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Simple Summary

Beef producers need practical ways to use local feed resources while producing good-
quality beef at reasonable cost. In areas where corn silage and rice straw are available, it
is unclear which feeding regime is more suitable at different fattening stages. This study
compared 552 Black Angus bulls fed either a total mixed ration (TMR), containing corn
silage, rice straw, and grain-based concentrate feed, or a TMR, containing rice straw and
grain-based concentrate feed, for 10, 12 or 14 months. The TMR containing corn silage
helped bulls gain weight more efficiently during the early fattening period. With longer
fattening, bulls became heavier and the beef became redder and more tender, but animals
needed more feed for each unit of weight gain and the cost of producing meat increased.
The rice straw and concentrate TMR performed better during the later fattening period
in terms of final body weight and meat redness. The results suggest that farms should
adjust feeding regimes according to fattening stage, which may improve beef production
efficiency, meat quality and economic return.

Abstract

Optimizing feeding regimes and finishing duration is essential for improving beef produc-
tion efficiency and meat quality. This study evaluated the effects of two feeding regimes
and three finishing durations on growth performance, nutrient digestibility, carcass traits,
meat quality, blood biochemical parameters, rumen fermentation, and rumen microbiota
in Black Angus bulls. A total of 552 healthy bulls with similar initial body weight were
assigned to a 2 x 3 factorial design with two diets—a corn silage-rice straw—concentrate
TMR (CSRC) and a rice straw—concentrate TMR (RSC)—and three finishing durations: 10,
12, and 14 months. The CSRC TMR increased average daily gain and reduced feed-to-gain
ratio during early finishing (p < 0.05), whereas the RSC TMR resulted in greater final body
weight and higher meat redness at 14 months (p < 0.05). Prolonged finishing decreased
average daily gain, feed efficiency and nutrient digestibility (p < 0.05), but increased carcass
weight, eye muscle area, backfat thickness and meat tenderness (p < 0.05). The CSRC
TMR promoted higher total volatile fatty acid production (p < 0.05), an acetate-oriented
fermentation pattern and greater rumen microbial alpha diversity. These findings support a
stage-specific feeding regime for Black Angus bull finishing. Under the present conditions,
corn silage inclusion may be used to improve early finishing efficiency, whereas rice straw—
concentrate TMR may be more suitable for late finishing to balance final body weight, meat
quality, and production cost.
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1. Introduction

High-quality beef production has become increasingly important with the rising
demand for premium animal products. Black Angus bulls are widely recognized for
their favorable carcass characteristics, meat quality, and potential for intramuscular fat
deposition [1,2]. However, in commercial Angus finishing systems, economic return is
determined not only by genetic potential but also by feeding strategy, local roughage
availability, finishing duration, and the balance between feed efficiency, carcass value, and
meat quality [3,4].

In Northeast China and other grain-producing regions, whole-plant corn silage and
crop residues such as rice straw are important roughage resources for beef cattle [5,6].
Whole-plant corn silage is an important roughage source for ruminants because it provides
digestible fiber, fermentable carbohydrates, organic acids, and good palatability, thereby
supporting rumen fermentation and microbial activity [7,8]. In contrast, rice straw is in-
expensive and widely available, and its physically effective fiber can stimulate chewing
and rumination, helping to maintain rumen function in concentrate-based feeding sys-
tems [9,10]. However, its feeding value is limited by low digestibility and poor nutrient
availability, mainly due to its high fiber and lignin contents [10,11]. Therefore, the op-
timal use of corn silage and rice straw in Angus bulls finishing remains a practical and
scientific question.

Finishing duration is another key determinant of beef production efficiency and
carcass value [4]. Extending the finishing period generally increases final body weight, hot
carcass weight, carcass fatness, and the likelihood of achieving higher-quality grades [12];
however, prolonged finishing may reduce average daily gain and feed efficiency because
older and heavier bulls allocate a greater proportion of nutrient intake to maintenance and
fat deposition rather than lean tissue accretion [13]. Therefore, excessive finishing may
increase production cost and reduce economic efficiency [4]. Determining the appropriate
finishing endpoint is especially important for high-quality beef production systems in
which both carcass value and feed cost must be considered [14].

The rumen is the central site of microbial fermentation and nutrient conversion in
ruminants, where dietary carbohydrates are fermented into volatile fatty acids and mi-
crobial biomass [15,16]. Different roughage sources and dietary carbohydrate profiles can
alter rumen fermentation patterns and reshape rumen microbial communities, thereby
influencing nutrient digestion, energy supply, and growth performance [7,17]. Volatile fatty
acids, particularly acetate and propionate, are major energy substrates for bulls; acetate
is closely associated with fiber fermentation and lipid synthesis, whereas propionate is
the major glucogenic precursor [15,18]. Therefore, integrating production performance
with rumen fermentation and rumen microbiota may help clarify how feeding regime and
finishing duration regulate the performance of Angus bulls.

Although previous studies have investigated the effects of dietary energy level,
roughage source, or finishing duration on beef cattle production [4,17,19], most have
considered these factors separately. Limited information is available on whether feeding
regime and finishing duration interact to regulate growth efficiency, meat quality, rumen
fermentation, and rumen microbial adaptation in Black Angus bulls. In particular, the
stage-specific value of corn silage-rice hay—concentrate and rice hay—concentrate feeding
regimes remains unclear. The novelty of this study lies in the simultaneous evaluation
of two feeding regimes and three finishing durations using a large-scale 2 x 3 factorial
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design, together with an integrated assessment of growth performance, apparent total-tract
nutrient digestibility, carcass traits, meat quality, serum biochemical parameters, rumen
fermentation, and rumen microbial composition.

We hypothesized that feeding regime and finishing duration would interact to regulate
growth efficiency, meat quality, rumen fermentation, and rumen microbiota in Black Angus
bulls. Therefore, this study aimed to evaluate the effects of two feeding regimes and
three finishing durations on growth performance, apparent total-tract nutrient digestibility,
carcass traits, meat quality, serum biochemical parameters, rumen fermentation, and rumen
microbial composition in Black Angus bulls.

2. Materials and Methods

All animal procedures were approved by the Institutional Animal Care and Use
Committee at Jilin Agriculture University (2024 03 15 011). During the trial, animals
were managed under commercial beef cattle production conditions, with routine health
management, vaccination, deworming, free access to drinking water, and regular cleaning
and disinfection of housing facilities.

