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Abstract

Yaks (Poephagus grunniens), native to the Qinghai-Tibetan Plateau, are well adapted to the harsh alpine
environment. It was reported that yaks digest low-quality forage more efficiently and require less protein and energy
for maintenance than Qaidam cattle (Bos taurus). Given the central role of rumen bacteria in nutrient degradation, we
hypothesized that interspecies differences in ruminal bacterial composition may underlie the yak’s adaptation to low-
nutrient diets. To test this hypothesis, we compared feed conversion efficiency, rumen fermentation characteristics
and bacterial communities in the two species fattened on a low concentrate diet in a small-holder feedlot. Six yaks
(211 + 6.0 kg) and 6 cattle (210 + 7.0 kg), all castrated males, were offered a diet consisting of 2.0 kg/day of
concentrate and ad libitum oat hay pellets for 105 days, which included 10 days for dietary adaptation and 95 days for
data recording. Dry matter intake (P < 0.01) and feed conversion ratio (P < 0.05) were greater in cattle than in yaks.
Urinary purine derivative excretion and microbial nitrogen production were greater (P < 0.05) in cattle than yaks, but
the purine nitrogen index and microbial protein synthesis efficiency were greater (P.< 0.01) in yaks. Additionally, the
ruminal concentrations of ammonia-N and free amino nitrogen were greater (P < 0.05) in yaks than cattle. The relative
abundances of the fibrolytic bacteria norank_f_UCG-011 and Romboutsia, were greater (P < 0.05) in yaks than cattle.
These results suggest that interspecies differences in rumen microbial composition and N utilization confer a microbial
protein synthesis advantage to yaks when fattened on a low concentrate diet in a small-holder feedlot. The advantages
for the yaks over cattle in the present study, however, were less evident than reported for these species when grazing.
Grazing yaks have a wide choice of dietary intake, which can differ substantially from co-grazing cattle, but under
feedlot conditions they are offered the same feed, and their diets are similar. Dietary intake is a major determinant of
rumen bacteria, which could explain why rumen bacteria and responses of yaks and cattle in feedlots would be closer

than when grazing.

Keywords: Yaks; Qaidam cattle; Rumen fermentation; Rumen bacterial community; Microbial protein synthesis
INTRODUCTION

The Qinghai-Tibetan plateau (QTP) is known for its extreme environmental conditions, including prolonged cold,
intense ultraviolet radiation, strong winds, and hypoxia. Due to a short forage-growing season, pasture quality is
particularly poor during the long, harsh winters [1]. Yaks (Poephagus grunniens), native to the Asian highlands, are
raised at elevations above 3,000 m above sea level (a. s. I.), and are well-adapted to these challenging conditions. They

serve as a vital livelihood resource for local inhabitants by providing meat, milk, hides, dung, and transport [2].
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Traditionally, yaks grazed year-round without supplements, and, in winter, this resulted in low forage intake and loss
of body weight, which delayed slaughter [2]. Qaidam cattle (Bos taurus), introduced to the QTP before the third
century AD, are raised at altitudes between 2,600 and 3,600 m a, s, I, [3]. They are less tolerant of the harsh conditions
and low-quality forage and, thus, require dietary supplementation and shelter during winter. The two bovine species
co-graze over much of their overlapping ranges [3].

In recent years, short-term intensive feedlot systems have been initiated to improve animal growth performance and
economic returns on the QTP [4]. High-concentrate diets have enhanced growth rates and carcass yields in both yaks
and cattle [5,6]; however, long-term use of such diets has been associated with risks of metabolic disorders, including
ruminal acidosis and systemic inflammation [7]. Consequently, low- to medium-concentrate feeding regimes have
attracted attention as a more sustainable and welfare-friendly alternative. For most small-holder feedlots on the QTP,
a low-concentrate fattening strategy, characterized by restricted concentrate feeding combined with ad libitum
roughage, appears to be the most economically viable option.

Although yaks and Qaidam cattle are both capable of subsisting on high-fiber diets, it has been reported that yaks
are able to digest fibers to a greater extent, and produce greater amounts of volatile fatty acid (VFAS) and microbial
protein than cattle when fed the same diet [8,9]. These advantages are likely due to their distinct rumen microbial
community composition [10,11], suggesting that yaks may be better adapted to low-concentrate feeding systems.
Based on previous studies, we hypothesized that a low-concentrate diet in small-holder feedlots could be an effective
strategy for fattening yaks. This approach takes advantage of the yaks’ ability to digest coarse feed, and, consequently,
reduces rearing cost and improves production efficiency. To test our prediction, we compared dry matter intake,
average daily gain, feed conversion rate and ruminal bacterial compaosition between yaks and Qaidam cattle receiving
the same low-concentrate high roughage diet under small-holder feedlot conditions. The findings are expected to
provide valuable insights for developing feeding strategies for stall-fed ruminants in the unique environmental context

of the QTP.

MATERIALS AND METHODS

All animal-related procedures in this study were reviewed and approved by the Animal Ethics Committee of

Lanzhou University, Gansu, China (Protocol number 202101050). Measurements were made from March to June
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2021, at Wushaoling Yak Research Facility of Lanzhou University (37°14°20.54"N, 102°48'34.32"E, altitude 3,154
m a. s. I), in Tianzhu Tibetan Autonomous County, Wuwei City, Gansu Province, China.

