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Simple Summary: Livestock production emerges as one of the main contributors of ammonia
emissions; in fact, as the literature reports, the excess of nitrogen fed in form of feed protein is excreted
in manure and converted into ammonia. Defining beef cattle protein requirements, specifically for
each breed and farming system, is fundamental to ensuring an adequate supply of protein, while
avoiding N losses due to an over-estimation of needs. In this study, we compared two different levels
of protein in beef cattle diets to better understand the exact amount that would meet the animals’
requirements, while avoiding waste. Results showed that, on one hand, the decrease of protein in the
diet could actually compromise animals’ daily weight gains, but on the other hand, it did not reduce
the income of the farmer, because the diet was cheaper, and improved the efficiency in the use of the
digestible protein for growth.
Abstract: This study aimed to evaluate the effect of decreasing dietary crude protein (CP) on the
performance of finishing Charolais bulls in the Italian rearing system. Animals were fed two diets,
differing only in the CP level (low protein (LP), 13.5% CP versus control (CON), 15.0% CP). Dry
matter (DM) intake (DMI) and animals’ weights were recorded to obtain average daily gain (ADG)
and feed conversion rate (FCR). Feed and fecal samples were collected to evaluate digestibility of diet
components. Daily cost of the ration (DRC), feed cost per kg of daily weight gain (CDG) and daily
gross margin (DGM) were calculated to analyze the possible benefits of decreasing the protein level.
Meat quality analyses were also conducted. Higher DMI (10.6 versus 10 kg/d; p < 0.05) and ADG
(1.47 versus 1.36 kg/d; p < 0.05) were observed for CON. No differences in FCR or digestibility were
found. Even if the DRC was lower (p < 0.05) for the LP diet (2.26 versus 1.97 €; CON versus LP), no
difference was reported for CDG and DGM. Meat lightness and redness were significantly lower and
higher in the LP, respectively. To conclude, the CP requirement in these rearing conditions appeared
to be higher than 13.5%.
Keywords: finishing beef cattle; dietary protein; digestibility; meat quality; economic assessment

1. Introduction
The livestock sector, in particular beef cattle production, is considered one of the major contributors
to environmental impact, and especially, to greenhouse gas (GHG) emissions [1]. The beef supply
chain is responsible for the production of large quantities of manure, which is one of the main sources
of ammonia. Ammonia (NH3 ) emissions from cattle are related to manure storage, and even more
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to its subsequent distribution into the land, and are associated with different ecosystem and human
health concerns [2]; they are also responsible for soil acidification, as pointed out by Brunet, 1998 [3].
The release of ammonia from manure depends on its content of nitrogen, which in turn is related
to dietary crude protein (CP) concentration and digestibility [4–7]. It has been pointed out that the
reduction in the content of nitrogen in manure linearly decreases the emission of ammonia [8]. Previous
studies have shown that increasing CP from 11.5% to 13.0% increases emissions of ammonia from
60% to 200% [9]. According to the NRC (2000) [10], CP requirements decrease as animals mature; it
may be possible to decrease N losses and nutrient excretion by decreasing CP concentrations without
negatively affecting growth rate [11].
Management characteristics and rearing systems of beef cattle production are fairly different
among breeds, countries and regions. In particular, in Italy about two thirds of the young bulls are
reared by specialized fatteners located mainly in the northern plains of the country (Veneto and Po’
Valley) [12,13]. Charolais bulls are the most dominant category of animals imported in Veneto region
and the rearing system is characterized by being divided into four main feeding phases: backgrounding,
transition, growing and finishing [14], which are characterized by different CP and energy levels of
the ration, in order to meet animals’ requirements [15]. Although the CP requirements to maximize
average daily gain (ADG) in growing beef cattle, according to NRC (2000) [10], are 13.8% on dry
matter (DM) basis, especially for Angus breed, in Italy the range of CP used on growing and finishing
cattle, varies a lot, from 11.0% to 14.7% DM, leading to very different levels of performance and feed
efficiency [16,17]. Protein requirements during different growing phases are strongly influenced by
many factors, such as feed digestibility, heat increment, tissue metabolism, protein turnover, feeding
behavior and activity [18], which makes it hard to understand well, the real CP requirements of beef
cattle. Despite the literature present on the general CP requirements of beef growing cattle, to maximize
animal performance and the feed efficiency there is the need for studies focused on the requirements of
each breed raised in specific conditions.
Moreover, protein is the most expensive component of beef cattle’s ration and if the rate of protein
degradation is higher than the rate of carbohydrate fermentation, high quantities of nitrogen are lost as
ammonia [19]. Thus, feeding an excess of protein contributes to increased production costs and results
in adverse environmental impacts and in the onset of metabolic diseases [20]. Considering the high
cost of feeding in beef cattle production and the low profitability of this rearing system, it is critical to
improve management and feed efficiency to reduce environmental impacts, minimize nutrient losses
and protect animal health. It is necessary to take into consideration that decreasing the CP level can
potentially decrease the atmospheric losses of NH3 , but at the same time it can lead to adverse effects
on feed intake and growth performance [21]. In addition, there are many biological processes involved
in the expression of meat quality, which highlight the connection between production factors (age,
ration composition, breed and feeding system), as well as meat tenderness, marbling and juiciness [22].
All considered, the aim of this study was to assess the effect of reducing the CP level of the
ration on growth performance, feed digestibility, feed efficiency, meat quality and the producing
costs of Charolais bulls raised during the growing and finishing phases of a typical Italian beef cattle
rearing system.
2. Materials and Methods
2.1. Experimental Groups and Feeding
Experimental procedures were approved by the Organismo Preposto al Benessere Animale—Animal
Welfare Group at ISS (OPBA) committee of Padova University (approval number 459116).
A group of Charolais bulls (n = 107 animals) was imported from France and raised in a beef cattle
farm located in Rovigo province, in North-Eastern Italy, from October 2017 until May 2018, for 207
days, before being sent to the slaughterhouse. Bulls were selected and bought at a cattle collection
center in France, based on their weight, age and physical conformation. Upon arrival, animals were
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on average 300 ± 53 days old and weighed 407 ± 23 kg. Before starting the trial, the young bulls
spent the backgrounding and transition phases (in total 45 days) in a loose housing facility with straw
bedding and were fed the same diet (Table 1), that was gradually changed throughout the two phases
from initial contents of neutral detergent fiber (NDF), crude protein and starch of 38.2%, 14.1% and
26.1% DM, respectively, to 35.2%, 14.0% and 29.8% DM, respectively. The young bulls were reared
in 11 contiguous pens, grouped by initial body weight (BW) and age, to guarantee homogeneity
within pens, and then, after the transition phase, were moved into a roofed, loose housing facility with
concrete-slatted floor for the growing (77 d) and finishing (85 d) phases. To avoid increasing the fights
between animals, the groups corresponding to the individual pens were maintained, and these groups
were distributed so as to form two macro-groups, balanced for live weight (484 ± 34 kg). The two
groups were fed two diets formulated to differ only for CP content: the control diet (n = 58; six pens)
with 15.0% CP (CON) and the low protein diet (n = 49; five pens) with 13.5% CP (low protein, LP).
Diets were offered as total mixed rations (TMR) which included corn silage, pressed sugar beet pulp,
wheat bran, corn meal, soybean meal, straw, vitamins and minerals, as reported in Table 1. To meet
the animals’ requirements, rations were gradually adjusted, moving from a growing phase (P1) to a
finishing phase (P2), as shown in Table 1. Young Bulls were fed ad libitum one of two diets, and the
offered amount was calculated, aiming for 5% refusals. TMR was distributed once a day, at 10:00 in the
morning and there was free access to fresh water, supplied through two pressure bowls per pen.
Table 1. Ingredients, proximate composition and daily cost of the ration (DRC) of diets (low protein,
LP; control, CON) fed to the young Charolais bulls during backgrounding, transition, growing (P1)
and finishing (P2) phases at Rovigo Province, Italy.