2.1. Animals, Experimental Design, and Management

A total of 552 healthy Black Angus bulls aged 7-8 months, with a similar initial body
weight of 246.01 =+ 3.26 kg, were used in this study. The feeding trial was conducted at a
commercial beef cattle farm in Nong’an County, Changchun, Jilin Province, China.

The experiment used a completely randomized 2 x 3 factorial design. The two
factors were feeding regime and finishing duration. The two feeding regimes were: (1)
corn silage-rice straw—concentrate total mixed ration (TMR), abbreviated as CSRC; (2)
rice straw—concentrate TMR, abbreviated as RSC. The three finishing durations were 10
months (T10), 12 months (T12), and 14 months (T14). The 552 bulls were first divided into
two feeding groups, with 276 animals per feeding regime. Within each feeding regime,
animals were further divided into three finishing-duration groups, with 92 animals per
treatment combination.

Animals were housed in comparable pens, with 5-6 bulls per pen. After entering the
trial, all bulls underwent routine deworming and vaccination. Diets were offered twice
daily as total mixed rations, and animals had ad libitum access to feed and automatic
drinking water. No additional diets or feed additives outside the experimental treatments
were provided during the trial. The experimental diets were formulated on a dry mat-
ter basis according to the Nutrient Requirements of Beef cattle (NRC, 2016) and were
designed to be isonitrogenous and isoenergetic. The ingredient composition, nutrient
composition, and carbohydrate composition of the diets are presented in Table 1, Table 2
and Table 3, respectively.

Table 1. Dietary ingredient composition of experimental diets under different feeding regimes and
finishing durations.

CSRC RSC

Ttems T10 T12 T14 T10 T12 T14

Corn silage 20.00 25.00 30.00 - - -
Rice hay 15.60 8.60 1.60 26.20 21.93 17.66
Corn germ meal 13.00 13.00 13.00 16.00 16.00 16.00
Corn gluten feed, dry 11.00 12.50 14.00 11.7 14.12 16.53

Corn gluten meal 7.40 4.70 2.00 6.00 3.00 -
Corn grain 29.20 32.50 35.8 36.1 41.03 45.96
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Table 1. Cont.
It CSRC RSC
ems T10 T12 T14 T10 T12 T14
Calcium carbonate 2.00 1.70 1.40 2.00 1.70 1.40
Salt 0.40 0.40 0.40 0.40 0.40 0.40
Sodium bicarbonate 0.60 0.80 1.00 0.60 0.80 1.00
Slow-release urea (200) 0.40 0.40 0.40 0.60 0.62 0.65
Premix 0.40 0.40 0.40 0.40 0.40 0.40
Total 100.00 100.00 100 100 100 100
! Values are expressed on a dry matter basis unless otherwise stated. CSRC, corn silage-rice straw—concentrate
TMR; RSC, rice straw—concentrate TMR; T10, finishing durations were 10 months; T12, finishing durations were
12 months; T14, finishing durations were 14 months. Each kilogram of premix contained Co, 41.25 mg; Cu, 2750
mg; I, 137.5 mg; Fe, 13,750 mg; Mn, 5500 mg; Se, 27.5 mg; Zn, 8250 mg; vitamin A, 1,155,000 IU; vitamin D3, 78,375
IU; and vitamin E, 10,037.5 IU.
Table 2. Nutrient composition of experimental diets (%DM).
CSRC RSC
Items 550 kg to 550 kg to
250-400 kg 400-550 kg Slaughter 250-400 kg 400-550 kg Slaughter
Crude Protein 16.59 15.27 13.95 16.60 15.26 13.93
RUP 8.36 7.29 6.23 8.34 7.28 6.22
MP 11.09 9.55 9.22 11.05 9.75 9.28
TDN 73.16 74.43 75.71 73.15 74.43 75.71
NDF 30.73 29.15 27.56 30.73 29.15 27.57
PeNDF 20.79 18.46 16.13 20.97 18.73 16.48
Ca 0.99 0.87 0.75 0.97 0.85 0.72
P 0.53 0.54 0.55 0.56 0.57 0.59
Ether Extract 4.08 4.23 4.38 4.22 4.34 4.46
ME (Mcal/kg) 2.64 2.69 2.74 2.64 2.69 2.74

Note: CSRC, corn silage-rice straw—concentrate TMR; RSC, rice straw—concentrate TMR. RUP, Rumen Undegrad-
able Protein; MP, Metabolizable Protein; TDN, Total Digestible Nutrients; NDF, Neutral Detergent Fiber; PeNDEF,
Physically Effective Neutral Detergent Fiber; ME, Metabolizable Energy.

Table 3. Dietary carbohydrate composition of experimental diets (%DM).

CSRC RSC
Items 550 kg to 550 kg to
250-400 kg 400-550 kg Slaughter 250-400 kg 400-550 kg Slaughtor
Carbohydrate 71.52 73.50 75.49 70.63 72.41 74.19
NDF 30.73 29.15 27.56 30.73 29.15 27.57
NFC 40.79 44.36 47.93 3991 43.26 46.62
Pectin 4.58 4.62 4.67 451 4.61 4.69
Sugars 1.69 2.00 2.30 0.98 1.13 1.27
Starch 34.52 37.74 40.95 34.41 37.53 40.65
Lignin 2.26 2.16 2.06 2.17 2.04 191

Note: CSRC, corn silage-rice straw—concentrate TMR; RSC, rice straw—concentrate TMR. NDF, Neutral Detergent
Fiber; NFC, Non-Fiber Carbohydrate.

2.2. Growth Performance and Feed Efficiency

Animals were weighed after fasting on day 1 and at the end of each finishing duration:
day 300 for T10, day 360 for T12, and day 420 for T14. Average daily gain was calculated
as the difference between final and initial body weight divided by the number of feeding
days. Feed offered and refusals were recorded for three consecutive days at the beginning
of the trial and immediately before each finishing endpoint. Average dry matter intake was
calculated as the difference between dry matter offered and refusals. Feed-to-gain ratio
was calculated as dry matter intake divided by average daily gain.
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Production cost per kilogram of meat was calculated according to feed cost, body
weight gain, and carcass/meat production data. Cost per kg of body weight gain = Total
feed cost (RMB) / Total weight gain (kg).

2.3. Apparent Total Tract Digestibility Measurements

Fecal samples were collected for three consecutive days before the end of each finishing
period. Fresh feces were collected before morning feeding, at 12:00, and before evening
feeding. Approximately 500 g of feces was collected at each sampling time, treated with
10% sulfuric acid for nitrogen fixation, and stored at —20 °C. Samples collected over three
days were pooled for each animal, mixed thoroughly, subsampled, dried at 65 + 5 °C,
ground, and stored for analysis [20].

