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Current knowledge about the relationships between ruminabacterial communities
and metabolite pro les in the yak rumen is limited. This is de to differences in the
nutritional and metabolic features between yak and other alinary cattle combined

with dif culties associated with farm-based research and aack of technical guidance.
A comprehensive analysis of the composition and alteratianin ruminal metabolites
is required to advance the development of modern yak husbamgy. In the current
study, we characterized the effect of feed type on the rumina uid microbiota and

metabolites in yak using 16S rRNA gene sequencing and liquidhromatography-mass

spectrometry (LC-MS).Bacteroidetes and Firmicutes were the predominant bacterial
phyla in the yak rumen. At the genus level, the relative abuadice of Bacteroidales
BS11 gut group, Prevotellaceae UCG-003 Ruminococcaceae UCG-011, Bacteroidales
RF16 group and Ruminococcaceae UCG-010was signi cantly (P < 0.01) higher in
the forage group compared to that in the concentrate group, vihile the concentrate
group harbored higher proportions ofBacteroidales S24-7 group Ruminococcaceae
NK4A214, Succiniclasticum and Ruminococcus 2 Yak rumen metabolomics analysis
combined with enrichment analysis revealed that feed typeltered the concentrations of
ruminal metabolites as well as the metabolic pattern, and gni cantly (P < 0.01) affected
the concentrations of ruminal metabolites involved in prein digestion and absorption
(e.g., L-arginine, ornithine, L-threonine, L-proline and-alanine), purine metabolism (e.g.,
xanthine, hypoxanthine, deoxyadenosine and deoxyadenasé monophosphate) and
fatty acid biosynthesis (e.g., stearic acid, myristic acidnd arachidonic acid). Correlation
analysis of the association of microorganisms with metabité features provides us with a
comprehensive understanding of the composition and functin of microbial communities.
Associations between utilization or production were widgl identi ed between affected

microbiota and certain metabolites, and these ndings wiltontribute to the direction of
future research in yak.
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INTRODUCTION derivatization of the metabolic species prior to the analysis.
In contrast, LC-MS is capable of detecting a larger pool of

The yak Bos grunniens which is an iconic symbol of jntact metabolites with no need for chemical modi cation
the Qinghai-Tibetan plateau, thrives in extraordinarilyrbld  (Dsrmann, 2000; Gowda and Djukovic, 2014 urthermore,
conditions and provides the basic resources for nomadignass spectrometry coupled to liquid chromatography is an
pastoralists. For centuries, the yak has been inextricablssential technology for non-targeted metabolite pro lingdies
linked with human civilization and survival in such a hostil that aim to provide a Comprehensive ana|y5is of all detectable
environment {Viener et al., 2003 Although many technical compounds without any prior knowledgégttmer et al., 2010;
developments and management strategies have led to advanggsmann et al., 2033
in yak husbandry, many nomadic pastoralists are still hgavil \We hypothesized that di erent feed types (concentrate and
inuenced by traditional values. The traditional approach toforage) would a ect the ruminal microbiota and metabolites.
grazing management is largely dependent on natural pasturgfowever, as yet, there are no reports about the relationships
(Long et al., 1999and limited supplementary feeding regimes petween ruminal bacterial communities and metabolite pre le
during periods of limited food availabilityl{ing et al., 201p  in the yak rumen. This limitation is due to dierences in
Therefore, nutritional management, especially the chofde@d  the nutritional and metabolic features between yak and other
type, is extremely important to improve farmed yak performanceordinary cattle combined with di culties associated witlrim-