Ingredients and Composition

Backgrounding (BKG) and
Transition (TST) Diet
BKG

Ingredients (% of DM)
Maize silage
Pressed beet pulps
Straw
Meadow hay
Maize meal
Weat bran
Soybean meal
Vitamin and mineral mix
DRC (€/kg DM)
Proximate composition
DM (%)
CP (% of DM)
EE (% of DM)
NDF (% of DM)
Starch (% of DM)
ME (Mj/kg DM)

Growing and Finishing Diets
CON

TST

18.9
10.9
14.1
25.8
20.1
10.2

12.2
9.98
9.08
14.5
21.3
23.9
9.04

61.1
14.1
2.33
38.2
26.1
10.8

56.7
14.0
2.63
35.2
29.8
10.0

LP

P1

P2

P1

P2

22.4
17.2
6.30

22.2
17.8
4.90

23.6
17.0
6.60

23.4
17.8
5.10

20.1
15.7
10.5
7.80
0.212

25.1
12.7
10.0
7.30
0.213

23.4
15.5
5.80
8.05
0.197

27.4
13.2
5.50
7.55
0.198

49.7
14.9
3.32
32.7
29.1
10.8

53.7
14.7
3.13
29.0
33.5
11.1

48.4
13.6
3.33
33.0
30.4
10.8

52.8
13.4
3.15
29.2
34.8
11.1

DM: dry matter; CP: crude protein; EE: ether extract; NDF: neutral detergent fiber; ME: metabolizable energy.

2.2. Animal Monitoring, Sample Collection and Analyses
The trial lasted 162 days and all animals in each pen were individually weighed at the beginning
of the trial, between P1 and P2, and at the end of the trial, before TMR distribution, to calculate the
individual ADG. Upon arrival, bulls were vaccinated and treated for external and internal parasites,
and since the beginning of the trial, they had been checked by trained farm personnel and by a
veterinarian twice daily, to verify their health status. Dry matter intake (DMI) of each pen was reckoned
by difference between the offered TMR and 24 h leftovers [13], and the feed conversion ratio (FCR) of
each pen was calculated dividing the average ADG by DMI. Moreover, to calculate fecal CP output
and total tract digestibility of DM (DMD), CP (CPD), NDF (NDFD) and starch (starch_D), fresh fecal
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samples were gathered from two young bulls per pen, at two-week intervals. Samples of TMR and
leftovers of both diets were collected weekly and subjected to chemical analysis. For both TMR and
feces, dry matter (DM), ash, CP, NDF, ADL and starch were determined following the procedures
reported in literature [23–26], respectively. Total tract digestibility was calculated using lignin as
internal marker. The mathematical equations reported by McDonalds [27] and Schäfers [28] were used
to calculate DMD, CPD, NDFD and starch_D.
DMD =

marker in faeces (g/kgDM) − marker in food (g/kgDM)
,
marker in faeces (g/kgDM)

ND = 1 −

marker in diet (g/kgDM) × N in faeces (g/kgDM)
,
marker in faeces (g/kgDM) × N in diet (g/kgDM)

where N is the nutrient and ND the nutrient digestibility.
At the end of the trial, on the same day, animals were humanely slaughtered at a commercial
slaughterhouse, where they were assessed by a trained veterinarian. Before being slaughtered, the
scrotal neck and hind leg coronary band of each animal was assessed for normal appearance by a
trained veterinarian, using a score based on the presence of localized swelling, ranging from 1 to 4 (1 =
normal; 2 = slightly swollen; 3 = swollen and 4 = very swollen). Upon slaughter, pulmonary scores
were assigned based on presence of parenchyma lesions, pulmonary consolidation in the cranial lobes,
pleural adhesions and pleural fibrin deposition, as reported by Thompson [29]. The liver was examined
to assess the presence of hepatic abscesses and hepatic scar tissue. As reported in Cozzi et al. [30],
around thirty minutes after slaughter, the hot carcass weight (HCW) was recorded, as was the carcass
conformation according to the European grading scheme defined SEUROP (S, E, U, R, O, P; from the
best to the worst).
2.3. Meat Quality Analysis
From 30 carcasses, belonging to CON (n = 15) and LP (n = 15) diets, meat samples were collected
and analyzed for meat quality. The 30 carcasses were selected by means of a simple randomization
criterion from the two groups (CON and LP), after having discarded the outliers for ADG (animals
with an ADG higher or lower than the average ± 3 standard deviations). From the 15 carcasses selected
for each group, muscle samples were collected to assess the carcasses for meat quality. Briefly, boneless
strip loin samples of m. longissimus thoracis (MLT) were excised with other adhering muscles, from
the 4th to the 6th rib of the right side of carcasses (routine excision area to dissect the carcasses into
quarters) 2 days post mortem, and samples were single vacuum packed and aged at 4 ◦ C for other
5 days. Thus, after 7 days post mortem (2 days in carcass and 5 days in vacuum packed storage
conditions) the joint samples of MLT were analyzed in order to determine the quality traits of fresh
and cooked meat. A new cutting surface of a 2.0 cm thick of MLT was bloomed in the air at 3 ± 1 ◦ C for
approximately 60 min (1 h of blooming) and then instrumental color was recorded in plastic-wrapped
meat samples according to the method suggested by the Commission Internationale de l’Éclairage
(CIE) [31]. By the means of five replicates, the CIE-L*a*b* color coordinates (L*, lightness; a*, redness;
and b*, yellowness) were measured using a Konica Minolta CM-600d Spectrophotometer (Konica
Minolta INC, Osaka, Japan) with illuminant D65 and a 10◦ standard observer. The meat color was
also detected after 24 h of exposition to air at 3 ± 1 ◦ C. Weight loss during cooking was determined on
2.5 cm thick steaks excised from the MLT samples and wrapped individually in polyurethane bags.
Samples were heated in a thermostatic (75 ◦ C) water bath for 50 min and then cooled in running tap
water for at least 40 min. Five cylindrical meat cores 1.25 cm in diameter were then excised from the
cooked steak for the instrumental measurement of tenderness using a Warner-Bratzler shear force
meter (Instron, High Wycombe, United Kingdom). Samples of meat from MLT were freeze-dried and
ground to measure dry matter (DM) and intramuscular crude protein and fat content, the latter as
ether extract [25].
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2.4. Feeding Cost, Daily Gross Margin and Other Calculations
To calculate the possible economic benefits deriving from the use of low-protein diet, some of the
determinants reported by Langemier [32] to compute cattle finishing profitability were considered.
Specifically, the daily ration cost (DRC) for 1 kg of DM, the daily feed cost (DFC), the feed cost per kg of
daily weight gain (CDG) and the daily gross margin (DGM, calculated on feeding cost) were calculated.
DRC, expressed in €/kg DM, was obtained according to the following equation:
DRC =

