079***	 -	 -	 0.0780	 -1.5717	 <0.0001
FCR	       6.52***	  -0.225†	 -	 -	 -	       0.272**	 -	 -	 0.0660	  1.2247	   0.0004
PEG	         0.223***	        0.0251**	       0.0304†	  0.0168*	 -	       -0.0166**	     -0.0126*	 -	 0.1212	  5.4035	 <0.0001
RFIw	     0.038*	 -	 -	  0.0022*	 -	 -	 -	 -	 0.0186	 -1.1103	   0.0294
RFIa	     0.049ns	 -	     -0.2062†	 -	 -	         0.1215**	      0.0757*	 -	 0.0691	 -0.1041	   0.0004
UBFT initial	   0.69*	 -	     0.343*	 -	 -	 -	 -	 -	 0.0211	  0.8704	   0.0200
UBFT final	       3.99***	 -	 -	 -0.225**	 -	 -	    0.109*	 -	 0.0486	  3.0452	   0.0018
URFT initial	       3.58***	   -0.346*	 -	 -0.377**	    0.184†	 -	      0.227**	 -	 0.1007	 4.6850	 <0.0001
URFT final	       7.43***	   -0.280*	 -	   -0.474***	 -	 -	      0.244**	 -	 0.1136	   2.4327	 <0.0001
UREA initial	   60.0***	 -	 -	 -	 -	     -1.83***	 -	 -	 0.0606	  0.3687	 <0.0001
UREA final	   68.6***	      3.17***	 -	 -	 -1.13†	 -0.90†	 -0.95*	 -	 0.1006	  6.1401	 <0.0001
UREA/BW	         0.497***	        0.0316**	 -	 -	    -0.0119†	       0.0126*	 -	 -	 0.0809	  3.7323	 <0.0001

Table 6. Parameters of stepwise regression of allelic substitution effects of markers on adjusted phenotypes.

nsP > 0.10; †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.0001. 1The PSMD13 did not reach the significance level to 
enter (P < 0.20) into the model. For trait abbreviations, see Table 1.

Trait				    Marker significance level

	 P < 1.00	 P < 0.80	 P < 0.60	 P < 0.40	 P < 0.20	 P < 0.10	 Stepwise regression

MBW	      0.17**	      0.16**	   0.11†	      0.16**	      0.18**	 -	  0.04
DMI	  0.00	  0.01	  0.01	  0.03	  0.10	  0.02	        0.39***
BWG	  0.03	  0.03	  0.03	  0.03	  0.06	  0.07	     -0.19**
GFE	 -0.08	 -0.08	 -0.05	 -0.08	 -0.03	 -0.04	       -0.25***
FCR	 -0.11	 -0.10	 -0.10	 -0.10	 -0.11	  0.06	       -0.26***
PEG	 -0.08	  0.06	 -0.07	   -0.14*	     -0.17**	    -0.17**	 -0.01
RFIw	        0.47***	        0.47***	        0.50***	        0.48***	        0.53***	        0.53***	    0.14*
RFIa	 -0.02	  0.02	  0.01	 -0.02	  0.01	  0.00	 -0.05
UBFT initial	  0.05	  0.05	  0.05	  0.05	  0.10	  0.08	    0.15*
UBFT final	  0.03	  0.06	  0.07	  0.06	  0.09	  0.10	      0.22**
URFT initial	 -0.10†	 -0.10†	  -0.11†	  -0.10†	 -0.08	 -0.03	  0.09
URFT final	 -0.06	 -0.06	 -0.10	 -0.06	   -0.16*	   -0.16*	      0.23**
UREA initial	    0.13*	   0.12†	   0.12†	   0.12†	   0.12†	  0.09	       -0.25***
UREA final	  0.08	  0.06	  0.07	  0.06	   0.12†	  0.08	     -0.22**
UREA/BW	 -0.06	 -0.05	 -0.08	  0.01	  0.00	 -0.01	       -0.28***

Table 7. Pearson’s correlation analysis among adjusted phenotypes and the respective molecular breeding 
values estimated as a function of the significance level of individual marker estimate.