Experimental design, animals and diets

Six yaks (211 + 6.0 kg) and six Qaidam cattle (210 + 7.0 kg), all 4-year old castrated males, were maintained in
individual metabolic cages (1.0 m x 2.2 m) with free access to water and received 2.0 kg/day of a fattening concentrate
and ad libitum commercial oat hay pellets (Table 1). Due to the harsh environmental conditions on the Qinghai-
Tibetan Plateau, yaks are typically fattened on pasture during June to September and are slaughtered over 4 years of
age, when they weigh more than 250 kg. Therefore, we selected 4-year-old castrated animals at the fattening stage for
this study. Feed was provided twice daily at 07:00 and 18:00 for 105 days, which included 10 days of dietary adaptation
and 95 days of data recording.
Procedures and collection of samples

Body weights were recorded proior to the morning feeding on the first and final days to calculate average daily gain
(ADG). The daily intake of concentrate and oat pellets were recorded to calculate total dry matter intake (DMI), and
feed conversion efficiency (FCR) was determined as the ratio of DMI to ADG. Every 15 days, 300 g samples of both

oat hay pellets and concentrate feed were collected, sealed in airtight plastic bags, and stored at -20C for subsequent

analysis. On the final day of the trial and 3 hours after morning feeding, approximately 30 mL of rumen fluid were
collected from each animal using an oral stomach tube (Anscitech Co. Ltd., Wuhan, China) connected to a vacuum
pump. To minimize saliva contamination, the tube was rinsed thoroughly between animals, and the first 10 mL of
rumen fluid were discarded. Rumen pH was measured immediately using a portable pH meter (PB-10, Sartorius Co.,
Gaottingen, Germany) and then the fluid was filtered through 4 layers of cheesecloth, and aliquots were prepared for
further analysis. Specifically, 10 mL were mixed with 5 mL of 25 % (w/v) metaphosphoric acid and stored at -20°C
for VFAs analysis, while 5 mL were mixed with 5 ml of 0.5 mmol/L hydrochloric acid for analysis of ruminal nitrogen
components. The remaining portion was stored at -80°C for bacteria identification.

During the last week of the experimental period, the metabolic cages were cleaned thoroughly before morning
feeding to prepare for total collection of urine and feces. Fecal samples were collected in a clean tray positioned at the
rear of each cage, while urine was collected using a latex funnel attached to the animal, which allowed the urine to
flow into a plastic tray located underneath the metabolism crate. Daily urine from individual animal was collected into

a bucket containing 50 mL of 9.0 mol/L H,SO4 to maintain the pH below 2.5. Total feces and urine were collected
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from d 100 to d 105, and 10% of each daily output were stored at -20°C. The 5-day fecal collections were pooled for
each animal, but the daily urinary samples were maintained separately for each day.
Laboratory analyses

Feed and fecal samples were oven-dried at 65°C for 72 hours ground to pass through a 1 mm screen (JFSO-100,
Topu Yunnong Instrument, Hangzhou, China), and stored at room temperature in airtight plastic bags. The contents
of dry matter (DM; AOAC method 925.45) and organic matter (OM; AOAC method 942.05) were analyzed following
standard procedures outlined by the Association of Official Analytical Chemists [12]. Ether extract (EE) was measured
using a reflux apparatus (Ankom XT 15, Fairport, NY, USA), with petroleum ether extraction at 90 °C for 1 hour
(AOAC method 920.29) [12]. Urinary and feed nitrogen (N) contents were measured with a nitrogen analyzer (K1100,
Hannon Instruments, Jinan, China), and crude protein (CP) was estimated by multiplying the total N content by 6.25.
Neutral detergent fiber (aNDF), analyzed with a heat stable amylase, and acid detergent fiber (ADF) were quantified
using an automated fiber analysis system (Ankom Technology, Fairport, NY, United States), as described by
Robertson and Soest [13] and Van Soest and Robertson [14], respectively. Non-fibrous carbohydrates (NFC) were
calculated as DM minus the sum of individual nutrient content.

Ruminal VFA concentrations were measured by gas chromatography (Shimadzu 2010 Plus, Shimadzu Corporation,
Kyoto, Japan) equipped with an AT-FFAP capillary column (30 m x 0.32 mm x 0.5 mm), following Liu [15]. The
injector and detector temperatures were set at 200°C and 250°C, respectively. The oven temperature increased from
90°C to 120°C at 10 °C/min, held for 3 minutes, then raised to 180°C at 10 °C/min and held for 5 minutes. Rumen
soluble protein nitrogen (SPN) concentration was determined using the Lowry method [16], and ammonia-N and free
amino nitrogen (FAN) concentrations were measured using a spectrometer (SpectraMax M5, Molecular Devices, San
Jose, CA, USA) at absorbance wavelengths of 630 nm and 570 nm, respectively [17].

Urinary purine derivatives (PDs) were quantified using high-performance liquid chromatograph (HPLC; Agilent
1260, Lexington, MA, USA) equipped with a reverse-phase column (250 x 4.6 mm, Synergi 4 pm Hydro-RP 80 A,
Phenomenex, Torrance, CA, USA), as described by Shingfield and Offer [18]. Rumen microbial N synthesis in rumen
fluid was estimated based on the urinary PD, following Chen and Gomes [19]:

Y =0.84 X +0.15 BW %75 x exp (— 0.25X).

X (mmol/d) x 70
0.116 x 0.83 x 1000

microbial N (g N/d) =

where: Y (mmol/d) = PD excreted in urine; X (mmol/d) = duodenal absorption of microbial purines; and e (mmol/BW

0.75 daily) = endogenous PD excretion. The purine derivatives nitrogen index (PNI) was calculated as the ratio of
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purine derivative nitrogen to total urinary nitrogen [20], and rumen microbial protein synthesis (MPS) efficiency was
calculated as the ratio of microbial N to digestible organic matter intake (DOMI).
Microbial DNA extraction and sequencing

Total genomic DNA was extracted from the rumen fluid samples using the E.Z.N.A® DNA kit (Omega Bio-tek,
Norcross, GA, United States), following the manufacturer’s instructions. DNA concentration and purity were assessed
using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific, Wilmington, DE, USA), with an acceptable
A260/A280 ratio ranging from 1.8 to 2.2. DNA integrity was further verified via 1% agarose gel electrophoresis.

Polymerase Chain Reaction (PCR) amplification and subsequent bioinformatic analyses were done by Shanghai
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The V3-V4 hypervariable regions of the 16S rRNA
gene were amplified using the universal primer pair 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). PCR products were visualized on a 2% agarose gel, purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), and quantified with a Quantus™
Fluorometer (Promega, Madison, WI, USA). Equimolar concentrations of purified amplicons were pooled and
sequenced (2 x 300 bp) using the Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA).

