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Simple Summary

Yaks are the dominant livestock species on the Qinghai–Tibetan Plateau and provide the
primary source of income for local pastoralists. Under traditional grazing management,
production efficiency of alpine pastoral husbandry and feed efficiency are quite poor due
to low forage intake during winter and the harsh environment. To improve production
efficiency, a short-term intensive feedlot feeding program, based on a corn diet, has been
introduced to finish yaks. However, corn is deficient in lysine; therefore, this study in-
vestigated the effect of rumen-protected lysine supplementation on growth performance,
blood metabolites, rumen fermentation, and bacterial community on feedlot yaks offered
corn-based diets. Rumen-protected lysine was associated with the improved performance
of yaks fattened in feedlots on a corn-based diet.

Abstract

Feedlots rely on corn-based total mixed rations (TMR) to finish yaks. However, corn is
markedly deficient in lysine and, therefore, we hypothesized that feedlot yaks supple-
mented with rumen-protected lysine (RPLys) would improve performance. To test this
hypothesis, twelve 2.5-year-old male yaks (122 ± 5.3 kg) were selected, and divided into
a control (CON) and RPLys-supplemented (RPL) group. All yaks were provided with
a pelleted diet that consisted of 25.0% corn stalk, 31.6% corn grain, and 24.0% corn by-
products; while RPL yaks were supplemented with 37.0 g/d RPLys. Dry matter intake was
not affected (p = 0.671) by RPLys supplementation, but the average daily gain was greater
(p < 0.05; 1.46 vs. 1.25 kg/d) and the feed-to-gain ratio was lesser (p < 0.01; 3.39 vs. 3.90) in
RPL than CON yaks. Serum urea nitrogen concentration and aspartate aminotransferase
were greater (p < 0.05) in the CON than the RPL group. However, plasma lysine concen-
tration was greater (p < 0.05), while threonine tended to be greater (p = 0.065) in RPL than
CON yaks. Rumen ammonia-N concentration was lesser (p < 0.05) in RPL than CON yaks,
but pH and volatile fatty acids concentration did not differ (p > 0.10) between groups. The
relative abundances of the ruminal bacterial phyla of Firmicutes and Elusimicrobiota were
greater (p < 0.05), whereas of the phylum Bacteroidota and genus Butyrivibrio were lesser
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(p < 0.05) in RPL than CON yaks. In general, the rumen microbiota was altered toward
more abundant N utilization taxa in RPLys-supplemented yaks. RPLys-supplemented
yaks had elevated plasma lysine and improved feed conversion ratio, providing the first
evidence that bypass lysine improves the growth performance of yaks on corn-based diets
in feedlots.

Keywords: yak; rumen-protected lysine; growth performance; blood metabolites; rumen
fermentation; bacterial community

1. Introduction
Traditionally, yaks grazed the alpine rangeland without any supplements, a practice

that failed to meet nutrient requirements of growing yaks, and thus constrained production
efficiency [1]. Under this system, yaks gained only approximately 380 g/d overall [2], and
were slaughtered at 5 years of age [3]. To improve production and shorten the time to
slaughter, short-term intensive feedlot feeding has been introduced. This feeding regime
increased the demand of feed resources, particularly of protein ingredients, since China
imports more than 80% of its soybean meal, posing both economic and sustainability
concerns [4,5]. Yaks raised in feedlots require more metabolizable protein (MP) than
grazing yaks due to their faster growth rate, which led the farmers to greatly increase
dietary protein levels in an attempt to maximize weight gain. However, ruminants offered
high crude protein (CP) diets that exceed rumen microbial requirements not only increase
feed costs, but also decrease N utilization efficiency [6,7]. Furthermore, excess CP increases
urinary N and methane emission, causing environmental pollution [8,9]. The efficiency of
MP utilization in ruminants depends on the profiles of the absorbable amino acids (AA) in
the small intestine, since AA imbalances from the deficiency of a certain single AA could
limit the utilization of other AA even when MP is sufficient [10].

To meet the MP requirements in ruminants, it is essential to consider both the amount
of protein and the limiting AA (LAA) in the diet. Corn and corn products are used widely
in ruminant diets, but then lysine (Lys) becomes the first LAA due to zein proteins [11–13].
Importantly, yaks require less nitrogen and utilize nitrogen more efficiently than cattle [14],
and, therefore, Lys deficiency, rather than total protein, becomes the primary bottleneck
in corn-based diets. Lys is one of the 20 AA used in the synthesis of body proteins and
peptides [15], and diets deficient in Lys not only affect growth performance and carcass
characteristics of livestock negatively, but also impair the immune function [15]. Lys added
directly to the ruminant diet is degraded by Lys-utilizing bacteria through deamidation
in the rumen [16], which subsequently reduces the total amount of AA available for
absorption in the small intestine [17]. Bypassing the rumen would enable Lys to reach
the small intestine [18,19], improve its utilization efficiency [20] and enhance ruminant
performance [12,21,22].