†P < 0.10; *P < 0.05; *** P < 0.01; *** P < 0.0001. For trait abbreviations, see Table 1.

In addition to the allelic substitution analyses, contrasts were tested to evaluate ad-
ditive and dominant effects of markers (Table 8). Due to the low MAF, those effects were 
not assessed for GHR-1. Noteworthy is the magnitude of dominant effects found on MBW 
for CAPN4751 (-23.2 kg, P = 0.017) and GHR-2 (15.1 kg, P = 0.038), the additive effect of 
UoGCAST on BWG (0.139 kg/day, P = 0.009), the additive effect of IARS2 on FCR (-0.675, 
P = 0.055), and the GHR-2 effects on RFIa (dominant, 0.469 kg/day, P = 0.016) and on initial 
URFT (additive, 1.39 mm, P = 0.027; dominant, 0.97 mm, P = 0.007).
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DISCUSSION

The aim of this research was to evaluate the association of polymorphisms located in 
genes considered candidates for involvement in the expression of growth, feed intake, feed 
efficiency, and carcass traits in feedlot beef cattle. Of the fixed SNPs, all except for UBE2I-2 
and R3HDM1-4 were reported in a whole genome association study carried out by Barendse 
et al. (2007), which identified polymorphisms significantly associated with feed efficiency in 
beef cattle.

The R3HDM1-4 polymorphism was reported in the dbSNP Build 133 database, and 
unlike other known SNPs in the R3HDM1 gene region, it showed good allele and genotype 
frequencies. In the dbSNP Build 133 for cow database, the MAF for R3HDM1-1, R3HDM1-2, 
R3HDM1-3, and R3HDM1-4 were 0.00 to 0.17 (G allele), 0.00 to 0.17 (G allele), 0.00 to 0.17 
(C allele), and 0.25 to 0.31 (T allele), respectively, similar to the present results.

No scientific results on population diversity for UBE2I-1, UBE2I-2, RNF19, and 
PSMD13 were found in Nellore cattle. However, except for UBE2I-1, they appear to be fixed 
and thus provide no helpful information on marker-assisted selection for productive traits in 
this breed. These SNPs have in common an association with the ubiquitin-proteasome path-
way, which ultimately degrades 80 to 90% of all cellular proteins (Goll et al., 2008), after their 
modification with ubiquitin chains, by the action of E1, E2, and E3 enzymes (Ciechanover, 
1998; Hershko and Ciechanover, 1998). The UBE2I gene encodes a member of the E2 enzyme 
family, which is involved in altering several cellular processes (Johnson, 2004; Zhao, 2007; 
Ihara et al., 2008). In turn, the RNF19 gene encodes a ring finger domain of ubiquitin protein 
ligases that act as regulators of the ubiquitin-mediated muscle proteolytic pathways (Lorick 

Trait	 Marker	 Effect	 Estimate (SE)	 P

MBW	 CAPN4751	 D	 -23.2 (9.59)	 0.0166
	 GHR-2	 D	  15.1 (7.22)	 0.0375
	 R3HDM1-4	 D	   -9.6 (5.04)	 0.0585
BWG	 R3HDM1-4	 D	         -0.088 (0.041)	 0.0338
	 UBE2I-1	 A	         -0.077 (0.047)	 0.1043
	 UoGCAST	 A	           0.139 (0.053)	 0.0090
GFE	 GHR-2	 D	         -0.010 (0.005)	 0.0718
	 R3HDM1-4	 D	         -0.006 (0.004)	 0.1008
	 UoGCAST	 A	          0.008 (0.005)	 0.1042
FCR	 IARS2	 A	         -0.675 (0.350)	 0.0550
	 IARS2	 D	          0.438 (0.215)	 0.0431
	 R3HDMI-4	 D	          0.296 (0.180)	 0.1019
	 UBE2I-1	 A	          0.341 (0.207)	 0.1000
PEG	 GHR-2	 D	         -0.023 (0.013)	 0.0777
	 R3HDM1-4	 D	         -0.015 (0.009)	 0.0991
RFIw	 UoGCAST	 D	         -0.145 (0.087)	 0.0972
RFIa	 GHR-2	 D	          0.469 (0.194)	 0.0163
UBFT initial	 GHR-2	 D	      0.46 (0.22)	 0.0430
	 R3HDM1-4	 A	      0.30 (0.18)	 0.0882
URFT initial	 GHR-2	 A	      1.39 (0.63)	 0.0272
	 GHR-2	 D	      0.97 (0.35)	 0.0069
UREA/BW	 CAPN4751	 D	          0.007 (0.004)	 0.0834
	 GHR-2	 D	         -0.006 (0.003)	 0.0550
	 UoGCAST	 A	         -0.005 (0.003)	 0.0535