Microbiome bioinformatic analyses were used QIIME2. Raw paired-end reads were first demultiplexed with the
demux plugin and primers were removed using cutadapt plugin. Quality filtering, denoising, read merging, and
chimera removal used DADAZ2. To ensure comparability with previous ruminant microbiome studies, the sequences
were clustered de novo into operational taxonomic units (OTUs) using VSearch (q2-vsearch). Representative OTU
sequences were classified using a naive Bayes classifier trained on 16S rRNA data from the SILVVA-138 database.
The OTU counts were narmalized to the number of reads in the sample with the fewest reads. Subsequent analyses of
alpha and beta diversities used normalized data.

Statistical analyses

Data processing used Microsoft Excel (version 2021). Statistical comparisons between the yaks and cattle were
carried out using an independent samples two-tailed t-test in SPSS software (version 26.0; SPSS Inc., Chicago, IL,
USA). Differences were considered statistically significant at P < 0.05, and results are reported as means + standard
error of the mean (SEM).

Alpha diversity indices, including ACE index and Shannon diversity index, were calculated using the QIIME2
diversity plugin, and analyzed by the non-parametric Kruskal-Wallis test and Wilcoxon rank test using R packages

(v3.4.1). Beta diversity was assessed via constrained principal component analysis (PCA) of Bray—Curtis distance



148 matrices, implemented by the capscale and anova.cca functions in the vegan package in R. Statistical significance
149  was determined by permutation testing.

150 Differential bacterial taxa between species were identified by linear discriminant analysis effect size (LEfSe), which
151 combined the Kruskal-Wallis test with subsequent tests assessing biological consistency and effect size relevance.
152  Taxa with a linear discriminant analysis (LDA) score > 2 were considered significantly enriched. Spearman’s rank
153 correlation coefficient tested relationships between the relative abundances of the top 30 most prevalent ruminal
154  bacterial genera and VFA concentrations, using the corrplot package in R. Functional predictions of microbiota
155 metabolic pathways were generated using PICRUSt2 (v2.2.0), with pathway abundance annotated against the KEGG

156  database.

157 RESULTS

158  Dry matter intake, average daily gain and feed conversion ratio

159 Total DMI was greater (P < 0.01) in cattle than in yaks (7.28.vs 5.56 kg/d), while ADG did not differ (P > 0.05)
160  between species (526 vs 521 g/d). FCR was lesser (P < 0.05) in yaks than in cattle (12.1 vs 15.1 g/g; Figure 1).

161  Rumen pH and volatile fatty acids

162 Ruminal pH, total VFA concentration, and the molar proportions of acetate, propionate, butyrate, and iso-VFAs did
163  not differ (P > 0.05) between yaks and Qaidam cattle (Table 2).

164 Urinary purine derivatives (PD) excretion, purine nitrogen index (PNI) and rumen microbial protein synthesis
165  (MPS) and nitrogen components

166 The ruminal concentrations of ammonia-N and FAN were greater (P < 0.05) in yaks than cattle, while the
167 concentration of SPN did not differ (P > 0.05) between species. Urinary total PD excretion and rumen microbial N
168 production were greater (P < 0.05) in cattle than yaks but PNI and MPS efficiency were greater (P < 0.01) in yaks
169 than Qaidam cattle (Table 3).

170  Collection sequencing data

171 A total of 748,225 raw 16S rRNA reads were obtained from the 12 rumen fluid samples. After quality filtering,
172 chimera removal, and reads merging, 687,839 high-quality sequences were retained, with an average read length of
173 417 bp. Clustering at 97% sequence identity yielded 1,790 OTUs, of which 1,526 were shared between species, while
174  yaks had 139 and cattle had 125 unique OTUs (Figure 2). Principal component analysis (PCA) of rumen bacterial
175 communities revealed only modest separation between the two species, with PC1 and PC2 explaining 15.4% and 14.0%

176 of the total variance, respectively. Alpha diversity indices (ace and Shannon) did not differ (P > 0.05) between species.
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Ruminal bacterial composition

A total of 21 bacterial phyla were identified across all samples, with six phyla having relative abundances > 0.1 %
(Figure 3). Bacteroidetes was the dominant phylum in both species, accounting for 52.3% in yaks and 57.4% in cattle,
while Firmicutes followed, with relative abundances of 41.8% in yaks and 36.9% in cattle. The Firmicutes:
Bacteroidetes ratio did not differ (P > 0.05) between species. Cattle had a greater relative abundance of Fibrobacterota
(P < 0.05) and a lesser abundance of Elusimicrobiota (P < 0.05) than yaks.

A total of 286 genera were identified, with the 30 most abundant presented in Figure 4. Dominant genera included
Prevotella (23.5% in yaks vs. 32.5% in cattle), Rikenellaceae RC9 gut group (10.0% vs. 10.3%), and
Christensenellaceae_R-7_group (7.33% vs. 7.21%). Relative abundances of norank f UCG-011, Atopobium,
Family_XII1_AD3011 group, Oscillospira, norank_f Peptococcaceae, Quinella, Catenibacterium, Romboutsia, and
Corynebacterium were greater (P < 0.05) in yaks than cattle, whereas abundances of Succiniclasticum, Howardella,
Pseudobutyrivibrio, Lachnospiraceae_FCS020_group, and GAG_352 were greater (P < 0.05) in cattle than yaks.

LEfSe analysis identified 47 discriminative taxa between the two groups (Figure 5) and, based on an LDA score
threshold of + 2.0, 35 genera were enriched in yaks and 12 in cattle. Genera enriched in yaks included
norank_f UCG-011, Family XIII_AD3011 group, Atopobium, Oscillospira, and Quinella and in cattle included
Succiniclasticum, Alloprevotella, Pseudobutyrivibrio, and Lachnospiraceae_ FCS020_group.