RPLys supplementation has become a fundamental strategy for balancing AA nutrition
in dairy cows [23,24], beef cattle [12], and sheep [25] with corn-based diets. However, the
effects of RPLys supplementation on the blood AA profile, rumen fermentation, and feed
conversion rate of feedlot yaks are still uncertain, as research on AA nutrition in yaks started
relatively late. We hypothesized that rumen-protected lysine supplementation would
improve growth performance and alter the bacterial community in feedlot-fattened yaks.
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2. Materials and Methods
This study was conducted from July to September 2024, in a Farmers Cooperative in

Hezuo County, located in the northeastern Qinghai–Tibetan Plateau.

2.1. Animal, Diets, and Experimental Design

Twelve 2-year-old male yaks (122 ± 5.3 kg) were selected from a herd, and divided
randomly, stratified by bodyweight, into a control (CON, n = 6) group and a group supple-
mented with rumen-protected lysine (RPL, n = 6). The number of yaks was based on the
effect size index (d-value), which was calculated using estimated standard deviations of the
means of measured variables from previous similar studies. A sample size of six per group
resulted in a d-value close to 0.5, which is a medium and acceptable effect size [26]. All yaks
were provided with a pelleted basal total mixed ration (TMR) that consisted of 25.0% corn
stalk, 31.6% corn grain, and 24.0% corn by-products; and the RPL yaks were supplemented
with 37.0 g/d of rumen-protected lysine (RPLys). The RPLys was supplied by Hangzhou
King Techina Feed Co., Ltd. (Hangzhou, China), and the lysine content was 60%. In an in
situ experiment using rumen-cannulated Holstein cows, Lee et al. [27] reported that the
rumen escape of RPLys was 89% and intestinal digestibility was 91%. The supplemented
amount of lysine was calculated following Zinn et al. [28] and NRC [29], and was within
the range recommended by the manufacturer of 14.2 g/d of metabolizable lysine.

The ingredients, chemical composition, and AA contents are presented in Table 1.
The diet was formulated according to the Feeding Standard of Beef Cattle [30] with a
concentrate-to-roughage ratio of 75:25. The crude protein and metabolizable energy of the
diet were 12.1% and 10.6 MJ/kg DM, respectively.

Table 1. Ingredients, chemical composition, and amino acids of the pellets offered to the yaks.

Items Content Items Content

Ingredients (%, air-dried basis) AA composition (µg/mg, DM basis)
Corn stalk 25.0 Alanine 0.361
Corn grain 31.6 Asparagine 0.402
Sprayed corn bran 15.0 Aspartic acid 0.235
Corn germ meal 6.00 Glutamine 0.099
Distillers dried grains with soluble 3.00 Glutamic acid 0.287
Soybean meal 4.50 Glycine 0.055
Cottonseed meal 2.00 Histidine 0.084
Molasses 3.00 Proline 0.349
Wheat bran 6.00 Serine 0.157
Soybean oil 0.50
CaCO3 1.40
NaCl 0.50
NaHCO3 0.50
Premix 1 1.00
Chemical composition (%, DM basis)
DM 89.9
CP 12.1
EE 2.73
NDF 33.2
ADF 14.4
Ash 5.85
ME, MJ/kg 2 10.6

AA, amino acid; ADF, acid detergent fiber; Ash, crude ash; CP, crude protein; DM, dry matter; EE, ether extract;
ME, metabolizable energy; NDF, neutral detergent fiber. 1 The premix provided the following per kg: vitamin A,
3,000,000 IU; vitamin D, 375,000 IU; vitamin E, 220 IU; Fe, 3000 mg; Mn, 2000 mg; Zn, 4000 mg; Cu, 1200 mg; I,
15 mg; Se, 20 mg; Co, 16 mg. 2 The ME was calculated according to the Tables of Feed Composition and Nutritive
Values in China (33rd edition, 2022) [31], while the rest are measured values.
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The experiment lasted for 66 days, 10 days for acclimation to the conditions and
56 days for data collection. All yaks were tethered separately in the same shed and were
fed daily at 08:30 and 18:00. The dry matter intake (DMI) of each yak was recorded daily by
weighing the orts before morning feeding, and the orts were offered to non-experimental
yaks. Fresh feed was offered so that approximately 10% remained to ensure that feed was
ad libitum, and each yak had free access to clean water. RPLys was mixed with 100 g ground
corn and top-dressed on the feed for RPL yaks before each morning feeding, whereas CON
yaks were offered 100 g of ground corn. Both the RPLys and ground corn were consumed
by the yaks within 2 min.