Dry matter (DM), crude protein (CP), ether extract (EE), neutral detergent fiber (NDF),
and acid detergent fiber (ADF) were determined using standard feed analysis procedures.
Acid-insoluble ash (AIA) was used as an internal marker to calculate apparent nutrient
digestibility according to the following formula:

Apparent nutrient digestibility (%) = 100 — [(marker concentration in TMR/marker con-
centration in feces) x (nutrient concentration in feces/nutrient concentration in TMR) x 100]).

2.4. Slaughter Performance and Meat Quality

At each finishing endpoint, animals were slaughtered according to commercial slaugh-
ter procedures. Pre-slaughter weight, carcass weight, lean meat weight, eye muscle area,
and backfat thickness were measured. Dressing percentage and lean meat yield were cal-
culated. Meat quality traits were measured according to previously described procedures
with minor modifications [21].

Meat quality traits were measured using samples of the longissimus thoracis muscle
collected between the 12th and 13th ribs from each carcass. Carcasses were chilled at 04 °C
for 48 h before meat sampling. Meat color was evaluated on the freshly cut surface of the
longissimus thoracis after exposure to air for 30 min to allow blooming. Color parameters,
including lightness (L*), redness (a*), and yellowness (b*), were measured using a portable
colorimeter (CR-400, Konica Minolta Sensing Inc., Osaka, Japan) calibrated with a standard
white tile before measurement. Three readings were taken at different positions on each
sample, and the average value was used for statistical analysis.

Muscle pH was measured at 45 min and 24 h postmortem using a portable pH meter
(HI99163, Hanna Instruments, Woonsocket, RI, USA) equipped with a penetrating electrode.
The pH meter was calibrated with standard buffer solutions at pH 4.00 and 7.00 before
measurement. The electrode was inserted into the center of the longissimus thoracis
muscle, and three readings were taken for each sample. The 24 h pH was considered the
ultimate pH.

Cooking loss was measured as a water-holding capacity-related trait. Briefly, meat
samples were weighed before cooking, cooked until the internal temperature reached
70 °C, cooled to room temperature, and reweighed. Cooking loss was calculated as follows:
cooking loss (%) = [(raw weight — cooked weight)/raw weight] x 100. Warner—Bratzler
shear force was measured using a texture analyzer equipped with a Warner—Bratzler shear
blade (TA.XTplus, Stable Micro Systems Ltd., Godalming, UK). Three cores were taken
parallel to the muscle fiber direction from each cooked sample, and the average value was
used for analysis.

2.5. Blood Biochemical Analysis

Before the end of each finishing period, blood samples were collected from the jugular
vein of fasted animals using 10 mL vacuum tubes. Samples were allowed to stand until
serum separation, centrifuged at 3500 r/min for 15 min, and the serum was stored at —20 °C
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until analysis. Serum total protein, albumin, glucose, triglyceride, urea, alanine amino-
transferase, aspartate aminotransferase, and alkaline phosphatase were measured using
an automatic biochemical analyzer (Hitachi 3100, Hitachi High-Technologies Corporation,
Tokyo, Japan) with commercial assay kits according to the manufacturer’s instructions [22].

2.6. Rumen Fermentation Parameters

Rumen fluid was collected immediately after slaughter. Samples were filtered through
four layers of sterile gauze. Fresh rumen fluid pH was measured immediately using a
portable pH meter. Subsamples were stored at —20 °C for ammonia nitrogen and volatile
fatty acid analysis.

Ammonia nitrogen was determined using a spectrophotometric method [23]. For
volatile fatty acid analysis, 1.5 mL of thawed rumen fluid was centrifuged at 10,000 r/min at
4 °C for 10 min. Then, 1 mL of supernatant was mixed with 0.2 mL of 25% metaphosphoric
acid, allowed to stand for 1 h, and centrifuged again. The supernatant was analyzed
using gas chromatography with a flame ionization detector and a DB-FFAP column. The
oven temperature started at 65 °C and increased to 190 °C at 20 °C/min. The split ratio
was 50:1, and the injection volume was 1 uL. Acetate, propionate, butyrate, isobutyrate,
valerate, isovalerate, total volatile fatty acids, and the acetate-to-propionate ratio were
calculated [24].

2.7. Rumen Microbiota Analysis

Rumen fluid samples were collected immediately after slaughter, filtered through
four layers of sterile gauze, transferred into 50 mL cryotubes, rapidly frozen in liquid
nitrogen, and stored at —80 °C. Microbial DNA was extracted from rumen fluid samples.
The V3-V4 region of the bacterial 165 rRNA gene was amplified using the forward primer
ACTCCTACGGGAGGCAGCAG and reverse primer GGACTACHVGGGTWTCTAAT [25].
PCR amplification was performed under the following conditions: initial denaturation
at 98 °C for 30 s; 32 cycles of 98 °C for 10 s, 54 °C for 30 s, and 72 °C for 45 s; and final
extension at 72 °C for 10 min.

PCR products were purified using AMPure XP beads, quantified using Qubit, and
subjected to library quality control. Sequencing was performed using the Illumina MiSeq
platform. Raw reads were processed using the QIIME2 pipeline [26]. Primer sequences
were removed using cutadapt [27]; paired-end reads were merged using vsearch; low-
quality sequences and chimeric sequences were removed using vsearch and the RDP
chimera database. Alpha diversity was evaluated using Shannon, Simpson, Chaol, and
observed species indices. Beta diversity was evaluated using Bray—Curtis distance and
principal coordinate analysis. Linear discriminant analysis effect size was used to identify
differential taxa, with an LDA threshold of 3 [28]. Functional prediction was performed
using Tax4Fun2 and KEGG annotation [29]. Spearman correlation analysis was conducted
between the top 20 rumen bacterial genera and rumen fermentation parameters.

2.8. Statistical Analysis

Data were checked for normality and homogeneity of variance before analysis. Growth
performance, nutrient digestibility, carcass traits, meat quality, blood biochemical param-
eters, and rumen fermentation data were analyzed using two-way analysis of variance
with feeding regime, finishing duration, and their interaction as fixed effects. Tukey’s
multiple comparison test was used for post hoc comparisons. Results are presented as
means + standard deviation or means with pooled standard error of the mean, as appro-
priate. Differences were considered significant at p < 0.05, and tendencies were discussed
at 0.05 < p < 0.10 where relevant.
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For rumen microbiota, alpha diversity was compared among groups using appropriate
non-parametric or parametric tests according to data distribution. Beta diversity was
evaluated based on Bray—Curtis distance and visualized by principal coordinate analysis.
Associations between bacterial genera and rumen fermentation variables were assessed
using Spearman correlation analysis. In the final statistical analysis for publication, pen
should be carefully considered as the experimental unit for feed intake and feed efficiency
when these variables are recorded at the pen level.