Correlations between ruminal bacteria and fermentation parameters

In total, 24 positive and 25 negative correlations (P < 0.05) emerged between bacterial genera and rumen
fermentation variables (Figure 6). Prevotella was correlated positively with the molar proportions of propionate (r =
0.699; P = 0.011), and negatively with the acetate: propionate (A:P) ratio (r = -0.622; P = 0.031).
Rikenellaceae_ RC9 gut_group was correlated positively with the A:P ratio (r = 0.825; P < 0.010), while
Lachnospiraceae_ NK3A20 group was correlated positively with ruminal pH (r = 0.609; P = 0.035) and ammonia-N
concentration (r = 0.594; P = 0.042), and negatively with the molar proportions of acetate (r = - 0.650; P = 0.022) and
propionate (r = - 0.636; P = 0.026) and total VFA concentration (r = - 0.587; P = 0.045). Succiniclasticum was
correlated negatively with the molar proportions of iso-VFAs (r = - 0.664; P = 0.018), and concentrations of ammonia-
N (r=-0.902; P <0.001) and FAN (r =-0.747; P <0.010), while Veillonellaceae_ UCG-001 was correlated negatively
with the concentrations of ammonia-N (r = - 0.615; P = 0.033) and FAN (r = - 0.786; P < 0.01). Butyrivibrio was
correlated negatively with the molar proportions of acetate (r = - 0.664; P = 0.018) and propionate (r = - 0.748; P <

0.01), and total concentrations of VFASs (r =- 0.678; P = 0.015), and positively with ruminal pH (r =0.697; P = 0.012).
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Prevotellaceae_ UCG-001 was correlated negatively with ammonia-N (r = - 0.650; P = 0.022) and concentration of
FAN (r = - 0.740; P < 0.010), while DNF00809 was correlated positively with ruminal pH (r = 0.704, P = 0.011) and
negatively with total VFAs (r = - 0.608, P = 0.036). UCG-001 was correlated negatively with the molar proportion of
butyrate (r = - 0.629, P = 0.028), Family_XIll_AD3011_group was correlated positively with iso-VFAs (r = 0.636, P
=0.026), ammonia-N (r =0.699, P = 0.011), and FAN (r =0.632, P = 0.027), and Saccharofermentans was correlated

positively with ruminal pH (r = 0.578, P = 0.049) and negatively with propionate (r = -0.657, P = 0.020).
PICRUSt2 prediction of functions

The top 40 predicted functional pathways of the rumen bacterial communities in yaks and cattle were identified
using PICRUSt2 (Table S1). Among these, only one predicted metabolic pathway differed (P. < 0.05) between the two
species. Overall, the most abundant predicted function was metabolic pathways (18.8%), followed by biosynthesis of

secondary metabolites (9.42%) and biosynthesis of amino acids (4.27%).

DISCUSSION

Dry matter intake, growth performance and feed conversion efficiency

In the present study, DMI was 30.6% greater in cattle than yaks, yet ADG did not differ between the species. This
would indicate that; 1) the maintenance energy requirements of cattle were greater than for yaks and, therefore, yaks
had more energy available for growth than cattle; and/or 2) yaks were able to utilize the energy and the nutrients more
efficiently than cattle for maintenance and growth. There is support for the former option as it was reported that yaks
had lesser energy maintenance requirements and that N requirements for maintenance of yaks were substantially lesser
than for cattle [21,22]. In addition, it was reported that enteric methane losses were lesser in yaks than cattle [23]. The
relative abundances of Quinella, an important hydrogen-utilizing bacteria occurring in ruminants with low methane

emissions [24], and Elusimicrobiota, which converts H, into ferric compounds, were greater in yaks than cattle,

indicating that energy losses via methane emission [25] were lesser in yaks than cattle.

Furthermore, the concentration of appetite peptide A, a neuropeptide in the gastrointestinal tract that stimulates
feeding behavior [26], was lesser in yaks than in cattle [27]. These differences between species indicate that yaks
consume less DM, lose less energy via methane production and allocate more energy and N toward maintenance and

growth, ultimately contributing to their lesser FCR. These findings imply that under low-concentrate fattening
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conditions, such as those commonly used in small-holder feedlot systems on the QTP, yaks require lesser DMI than
Qaidam cattle and, thus, yak production could be more economical than cattle production under these conditions.
Rumen fermentation parameters

Rumen pH is a critical determinant of microbial growth, fiber degradation, biohydrogenation, and methanogenesis
[28]. In the present study, ruminal pH values were 6.86 and 6.91 in yaks and cattle, respectively, both within the range
of 6.2-7.2, which is optimal for microbial activity and efficient fermentation [29]. These values indicated that both
species maintained a healthy rumen environment under the experimental dietary conditions.

VFAs are the primary end-products of microbial fermentation in the rumen and supply approximately 70-80% of
the host’s energy requirements [30]. VFA profiles are largely shaped by dietary nutrient composition and fermentation
efficiency. An ultra-deep metagenomic sequencing study demonstrated greater VFA-yielding pathways of rumen
microbial genes in yaks than in cattle [31], and previous in vivo [32] and in vitro [31] studies reported that total VFA
concentration was greater in yaks than in cattle. In the present study, the relative abundances of Catenibacterium,
which hydrolyze glucose and produce acetate and butyrate [33], and norank_f_Pseudonocardiaceae, which ensure
the stable VFA generation [34], were greater in yaks than cattle. However, in the present study, there was no difference
in VFA concentration between yaks and cattle. This discrepancy may be due to the difference in rumen volume
between species as the fractional absorption rates of all VFAs were reduced by an increase in rumen volume [35]. As
DMI was substantially greater in cattle than yaks, we reasoned that the rumen volume was greater in cattle and,
therefore, the VFAs remained longer in the rumen in cattle than yaks, resulting in a greater concentration and, thus,
increasing the concentration in cattle.