2.2. Sample Collection

The yaks were weighed before morning feeding at the beginning and end of the
experiment, and the initial body weight (IBW) and final body weight (FBW) were used
to calculate the average daily gain (ADG). On days 1, 28, and 56, approximately 300 g of
the diet were collected and frozen at −20 ◦C. On day 57, before morning feeding, 15 mL
of jugular vein blood were collected from each yak using vacutainers: 5 mL were placed
in heparinized tubes and 10 mL in non-heparinized tubes. The heparinized blood was
centrifuged at 2000× g for 6 min while the non-heparinized blood was kept on ice for
30 min and centrifuged at 3500× g for 10 min. Both the plasma and serum were stored in
1.5 mL tubes at −20 ◦C. In addition, approximately 150 mL of rumen fluid were collected
from each yak using an oral stomach tube (Anscitech Co., Ltd., Wuhan, China) attached
to a vacuum pump. The tube was washed thoroughly between collections, and the first
50 mL were discarded to minimize saliva contamination. Ruminal pH was measured
immediately using a portable pH meter (PHB-4, INESA Analytical Instrument Co., Ltd.,
Shanghai, China), and then the rumen fluid was filtered through four layers of cheesecloth.
Five mL aliquots were processed as follows: one portion was mixed with an equal volume
of deproteinizing solution (100 g metaphosphoric acid plus 0.6 g crotonic acid per liter) for
measurement of volatile fatty acids (VFA); a second portion was mixed with 0.5 mmol/L
HCl for ammonia determination; a third portion was stored for rumen bacterial 16S rDNA
sequencing; all samples were stored at −20 ◦C.

2.3. Laboratory Analyses

Feed samples were dried at 65 ◦C for 48 h, air-equilibrated, ground to pass through
a 1 mm screen, and stored in sealed plastic bags. Following AOAC [32], dry matter (DM)
content was determined by oven-drying at 105 ◦C for 4 h (method 934.01); nitrogen was
measured by the Kjeldahl method (method 954.01), and crude protein was calculated as
N × 6.25; ether extract (EE) was determined by a reflux system using petroleum ether
extracted at 90 ◦C for 1 h (method 920.39); and crude ash was determined by complete
combustion in a muffle furnace at 600 ◦C for 6 h (method 938.08). Neutral detergent
fiber (NDF) and acid detergent fiber (ADF), including residual ash, were measured by an
automatic fiber analyzer (Ankom Technology, Fairport, NY, USA) following the methods
of Robertson and Van Soest [33] and Van Soest et al. [34], respectively. Feed and plasma
AA profiles were analyzed by HPLC (LC-20A, Shimadzu, Kyoto, Japan) using a column of
150 mm × 4.6 mm × 5 µm (Venusil MP C18, Agela, Tianjin, China), following Li et al. [35].

Serum total protein (TP), albumin (ALB), globulin (GLO), blood urea nitrogen (BUN),
creatinine (CRE), glucose (GLU), alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), total glyceride (TG), and cholesterol (CHO) were determined using commer-
cial kits and an automatic biochemistry analyzer (Hitachi 7160, Hitachi High-Technologies
Corporation, Tokyo, Japan), following the manufacturer’s instructions (Hunan Fengrui
Biotechnology Co., Ltd., Changsha, China).
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Ruminal volatile fatty acids (VFA) concentrations was were analyzed by gas chro-
matography (Trace 1300, Thermo Scientific, Waltham, MA, USA) equipped with a capillary
column (AT-FFAP, 15 m × 0.32 mm × 0.5 µm), following Liu et al. [22]. Ruminal ammonia-N
concentration was determined by colorimetry method [36] using a spectrometer (Spectra-
Max M5, Molecular Devices, San Jose, CA, USA).