Pn
i=1

(ci × xi)

where i is the number of ingredients of the ration; c is the cost payed by the farmer for the ingredient i
(€/kg DM); and x is the amount of the ingredient i in 1 kg DM of ration.
The daily feed cost, expressed as € spent daily for feeding one animal, was obtained according to
the following equation:
DFC = DRC × DMI
where DRC is the cost of the ration, expressed as €/kg DM; and DMI is the average dry matter intake,
expressed as kg of DM.
CDG, expressed in €/kg of daily weight gain, was obtained according to the following equation:
CDG =

DRC × DMI
ADG

where DRC is the cost of the ration, expressed as €/kg DM; DMI is the average dry matter intake,
expressed as kg of DM; and ADG is expressed in kg.
DGM, expressed in €, was obtained according to the following equation:
DGM = (V × ADG) − (DRC × DMI)
where V was the value (€) paid by the slaughterhouse for each kg of live weight, which in this case was
2.4 €/kg; ADG is expressed in kg; DRC, expressed in €/kg; and DM is the daily cost of the ration; DMI
is expressed as kg of DM.
Furthermore, to estimate how efficiently the CP was used, crude protein intake (CPI), digestible
crude protein intake (DCPI), crude protein fecal excretion, crude protein conversion ratio (CPCR) and
digestible crude protein conversion ratio (DCPCR) values were calculated. To calculate CPI, DMI was
multiplied by the CP% of the ration and CPCR was calculated dividing the average CPI by ADG,
whereas DCPI and DCPCR were calculated multiplying CPD by CPI or CPCR, respectively. Crude
protein fecal excretion was calculated by subtracting DCPI from CPI.
2.5. Statistical Analysis
Prior to statistical analysis, the categories of carcass conformation (SEUROP) were converted into
numerical scores ranging from 1 (P) to 6 (S). Statistical analysis was computed using SAS software
(2012, release 9.4; SAS Institute Inc., Cary, NC). For the whole dataset, the assumption of normality
and variance homogeneity were tested using the Shapiro–Wilk test (PROC UNIVARIATE). Data on
DMI, ADG, FCR, nutrient digestibility, CPI, DCPI, CPCR, DCPCR and feed costs were processed using
PROC MIXED for repeated measures, with pen as a random effect and the autoregressive covariance
structure. In the model, diet (CON versus LP), phase (P1 versus P2) and their interactions were used
as fixed effects. The Bonferroni correction was used to make a post-hoc pairwise comparison. Data on
lung, scrotal and coronary band scores were submitted to the non-parametric Mann–Whitney test to
evaluate the effects of diets, whereas data on the liver score, expressed as percentages, were analyzed
through a Z test. Carcass traits were submitted to a one-way ANOVA within PROC GLM to test the
fixed effect of dietary CP level; in the case of meat quality data, the slaughter weight was included in
the linear model as a covariate.
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3. Results
At the beginning of the trial, the animals (345 ± 53 days old) weighed on average 486 and 484 kg
for CON and LP, respectively (p = 0.755), but at the end of the trial, CON led to a significantly higher
final weight (722 versus 705 kg, p = 0.044). As reported in Table 2, LP led to a 0.6 kg/d lower DMI (p <
0.05) and to a 0.11 kg/d lower ADG (p < 0.05), whereas diet had no significant effect on FCR. Passing
from P1, the growing phase, to P2, the finishing phase, DMI (p < 0.01) and FCR (p < 0.001) increased on
average of 1 kg and 1.95 points, respectively, whereas ADG showed a reduction of 0.23 kg/d (p < 0.001).
No significant interaction between diet and phase was found.
Table 2. The effects of high protein (CON) and low protein (LP) diets, on dry matter intake (DMI),
average daily gain (ADG) and feed conversion ratio (FCR) by young Charolais beef bulls at Rovigo
Province, Italy, during growing (P1) and finishing (P2) phases. Data are the means of 5 or 6 pens and 9
to 10 animals per pen.
Items

DMI (kg/d)
ADG (kg/d)
FCR

CON

10.6
1.47
7.29

LP

10.0
1.36
7.50

P1

9.8
1.53
6.42

P2

10.8
1.30
8.37

CON

LP

p-Value

SEM

P1

P2

P1

P2

10.1
1.59
6.38

11.1
1.36
8.19

9.5
1.48
6.46

10.4
1.24
8.54

0.55
0.08
0.64

Diet

Phase

Diet × Phase

0.036
0.016
0.523

<0.05
<0.001
<0.001

0.816
0.773
0.680

As shown in Table 3, dietary protein level did not significantly affect the total tract digestibility of
DM, CP, NDF or starch. On the other hand, the raising phase affected DMD (p = 0.001), CPD (p < 0.001),
NDFD (p < 0.01) and starch_D (p < 0.05), which, except for starch_D, all significantly decreased in the
finishing phase. No effect on digestibility was found for the interaction between diet and period.
Table 3. Effect of high protein (CON) and low protein (LP) diets, during growing (P1) and finishing
(P2) phases, on the digestibility of dry matter, crude protein, neutral detergent fiber and starch (DMD,
CPD, NDFD and starch_D, respectively) by young Charolais beef bulls at Rovigo Province, Italy. Data
are the means of 5 or 6 pens and 9 to 10 animals per pen.
Items
DMD
CPD
NDFD
Starch_D