Rumen function has a critical impact on ruminant production based research and the lack of technical guidance. In this
systems. Bacteria, which are the most abundant, diverse agglidy, we characterized the yak ruminal uid microbiota and
metabolically active ruminal microbes, enable the ruminanmetabolites to determine the e ect of two di erent feed types
to ferment plant proteins and polysaccharides to generatgn the pro les of the ruminal microbiota and metabolites in yak
the nutrients necessary for maintenance and growffesch  through a combination of the 16S rRNA gene sequencing and LC-
et al., 2017; Seshadri et al., ZD1However, a wide range of MS. We also explored the possible relationships between ruminal
metabolites that perform a vast array of complex metaboli¢nicrobiota and metabolites.
activities in the rumen are also used by the microbes for
their own proliferation Galeem et al., 20).3Previous studies
have revealed interactions between the diversity of fonet METHODS
classes or unique niches of microorganisms and the metaboli
factors that govern microbial metabolism and associatedent ~Animals, Feedstuffs, and Feeding Regimes
formation pathways Bannink et al., 2006 Furthermore, the Sixteen male yaks (195 50kg live weight, aged 4 years)
rumen microbiome has been shown to be dramatically a ected byvere selected and randomly divided into four groups, and sixte
changes in feeding strategies and diétsllammed et al., 2014; di erent feedstu s (shown in theSupplementary Table Spwere
Henderson et al., 2015; Zhang J. et al., 2@hd also to exhibit analyzed individually using the yaks. To be speci ¢, we conefict
host individuality (Weimer et al., 2010; Weimer, 2015 four 4 4 Latin square trials, within each time four di erent

A comprehensive analysis of the composition and dynamiciedstu s were used. The feeding regimes were shown in the
of the yak rumen microbiome will o er important insights Supplementary Table S1Each phase of the Latin square trail
into microbially-mediated metabolic processes and help iovpr lasted 22 days, of which the rst 15 days were for adaptatiah an
the eciency and e ectiveness of farming and veterinary the last day (day 22) was for sampling. Subsequently, weetivid
practices Zhang R. et al., 20).7Such insights are also crucial the feeds into two groups: Concentrate Group (C) and Forage
to the development of technologies that support modernGroup (F) according to the crude ber content. In this studye
yak husbandry. de ned Forage Group with crude ber content of 25 to 45% (F),

16S rRNA sequencing technology is a well-tested, fast andhich included wheat straw, pea stem, broad bean stem, raghesee
cost-e ective method for analysis of dierential abundancestraw, oat straw and alfalfa. We de ne Concentrate Group (C)
of microbial communities and correlations with environnmten with crude ber content below 18%, which included soybean
factors (ami et al., 2013; Henderson et al., 2015; Lin et almeal, broad bean, rape cake, sesame cake, oat, hulless barley,
2015; Paz et al., 2016; McGovern et al., YOMetabolomics corn, barley, wheat, and wheat bran. Feeds from Forage Group
analyses based on techniques such as liquid chromatographyere fed alone, however, feeds from Concentrate Group weere f
mass spectrometry (LC-MS) and gas chromatography-mass pellets (processing pore size was 6 mm) alone with 30% oat
spectrometry are valuable emerging tools for targeted anstraw. In order to maintain normal fermentation in the rumen
non-targeted proling of a vast number of small molecular the following additives were added into the diets on a DM basis:
metabolites (amino acids, lipids, organic acids, nuclestjd 2% rumen buer (NaHCQ:MgO ratio 2: 1), 0.5% limestone,
etc.) in biological samples (bio uids or tissues). These ke®.5% salt, and 30 mg/kg rumensin. The procedures for the care
technologies are also invaluable in studies of inuencesnd use of animals in this study were approved and conducted
of environmental inuences, disease, or genotype on theaccording to standards established by the College of Animal
metabolomic phenotypeBoudonck et al., 2009; Saleem et al.Science and Technology, CAU, Beijing, P. R. China (permit
2013; Artegoitia et al., 2017; Saro et al., 2010f the number DK1402006). The steers were fed the experimenta diet
two methods, gas chromatography-mass spectrometry achievas1.9% BW on a dry matter basis in two equal portions at 0800
better metabolite separation than LC-MS but requires chemicand 1600.
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Rumen Sample Collection and at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China
Measurements according to standard protocols.