3. Results
3.1. Growth Performance, Feed Efficiency, and Production Cost

Feeding regime and finishing duration jointly affected growth performance in Black
Angus bulls. As shown in Table 4, a significant feeding regime x finishing duration
interaction was observed for average daily gain, final body weight, and feed-to-gain ratio.
At T10, bulls fed the CSRC total mixed ration (TMR) had greater average daily gain than
those fed the RSC TMR (1.54 &£ 0.03 vs. 1.49 £ 0.02 kg/d). At T12, average daily gain was
similar between CSRC and RSC bulls (1.39 & 0.03 vs. 1.40 & 0.02 kg/d). At T14, average
daily gain declined in both groups, with values of 1.28 + 0.03 and 1.31 £ 0.02 kg/d for
CSRC and RSC bulls, respectively.

Table 4. Interactive effects of feeding regime and finishing duration on growth performance in Black

Angus bulls.
Feeding Regime Finishing Duration Significance
Growth Performance SEM
CSRC RSC T10 T12 T14 FR FD FR x FD

Initial BW, Kg 239.63° 252.40° 245.04 245.40 247.60 3.26 wx NS NS
Average daily gain, Kg 1.40 140 15272 1.39° 13¢ 0.007 NS o o
Final BW, Kg 740.20° 753.372 699.57 © 747.44° 793.352 4.03 ** wx **

Dry Matter Intake, DMI 10.53 10.73 10.51 10.66 10.72 0.04 NS NS NS
F/G 7.56"° 7.682 6.94¢ 7.65° 8257 0.06 * o *

Note: CSRC, corn silage-rice straw-concentrate TMR; RSC, rice straw—concentrate TMR. T10, finishing durations
were 10 months; T12, finishing durations were 12 months; T14, finishing durations were 14; FR, feeding regime;
FD, finishing duration; FR x FD, interaction between feeding regime and finishing duration; BW, body weight;
F/G, feed-to-gain ratio. Values within the same row with different superscript letters differ significantly, whereas
values with the same superscript letters do not differ significantly. *, **, and *** indicate significant differences at
p <0.05,p <0.01, and p < 0.001, respectively; NS indicates no significant difference.

Final body weight increased with finishing duration (Table 4). At T10, final body
weight was 703.25 £ 8.65 kg in the CSRC group and 695.89 + 10.63 kg in the RSC group.
At T12, final body weight was 736.37 & 22.80 kg in the CSRC group and 758.52 & 15.32 kg
in the RSC group. At T14, RSC bulls reached a higher final body weight than CSRC bulls
(805.71 £ 15.24 vs. 780.99 + 16.88 kg).

Dry matter intake did not differ significantly among treatment combinations and
ranged from 10.36 to 10.79 kg/d. However, feed-to-gain ratio increased with finishing
duration (Table 4). At T10, CSRC bulls had a lower feed-to-gain ratio than RSC bulls
(6.73 = 0.18 vs. 7.15 + 0.25), indicating better feed efficiency during early finishing. At
T14, feed-to-gain ratio was high in both groups, reaching 8.30 &£ 0.34 in CSRC bulls and
8.21 £ 0.26 in RSC bulls.

Production cost per kilogram of meat increased with finishing duration in both feeding
regimes (Table 5). In the CSRC group, production cost increased from 11.73 £ 0.31 yuan/kg
at T10 to 13.25 & 0.36 yuan/kg at T12 and 14.42 & 0.59 yuan/kg at T14. In the RSC group,
production cost increased from 12.22 + 0.42 yuan/kg at T10 to 13.09 £ 0.41 yuan/kg at
T12 and 13.96 & 0.44 yuan/kg at T14. These results indicate that the CSRC TMR had a cost
advantage during early finishing, whereas the RSC TMR became more favorable during
late finishing.
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Table 5. Production cost per kilogram of meat under different feeding regimes and finishing durations.

CSRC RSC

Items

T12 T14 T10 T12 T14

Production cost

1173 £031°¢ 1325+ 0.36 P 1442 £059° 1222 +£042°¢ 13.09 +0.41P 13.96 £ 0.44 2

(yuan/kg)
Note: CSRC, corn silage-rice straw—concentrate TMR; RSC, rice straw—concentrate TMR. T10, finishing durations
were 10 months; T12, finishing durations were 12 months; T14, finishing durations were 14. Values within the
same row with different superscript letters differ significantly, whereas values with the same superscript letters
do not differ significantly.
3.2. Apparent Total Tract Digestibility of Nutrients
As shown in Table 6, feeding regime alone did not significantly affect the apparent
digestibility of dry matter, crude protein, ether extract, neutral detergent fiber, or acid
detergent fiber. In contrast, finishing duration significantly reduced nutrient digestibility.
Dry matter digestibility declined from 75.87 &+ 1.87% at T10 to 70.54 & 2.85% at T14 in the
CSRC group, and from 76.52 + 2.43% at T10 to 72.18 £ 2.97% at T14 in the RSC group.
Table 6. Interactive effects of feeding regime and finishing duration on apparent total-tract nutrient
digestibility in Black Angus bulls.
Feeding Regime Finishing Duration Significance
Items SEM
CSRC RSC T10 T12 T4 FR FD FR x FD
Dry Matter 73.16 7341 76.19° 72.31° 71.36° 0.59 NS . NS
Crude Protein 74.46 74.45 78.372 75.18° 69.80 ¢ 0.48 NS b NS
Ether Extract 77.93 77.33 80.10° 79.25° 73.54° 0.52 NS o o
Neutral Detergent Fiber 67.54 67.74 71.212 68.49° 63.22¢ 0.47 NS x e
Acid Detergent Fiber 37.68 36.81 40.67° 37.34° 33.90°¢ 0.31 NS ot or

Note: CSRC, corn silage-rice straw-concentrate TMR; RSC, rice straw—concentrate TMR. T10, finishing durations
were 10 months; T12, finishing durations were 12 months; T14, finishing durations were 14; FR, feeding regime;
FD, finishing duration; FR x FD, interaction between feeding regime and finishing duration. Values within the
same row with different superscript letters differ significantly, whereas values with the same superscript letters
do not differ significantly. *** indicate significant differences at p < 0.001; NS indicates no significant difference.