CON
62.0
52.8
42.1
96.4

LP
61.8
50.6
43.4
96.5

P1
64.8
58.8
45.5
95.5

CON

P2
59.0
44.6
40.1
97.4

LP

p-Value

SEM

P1

P2

P1

P2

64.9
60.3
44.3
95.3

59.2
45.2
40.0
97.5

64.8
57.3
46.7
95.8

58.8
43.9
40.2
97.2

1.28
2.26
1.56
0.70

Diet

Phase

Diet × Phase

0.861
0.410
0.406
0.878

0.001
<0.001
0.006
0.022

0.917
0.655
0.484
0.579

As predicted, CPI (Table 4) was significantly lower in LP than in CON (p = 0.002), but no significant
effect was found for CPCR. Taking into account the digestible protein ingested by animals, DCPI
(p = 0.001) and DCPCR (p = 0.054) were both significantly lower in LP than in CON, whereas CP fecal
excretion was not significantly affected. From a calculation of the daily feed cost of the two rations, it
emerged that LP was 0.29 €/head/d less expensive than CON (p < 0.01), whereas CDG, the feed cost
per kg of daily weight gain, and DGM, the daily gross margin calculated on feeding cost, were similar
between the two diets. There was no significant interaction between diet and phase for any of the
variables taken into account.
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Table 4. The effects of high protein (CON) and low protein (LP) diets during growing (P1) and finishing
(P2) phases, on crude protein (CP) intake (CPI), digestible CPI (DCPI), CP conversion ratio (CPCR),
digestible CPCR (DCPCR), daily feed cost (DFC), cost of daily gain (CDG) and daily gross margin
(DGM) values of young Charolais beef bulls at Rovigo Province, Italy.
Items

CON

CPI (kg/d)
CP faecal excretion (g/d)
DCPI (kg/d)
CPCR
DCPCR
DFC (€)
CDG (€/kg growth)
DGM (€)

1.57
0.746
0.825
1.08
0.560
2.26
1.55
1.28

LP
1.35
0.671
0.679
1.01
0.499
1.97
1.48
1.29

P1
1.40
0.575
0.827
0.915
0.539
2.01
1.31
1.67

CON

P2
1.52
0.842
0.676
1.17
0.520
2.22
1.72
0.900

LP

p-Value

SEM

P1

P2

P1

P2

1.50
0.596
0.909
0.951
0.575
2.14
1.35
1.66

1.63
0.895
0.740
1.20
0.544
2.37
1.74
0.900

1.30
0.553
0.745
0.878
0.503
1.88
1.27
1.68

1.40
0.788
0.611
1.14
0.496
2.07
1.69
1.90

0.039
0.040
0.034
0.046
0.023
0.057
0.067
0.118

Diet

Phase

Diet × Phase

0.002
0.131
0.001
0.208
0.054
0.004
0.370
0.943

<0.001
<0.001
<0.001
<0.001
0.498
<0.001
<0.001
<0.001

0.451
0.297
0.590
0.876
0.660
0.468
0.820
0.937

As a reflection of a higher final body weight, carcass weight was also significantly higher for
CONs compared to LP diet bulls (p < 0.05), as reported in Table 5. Regarding the traits concerning the
carcass, carcass weight that was higher for its conformation (SEUROP classification) was not affected
by the dietary treatment (Table 5). Despite the effect of dietary CP level on DMI and ADG, the carcass
classification was similar between treatments.
Table 5. The effects of high protein (CON) and low protein (LP) diets on carcass weight, carcass yield
and SEUROP-carcass classification.
Carcass Traits

CON

LP

p-Value

Carcass weight (kg)
Carcass yield (%)
SEUROP

437
60.7
4.26

425
60.3
4.29

0.026
0.488
0.827

SEUROP: S = 6, E = 5, U = 4, R = 3, O = 2, P = 1.

As reported in Tables 6 and 7, the diet did not affect lung and coronary band scores or the
occurrence of liver lesions, but did affect the scrotal score, which was significantly lower in LP than
in CON.
Table 6. The effects of high protein (CON) and low protein (LP) diets on lung, scrotal and coronary
band scores.
Items

CON

LP

p-Value

Lung score
Scrotal score
Coronary band score

1.96 (2.66)
1.12 (0.329)
1.21 (0.409)

2.22 (1.99)
1.00 (0.00)
1.23 (0.425)

0.314
0.025
0.670

Data are expressed as average and (standard deviation).

Table 7. The effects of high protein (CON) and low protein (LP) diets on liver lesions.
Liver Lesions

CON

LP

p-Value

Lymphadenopathy (%)
Liver abscesses (%)
Liver scars (%)

3.33
3.33
36.7

7.14
10.7
42.8

0.990
0.225
0.990

Proximate composition and quality traits after heating treatment (cooking losses and tenderness)
were not affected by the dietary CP nor by covariate carcass slaughter weight. Regarding meat color,
L* and a* after one hour of blooming where both significantly lower for the LP diet compared with
CON. However, no further differences were reported after 24 h (Table 8).
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Table 8. The effects of high (CON) and low (LP) protein and covariate slaughter weights on the meat
quality of young Charolais beef bulls at Rovigo Province, Italy.
Meat Quality Traits
Physical traits
Cooking loss
Maximum shear force
Meat composition (wet weight)
Moisture
Crude protein
Ether extract
Color (after 1 h of blooming)
Lightness, L*
Redness, a*
Yellowness, b*
Color (after 24 h)
Lightness, L*
Redness, a*
Yellowness, b*