Total microbial DNA was extracted from thawed rumen fluid samples (n = 6 per
treatment) using the E.Z.N.A. DNA Kit (Omega Bio-tek, Norcross, GA, USA), follow-
ing the manufacturer’s instructions. The purity and concentration of extracted DNA
were verified using a spectrophotometer (NanoDrop 2000UV-vis, Thermo Scientific,
Wilmington, DE, USA), with a purity ratio (260/280 nm) ranging from 1.8 to 2.0. The
quality of DNA was examined using 1% agarose gel electrophoresis. The V3 and V4
highly variable regions of the rumen bacterial 16S rRNA gene were amplified by a
PCR amplifier (GeneAmp 9700, ABI, Foster City, CA, USA) using the universal for-
ward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and the reverse primer 806R
(5′-GGACTACHVGGGTWTCTAAT-3′), following PCR reaction procedures as described
by Wei et al. [37]. The PCR product was extracted from 2% agarose gels, purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), and
quantified using a Quantus™ Fluorometer (Promega, Madison, WI, USA). The amplicons
were sequenced on the Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA).

Raw FASTQ files were quality filtered by Trimmomatic and merged by FLASH with
the following criteria: (1) the reads were truncated at any site receiving an average quality
score below 20 over a 50 bp sliding window; (2) sequences with an overlap length of more
than 10 bp were merged, with mismatch error rates of 2%; and (3) individual samples were
separated based on barcodes and primers.

2.4. Statistical Analyses

Growth performance, serum biochemical parameters, plasma AA profiles, rumen
fermentation variables, and α-diversity indices were compared between the CON and
RPL groups using an independent samples t-test (SPSS 22 version, IBM Corp., Chicago, IL,
USA). The results are presented as means and standard error of the mean (SEM). Difference
between means was accepted as significant at p ≤ 0.05 and as a tendency to differ at
0.05 < p ≤ 0.10. Rumen bacterial composition was compared between yak groups using
the non-parametric Wilcoxon rank-sum test, with the FDR correction of multiple tests. The
plots were generated using the online platform (https://www.majorbio.com/, accessed on
23 March 2025).

3. Results
3.1. Growth Performance and Feed Conversion Efficiency

Dry matter intake (DMI) ranged between 4.85 and 4.91 kg/d and did not differ
(p = 0.671) between yak groups (Table 2). There was no difference (p > 0.10) in IBW or FBW
between CON and RPL yaks; however, ADG was greater (p < 0.05; 1.46 vs. 1.25 kg/d)
and the feed to gain ratio (FGR) was lesser (p < 0.01; 3.39 vs. 3.90) in RPL than CON yaks
(Table 2).

https://www.majorbio.com/
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Table 2. Effect of supplementary rumen-protected lysine on growth performance and feed conversion
efficiency in fattening feedlot yaks.

Items
Treatment

SEM p-Value
CON RPL

IBW, kg 121 123 5.3 0.861
FBW, kg 191 205 6.5 0.319
ADG, kg/d 1.25 1.46 0.053 0.043
DMI, kg/d 4.85 4.91 0.063 0.671
Feed conversion ratio 1 3.90 3.39 0.108 <0.01

ADG, average daily gain; CON, control; DMI, dry matter intake; FBW, final body weight; IBW, initial body weight;
RPL, rumen-protected lysine; SEM, standard error of the means. 1 Feed conversion ratio = DMI:ADG.

3.2. Serum Biochemical

Serum BUN concentration was lesser (p < 0.05) in RPL than CON yaks, while TP, ALB,
and GLO did not differ (p > 0.10) between groups. Serum concentration of ALT was greater
(p < 0.05) in CON than RPL yaks, while AST did not differ (p = 0.867) between groups.
In addition, serum concentrations of CRE, GLU, TG, and CHO did not differ (p > 0.10)
between groups (Table 3).

Table 3. Effect of supplementary rumen-protected lysine on serum biochemical parameters in
fattening feedlot yaks.

Items
Treatment

SEM p-Value
CON RPL

TP, g/L 60.9 60.1 1.10 0.761
ALB, g/L 35.4 35.0 0.59 0.781
GLO, g/L 25.5 25.1 0.95 0.857
BUN, mmol/L 5.70 4.77 0.230 0.036
CRE, µmol/L 34.3 34.3 0.76 0.984
GLU, mmol/L 4.64 4.80 0.095 0.414
ALT, U/L 27.2 20.2 1.81 0.047
AST, U/L 80.2 83.3 8.77 0.867
TG, mmol/L 0.202 0.155 0.018 0.211
CHO, mmol/L 1.45 1.55 0.087 0.591

ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CHO,
cholesterol; CON, control; CRE, creatinine; GLO, globulin; GLU, glucose; RPL, rumen-protected lysine; SEM,
standard error of the means; TG, total glyceride; TP, total protein.