Crude protein digestibility decreased with finishing duration in both groups. In
the CSRC group, crude protein digestibility decreased from 79.47 £ 1.60% at T10
t0 69.10 &= 1.52% at T14. In the RSC group, it decreased from 77.28 £ 2.04% at T10 to
70.51 & 1.73% at T14. Ether extract digestibility also decreased at late finishing, especially
in the RSC group, where it declined from 80.18 &+ 2.78% at T10 to 71.82 & 1.81% at T14.

Fiber digestibility showed a pronounced decline as finishing duration increased.
Neutral detergent fiber digestibility decreased from 70.14 & 2.06% to 64.53 £ 2.00% in the
CSRC group and from 72.28 & 1.45% to 61.91 & 1.87% in the RSC group. Acid detergent
fiber digestibility decreased from 40.22 £ 0.92% to 34.90 £ 1.19% in the CSRC group and
from 41.33 £ 1.51% to 32.91 £ 0.61% in the RSC group. Significant feeding regime x
finishing duration interactions were observed for ether extract, neutral detergent fiber, and
acid detergent fiber digestibility (Table 6).

3.3. Slaughter Performance and Meat Quality

Table 7 shows the effects of feeding regime and finishing duration on carcass traits
in Black Angus bulls. Finishing duration significantly improved several carcass traits.
Pre-slaughter weight increased from 654.20 & 29.16 kg at T10 to 752.38 & 34.69 kg at T14 in
the CSRC group and from 661.80 & 32.82 kg to 758.63 £ 49.28 kg in the RSC group. Carcass
weight increased from 376.79 £ 26.00 kg at T10 to 408.60 £ 22.96 kg at T14 in the CSRC
group and from 375.99 & 13.43 kg to 433.48 & 21.34 kg in the RSC group. The RSC group
had greater overall carcass weight than the CSRC group.
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Table 7. Interactive effects of feeding regime and finishing duration on carcass traits in Black

Angus bulls.
Feeding Regime Finishing Duration Significance
Items SEM
CSRC RSC T10 T12 T14 FR FD FR x FD

Pre-slaughter weight, kg 701.61 714.84 658 ¢ 711.17° 755.512 6.78 NS wx NS

Torso weight, kg 39711 416.68° 376.39° 423262 421.04° 446 - . %
Slaughter rate, % 56.76 58.40 57.312 59.56° 55.89° 0.56 NS * NS
Lean meat yield, % 40.80 41.38 43.21° 40.55° 39.51° 0.35 NS o NS

Eye muscle area, cm? 105.86° 111.00° 105.35° 107.44° 112.51¢ 0.7 wx wx *
Backfat thickness, cm 117 1.20 1.01¢ 1.23b 1.312 0.02 NS e NS

Note: CSRC, corn silage-rice straw-concentrate TMR; RSC, rice straw—concentrate TMR. T10, finishing durations
were 10 months; T12, finishing durations were 12 months; T14, finishing durations were 14; FR, feeding regime;
FD, finishing duration; FR x FD, interaction between feeding regime and finishing duration. Values within the
same row with different superscript letters differ significantly, whereas values with the same superscript letters do
not differ significantly. *, **, and *** indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively;
NS indicates no significant difference.

Dressing percentage showed a non-linear response to finishing duration. In the RSC
group, dressing percentage was highest at T12 (60.98 & 3.89%). Lean meat yield decreased
with finishing duration. In the CSRC group, lean meat yield decreased from 43.22 & 2.19%
at T10 to 38.82 & 1.79% at T14. In the RSC group, it decreased from 43.20 £ 3.39% to
40.19 £ 1.99%.

Eye muscle area increased with finishing duration and was generally higher in the
RSC group. At T14, eye muscle area reached 110.86 + 4.98 cm? in the CSRC group and
114.16 £ 2.52 cm? in the RSC group. Backfat thickness also increased with finishing du-
ration, from approximately 1.01 cm at T10 to 1.27 £ 0.10 cm in the CSRC group and
1.35 £ 0.04 cm in the RSC group at T14.

Meat color improved with finishing duration (Table 8). Lightness increased from
approximately 27.5 at T10 to more than 30.9 at T14 in both groups. Redness increased
markedly with finishing duration and was highest in the RSC group at T14, reaching
12.01 £ 0.48. Yellowness also increased slightly with finishing duration, with the highest
value observed in the RSC group at T14.

Table 8. Interactive effects of feeding regime and finishing duration on meat quality traits in Black

Angus bulls.
Feeding Regime Finishing Duration Significance
Items SEM
CSRC RSC T10 T12 T14 FR FD FR x FD

Lightness (L*) 30.00* 29.24° 27.61°¢ 29.86° 31.40° 0.27 * b NS
Redness (a*) 8.92° 9.85% 8.11°¢ 9.05° 11.00° 0.18 e b e
Yellowness (b*) 1.30 1.31 1.26° 1.29° 136 0.01 NS ** NS

Cooking loss (%) 42257 40.12° 42.10 40.84 40.61 0.33 o NS *
Shear force (kgf) 1.60 1.58 1.622 1.6020 1.55° 0.01 NS o NS
pHat 45 min 6.32 6.41 6.47 6.32 6.30 0.03 NS NS NS

Note: CSRC, corn silage-rice straw—-concentrate TMR; RSC, rice straw—concentrate TMR. T10, finishing durations
were 10 months; T12, finishing durations were 12 months; T14, finishing durations were 14; FR, feeding regime;
FD, finishing duration; FR x FD, interaction between feeding regime and finishing duration. Values within the
same row with different superscript letters differ significantly, whereas values with the same superscript letters do
not differ significantly. *, **, and *** indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively;
NS indicates no significant difference.