Table 8. Significant (P < 0.05) and suggestive (0.05 ≤ P ≥ 0.10) effects of markers in genes related to protein 
turnover, on growth, feed efficiency, and carcass traits in Nellore cattle.

SE = standard error; A = additive effect; D = dominant effect. For trait abbreviations, see Table 1.
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et al., 1999; Niwa et al., 2001; Vogiatzis et al., 2010) and the PSMD13 gene encodes the 26S 
proteasome subunit 13, acting as a regulatory subunit of the 26S proteasome. In the dbSNP 
Build 133 for cow database, MAF ranges from 0.00 to 0.17 (T allele) for UBE2I-1, 0.30 (C 
allele) to 0.42 (T allele) for RNF19, and 0.32 (A allele) to 0.45 (G allele) for PSMD13, while 
no frequency data for UBE2I-2 were found.

Unlike the other genes previously discussed, the RPLP2 and IARS2 genes are in-
volved in translation and protein synthesis. The RPLP2 gene encodes one of the proteins that 
compose the ribosome molecular complex (Artero-Castro et al., 2011) and the IARS2 gene 
encodes an aminoacyl-transfer synthetase, which catalyzes the attachment of amino acids to 
its cognate transfer RNA molecule (Eriani et al., 1990), during the elongation step of protein 
synthesis. The RPLP2 was not polymorphic in the present study, which is in disagreement 
with the dbSNP Build 133 that showed MAF ranging from 0.15 to 0.20 (A allele). The present 
results also differ from those in the database in regard to IARS2 segregation. Greater frequen-
cies of the C allele and CC genotypes were found here, whereas the dbSNP reports major allele 
frequencies for the T allele and CT and TT genotypes. The reference of IARS2 in the dbSNP 
Build 133 reported an MAF ranging from 0.25 to 0.42 for the C allele.

Some polymorphisms in the calpain (CAPN4753, CAPN4751, CAPN530, CAPN316) 
and calpastatin (WSUCAST, AF_159246.1:g.2959A>G) genes have been evaluated for their 
associations with meat tenderness in Nellore cattle (Curi et al., 2009, 2010; Pinto et al., 2010). 
UoGCAST and CAPN4751 seemed to be the most promising markers for meat tenderness in 
this breed, but their effects on other productive traits, such as feed intake and feed efficiency, 
have not yet been established. In the current study, the variability for CAPN4751 and UoGCAST 
in Nellore cattle, previously reported in other studies (Pinto et al., 2010, 2011), was confirmed, 
showing that the allelic and genotypic frequencies seem consistent across Nellore populations. 
Similarly, the cited authors obtained low frequencies for the CC type of CAPN4751 (3.2%) 
and well-distributed frequencies across the three genotypes of UoGCAST in agreement with 
studies in Brahman cattle (White et al., 2005; Casas et al., 2006). The good segregation of these 
markers in the present study allowed the estimation of allele substitution effects.

The MAFs for GHR-1 and GHR-2 reported by Sherman et al. (2008) in a population 
composed of Angus, Charolais, and hybrid cattle are greater than those observed in the present 
study. These authors reported MAF values of 40 and 23% for the A and G alleles of GHR-1 
and GHR-2, respectively. Additionally, that study observed the three genotypes for GHR-1, 
with a moderate frequency of the AA type (17%). Unlike GHR-1, it seems that the distribu-
tion of the GHR-2 genotypes is very similar across Nellore and taurine cattle. Although other 
polymorphisms in the promoter region of the GHR gene had been examined in Nellore cattle 
(Curi et al., 2006), the GHR-1 and GHR-2 had not been previously tested.