Urinary PD excretion and rumen microbial N synthesis efficiency

In ruminants, urinary PDs are derived primarily from the intestinal absorption of nucleic acid purines, the majority
of which originate from microbial protein. Thus, urinary PD excretion is a widely accepted proxy for microbial protein
synthesis [19]. In the present study PD excretion and microbial N yield were lesser in yaks than in cattle, which could
be explained by the greater DMI by cattle than yaks. MPS is dependent on ruminal fermentable substrate [36], which
was considerably greater in the cattle than yaks. However, PNI, a useful indicator for evaluating the efficiency of
dietary digestible N converted into rumen MCP [37] and the efficiency of MPS were greater in yaks than cattle. In
addition, the concentration of ruminal ammonia-N, a major intermediate generated from microbial degradation of
dietary protein, peptides, amino acids, and host-derived urea [38] and the concentration of FAN, a byproduct of

proteolytic and peptidolytic activity by bacteria such as Butyrivibrio fibrisolvens and Prevotella albensis [39,40], were
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greater in yaks than cattle. FAN contributes approximately 20-50% [41,42] of the N used for microbial protein
synthesis. Therefore, the elevated FAN and ammonia-N levels in yaks enhance the availability of nitrogenous
substrates for microbial growth, The greater PNI and MPS efficiency, combined with greater concentrations of ruminal
ammonia-N and FAN, supported the premise that enhanced N utilization is an important adaptation of yaks to the
chronically limited crude protein availability on the QTP.

Ruminal bacterial community composition

The composition of the ruminal bacteria, which are essential for host productivity, immunity, and survival, is closely
modulated by diet [43]. In the present study, alpha diversity indices, including ACE and Shannon diversity indices,
and bacterial richness did not differ between the yaks and Qaidam cattle, which is consistent with previous reports
where Bacteroidetes and Firmicutes were the predominant phyla, and Prevotella the most abundant genus [44,45].
Firmicutes and Bacteroidetes are known to respond to dietary energy levels and the forage: concentrate ratio.
Bacteroidetes degrade primarily carbohydrates and proteins, whereas Firmicutes degrade mainly fibrous and non-
fibrous polysaccharides [46,47]. The Firmicutes: Bacteroidetes (F:B) ratio, often considered an indicator of feed
conversion efficiency, typically increases with high-grain diets [48-50]. In the present study, the F: B ratio was greater
in yaks (0.65) than in cattle (0.59), suggesting a potentially greater conversion efficiency in yaks than in cattle.

The relative abundances of norank_f UCG-011 [51] and Romboutsia [34], genera associated with fiber degradation,
were greater in yaks than in cattle, which supported the premise that yaks are more efficient in degrading fibers than
cattle. In a previous study in grazing animals, the relative abundances of Ruminococcaceae_ NK4A214_group,
Prevotella, Ruminococcus, Butyrivibrio, and Rikenellaceae_RC9_gut_group, Pseudobutyrivibrio and Fibrobacter
succinogenses were greater in yaks than cattle [52,53]. These genera degrade fibers; however, the relative abundances
of these genera did not differ between the yaks and cattle in the present study and the relative abundance of
Fibrobacterota, which degrades lignocellulosic materials [54,55], was even greater in cattle than in yaks. These
differences between the grazing ruminants and feedlot ruminants in the present study could be attributed to the dietary
intake, as dietary intake is a major factor affecting the composition of the ruminal bacteria community [43]. Under
grazing conditions, the diets of the yaks and cattle could have differed considerably, as they were able to select from
a wide array of plant species, but under stall-fed conditions, the composition of the dietary intakes were similar, as
both species were offered the same diet and there was little choice.

The relative abundance of Succiniclasticum, a bacteria that ferments succinate and converts it to propionate, an

important precursor of glucose in the rumen [56], was greater in cattle than yaks. It was reported that the relative
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abundance of Succiniclasticum increases linearly with increasing dietary energy levels, and that an increase in NFC
content favors the growth of this genus [9], and this could explain the difference in relative abundances between yaks
and cattle.
PICRUSt2 prediction of functions

Using PICRUSI2 to predict the potential functions of the rumen bacterial communities, a wide range of metabolism-
related pathways were identified. Among these, metabolic pathways at KEGG level 3 were the most prominent,
reflecting their crucial role in livestock survival, growth, and reproduction. The functional predictions indicated an
enhanced enrichment of pathways related to pantothenate and coenzyme A (CoA) biosynthesis in cattle than yaks.
Pantothenate, vitamin B5, is the key precursor for the biosynthesis of CoA, a universal and essential cofactor involved
in a myriad of metabolic reactions, including the synthesis of phospholipids, the synthesis and degradation of fatty
acids, and the operation of the tricarboxylic acid cycle [57]. The pathways related to carbohydrate degradation, energy
metabolism, amino acid metabolism, and lipid metabolism did not differ between the two species. To further elucidate
the functional impacts of low-concentrate diets on rumen microbial activity and metabolite production in yaks and
cattle, integrative studies employing metagenomics and metabolomics are warranted. Such approaches could provide
a more comprehensive understanding of the underlying microbial mechanisms and host-microbe interactions in these

species.

Conclusions

Under identical dietary conditions, DMI was lesser in yaks than Qaidam cattle, but ADG did not differ between
species and FCR was lesser in yaks than cattle. The greater ruminal concentrations of ammonia-N and FAN, along
with the greater PNI and MPS efficiency in yaks, indicated more effective N utilization and microbial protein
production. Additionally, differences in rumen microbial composition indicated that yaks harbor distinct microbial
communities. Under small-holder feedlot conditions with low-concentrate diets, yaks exhibited better fattening
performance tha Qaidam cattle. These characteristics highlight the adaptive capacity of yaks to seasonal fluctuations

and low-quality forage resources typical of the QTP.

Acknowledgments



318
319
320
321

322

323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

This study was supported by the Science and Technology Project of East & West Collaboration in Luqu County of
2024, and the Science and Technology Project of the Department of Agriculture & Rural Affairs in Gansu Province

(GNKJ-2024-12).

References

1. Long RJ. Seasonal dynamics of several nutrient metabolites in serum of alpine grassland grazing yaks [PhD
Thesis]. Lanzhou, China: Gansu Agricultural University; 1995.