Diet

Unit

p-Value

SEM

CON

LP

Diet

Slaughter Weight

%
N

26.7
33.2

27.4
33.3

0.01
1.44

0.337
0.941

0.144
0.239

g/100 g
g/100 g
g/100 g

75.7
19.7
2.90

75.9
19.9
2.70

0.30
0.24
0.25

0.591
0.674
0.688

0.622
0.615
0.456

44.9
13.3
11.7

43.1
14.2
11.8

0.40
0.28
0.25

0.004
0.009
0.637

0.665
0.274
0.427

44.8
16.1
13.2

44.3
15.2
12.7

0.45
0.43
0.29

0.433
0.171
0.233

0.483
0.932
0.719

4. Discussion
Our main objective was to evaluate the impact of dietary protein concentration on production
parameters, feed efficiency and meat quality of growing Charolais bulls. A secondary goal was to
evaluate cost-effectiveness and farm profitability resulting from dietary protein reduction. The control
diet used in this experiment was formulated as described by Cozzi et al. [30], in line with the typical
feeding regime adopted by Italian specialized fatteners, both regarding the ingredients used and the
protein and starch content of the ration. Diets were formulated to cover the high requirements of the
growing and finishing phases of beef cattle breeds and were provided as total mixed rations (TMR) to
diminish the risk of acidosis, using corn as the main crop included in the diet [30]. Italian, intensive
Charolais cattle farms aim to attain an average daily gain of 1.5 kg/d [33,34] in 180–210 days, with a
carcass yield of 60% [35].
As stated in different studies [36,37], an excess of protein beyond the requirements of the animal
could lead to a waste of resources and may have negative repercussions also for the environment, since
most of the protein in excess is excreted as NH3 in urine and feces [36,37]. The literature, in regard to
the effect of the reduction of the protein level of diet on the performances of beef cattle in the finishing
phase, is not very consistent, and sometimes, shows opposite results [37–39]. This is likely due to the
fact that the optimal protein level for a finishing animal depends on many factors, among which there
are breed, live weight, ADG, housing conditions, energy and NDF concentration of the ration and CP
digestibility [40]. In a study conducted by Dal Maso et al. [17], reducing dietary CP concentration from
14.7% to 11.0% resulted in no variation in ADG, DMI or final weight in double-muscled Piemontese
cattle. On the contrary, in Gleghorn et al. [38], feeding three different CP levels (11.5%, 13.0% and
14.5%) to British x Continental steers found the highest performance with 13% of CP. Furthermore, it
was found that DMI differed only in the first 84 d of the trial. In addition, in a series of experiments
conducted by Trenkle [41] in implanted continental crossbreed steers, animals fed 14% CP from the 90
d to the 112 d of the finishing period gained 9.9% more and had a higher DMI than implanted steers
fed 11% CP. This is in line with our results, for which the highest ADG was attained with the high
protein diet.
The reduction of DMI by LP bulls is likely the result of a reduced activity by ruminant
microorganisms that have inadequate ruminal ammonia—N—available for fermentation and microbial
synthesis [42]. As a consequence of a lower DMI, the LP diet also led to lower CPI and DCPI. In
line with our findings, a study conducted on double-muscled Belgian Blue bulls, Valkeners et al. [43],
reported that a reduction of the ruminal degradable protein balance from +5.3 to −23.7 g/kg DM led to
a linear decrease of DMI and ADG; and Thomson et al. [44] found a linear increase in DM intake (DMI)
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and ADG with increasing CP levels in cattle fed high-concentrate diets. The decrease of the DMI was
followed by the reduction of ADG which resulted in a lack of difference in feed efficiency (FCR).
Total tract apparent-digestibility of DM, NDF, CP and starch were not significantly affected by
a lower level of CP, which agrees with what reported by De Amaral et al. [45] and Mariz et al. [42],
who found that increasing the CP level from 10% to 14% has no effect on digestibility of nutrients in
beef cattle diet. Another study [46] found that increasing CP level leads to higher NDF digestibility.
This difference between the outcomes found in the literature can possibly be explained by the fact
that the effect of CP levels on the digestibility of nutrients depends on many different factors, such as
protein source, dietary CP level, animal condition and breed [47,48]. No significant differences were
found in CP fecal excretion and this could be due to an imbalance between amino acid availability
and requirements in the LP ration. The LP diet did not cause a significant variation of CPCR but did
decrease the DCPCR, which refers to the amount of digested protein needed to gain 1 kg of BW. The
reason why the DCPCR value for the LP diet tended to be significantly lower than the control diet
would need further investigation to be explained, involving the analysis of fermentable metabolizable
energy and effective rumen degradable protein, which were not measured in this trial. However, it is
reasonable to think that this difference was likely due to an imbalance between degradable protein
and available energy for microbes at the ruminal level [49]. Collectively, these results suggest that in
Charolais bulls in their growing and finishing phases, CP requirements are not completely covered
by 13.5% CP inclusion in the diet and that a more accurate balance between degradable energy and
protein needs to be reached when feeding 15.0% of CP, to optimize DCPCR and decrease CP losses
through fecal excretion.
In regard to the economic side of the experiment, it emerged that even though the LP diet was
significantly cheaper than the CON diet of about 12.8%, it neither affected the daily feed cost per kg of
growth, nor the daily gross margin, which is the difference between the farmer’s income for a kg of live
BW and the feed cost. This result can be explained by the fact that LP bulls had a lower ADG than CON
bulls. Although decreasing the CP level of Charolais bulls’ diet in the growing and finishing phases did
not negatively affect the farm daily gross margin, it must be considered that, most commercial breeders
want to send the animals to the slaughterhouse after having reached a determined target BW, and that
to reach the final BW of CON bulls, LP bulls would need to be raised for 14 more days, delaying the
possibility of raising new animals in the same facilities. As animals grow and reach their mature BW,
there is a gradual change in their body composition that is characterized by a higher percentage of
fat deposition, which increases the energy required to gain 1 kg of BW [38]. For this reason, in the
finishing phase, DMI and FCR increase, whereas ADG decreases, compared with the growing phase.
Looking at the effect of the raising phase, lower DMD, CPD and NDFD values were reported
during the finishing period, likely because as DMI increases and NDF concentration declines, the
rate of passage of ingesta throughout the rumen increases, leading to a decline of total tract apparent
digestibility. In fact, a higher transit rate of ingesta throughout the rumen lowers the time available
for degradation and absorption of nutrients [50]. This explanation can also justify the higher CP fecal
excretion found in the finishing phase. As a consequence of higher DMI and lower digestibility of
nutrients and ADG, a higher FCR value was reported during the finishing phase, which can indeed
explain the higher CDG registered in this period.
In regard to the significantly higher scrotal score recorded before slaughter in CON bulls, it is in
line with the results reported by Brito et al. [51] and Kastelic et al. [52], who found that bulls in the
finishing phase tend to accumulate fat in the scrotal neck, increasing their scrotal circumference when
fed over-conditioning diets rich in starch and protein. In this study, only seven CON bulls had a scrotal
score of 2, whereas all LP bulls had scrotal score 1, and there were no scores higher than 2. The fact that,
even with the CON diet, bulls had on average a low scrotal score, was likely due to the relatively high
level of NDF (29.4% of DM) used in this study; the high fat deposition in the scrotal neck is usually
reached in bulls growing over 1.6 kg/d and fed very high energy diets (80% grain, 20% forage), as
reported by Kastelic et al. [52] and Brito [53]. This diet was chosen, in fact, to attain good performance
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but avoid the onset of ruminal acidosis, that in ruminants is known to be enhanced by high starch
and low fiber diets, due to a drop in rumen pH and a disequilibrium in the microbial population [54].
The fact that, in this study, the presence of liver abscesses was low (on average 6.90%), confirms that
ruminal acidosis was properly prevented, since the incidence of liver abscesses in beef cattle farms
generally ranges from 10% to 20% [55]. The other lesions detected at the slaughterhouse did not seem
to relate to the protein level of the diet, and no significant differences were found between groups.
Concerning the carcass traits, except for the carcass weight, which was higher in the CON due to
the higher ADG, the other parameters considered in this experiment were not affected by the dietary
protein level. Although the reduction of protein percentage in the ration could have caused a lack of
amino acids’ availability, the SEUROP classification was not affected. As stated by Fluharty et al. [56],
carcass conformation is not affected by increased dietary protein level, if it is not associated with an
increase in the nutritional level (metabolizable energy) of the diet. Indeed, morphological differences
are related to the breed type and nutritive value of the diet, especially when both DMI and nutritional
requirements are quite similar among dietary treatment [57]. Carcass classification is one of the main
references in European beef market; thus, the outcomes of the study suggest the opportunity to reduce
the dietary total protein percentage in a young bull rearing system without reducing this price-related
carcass quality trait. Regarding the meat quality, no effects on muscle protein synthesis or on the tissue
conformation, were recorded, inducing similar water holding capacities and tenderness. This lack of
difference could be partially due to the very short ageing time (seven days post mortem). According to
the literature [58] the intramuscular fat content was quite low because that is a specific trait of French,
specialized beef breeds, such as Charolais. Contrary to the findings of Consolo et al., [59] and Madruga
et al. [60] who also tested the effect of the dietary CP nested in different feeding regimens, in this study,
the main effect in muscle quality traits was related to a change in meat color.
In relation to color, the LP diet promoted a significant decrease of lightness (L*) associated with an
increase of redness (a*), probably due to a variation in the early redox dynamics of myoglobin, since
there were no further differences in either L* or a* after 24 h of air exposition. This phenomenon could
be related to a change of myoglobin structure and function that depends on the presence of specific
amino acids (i.e., histidine), the incidence of its four major chemical forms and the interaction with the
surface moisture and the intramuscular lipids [61].
5. Conclusions
Based on the results, it can be concluded that lowering the protein level from 15% to 13.5% of
DM, during the growing and finishing phases in young Charolais bulls, raised according to the Italian
system, does not appear to significantly change the ration digestibility, the crude protein fecal excretion,
the feeding cost per kg of growth or the daily gross margin, but it reduces ADG, and therefore lengthens
the raising period required to reach a determined final body weight. The lower inclusion of dietary
CP did not affect carcass and meat quality traits, except for a moderate change in the meat color due
to a relatively early higher redness at blooming. By this study, it is possible to conclude that the CP
requirements to maximize the performance of Charolais bulls during growing and finishing phases are
higher than 13.5% of dry matter, even though this low crude protein level does not affect the daily
gross margin and the overall meat quality traits. More studies are needed to deepen the knowledge
on the balance between protein and energy requirements of Charolais bulls during the growing and
finishing phases, focusing possibly on metabolizable protein requirements.
Author Contributions: I.A. and G.M. planned and designed the study; accomplishing the animal sampling and
laboratory work, M.C. (Martina Cortese), N.U., M.C. (Maria Chinello), S.S., E.S. and G.M.; analyzed data and
wrote the manuscript, M.C. (Martina Cortese), G.M. and S.S.; provided guidelines for the study and assisted in
revision of the manuscript I.A. and G.M.
Funding: This research was funded by University of Padova, project DOR1780348.
Acknowledgments: The authors would like to thank Secondo Faccia, Guido Pavan, the personnel and the
government of Azienda Agricola Mea for their help and logistical assistance.