3.3. Plasma Amino Acid Profiles

Plasma Lys concentration was greater (p < 0.05), and threonine concentration tended
to be greater (p = 0.065) in RPL than CON yaks. However, concentrations of the other AA,
total essential amino acids (EAA), total non-essential amino acids (NEAA), and total AA
did not differ (p > 0.10) between yak groups (Table 4).
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Table 4. Effect of supplementary rumen-protected lysine on plasma-free amino acid profiles in
fattening feedlot yaks.

Items
Treatment

SEM p-Value
CON RPL

EAA, mg/L
Arginine 15.0 13.2 1.03 0.400
Histidine 10.0 10.1 0.56 0.922
Isoleucine 11.5 11.0 0.80 0.750
Leucine 15.1 18.0 1.05 0.179
Lysine 10.9 14.3 0.81 0.028
Methionine 2.53 3.04 0.253 0.344
Phenylalanine 8.00 9.10 0.647 0.421
Threonine 5.39 8.06 0.734 0.065
Tryptophan 6.01 5.97 0.493 0.972
Valine 27.0 27.0 2.13 0.994
Total EAA 111 120 6.8 0.565
NEAA, mg/L
Alanine 30.4 27.6 1.50 0.381
Asparagine 4.88 4.91 0.466 0.972
Aspartic acid 0.765 0.552 0.140 0.472
Cysteine 4.15 4.66 0.432 0.581
Glutamine 36.7 33.8 1.42 0.335
Glutamic acid 6.15 6.22 0.440 0.937
Glycine 22.5 19.0 2.24 0.474
Proline 10.9 9.72 0.393 0.134
Serine 9.72 7.59 0.736 0.156
Tyrosine 8.67 9.02 0.987 0.870
Total NEAA 135 123 5.8 0.337
Total AA 246 243 11.8 0.897

CON, control; EAA, essential amino acids; NEAA, non-essential amino acids; RPL, rumen-protected lysine; SEM,
standard error of the means; total AA, total amino acids.

3.4. Rumen Fermentation Parameters

Ruminal pH and total VFA concentration did not differ (p > 0.10) between groups,
whereas ammonia-N concentration was lesser (p < 0.01) in RPL than CON yaks. In addition,
the molar proportion of the individual VFA or the acetate:propionate ratio in the rumen
did not differ (p > 0.10) between groups (Table 5).

Table 5. Effect of supplementary rumen-protected lysine on rumen fermentation parameters in
fattening feedlot yaks.

Items
Treatment

SEM p-Value
CON RPL

pH 7.15 7.10 0.132 0.881
Ammonia-N, mmol/L 5.32 2.99 0.488 <0.01
Total VFA, mmol/L 64.1 61.5 3.92 0.764
Individual VFA, mol/100 mol
Acetate 62.0 61.2 1.43 0.794
Propionate 24.1 26.5 1.65 0.514
Isobutyrate 1.14 1.09 0.060 0.722
Butyrate 10.0 8.36 0.626 0.204
Isovalerate 1.39 1.37 0.106 0.934
Valerate 1.35 1.56 0.145 0.500
Acetate: Propionate ratio 2.75 2.39 0.242 0.483

CON, control group; N, nitrogen; RPL, rumen-protected lysine; SEM, standard error of the means; VFA, volatile
fatty acid.
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3.5. Bacterial Community Composition

A total of 927,362 raw reads were generated from the 12 rumen fluid samples through
the 16S rRNA sequencing, and 915,596 high-quality reads were selected after data pro-
cessing, with an average sequence length of 420 bp. In total, 2758 operational taxonomic
units (OTUs) were obtained based on 97% similarity level according to nucleotide sequence
identification. There were 1225 OTUs shared between these two groups, and the specific
OTUs in CON and RPL yaks were 690 and 843, respectively (Figure 1).

Figure 1. Venn plot illustrating the different and similar OTUs between CON and RPL yaks.

For the alpha diversities of the rumen bacteria, the Shannon index tended to be greater
(p = 0.077) in RPL than CON yaks, whereas the Chao 1 and ACE indices did not differ
(p > 0.10) between groups (Table 6).

Table 6. Effect of supplementary rumen-protected lysine on alpha diversity of the rumen bacterial
community in fattening feedlot yaks.

Items
Treatment

SEM p-Value
CON RPL

Chao 1 737 840 35.8 0.160
ACE 761 864 34.4 0.140
Shannon 3.58 4.22 0.183 0.077

CON, control group; RPL, rumen-protected lysine; SEM, standard error of the means.