2. Long RJ, Ding LM, Shang ZH, Guo XH. The yak grazing system on the Qinghai-Tibetan plateau and its
status. Rangel J 2008:30(2): 241-6. http://doi.org/10.1071/RJ08012

3. Chen N, Cai Y, Chen Q, et al. Whole-genome resequencing reveals world-wide ancestry and adaptive
introgression events of domesticated cattle in East Asia. Nat Commun. 2018;9:2337. http://doi.org/10.1038/s41467-
018-04737-0

4. Fang L. Effects of feeding patterns in summer on yaks' growth performance, carcass traits, meat quality and
rumen bacteria diversity [Ph. D. Thesis]. Beijing: China Agricultural University; 2015.

5. Janes AN, Weekes TE, Armstrong DG. Insulin action and glucose metabolism in sheep fed on dried-grass
or ground, maize-based diets. Br J Nutr 1985;54:459-71. http://doi.org/10.1079/bjn19850131

6. Chen H, Wang C, Huasai S, Chen A. Effects of dietary forage to concentrate ratio on nutrient digestibility,
ruminal fermentation and rumen bacterial composition in Angus cows. Sci Rep 2021;11:17023.
http://doi.org/10.1038/s41598-021-96580-5

7. Ma J, Shah AM, Wang Z, Fan X. Potential protective effects of thiamine supplementation on the ruminal
epithelium damage during subacute ruminal acidosis. Anim Sci J 2021;92:e13579. http://doi.org/10.1111/asj.13579
8. Zhou JW, Zhong CL, Liu H, et al. Comparison of nitrogen utilization and urea kinetics between yaks (Bos
grunniens) and indigenous cattle (Bos taurus). J Anim Sci 2017:10.

9. Liu H. Energy and nitrogen utilization and ruminal bacterial community on yaks in response to dietary
varying with energy levels [PhD Thesis]. Lanzhou, China: Lanzhou University; 2022.

10. Huang X, Denman S, Jiandui M, et al. Differences in bacterial diversity across indigenous and introduced

ruminants in the Qinghai Tibetan plateau. Anim Prod Sci 2021;62:1362-70. http://doi.org/10.1071/AN20204



345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

11. Liu H, Zhou J, Degen A, et al. A comparison of average daily gain,apparent digestibilities,energy
balance,rumen fermentation parameters,and serum metabolites between yaks(Bos grunniens) and Qaidam cattle(Bos
taurus) consuming diets differing in energy level. Anim Nutr 2023;12:77-86.

12. AOAC. Official Methods of Analysis. 18th ed. Off. Anal Chem Arlington VA. 2006.

13. Robertson JB, Soest PJV. The detergent system of analysis. In: James WPT, Theander O. (Eds.), The
Analysis of Dietary Fibre in Food. Marcel Dekker, NY. 1981.

14. Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral detergent fiber, and nonstarch
polysaccharides in relation to animal nutrition. J Dairy Sci 1991;74:3583-97. http://doi.org/10.3168/jds.S0022-
0302(91)78551-2

15. Liu H, Yang G, Degen A, et al. Effect of feed level and supplementary rumen protected lysine and
methionine on growth performance, rumen fermentation, blood metabolites and nitrogen balance in growing Tan
lambs fed low protein diets. Anim Feed Sci and Technol 2021;279:115024.
http://doi.org/10.1016/j.anifeedsci.2021.115024

16. Oosta GM, Mathewson NS, Catravas GN. Optimization of Folin-Ciocalteu reagent concentration in an
automated Lowry protein assay. Analyt Biochem 1978;89:31-4. http://doi.org/10.1016/0003-2697(78)90723-6

17. Hristov AN, Ivan M, Rode LM, McAllister TA. Fermentation characteristics and ruminal ciliate protozoal
populations in cattle fed medium- or high-concentrate barley-based diets. J Anim Sci 2001;79:515-24.
http://doi.org/10.2527/2001.792515x

18. Shingfield KJ, Offer NW. Simultaneous determination of purine metabolites, creatinine and pseudouridine
in ruminant urine by reversed-phase high-performance liquid chromatography. J Chromatogr. B, Biomed. Appl
1999;723:81-94.

19. Chen XB, Gomes MJ. Estimation of Microbial Protein Supply to Sheep and Cattle Based on Urinary
Excretion of Purine Derivatives — An Overview of Technical Details. International Feed Resources Unit, Rowett
Research Institute, Bucksburn, Aberdeen, UK. 1992.

20. Chen XB, Subba DB, @rskov ER, Jayasuriya MCN. Nuclear based technologies for estimating microbial
protein supply in ruminant livestock: purine nitrogen index, potentially a new parameter for rapid feed evaluation in
ruminants. Proceedings of the Second Research Coordination Meeting of a Coordinated Research Project

(FAO/IAEA Division of Nuclear Techniques in Food and Agriculture); 1998.



373 21. Long RJ, Dong SK, Hu ZZ, et al. Digestibility, nutrient balance and urinary purine derivative excretion in
374 dry yak cows fed oat hay at different levels of intake. Livest Prod Sci 2004;88:27-32.

375 22. Guo X, Zhang Y, Zhou J, et al. Nitrogen metabolism and recycling in yaks (Bos grunniens) offered a

376  forage—concentrate diet differing in N concentration. Anim Prod Sci 2012;52:287-96.

377 23 Mi J, Zhou J, Huang X, Long R. Lower Methane Emissions from Yak Compared with Cattle in Rusitec
378 Fermenters. PL0oS One 2017;12:e0170044. http://doi.org/10.1371/journal.pone.0170044

379 24. Kumar S, Altermann E, Leahy SC, et al. Genomic insights into the physiology of Quinella, an iconic

380  uncultured rumen bacterium. Nat Commun 2022;13:6240. http://doi.org/10.1038/s41467-022-34013-1

381 25. Kobayashi Y, Shinkai T, Koike S. Ecological and physiological characterization shows that Fibrobacter
382  succinogenes is important in rumen fiber digestion -: Review. Folia Microbiol 2008;53:195-200.

383  hitp://doi.org/10.1007/s12223-008-0024-z

384  2e. Sakurai T. The role of orexin in motivated behaviours. Nat Rev Neurosci 2014;15:719-31.