Animals 2019, 9, 906

11 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.
7.
8.
9.

10.
11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

Leip, A.; Billen, G.; Garnier, J.; Grizzetti, B.; Lassaletta, L.; Reis, S.; Simpson, D.; Sutton, M.A.; De Vries, W.;
Weiss, F.; et al. Impacts of European livestock production: Nitrogen, sulphur, phosphorus and greenhouse
gas emissions, land-use, water eutrophication and biodiversity. Environ. Res. Lett. 2015, 10. [CrossRef]
McGinn, S.M.; Flesch, T.K. Ammonia and greenhouse gas emissions at beef cattle feedlots in Alberta Canada.
Agric. For. Meteorol. 2018, 258, 43–49. [CrossRef]
Brunet, J.; Diekrnann, M.; Falkengren-Grerup, U. Effects of nitrogen deposition on field layer vegetation in
south Swedish oak forests. Environ. Pollut. 1998, 102, 35–40. [CrossRef]
Chalupa, W.; Galligan, D.T.; Ferguson, J.D. Animal nutrition and management in the 21st century: Dairy
cattle. Anim. Feed Sci. Technol. 1996, 58, 1–18. [CrossRef]
Dou, Z.; Kohn, R.A.; Ferguson, J.D.; Boston, R.C.; Newbold, J.D. Managing Nitrogen on Dairy Farms: An
Integrated Approach I. Model Description. J. Dairy Sci. 1996, 79, 2071–2080. [CrossRef]
Paul, J.W.; Dinn, N.E.; Kannangara, T.; Fisher, L.J. Protein content in dairy cattle diets affects ammonia losses
and fertilizer nitrogen value. J. Environ. Qual. 1998, 27, 528–534. [CrossRef]
Shain, D.H.; Stock, R.A.; Klopfenstein, T.J.; Herold, D.W. Effect of Degradable Intake Protein Level on
Finishing Cattle Performance and Ruminal Metabolism. J. Anim. Sci. 1998, 76, 242–248. [CrossRef]
Elzing, A.; Monteny, G.J. Ammonia emission in a scalemodel of a dairy-cow house. Trans. ASAE 1997, 40,
713–720. [CrossRef]
Cole, N.A.; Clark, R.N.; Todd, R.W.; Richardson, C.R.; Gueye, A.; Greene, L.W.; McBride, K. Influence of
dietary crude protein concentration and source on potential ammonia emissions from beef cattle manure. J.
Anim. Sci. 2005, 83, 722–731. [CrossRef]
NRC 2000: National Research Council. Nutrient Requirements of Beef Cattle: 7th Revised Edition: Update 2000;
The National Academies Press: Washington, DC, USA, 2000. [CrossRef]
Cole, N.A.; Greene, L.W.; Mccollum, F.T.; Montgomery, T.; Mcbride, K. Influence of oscillating dietary crude
protein concentration on performance, acid-base balance, and nitrogen excretion of steers. J. Anim. Sci. 2003,
81, 2660–2668. [CrossRef]
Gallo, L.; de Marchi, M.; Bittante, G. A Survey on Feedlot Performance of Purebred and Crossbred European
Young Bulls and Heifers Managed Under Intensive Conditions in Veneto, Northeast Italy. Ital. J. Anim. Sci.
2014, 13, 3285. [CrossRef]
Marchesini, G.; Mottaran, D.; Contiero, B.; Schiavon, E.; Segato, S.; Garbin, E.; Tenti, S.; Andrighetto, I. Use
of rumination and activity data as health status and performance indicators in beef cattle during the early
fattening period. Vet. J. 2018, 231, 41–47. [CrossRef] [PubMed]
Marchesini, G.; Cortese, M.; Mottaran, D.; Ricci, R.; Serva, L.; Contiero, B.; Segato, S.; Andrighetto, I. Effects
of axial and ceiling fans on environmental conditions, performance and rumination in beef cattle during the
early fattening period. Livest. Sci. 2018, 214. [CrossRef]
Castillo-Lopez, E.; Wiese, B.I.; Hendrick, S.; McKinnon, J.J.; McAllister, T.A.; Beauchemin, K.A.; Penner, G.B.
Incidence, prevalence, severity, and risk factors for ruminal acidosis in feedlot steers during backgrounding,
diet transition, and finishing. J. Anim. Sci. 2014, 92, 3053–3063. [CrossRef]
Cozzi, G. Present situation and future challenges of beef cattle production in Italy and the role of the research.
Ital. J. Anim. Sci. 2007, 6, 389–396. [CrossRef]
Dal Maso, M.; Schiavon, S.; Tagliapietra, F.; Simonetto, A.; Bittante, G. Growth performance and N excretion
of double muscled Piemontese bulls fed low protein rations with or without the addition of rumen protected
conjugated linoleic acid. Ital. J. Anim. Sci. 2009, 8, 175–177. [CrossRef]
Nkrumah, J.D.; Okine, E.K.; Mathison, G.W.; Schmid, K.; Li, C.; Basarab, J.A.; Price, M.A.; Wang, Z.; Moore, S.S.
Relationships of feedlot feed efficiency, performance, and feeding behavior with metabolic rate, methane
production, and energy partitioning in beef cattle. J. Anim. Sci. 2006, 84, 145–153. [CrossRef] [PubMed]
Fox, D.G.; Sniffen, C.J.; O’Comor, J.D.; Russell, J.B.; Van Soest, P.J. A net carbohydrate and protein system
for evaluating cattle diets: III. Cattle Requirements and Diet Adequacy. J. Anim. Sci. 1992, 70, 3578–3596.
[CrossRef]
Nocek, J.E. Bovine Acidosis: Implications on Laminitis. J. Dairy Sci. 1997, 80, 1005–1028. [CrossRef]