Cooking loss was affected by feeding regime and its interaction with finishing duration.
At T14, cooking loss was lower in the RSC group than in the CSRC group (38.65 £ 2.29%
vs. 42.57 £ 2.16%), suggesting better water-holding capacity in the late-finished RSC bulls.
Shear force decreased with finishing duration, indicating improved tenderness. In the
CSRC group, shear force decreased from 1.64 £ 0.10 kgf at T10 to 1.53 &= 0.07 kgf at T14.
In the RSC group, shear force decreased from 1.61 & 0.07 kgf to 1.56 & 0.07 kgf. Meat pH
at 45 min and 24 h was not significantly affected by feeding regime or finishing duration
(Table 8).
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3.4. Blood Biochemical Parameters

As shown in Table 9, serum biochemical parameters reflected changes in protein,
energy, lipid, nitrogen metabolism, and liver-related indicators during finishing. Serum
total protein decreased with finishing duration in both groups. In the CSRC group, total
protein decreased from 96.03 £ 2.75 g/L at T10 to 67.13 £ 3.79 g/L at T14. In the RSC
group, it decreased from 96.57 &+ 5.53 g/L to 70.04 & 2.28 g/L. Serum albumin showed a
similar decreasing trend, and overall albumin was lower in the CSRC group than in the

RSC group.
Table 9. Interactive effects of feeding regime and finishing duration on serum biochemical parameters
in Black Angus bulls.
Feeding Regime Finishing Duration Significance
Items SEM
CSRC RSC T10 T12 T14 FR FD FR x FD
Total protein, g/L 80.01 81.91 96.30° 78.00° 68.58 ¢ 1.58 NS o NS
Albumin, g/L 3453 35.72 38.48 35.42° 31.46¢ 0.45 * o **
Alanine aminotransferase, U/L 36.77 36.79 30.78¢ 36.21° 43.35° 0.73 NS ok ok
Aspartate aminotransferase, U/L 125.132 115.87° 87.69°¢ 114.07° 159.742 4.00 i ok i
Alkaline phosphatase, U/L 181.222 170.93° 133.76 € 165.10° 229.372 5.38 ok ok ok
Glucose, mmol/L 3.122 2.92b 27¢ 3.00° 3.352 0.05 i i NS
Triglyceride, mmol/L 0.127 0.126 0.08¢ 0.13° 0.172 0.005 NS Hk ok

Note: CSRC, corn silage-rice straw—concentrate TMR; RSC, rice straw—concentrate TMR. T10, finishing durations
were 10 months; T12, finishing durations were 12 months; T14, finishing durations were 14; FR, feeding regime;
FD, finishing duration; FR x FD, interaction between feeding regime and finishing duration. Values within the
same row with different superscript letters differ significantly, whereas values with the same superscript letters do
not differ significantly. *, **, and *** indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively;
NS indicates no significant difference.

Serum alanine aminotransferase, aspartate aminotransferase, and alkaline phos-
phatase increased with finishing duration. At T14, alanine aminotransferase reached
4521 £ 2.10 U/L in the CSRC group and 41.49 £ 2.53 U/L in the RSC group. Aspartate
aminotransferase reached 168.80 & 5.56 U/L and 150.68 £ 7.82 U/L, respectively. Alka-
line phosphatase reached 243.05 + 12.42 U/L and 215.69 + 8.60 U/L, respectively. These
results suggest that prolonged finishing altered systemic metabolic status and increased
liver-related enzyme activities.

Serum glucose increased with finishing duration in both groups. At T14, glucose
concentration was higher in the CSRC group than in the RSC group (3.50 £+ 0.43 vs.
3.20 £ 0.14 mmol/L). Serum triglyceride increased with finishing duration, and the RSC
group showed the highest triglyceride concentration at T14. Serum urea also increased
with finishing duration and was higher in the CSRC group than in the RSC group at corre-
sponding stages, indicating differences in nitrogen metabolism between feeding regimes.

3.5. Rumen Fermentation Parameters

Rumen fermentation was markedly affected by both feeding regime and finishing
duration (Table 10). Rumen pH decreased with finishing duration in both groups. In the
CSRC group, pH decreased from 6.78 £ 0.26 at T10 to 5.73 £ 0.16 at T14. In the RSC group,
pH decreased from 6.63 & 0.19 to 6.05 £ 0.18. At T14, rumen pH was lower in the CSRC
group than in the RSC group.

Ammonia nitrogen increased with finishing duration. In the CSRC group, NH3-N
increased from 11.94 + 0.40 mg/dL at T10 to 16.93 £ 0.63 mg/dL at T14. In the RSC group,
it increased from 11.89 £ 0.26 mg/dL to 15.30 £ 0.30 mg/dL. At T12 and T14, NH3-N was
higher in the CSRC group than in the RSC group.

The CSRC TMR promoted an acetate-oriented fermentation pattern. Across all finish-
ing durations, acetate concentration was higher in the CSRC group than in the RSC group.
Acetate decreased from 54.93 £ 1.91 mmol/L at T10 to 45.82 £ 1.19 mmol/L at T14 in the
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CSRC group, and from 50.04 & 1.30 mmol/L to 41.39 &+ 1.45 mmol/L in the RSC group. In
contrast, propionate increased with finishing duration. At T14, propionate was markedly
higher in the RSC group than in the CSRC group (23.89 £ 0.58 vs. 17.82 £ 0.62 mmol/L).

Table 10. Interactive effects of feeding regime and finishing duration on rumen fermentation parame-
ters in Black Angus bulls.

Feeding Regime Finishing Duration Significance
Items SEM
CSRC RSC T10 T12 T14 FR FD FR x FD
pH 6.24° 6.38° 6.70° 6.35° 5.89¢ 0.05 = i .
NH;-N (mg/dL) 14.332 13.41° 11.91¢ 13.57° 16.12° 0.24 ok ok ook
Acetate (mmol/L) 50.4232 45.42° 52483 47.67" 43.61°¢ 0.60 e e NS
Propionate (mmol/L) 14.87° 17.322 11.89¢ 15.53° 20.85° 0.54 ok ok ok
Butyrate (mmol/L) 6.372 5.01° 7.032 5.56° 447¢ 0.17 ek ek ek
Isobutyric acid (mmol/L) 0.992 0.86° 1.142 0.89° 0.75¢ 0.02 ok ok *
Valerate (mmol/L) 0.632 0.57° 0.792 0.55° 0.45¢ 0.02 ek ek ek
Isovalerate (mmol/L) 1.542 1.46° 1.712 1.46° 1.34°¢ 0.02 ok ok ok
TVFA (mmol/L) 74.812 70.64° 75.042 71.66° 71.47° 0.45 i ek ok
Acetate/Propionate 3.542 2.89P 4427 3,08 2.15¢ 0.13 e e #*

Note: CSRC, corn silage-rice straw—concentrate TMR; RSC, rice straw—concentrate TMR. T10, finishing durations
were 10 months; T12, finishing durations were 12 months; T14, finishing durations were 14; FR, feeding regime;
FD, finishing duration; FR x FD, interaction between feeding regime and finishing duration; TVFA, total volatile
fatty acid. Values within the same row with different superscript letters differ significantly, whereas values with
the same superscript letters do not differ significantly. *, **, and *** indicate significant differences at p < 0.05,
p <0.01, and p < 0.001, respectively; NS indicates no significant difference.