385  http://doi.org/10.1038/nrn3837

386 217. Ding YP, Meng Y, Zhang JP. Differential experession of Orexin A in gastrointestinal tract between yak and
387  cattle. Journal of Northwest Normal University 2016:101-5.

388 28. Kala A, Kamra DN, Kumar A, et al. Impact of levels of total digestible nutrients on microbiome, enzyme
389  profile and degradation of feeds in buffalo rumen. PLoS One 2017;12:e0172051.

390 http://doi.org/10.1371/journal.pone.0172051

391 29. Grant RJ, Mertens DR. Influence of buffer pH and raw corn starch addition on in vitro fiber digestion
392  kinetics. J Dairy Sci 1992:75(10):2762-8. http://doi.org/10.3168/jds.s0022-0302(92)78039-4

393 30. Clark JH, Klusmeyer TH, Cameron MR. Microbial protein synthesis and flows of nitrogen fractions to the
394  duodenum of dairy cows. J Dairy Sci 1992;75:2304-23. http://doi.org/10.3168/jds.S0022-0302(92)77992-2

395 31. Zhang Z, Xu D, Wang L, et al. Convergent Evolution of Rumen Microbiomes in High-Altitude Mammals.
396  Curr Biol 2016;26:1873-9. http://doi.org/10.1016/j.cub.2016.05.012

397 32. Huang XD, Tan HY, Long R, Liang JB, Wright AD. Comparison of methanogen diversity of yak (Bos
398  grunniens) and cattle (Bos taurus) from the Qinghai-Tibetan plateau, China. BMC Microbiol 2012;12:237.

399  nitp://doi.org/10.1186/1471-2180-12-237



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

33. Ricci L, Selma-Royo M, Golzato D, et al. Description of Catenibacterium mitsuokai subsp. tridentinum
subsp. nov., an anaerobic bacterium isolated from human faeces, and emended description of C. mitsuokai. Int J Syst
Evol Microbiol 2025;75. http://doi.org/10.1099/ijsem.0.006798

34. Liang J, Zubair M, Chen L, et al. Rumen microbe fermentation of corn stalk to produce volatile fatty acids
in a semi-continuous reactor. Fuel 2023;350:128905. http://doi.org/10.1016/j.fuel.2023.128905

35. Dijkstra J, Boer H, Van Bruchem J, Bruining M, Tamminga S. Absorption of volatile fatty acids from the
rumen of lactating dairy cows as influenced by volatile fatty acid concentration, pH and rumen liquid volume. Br J
Nutr 1993;69:385-96. http://doi.org/10.1079/bjn19930041

36. Zhou JW, Mi JD, Degen AA, et al. Apparent digestibility, rumen fermentation and nitrogen balance in
Tibetan and fine-wool sheep offered forage-concentrate diets differing in nitrogen concentration. J Agric Sci
2015;153:1135-45.

37. Makkar HPS, Chen XB. Estimation of Microbial Protein Supply in Ruminants Using Urinary Purine
Derivatives: Springer Netherlands; 2004.

38. Stewart GS, Graham C, Cattell S, et al. UT-B is-expressed in bovine rumen: potential role in ruminal urea
transport. Am J Physiol Regul Integr Comp Physiol 2005;289:R605-r12. http://doi.org/10.1152/ajpregu.00127.2005
39. Sales M, Blanchart FL. Effects of Ammonia-and Amino Acids on the Growth and Proteolytic Activity of
Three Species of Rumen Bacteria: Prevaotella albensis, Butyrivibrio fibrisolvens , and Streptococcus bovis. Current
Microbiol 2000.

40. Tan P, Liu H, Zhao J, et al. Amino acids metabolism by rumen microorganisms: Nutrition and ecology
strategies to reduce nitrogen emissions from the inside to the outside. Sci Tot Environ 2021;800.
http://doi.org/10.1016/j.scitotenv.2021.149596

41, Russell JB. Rumen microbiology and its role in ruminant nutrition: Ithaca, N.Y. James B. Russell, [2002]
©2002; 2002.

42. Wallace RJ. Ruminal microbial metabolism of peptides and amino acids. J Nutr 1996;126:51326-S34.
http://doi.org/10.1093/jn/126.suppl_4.1326S

43. He S, Yuan Z, Dai S, et al. Intensive feeding alters the rumen microbiota and its fermentation parameters in
natural grazing yaks. Front Vet Sci 2024;11:1365300. http://doi.org/10.3389/fvets.2024.1365300

44, Fan Q, Wanapat M, Yan T, Hou F. Altitude influences microbial diversity and herbage fermentation in the

rumen of yaks. BMC Microbiol 2020;20. http://doi.org/10.1186/s12866-020-02054-5



429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457

45, Mu Y'Y, Qi WP, Zhang T, et al. Changes in rumen fermentation and bacterial community in lactating dairy
cows with subacute rumen acidosis following rumen content transplantation. J Dairy Sci 2021;104:10780-95.
http://doi.org/10.3168/jds.2021-20490

46. Evans NJ, Brown JM, Murray RD, et al. Characterization of Novel Bovine Gastrointestinal Tract
Treponema Isolates and Comparison with Bovine Digital Dermatitis Treponemes. Appl Environ Microbiol
2011;77:138-47. http://doi.org/10.1128/aem.00993-10

47. Reigstad CS, Kashyap PC. Beyond phylotyping: understanding the impact of gut microbiota on host
biology. Neurogastroenterol and Mot 2013;25:358-72. http://doi.org/10.1111/nmo0.12134

48. Jumpertz R, Le DS, Turnbaugh PJ, et al. Energy-balance studies reveal associations between gut microbes,
caloric load, and nutrient absorption in humans. Am J Clin Nutr 2011;94:58-65.
http://doi.org/10.3945/ajcn.110.010132

49. Hu R, Zou H, Wang H, et al. Dietary Energy Levels Affect Rumen Bacterial Populations that Influence the
Intramuscular Fat Fatty Acids of Fattening Yaks (Bos grunniens). Animals 2020;10.
http://doi.org/10.3390/ani10091474