Animals 2019, 9, 906

21.
22.
23.

24.
25.
26.
27.
28.

29.

30.
31.
32.
33.

34.

35.

36.
37.
38.

39.
40.

41.
42.

12 of 13

Galyean, M.L. Protein Levels in Beef Cattle Finishing Diets: Industry Application. J. Anim. Sci. 1996, 74,
2860–2870. [CrossRef]
Harper, G. Trends in skeletal muscle biology and the understanding of toughness in beef. Aust. J. Agric. Res.
1999, 50, 1105–1129. [CrossRef]
ANKOM Technology. Method 13, 05/09/17: Neutral Detergent Fiber in Feeds-Filter bag technique (for A2000
and A2000I). Available online: https://www.ankom.com/embed-only/document/neutral-detergent-fibermethod-a2000 (accessed on 15 October 2019).
Association of Official Analytical Chemists. AOAC Official Methods of Analysis, 17th ed.; Association of
Official Analytical Chemists: Gaithersburg, MD, USA, 2000.
Association of Official Analytical Chemists. AOAC Official Methods of Analysis, 17th ed.; 2nd Revision;
Association of Official Analytical Chemists: Gaithersburg, MD, USA, 2003.
Association of Official Analytical Chemists. AOAC Official Methods of Analysis, 18th ed.; Association of
Official Analytical Chemists: Gaithersburg, MD, USA, 2005.
McDonald, P.; Edwards, R.A.; Greenhalg, J.F.D.; Morgan, C.A.; Sinclair, L.A.; Wilkinson, R.G. Evaluation of
foods: Digestibility. In Animal Nutrition, 7th ed.; Pearson Education Limited: Harlow, UK, 2011; pp. 237–253.
Schäfers, S.; Bulang, M.; Meyer, U.; Lindwedel, A.; Hüther, L.; Dänicke, S. Suitability of n-alkanes and
chromium (III) oxide as digestibility markers in calves at the end of the milk feeding period supplemented
with a prebiotic. Anim. Nutr. 2018, 4, 84–89. [CrossRef] [PubMed]
Thompson, P.N.; Stone, A.; Schultheiss, W.A. Use of treatment records and lung lesion scoring to estimate
the effect of respiratory disease on growth during early and late finishing periods in South African feedlot
cattle. J. Anim. Sci. 2006, 84, 488–498. [CrossRef] [PubMed]
Cozzi, G.; Brscic, M.; da Ronch, F.; Boukha, A.; Tenti, S.; Gottardo, F. Comparison of two feeding finishing
treatments on production and quality of organic beef. Ital. J. Anim. Sci. 2009, 9, 404–409. [CrossRef]
CIE. Commission Internationale de l’Eclairage; 18th Session; CIE Pubblication 36: London, UK, 1976.
Langemeier, M.; Schroeder, T.; Mintert, J. Determinants of Cattle Finishing Profitability. J. Agric. Appl. Econ.
1992, 24, 41–47. [CrossRef]
Barton, L.; Marounek, M.; Kudrna, V.; Bures, D. Growth performance and fatty acid profiles of intramuscular
and subcutaneous fat from Limousin and Charolais heifers fed extruded linseed. Meat Sci. 2007, 76, 517–523.
[CrossRef]
Mandell, I.B.; Buchanan-Smith, J.G.; Holub, B.J.; Campbell, C.P. Effects of Fish Meal in Beef Cattle Diets on
Growth Performance, Carcass Characteristics, and Fatty Acid Composition of Longissimus Muscle. J. Anim.
Sci. 1997, 75, 910–919. [CrossRef]
Kamieniecki, H.; Wójcik, J.; Pilarczyk, R.; Lachowicz, K.; Sobczak, M.; Grzesiak, W.; Błaszczyk, P. Growth and
carcass performance of bull calves born from Hereford, Simmental and Charolais cows sired by Charolais
bulls. Czech J. Anim. Sci. 2009, 54, 47–54. [CrossRef]
Waldrip, H.M.; Cole, N.A.; Todd, R.W. REVIEW: Nitrogen sustainability and beef cattle feedyards: II.
Ammonia emissions. Prof. Anim. Sci. 2015, 31, 395–411. [CrossRef]
Waldrip, H.M.; Todd, R.W.; Cole, N.A. Prediction of nitrogen excretion by beef cattle: A meta-analysis. J.
Anim. Sci. 2013, 91, 4290–4302. [CrossRef]
Gleghorn, J.F.; Elam, N.A.; Galyean, M.L.; Duff, G.C.; Cole, N.A.; Rivera, J.D. Effects of crude protein
concentration and degradability on performance, carcass characteristics, and serum urea nitrogen
concentrations in finishing beef steers. J. Anim. Sci. 2004, 82, 2705–2717. [CrossRef] [PubMed]
Trenkle, A. Protein requirements of yearling steers implanted with Revalor. AS Leafl. 1993, 1049, 158–160.
McDonald, P.; Edwards, R.A.; Greenhalg, J.F.D.; Morgan, C.A.; Sinclair, L.A.; Wilkinson, R.G. Feeding
standards for maintenance and growth. In Animal Nutrition, 7th ed.; Pearson Education Limited: Harlow,
UK, 2011; pp. 343–383.
Trenkle, A. Programmed feeding of protein to finishing beef steers. AS Leafl. 2002, 1774, 1–3.
Mariz, L.D.S.; Amaral, P.M.; Valadares Filho, S.C.; Santos, S.A.; Detmann, E.; Marcondes, M.I.; Pereira, J.M.V.;
Silva Júnior, J.M.; Prados, L.F.; Faciola, A.P. Dietary protein reduction on microbial protein, amino acid
digestibility, and body retention in beef cattle: 2. amino acid intestinal absorption and their efficiency for
whole-body deposition. J. Anim. Sci. 2018, 96, 670–683. [CrossRef]