Butyrate, isobutyrate, valerate, and isovalerate generally decreased with finishing
duration. Butyrate was consistently higher in the CSRC group than in the RSC group. Total
volatile fatty acids were also higher in the CSRC group at T10 and T12. At T10, total volatile
fatty acids were 78.41 &= 1.94 mmol/L in the CSRC group and 71.67 &= 1.72 mmol/L in the
RSC group. At T12, they were 74.78 & 1.36 mmol/L and 68.54 &+ 1.37 mmol/L, respectively.
At T14, total volatile fatty acids were similar between groups. The acetate-to-propionate
ratio declined with finishing duration in both groups and remained higher in the CSRC
group than in the RSC group, indicating that CSRC maintained a more acetate-oriented
fermentation pattern, whereas RSC shifted more strongly toward propionate production
during late finishing.

3.6. Rumen Microbial Diversity and Community Structure

Microbial richness analysis showed that finishing duration did not significantly alter
rumen microbial diversity within the same feeding regime. However, the Chaol richness
index was higher in the CSRC group than in the RSC group, indicating that the inclu-
sion of corn silage was associated with greater rumen microbial richness and community
complexity (Figure 1A).

Principal coordinate analysis based on Bray—Curtis distance revealed a clear separation
between the CSRC and RSC groups. In contrast, within the same feeding regime, rumen
microbial community structure did not differ significantly among the different finishing
durations (Figure 1B). These results suggest that feeding regime was the major factor
shaping rumen bacterial community structure, while finishing duration exerted a weaker
effect on beta diversity.

At the phylum level (Figure 2A), more than 95% of the bacterial sequences were mainly
assigned to Bacillota, Pseudomonadota, Bacteroidota, Spirochaetota, and Actinomycetota. Com-
pared with the RSC group, the CSRC group had significantly higher relative abundances
of Bacillota, Spirochaetota, and Actinomycetota, but a significantly lower relative abundance
of Pseudomonadota. No significant effect of finishing duration was observed on the overall
phylum-level composition.
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Figure 1. Effects of feeding regime and finishing duration on rumen microbial richness and com-
munity structure in Black Angus bulls. (A) Chaol richness index of rumen microbiota among the
six treatment combinations and between the two feeding regimes. (B) Principal coordinate anal-
ysis based on Bray—Curtis distance showing rumen bacterial community structure among the six
treatment combinations and between the two feeding regimes. Ellipses represent the distribution
of samples within each treatment group. CSRC, corn silage-rice straw—concentrate TMR; RSC, rice
straw—concentrate TMR; T10, 10-month finishing duration; T12, 12-month finishing duration; T14,

. C . . . .
14-month finishing duration. p <0.0001. Different letters indicate significant differences among
groups (p < 0.05).
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Figure 2. Effects of feeding regime on rumen bacterial composition and differential taxa in Black
Angus bulls. (A) Relative abundance of rumen bacteria at the phylum level in the RSC and CSRC
groups. (B) Relative abundance of the dominant rumen bacterial genera in the RSC and CSRC groups.
(C) LEfSe cladogram showing bacterial taxa differentially enriched between the two feeding regimes.
Colored nodes indicate taxa significantly enriched in the corresponding group, whereas white nodes
indicate taxa with no significant difference. CSRC, corn silage-rice straw—concentrate TMR; RSC,
rice straw—concentrate TMR. LEfSe, linear discriminant analysis effect size. Different letters indicate
significant differences among groups (p < 0.05).

At the genus level (Figure 2B), among the five most abundant genera, the relative abun-
dances of Christensenellaceae_R-7_group, Saccharofermentans, NK4A214_group, and Kurthia
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were significantly higher in the CSRC group than in the RSC group, whereas Acinetobacter
was significantly lower in the CSRC group. LEfSe analysis further identified feeding regime-
associated microbial biomarkers (Figure 2C), including Saccharofermentans, NK4A214_group,
and Acinetobacter, indicating that the two dietary regimes selectively enriched distinct
rumen bacterial taxa.

Predicted functional profiling showed that amino sugar and nucleotide sugar
metabolism was the most significantly enriched pathway among the differentially abundant
pathways between groups, with higher enrichment in the CSRC group than in the RSC
group (Figure 3). Because these functions were inferred from 16S rRNA sequencing data,
this result should be interpreted as a prediction of microbial functional potential rather
than direct functional evidence.
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Figure 3. Predicted functional differences in rumen microbiota between the CSRC and RSC groups.
Amino sugar and nucleotide sugar metabolism was the most significantly enriched pathway in the
CSRC group. CSRC, corn silage-rice straw—concentrate TMR; RSC, rice straw—concentrate TMR.
Functional profiles were predicted from 16S rRNA sequencing data.

4. Discussion

Feeding regime and finishing duration are closely linked management factors that
influence beef cattle performance through nutrient supply, rumen fermentation, and carcass
development. The following discussion therefore focuses on the biological interpretation
and practical implications of these combined effects.