50. Liu H, Li Z, Pei C, et al. A comparison between yaks and Qaidam cattle in in vitro rumen fermentation,
methane emission, and bacterial community composition with poor quality substrate. Anim Feed Sci Technol
2022;291. http://doi.org/10.1016/j.anifeedsci.2022.115395

51. Dahl SA, Seifert J, Camarinha-Silva A, et al. Microbiota and Nutrient Portraits of European Roe Deer
(Capreolus capreolus) Rumen Contents in Characteristic Southern German Habitats. Microb Ecol 2023;86:3082-96.
http://doi.org/10.1007/s00248-023-02308-5

52. Hu C, Ding L, Jiang C, et al. Effects of Management, Dietary Intake, and Genotype on Rumen
Morphology, Fermentation, and Microbiota, and on Meat Quality in Yaks and Cattle. Front Nutr 2021;8:755255.
http://doi.org/10.3389/fhut.2021.755255

53. Huang X, Mi J, Denman SE, et al. Changes in rumen microbial community composition in yak in response
to seasonal variations. J Appl Microbiol 2022;132:1652-65. http://doi.org/10.1111/jam.15322

54. Hungate RE, Phillips GD, McGregor A, Hungate DP, Buechner HK. Microbial fermentation in certain
mammals. Science 1959;130:1192-4. http://doi.org/10.1126/science.130.3383.1192

55. Ransom-Jones E, Jones DL, McCarthy AJ, McDonald JE. The Fibrobacteres: an Important Phylum of

Cellulose-Degrading Bacteria. Microb Ecol 2012;63:267-81. http://doi.org/10.1007/s00248-011-9998-1



458
459
460
461
462
463
464

56. McLoughlin S, Spillane C, Campion FP, et al. Breed and ruminal fraction effects on bacterial and archaeal
community composition in sheep. Sci Rep 2023;13:3336. http://doi.org/10.1038/s41598-023-28909-1

57. Leonardi R, Jackowski S. Biosynthesis of Pantothenic Acid and Coenzyme A. EcoSal Plus
2007;2:10.1128/ecosalplus.3.6.3.4. http://doi.org/10.1128/ecosalplus.3.6.3.4

58. Xiong BH, Luo QR, Zheng SS, Zhao YG. Tables of feed compostion and nutritive values in China, 33th

ed. China Feed 2022:24:63-8. http://doi.org/10.15906/j.cnki.cn11-2975/s.20222412.



465  Table 1. Ingredients and chemical composition of the experimental diets.

Items Oat hay Concentrate
Ingredients, g/kg

Corn - 400
Soybean meal - 90
Cottonseed meal - 120
Corn DDGS - 85
Wheat bran - 72
Distiller’s grains - 40
Corn germ meal - 50
Sprayed corn bran - 70
Soybean oil - 10
CaCOs - 22
NaCl - 10
NaHCO3 - 15
Urea y 6
Premix! - 10
Total - 1000
Chemical composition, g/kg

DM 975 971
CP 115 235
aNDF 533 231
ADF 338 114
EE 31 41
NFC 202 402
Ash 119 91
ME (MJ/kg)? 8.29 12.15

466 DM, dry matter; OM, organic matter; CP, crude protein; aNDF, neutral detergent fiber; ADF,
467  acid detergent fiber; NFC, non-fibrous carbohydrates; ME, metabolizable energy.

468 ! The constitutes were provided as per kg of the premix: VA 800 000 1U, VD 500 000 IU, VE 10
469 000 IU, Fe 4000 mg, Zn 5000 mg, Cu 600 mg, Mn 2500 mg, Se 50 mg, Co 40 mg, | 50 mg.

470 2 The ME was calculated based on the Tables of Feed Composition and Nutritive Values in

471  China [58]



472

473

Table 2. Ruminal pH and volatile fatty acids in fattening yaks and cattle.

Animal species

Items Yak Cattle SEM P-value
pH 6.86 6.91 0.096 0.808

Total VFA, mmol/L 76.4 714 3.84 0.542

Individual VFAs, mol/100 mol

Acetate 70.2 70.4 0.29 0.782

Propionate 15.6 15.7 0.31 0.830

Butyrate 11.5 11.8 0.24 0.614

Iso-VFA 2.73 2.15 0.182 0.120

Acetate/Propionate 4.52 4.52 0.102 0.995

VFA, volatile fatty acids.



474  Table 3. Urinary purine derivatives excretion, purine nitrogen index, microbial protein synthesis
475  efficiency and ruminal nitrogen components in fattening yaks and cattle.
476

Animal species

Items Yak Cattle SEM  P-value
Ruminal N components concentration, mg/100 mL

Ammonia-N 9.76 7.28 0494 0.011

SPN 36.7 34.6 211  0.630

FAN 7.38 4.67 0.645 0.027
Total urinary PD excretion, mmol/d 150 171 2.0 <0.01
PNI 0.154 0.137 0.002 0.035
Rumen microbial N production, g/d 121 138 2.2 0.015
Rumen MPS efficiency, g MN/kg DOMI 35.2 30.7 021 <0.01

477 N, nitrogen; SPN, soluble protein nitrogen; FAN, free amino nitrogen; PD, purine derivatives;
478  PNI, purine nitrogen index; MPS, microbial protein synthesis; DOMI, digestible organic matter
479  intake.

480
481
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483  Figure 1. Dry matter intake, average daily gain, and feed conversion ratio of yaks and cattle.
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494
495  Figure 5. Linear discriminant analysis effect size (LEfSe) analysis of rumen microflora between

496  yaks and cattle. (A) Linear discriminant analysis; (B) Cladogram reported. Prefixes represent
497  abbreviations for the taxonomic rank of each taxon, phylum (p_) class (c_) order (0_), family

498  (f) and genus (g_).
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499
500 Figure 6. Spearman’s rank correlation analysis between the bacteria at the genus level (TOP 30)

501 and rumen fermentation parameters. According to Spearman’s rank correlation coefficient, the P
502 < 0.05is marked with “*” and P < 0.01 is marked with “**”.
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