Animals 2019, 9, 906

43.

44.
45.

46.

47.
48.
49.

50.
51.

52.

53.
54.

55.
56.
57.
58.
59.

60.

61.

13 of 13

Valkeners, D.; Théwis, A.; Van Laere, M.; Beckers, Y. Effect of rumen-degradable protein balance deficit on
voluntary intake, microbial protein synthesis, and nitrogen metabolism in growing double-muscled Belgian
Blue bulls fed corn silage-based diet. J. Anim. Sci. 2008, 86, 680–690. [CrossRef]
Thomson, D.U.; Preston, R.L.; Bartle, S.J. Influence of protein source and level on the performance, plasmaurea
nitrogen and carcass characteristics of finishing beef steers. J. Anim. Sci. 1995, 73, 257.
De Amaral, P.M.; Mariz, L.D.S.; Benedeti, P.D.B.; Da Silva, L.G.; De Paula, E.M.; Monteiro, H.F.; Shenkoru, T.;
Santos, S.A.; Poulson, S.R.; Faciola, A.P. Effects of static or oscillating dietary crude protein levels on
fermentation dynamics of beef cattle diets using a dual-flow continuous culture system. PLoS ONE 2016, 11,
1–14. [CrossRef]
Ghorbani, B.; Ghoorchi, T.; Amanlou, H.; Zerehdaran, S. Effects of using monensin and different levels of
crude protein on milk production, blood metabolites and digestion of dairy cows. Asian Australas. J. Anim.
Sci. 2011, 24, 65–72. [CrossRef]
Chantiratikul, A.; Chumpawadee, S.; Kanchanamayoon, W.; Chantiratikul, P. Effect of dietary protein on
nutrient digestibility and nitrogen metabolism in Thai-indigenous heifers. J. Anim. Vet. Adv. 2009, 8, 297–300.
Milis, C.; Liamadis, D. Effect of protein level, main protein and non forage fiber source on digestibility, N
balance and energy value of sheep rations. J. Anim. Vet. Adv. 2007, 6, 68–75.
Lu, Z.; Xu, Z.; Shen, Z.; Tian, Y.; Shen, H. Dietary energy level promotes rumen microbial protein synthesis
by improving the energy productivity of the ruminal microbiome. Front. Microbiol. 2019, 10. [CrossRef]
[PubMed]
Tyrrell, H.F.; Moe, P.W. Effect of Intake on Digestive Efficiency. J. Dairy Sci. 1975, 58, 1151–1163. [CrossRef]
Brito, L.F.C.; Silva, A.E.D.F.; Rodrigues, L.H.; Vieira, F.V.; Deragon, L.A.G.; Kastelic, J.P. Effects of
environmental factors, age and genotype on sperm production and semen quality in Bos indicus and
Bos taurus AI bulls in Brazil. Anim. Reprod. Sci. 2002, 70, 181–190. [CrossRef]
Kastelic, J.P.; Rizzoto, G.; Thundathil, J. Review: Testicular vascular cone development and its association
with scrotal thermoregulation, semen quality and sperm production in bulls. Animal 2018, 12, 133–141.
[CrossRef] [PubMed]
Brito, L. Nutrition, Metabolic Hormones, and Sexual Development in Bulls. Ph.D. Thesis, University of
Saskatchewan, Saskatchewan, SK, Canada, 2006.
De Nardi, R.; Marchesini, G.; Stefani, A.L.; Barberio, A.; Andrighetto, I.; Segato, S. Effect of feeding fine
maize particles on the reticular pH, milk yield and composition of dairy cows. J. Anim. Physiol. Anim. Nutr.
2014, 98, 504–510. [CrossRef]
Amachawadi, R.G.; Nagaraja, T.G. Liver abscesses in cattle: A review of incidence in Holsteins and of
bacteriology and vaccine approaches to control in feedlot cattle. J. Anim. Sci. 2016, 94, 1620–1632. [CrossRef]
Fluharty, F.L.; Loerch, S.C.; Turner, T.B.; Moeller, S.J.; Lowe, G.D. Effects of weaning age and diet on growth
and carcass characteristics in steers 1. J. Anim. Sci. 2000, 78, 1759–1767. [CrossRef]
Guerrero, A.; Velandia Valero, M.; Campo, M.M.; Sañudo, C. Some factors that affect ruminant meat quality:
From the farm to the fork. Review. Anim. Sci. Mar. 2003, 4, 335–347. [CrossRef]
Immonen, K.; Ruusunen, M.; Hissa, K.; Puolanne, E. Bovine muscle glycogen concentration in relation to
finishing diet, slaughter and ultimate pH. Meat Sci. 2000, 55, 25–31. [CrossRef]
Cônsolo, N.R.B.; Mesquita, B.S.; Rodriguez, F.D.; Rizzi, V.G.; Silva, L.F.P. Effects of ractopamine hydrochloride
and dietary protein content on performance, carcass traits and meat quality of Nellore bulls. Animal 2015, 10,
539–546. [CrossRef]
Madruga, A.; Abril, R.S.; González, L.A.; Manteca, X.; Panella-Riera, N.; Gil, M.; Ferret, A. Using 19% of
alfalfa hay in beef feedlot finishing diets did not modify meat quality but increased feed intake and ADG1. J.
Anim. Sci. 2019, 97, 2076–2086. [CrossRef] [PubMed]
Mancini, R.A.; Hunt, M.C. Current research in meat color. Meat Sci. 2005, 71, 100–121. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