A total of 19 rumen bacterial phyla were identified in the yaks, of which 13 phyla had
a relative abundance above 0.05% (Figure 2). The dominant phylum was Bacteroidota, with
relative abundances of 66.4% and 62.3% for CON and RPL yaks, respectively; followed by
Firmicutes with relative abundances of 28.9% and 28.7% for CON and RPL yaks, respec-
tively. The relative abundance of Elusimicrobiota was greater (p < 0.05) in the RPL than
CON yaks, while the remaining bacterial phyla did not differ between groups.

A total of 301 bacterial genera was identified, and 32 genera had a relative abun-
dance greater than 0.5% (Figure 3). The most abundant genus was Prevotella (37.5%),
followed by noran_f_Muribaculaceae (8.92%), and then norank_f_F082 (4.76%). The rela-
tive abundances of Elusimicrobium, Eubacterium_xyanophilum_group, norank_c_Clostridia,
and lachnospiraceae_UCG-001 were greater (p < 0.05), whereas of Butyrivibrio, Eubac-
terium_brachy_group, and Romboutsia were lesser (p < 0.05) in RPL than CON yaks.
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Figure 2. Effect of supplementary rumen-protected lysine on rumen bacterial community at the
phylum level (abundance > 0.05%) in fattening feedlot yaks.

Figure 3. Effect of supplementary rumen-protected lysine on rumen bacterial community at the
genus level (abundance > 0.05%) in fattening feedlot yaks.

Differential rumen bacteria distinguished between CON and RPL yaks were further
identified by linear discriminant analysis effect size (LEfSe; Figure 4). With a default LDA
cutoff of ±4.0, the differential taxa for the CON and RPL yaks totaled 4 and 10 genera,
respectively. Butyrivibrio, Eubacterium_brachy, and Romboutsia, genera in the CON yaks, and
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CAG_352, norank_o_Gastranaerophilales, and Elusimicrobium, genera in the RPL yaks, had
high impacts on the difference between treatments.

Figure 4. Linear discriminant analysis effect size (LEfSe) for rumen bacterial community. (A) LEfSe
analysis LDA histograms (LDA score > 2.0); (B) LEfSe analysis cladogram of the characteristic
microorganisms. Prefixes represent taxonomic ranks: phylum, p; class, c; order, o; family, f and
genus, g.

4. Discussion
4.1. Effect of Supplementary Rumen-Protected Lysine on Growth Performance and Feed
Conversion in Fattening Yaks

Traditionally, yaks grazed alpine rangeland all year round without supplements. The
yaks would lose approximately 25% of their liveweight during the cold season [38], while
the ADG was only approximately 400 g/d in the warm season [39,40]. As a result, the pro-
duction of grazing yaks was low. In agreement with previous studies in ruminants [21,41],
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supplementation with RPLys in the present study did not affect DMI. However, the ADG
of CON and RPL yaks were 1.25 and 1.46 kg/d, respectively, which were approximately
three times the ADG of grazing yaks. The ADG was greater by 16.8% in the RPL than CON
yaks and, therefore, the feed conversion rate was enhanced in yaks supplemented with
RPLys. Consequently, the short-term intensive fattening strategy with RPLys provides an
economically attractive option for yak producers. Similarly, a quadratic effect on ADG was
reported in finishing calves when offered a corn-based diet supplemented with increasing
dosages of RPLys (providing metabolizable lysine levels of 0, 1, 2, 3, 4, 6, 8, 10, or 12 g/d).
The calves supplemented with 3 g/d had an ADG that was approximately 15% greater
than the non-dosed calves [12].

In previous studies, the feed conversion ratios for fattening yaks and beef cattle
fed highly concentrated feed ranged from 6.41 to 8.16 [42,43] and from 9.09 to 13.8 [42,44],
respectively, while it ranged between 3.39 and 3.90 in the present study. The remarkably low
feed conversion rate in the present study was probably due to compensatory growth [38,45].
The yaks in the present study grazed only on pasture prior to this study, and we reasoned
that the compensatory growth occurred when switched to stall-feeding with a high-energy
diet. Likewise, compensatory growth was reported in grazing yaks when pasture was
shifted from withered to green grass [2]. The dietary CP content in the present study was
12.1%, whereas CP content in previous yak studies in feedlots typically ranged between 16
and 18% [46,47]. However, the ADG in the present study was considerably greater than
that of yaks offered high CP diets (1.3 kg/d versus 0.8 kg/d). Yaks are known for their “N-
saving” characteristics [48,49], and for their low nitrogen requirement for maintenance [14].
A reduction in dietary CP would reduce feed costs without decreasing growth performance
of finishing yaks in feedlots.