The C alleles of UoGCAST and CAPN4751 were favorable for growth, feed efficien-
cy, and fat deposition (single marker analyses). Other investigations reported the positive ef-
fect of the C allele for carcass fat, although it was also associated with decreased longissimus 
muscle area and bone yield (Schenkel et al., 2006), traits that are suggestive of early maturing 
and less efficient cattle (Nkrumah et al., 2007). This allele was also reported to be favorable 
for meat tenderness in other studies (White et al., 2005; Curi et al., 2009; Pinto et al., 2010). 
Nevertheless, the present results on CAPN4751 are not supported by investigations carried out 
in B. indicus-influenced cattle (Curi et al., 2009), where no differences between CT and TT 
genotypes were found for the ribeye area, backfat thickness, and intramuscular fat.
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The polymorphisms evaluated in the GHR promoter region in Nellore cattle had sugges-
tive and significant allelic effects on feed efficiency (RFIw) and carcass traits (initial URFT and 
final UREA), which agree with the GH effects on tissue growth. Administration of growth hor-
mone acts on nutrient partitioning between muscle and adipose tissue, increasing body protein 
accretion rates, decreasing lipid accretion, and improving feed efficiency (Etherton and Bauman, 
1998), but these effects are dependent on the hormone interaction with GHRs in target tissues 
(Kopchick and Andry, 2000). Early studies have suggested associations of polymorphisms in the 
promoter region of the GHR gene with weight gain and carcass weight in Zebu-influenced cattle 
(Curi et al., 2006), while others have noted associations with body fat deposition (Garrett et al., 
2008) and serum insulin-like growth factor I concentration (Ge et al., 2003) in Angus.

In the current study, the G allele of GHR-1 was related to lower initial rump fat thick-
ness and greater ribeye area. This is in agreement with Sherman et al. (2008), who reported 
that the G allele was unfavorable for carcass marbling, although no associations were found 
with backfat thickness and ribeye area in that study. In the same investigation, the G allele of 
GHR-2 was unfavorable for feed efficiency, which is somehow corroborated by the current 
study as we observed a trend (P < 0.10) for increasing RFIw.

Allelic substitution effects for PSMD13, IARS2, UBE2I-1, and R3HDM1-4 have not 
been reported before. The SNP did not have allelic substitution effects on any traits evalu-
ated and may not be useful in the selection for productive traits in Nellore cattle. The results 
with respect to PSMD13, IARS2, and UBE2I-1 do not agree with their function, as protein 
turnover corresponds to 30 to 40% of all energy expended by cattle (Lobley et al., 1980) and 
notably affects protein accretion rates and energy requirements for maintenance (Morgan et 
al., 1993; Oddy et al., 1998; Castro Bulle et al., 2007). Polymorphisms in the R3HDM1 have 
been associated with human cholesterol (Ma et al., 2010), human disease (Muiños-Gimenos et 
al., 2010), and RFI in beef cattle (Barendse et al., 2007), and gene function has been inferred 
as being an endopeptidase/endoproteinase inhibitor (Barendse et al., 2007). However, little 
further information on this gene is available and estimations of allelic substitution effect have 
not been previously reported.

The use of DNA information through marker panels can significantly increase selec-
tion responses (Van Eenennaam et al., 2011). However, it is important to assess individual ef-
fects of each marker when evaluated separately or in a set of several SNP. Thus, in the present 
study, pooled analyses of allelic substitution effects were also performed, whereby all eight 
segregating SNP were evaluated either in a single whole mixed model (Table 5) or using a 
stepwise linear regression procedure (Table 6).

Overall, the significance of allelic substitution effects when using a multiple-marker 
model changed slightly from values observed in the single-marker analyses; some effects no 
longer showed suggestive significance, whereas others did. There was a general trend towards 
an increase in the significance of allelic substitution effects in most traits by using a multiple-
marker model approach. This might have occurred because the number of parameters being 
estimated increased considerably, whereas the population size remained the same.