The early advantage of the CSRC TMR may be attributed to the nutritional and fermen-
tative characteristics of whole-plant corn silage. Compared with rice straw, whole-plant
corn silage provides higher levels of fermentable carbohydrates, digestible fiber, and or-
ganic acids [6], thereby increasing the availability of substrates for rumen microorganisms
and promoting microbial fermentation [7]. From a biochemical perspective, the greater sup-
ply of fermentable fiber and soluble carbohydrates can enhance the production of volatile
fatty acids (VFAs), which are the main energy source for ruminants [30]. In particular,
acetate and butyrate are closely related to fiber fermentation, epithelial energy metabolism,
and lipid synthesis [31], whereas an adequate VFA supply supports energy availability
for growth. This may explain the higher average daily gain and lower feed-to-gain ratio
observed in CSRC-fed bulls during early finishing. In contrast, the greater final body weight
of RSC-fed bulls at 14 months may be partly associated with the increased concentrate
proportion during late finishing and the accompanying shift toward propionate-oriented
rumen fermentation. Higher concentrate-to-forage ratios have been shown to promote
ruminal propionate production [18,32], and because propionate is the major glucogenic
precursor in ruminants, this fermentation pattern may have contributed to a greater gluco-
genic energy supply and subsequent body weight gain [33,34]. Rice hay, although lower in
nutritive value than whole-plant corn silage, provides physically effective fiber that helps
maintain rumen stability and supports efficient utilization of high-concentrate diets, thereby
contributing to growth performance and carcass development [35,36]. This stable rumen
environment and enhanced propionate production may also support glucogenic energy
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supply and fat deposition, which could partly explain the improved meat redness observed
in RSC-fed bulls. In this context, rice straw should not be interpreted as a high-energy in-
gredient by itself. Rather, its role in the RSC TMR was likely to provide physically effective
fiber, promote chewing and rumination, contribute to saliva buffering, and help maintain
rumen fermentation stability in a concentrate-based finishing system. Thus, the favorable
late-finishing performance of RSC-fed bulls was probably due to the complementary effects
of rice straw as a structural roughage source and concentrate as an energy source. The
decline in average daily gain and increase in feed-to-gain ratio with prolonged finishing
are consistent with previous findings that growth efficiency decreases as bulls become
older and heavier, because a greater proportion of nutrient intake is partitioned toward
maintenance and fat accretion rather than lean tissue deposition [4,13]. At the same time,
the composition of gain gradually shifts from lean tissue accretion toward fat deposition,
which requires more energy per unit of tissue gain than protein deposition. Therefore,
even when final body weight and carcass fatness increase, growth efficiency may decline.
The reduced apparent total-tract digestibility of dry matter, crude protein, ether extract,
neutral detergent fiber, and acid detergent fiber further suggests that late finishing was
accompanied by lower nutrient utilization efficiency, especially reduced fiber digestion.

Although prolonged finishing reduced feed efficiency, it improved several carcass and
meat quality traits through changes in tissue growth and energy partitioning. Increased
carcass weight, eye muscle area, and backfat thickness indicate greater carcass develop-
ment and lipid deposition. Physiologically, longer finishing allows more time for muscle
growth, adipocyte development, and subcutaneous and intramuscular fat accumulation [4],
although intramuscular fat was not directly measured in this study. These findings are con-
sistent with previous studies showing that extended days on feed can increase hot carcass
weight, carcass fatness, and the likelihood of achieving higher quality grades, although
often at the expense of growth efficiency [4,13]. Greater fat deposition may contribute to
improved meat quality by enhancing carcass insulation during chilling, reducing the risk
of cold shortening, and improving tenderness-related traits. The increase in meat redness
may be associated with greater muscle maturity and pigment concentration, whereas the
decrease in shear force suggests improved tenderness, potentially related to changes in
muscle structure, fat deposition, and postmortem proteolysis. However, prolonged finish-
ing also reduced lean meat yield and increased production cost per kilogram of meat in
this study. Therefore, extending the finishing period involves a biological and economic
trade-off: it may improve carcass development and selected meat quality attributes, but it
also reduces nutrient-use efficiency and increases production input [37,38].

The rumen fermentation and microbial results provide further mechanistic insight
into the different responses to feeding regime. The CSRC TMR increased acetate, butyrate,
total volatile fatty acid concentration, and the acetate-to-propionate ratio, indicating a
more acetate-oriented fermentation pattern. This was consistent with the greater supply of
structural and fermentable carbohydrates from whole-plant corn silage, which has been
shown to improve rumen fermentation and microbial metabolism in bulls [7,8,39]. In
contrast, prolonged finishing, especially under the RSC TMR, shifted rumen fermentation
toward propionate production, likely because of the increased concentrate proportion
and greater starch fermentation during late finishing [18]. Rumen microbiota analysis
further showed that feeding regime was a stronger driver of bacterial community struc-
ture than finishing duration. CSRC-fed bulls had greater microbial richness and distinct
bacterial composition, with higher abundances of several TMR-responsive taxa, including
Christensenellaceae_R-7_group, Saccharofermentans, NK4A214_group, and Kurthia, and
lower abundance of Acinetobacter. Among these taxa, Christensenellaceae_R-7_group and
Saccharofermentans have been frequently associated with fiber degradation, carbohydrate
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fermentation, and rumen short-chain fatty acid-related processes [40—43]. Therefore, their
enrichment may partly explain the higher VFA concentration and acetate-oriented fermen-
tation observed in CSRC-fed bulls. It should be noted that the feed ingredients themselves
were not evaluated for specific microbial populations before inclusion in the diets. Thus,
the rumen microbiota results should be interpreted as dietary substrate-driven changes
in the rumen microbial community rather than direct evidence of microbial transfer from
feed ingredients. Functional prediction showed that amino sugar and nucleotide sugar
metabolism was enriched in the CSRC group, suggesting greater microbial potential for
carbohydrate utilization, cell-wall biosynthesis, and microbial biomass turnover. However,
because these functions were inferred from 165 rRNA sequencing, they should be inter-
preted as predicted functional potential rather than direct evidence of microbial activity or
causality [44].

These findings have practical implications for Black Angus finishing systems using
local roughage resources. The CSRC TMR appears more suitable for early finishing, when
improving daily gain, feed conversion, and production cost is the primary goal. In contrast,
the RSC TMR may be more advantageous during late finishing, when final body weight,
meat redness, and cost control become more important. Under the present experimental
conditions, a 12-month finishing duration may represent a practical compromise between
production efficiency and meat quality. Nevertheless, several limitations should be noted.
First, the trial was conducted under commercial farm conditions, and pen-level or hous-
ing effects may have influenced some performance variables. Second, if feed intake was
recorded at the pen level, pen should be considered the experimental unit for dry matter
intake and feed efficiency. Third, microbial function was inferred from 165 rRNA sequenc-
ing and requires validation using metagenomics, metatranscriptomics, or metabolomics.
Finally, intramuscular fat content, fatty acid composition, flavor compounds, sensory
evaluation, methane emissions, and life-cycle environmental impacts were not measured.
Future studies integrating animal performance, meat quality, rumen multi-omics, economic
analysis, and environmental assessment will help develop more precise and sustainable
finishing strategies for Black Angus bulls.

5. Conclusions

The results of this study support a stage-specific feeding strategy for Black Angus
bull finishing. Under the present experimental conditions, the corn silage-rice straw-
concentrate total mixed ration (TMR) is more suitable for early finishing when improving
growth efficiency is the main objective, whereas the rice straw—concentrate TMR may
be more appropriate during late finishing when final body weight, meat quality, and
feed cost are considered together. Extending the finishing duration should be carefully
balanced against reduced feed efficiency and increased production input; therefore, a
12-month finishing duration may represent a practical compromise for achieving acceptable
production efficiency, meat quality, and economic return.
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