4.2. Effect of Supplementary Rumen-Protected Lysine on Serum Biochemical Parameters in
Fattening Feedlot Yaks

Blood biochemical variables are important indicators of the nutritional metabolism and
health status in ruminants [50]. Urea is a metabolic end product of AA and, therefore, BUN
reflects the status of N absorption and metabolism [51], and is correlated negatively with N
utilization efficiency [52]. In the present study, serum BUN concentration was lesser in RPL
than CON yaks, indicating an increase in protein synthesis and that nitrogen utilization was
more efficient in RPL yaks, which could explain, at least in part, the greater ADG in the RPL
than CON group [53]. Similarly, it was reported that plasma BUN concentration decreased
when dairy cows were offered a low CP diet supplemented with 40 g/d RPLys [37]. The
reasons probably were as follows: (1) RPLys supplementation improved the AA balance
in the small intestine, allocating more N for body tissues [20], subsequently reducing AA
oxidation [54] and N waste [53,55]; and (2) some supplemented RPLys was degraded in
the rumen, which promoted the utilization of ammonia by rumen microorganisms and
improved the synthesis efficiency of microbial proteins (MCP) [37]. The decrease in rumen
ammonia concentration would reduce excess ammonia transfer to the liver and reduce urea
synthesis through the ornithine cycle [56].

Serum TP consists mainly of ALB and GLO, and previous studies reported that
ADG was correlated positively with serum TP concentration. In the present study, TP,
ALB and GLO did not differ between groups, but all were within the normal range of
ruminants [50,57]. Socha et al. [58] reported that RPLys supplementation increased plasma
GLU concentrations in dairy cows. However, this effect was not observed in the present
study, which was perhaps associated with the similar DMI, absolute rumen total VFA
concentration, and molar proportion of propionate between CON and RPL yaks. Both yak
groups were well below the renal threshold for GLU of 5.56 to 7.78 mmol/L for cattle [59].
ALT is an enzyme that exists predominantly in the liver, participates in AA metabolism
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and GLU synthesis, and is considered as a biomarker for evaluation of liver injury [60]. In
the present study, serum ALT activity was greater in CON than RPL yaks, but both yak
groups were within the normal range (6.90–35.3 U/L) [61], indicating normal liver function.
Perhaps RPLys supplementation could reduce the risk of liver injury.

4.3. Effect of Supplementary Rumen-Protected Lysine on Plasma-Free Amino Acid Profiles in
Fattening Yaks

Plasma-free AA reflects the sum of metabolic AA from all organs and tissues [62]
and can be used to evaluate and compare AA availability [63]. The increase in plasma
Lys concentration in the RPL treatment was attributed to dietary RPLys supplementation,
which increased duodenal Lys flow [55], resulting in an increase in Lys available in the small
intestine [20] and enabling more Lys to enter the circulation. This reasoning was supported
in studies in dairy cows [64] and growing cattle [21] in which plasma Lys concentration
increased with an increase in metabolizable Lys in the small intestine. However, in other
studies in ruminants, plasma Lys concentration was not affected by PRLys supplemen-
tation [23,24]. This discrepancy among studies could be due to differences in dosages of
RPLys, form of RPLys, animal species, and physiological status of the animals [19]. Xue
et al. [21] reported that plasma threonine concentration in crossbred bulls decreased linearly
with increasing dosages of RPLys supplementation; however, plasma threonine concentra-
tion of RPL yaks tended to increase with RPLys supplementation in the present study. The
changes in plasma threonine with RPLys supplementation were probably induced by spe-
cific synergistic or antagonistic effects between lysine and threonine in the small intestine,
the mechanism of which warrants further investigation. In general, if essential AA exceed
the nutritional requirements of the animal, the rate of catabolism and transamination of Lys
would increase, and then produce NEAA [65]. In the present study, there was no difference
in plasma NEAA concentration between CON and RPL yaks, which indicated that RPLys
supplementation was not in excess.