In the stepwise regression procedure, drastic changes in estimates of allelic substitution 
effects for all traits evaluated were observed. Allelic substitution effects were even observed 
on traits that had not been affected by markers when using the single-marker model, such as 
MBW, DMI, and FCR, suggesting that a multi-marker approach may reveal new information. 
All allelic substitution effects observed in the single-marker analysis were not highlighted us-
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ing the stepwise regression, except for the effects of GHR-2 on RFIw and CAPN4751 on final 
URFT, although their magnitude markedly decreased from the former to the latter approach.

The MBV were computed by summing the relative contribution of all SNPs and those 
whose estimates were significant at P values lower than 0.80, 0.60, 0.40, 0.20, and 0.10. The 
same procedure was adopted to calculate MBV from stepwise models. Correlation magni-
tudes were altered depending on the adopted significance level of markers that contributed to 
the estimation of the MBV because of the change in the number of SNP in the model across 
the different levels of significance. However, these changes can be considered small in most 
traits. The low coefficients of correlation between MBV and phenotypes mean that the set of 
SNP evaluated explained a small percentage of additive genetic variance of feed intake, feed 
efficiency, growth, and carcass traits in Nellore cattle.

The markers’ effects greatly changed from one statistical procedure to the other. Only 
4 of the 15 traits evaluated were related to less than two markers, suggesting that markers can 
be interacting with each other in epistatic effects, which could partially explain the results. 
The large estimation errors may also explain this change. On the other hand, we could notice 
that the magnitude of allelic substitution effects was, in some cases, greater than that reported 
elsewhere (e.g., Sherman et al., 2008; Ferraz et al., 2009), suggesting the need for other adjust-
ments in the model.

The differences between methods were remarkable when we look at the correlations 
between the estimated molecular breeding values and the adjusted phenotypes (Table 7). The 
allelic substitution effects estimated using the stepwise procedure allowed us to compute the 
individual molecular breeding value for each trait, according to the number of copies of favor-
able allele for each animal.

A study with taurine cattle (Sherman et al., 2008) reported additive effects of GHR-1 
on FCR and RFI, as well as of GHR-2 on BWG, DMI and final BW. In the same study, domi-
nant effects were observed for GHR-1 on PEG and final BW and for GHR-2 on BWG, FCR, 
DMI, and final BW. These results partially agree with our findings regarding the associations 
of polymorphisms in the GHR gene with growth traits. It should be borne in mind that domi-
nant effects prevailed for most traits. This could partially explain the low correlations found 
for estimated MBVs with adjusted phenotypes as well as why some marker effects were not 
observed in the allelic substitution effect analysis.

The current study reports the association analyses of growth, feed intake, and feed 
efficiency traits with SNPs that had been either evaluated for effects on only meat quality 
traits (UoGCAST and CAPN4751) or not fully described for associations with growth and 
carcass traits (IARS2, UBE2I-1, R3HDM1-4). Original additive and dominant effects were 
presented on economically relevant traits, providing new knowledge of marker-assisted selec-
tion for traits such as feed efficiency. In addition, the potential use of SNPs in the GHR gene 
in marker-assisted selection for growth in beef cattle was confirmed in the Nellore breed. An 
interesting result was that the SNP set provided useful information for selecting cattle for RFI, 
since significant allelic substitution effects were observed and the correlation of MBV and 
adjusted phenotypes were moderate. Residual feed intake requires long feeding periods to 
be calculated, which may not be cost-effective. Therefore, adequate panels of markers could 
increase the accuracy of expected progeny differences and increase the efficiency of selection 
for feed efficiency.

In Nellore cattle, SNPs associated with residual feed intake in B. p. taurus cattle 
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did not show adequate segregation. However, polymorphisms located in or nearby genes of 
calpain, calpastatin, and GHR, or genes regulating the ubiquitin-proteasome system and the 
translation step of protein synthesis may be associated with growth, feed efficiency, and car-
cass traits in additive and dominant effects. Molecular breeding values computed through 
allelic substitution effects in single- and multiple-marker models were poorly correlated to 
phenotypes, except for residual feed intake. However, stepwise linear regression analyses may 
contribute to calculate MBV that are more correlated to phenotypes.
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