4.4. Effect of Supplementary Rumen-Protected Lysine on Rumen Fermentation Parameters in
Fattening Yaks

Ruminal fermentation parameters are important indicators of the physiological status
of the animal. Typically, rumen pH is correlated negatively with total VFA concentra-
tion [66]. In the present study, RPLys supplementation did not affect either rumen pH or
total VFA concentration. The rumen pH of the yak groups ranged between 7.10 and 7.15,
which fell within the optimal range of 6.2–7.2 for microbial function [67]. Ammonia-N
is an end product of dietary proteins, peptides, AA, and non-protein N in the rumen,
and is considered to be the most important nitrogen source for MCP synthesis. Rumen
ammonia-N concentration reflects the homeostasis between ammonia generation for mi-
crobial catabolism of dietary proteins and ammonia utilization for MCP synthesis. An
appropriate ammonia-N concentration is important for rumen fermentation and MCP
synthesis, since a low concentration inhibits MCP synthesis, whereas an excessively high
concentration could cause ammonia toxicity [68]. In the present study, RPL yaks had
a lesser rumen ammonia-N concentration, which was consistent with a previous study
in goats supplemented with lysine [55], but rumen ammonia-N concentrations in both
CON and RPL yaks were within the optimal range of 2.8–17.8 mmol/L [69]. The lesser
rumen ammonia concentration in the RPL yaks suggested that the portion of bypass lysine
released in the rumen improved MCP synthesis, accompanied by an increase in ammonia
utilization by rumen microorganisms, and reduced the ruminal ammonia pool [37,70]. The
decrease in serum BUN concentration, along with reports by Tu et al. [71] who reported that
supplementation with 0.15% and 0.30% RPLys increased the apparent digestibility of CP
in yaks, further supported this inference. In a previous study in lactating dairy cows, the
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addition of 125 g/d RPlys had no effect on ruminal total VFA concentration or individual
molar proportions [23], which was in agreement with the results of present study. The yak
groups were offered the same basal diets and there was no difference in DMI.

4.5. Effect of Supplementary Rumen-Protected Lysine on Rumen Bacterial Diversity and Bacterial
Community Composition

The α-diversity indices reflect the abundance and diversity of bacterial species in the
rumen [72]. In line with previous findings [53,73], the bacterial α-diversities of Chao 1 and
ACE were not affected by RPLys supplementation. However, the Shannon diversity index
tended to be greater in RPL than CON yaks, which indicated a greater bacterial community
diversity in the RPL than CON yaks [74]. Dietary ingredients and nutritional composition
are the primary factors influencing rumen microbial community, fermentable function, and
metabolic end products [75]. The CON and RPL yaks were offered the same basal diets,
and the DMI and yak physiological conditions were comparable, with the only difference
being the intake of RPLys in the RPL yaks. This would suggest that the difference in the
Shannon diversity index was due to the RPLys.

In agreement with previous studies in ruminants, Bacteroidota and Firmicutes were
the dominant bacterial phyla in the rumen [50,76], and they are involved mainly in car-
bohydrate and protein metabolism [73]. It was reported that the ratio of Firmicutes and
Bacteroidota increased with dietary energy level and correlated positively with energy con-
version efficiency and fat deposition [76]. The numerically greater Firmicutes:Bacteroidota
ratio in RPL than CON yaks could be related to the greater ADG observed in the RPL
than CON yaks. Elusimicrobiota is distributed in the gastrointestinal tracts of monogastric
and ruminant animals [77,78], and also exists in sediments, soils, and groundwater [79].
This bacterial phylum could fix N2 by synthesizing and secreting the N-fixing enzyme
Group IV [80]. The RPL yaks had a greater relative abundance of Elusimicrobiota but
lesser relative abundance of Butyrivibro. Alves et al. [81] reported that Elusimicrobiota was
correlated negatively with urinary N excretion, while Butyrivibrio was correlated positively
with urinary N excretion and negatively with N retention. Therefore, it could be inferred
that RPLys supplementation improved N utilization by increasing the relative abundance
of Elusimicrobiota and decreasing the relative abundance of Butyrivibrio. Previous studies
reported that AA supplementation increased the growth of rumen cellulolytic bacteria
and promoted fiber digestion in lactating dairy cows [82], while RPLys supplementation
increased the apparent digestibility of NDF in yaks [71]. This could explain why the
abundances of cellulose degraders [83,84], such as g_Eubacterium_xylanophilum_group and
Lachnospiraceae_UCG-001, were greater in RPL than CON yaks.

5. Conclusions
The ADG was greater and feed-to-gain ratio was lesser in RPL than CON yaks; how-

ever, DMI and rumen VFA profiles did not differ between groups. Serum BUN and rumen
ammonia-N concentrations were lesser, while plasma Lys concentration was greater in
RPL than CON yaks. RPLys supplementation increased abundances of Firmicutes and
Elusimicrobiota and decreased abundances of Bacteroidota and Butyrivibrio. RPLys was
associated with an improved performance in yaks fattened in feedlots. The present study is
the first to link RPLys with shifts in the yak microbiome, but more studies are warranted,
including dose–response trials and carcass quality measurements, to determine the optimal
dose for yaks.
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