Atthe end of each phase in the experiment (day 22), ruminal uid . .

was collected before moming feeding by introducing a daib Seduence Processing and Analysis

oral stomach tube containing a metal strainer into the rumenRaw FASTQ les were quality- ltered by Trimmomatic and
and using the suction created with a 50-mL syringe to remov&erged by FLASH according to the following criteria: (i)
the uid from the tube. The device was cleaned thoroughlyThe reads were truncated at any site receiving an average
between sample collections using fresh warm water, and tHality score<20 over a 50-bp sliding window; (i) Sequences
rst 50-mL of rumen uid was discarded to minimize saliva With overlaps longer than 10-bp were merged according to
contamination. Then, 50 mL of rumen uid was collected from their overlap with mismatches 2 bp; (iii) Sequences of
each animal and transferred into a separate sterilized aomta €ach sample were separated according to barcodes (exactly
immediately frozen with liquid nitrogen, and stored a0 C ~ matching) and primers (allowing 2 nucleotide mismatches} an
prior to processing. As a result, a total of 64 yak rumen uidf€ads containing ambiguous bases were removed. Operational
samples should be collected in this study, but unfortunaely taxonomic units (OTUs) were clustered with a 97% similarity-c
rumen uid samples (three of them from the concentrate group® Using UPARSE (version 7.1 http://drive5.com/uparse/) with
and another three from the forage group) were damaged, so tenovel “greedy” algorithm that performs chimera- lteringvé
analysis was performed using the left 58 rumen uid samplesOTU-clustering simultaneouslyEdgar, 2018 The taxonomy
Rumen pH was measured after collection using a portable pQf €ach 16S rRNA gene sequence was analyzed using the RDP
meter (Testo205; Testo AG, Schwarzwald, Germany). Filterdgassi er algorithm (http:/rdp.cme.msu.edu/) against thévai
rumen uid was centrifuged at 8,000y and 4C for 15 min) (SSU123) 16S rRNA database with a con dence threshold of 70%
to obtain the supernatant, which was further used to detesnin (Wang etal., 2007; Quast et al.,, 2113

the concentrations of volatile fatty acids (VFA) and amnmni  Analysis was performed using the free online platform,
nitrogen (NHs-N). The VFA pro le was determined with GC Majorbio I-Sanger Cloud Platform (http://www.i-sanger.com)
3420 gas chromatography tted with HP-INNO wax capillary Alphadiversity indexes were calculated using MOTHUR (version
column (30m  0.32mm;Erwin et al., 196), and NHg-N  V-1.30.1) Hchloss et al., 209The rarefaction curve and bar
concentration was analyzed by visible spectrophotometry(Uv@raphs were generated using vegan package irDRsgnen

VIS8500, Tianmei, Shanghai, Chirapderick and Kang, 1990 €t al., 201)) Beta-diversity was estimated by computing the
unweighted UniFrac distance and visualized using principal

coordinate analysis (PCoA), and the results were plotted using
. GUniFrac and ape packages in Rhen et al., 2012; Paradis
DNA _EXtr,aCtlon’ 163 rRNA_Gene and Schliep, 20)8The Wilcoxon rank-sum test within STAMP
A_mpll_ cation, and Sequencing _ (version v.2.1.3) was used to identify phyla and genera that
Microbial DNA was extracted from 58 rumen uid samples showed signi cant dierences in abundance between groups
using the E.Z.N.A* soil DNA Kit (Omega Bio-tek, Norcross, (con dence interval method) with the Stats package in R and

GA, USA) according to the manufacturer's protocols. The DNAthe SciPy package in PYTHONdnes et al., 2001; R Core Team,
concentration and purity were determined by NanoDrop 20002013; Parks et al., 2014

UV-vis spectrophotometer (Thermo Scientic, Wilmington,

NC, USA), and DNA quality was evaluated by 1% agaroseC-MS Metabolomics Processing

gel electrophoresis. The V3 and V4 hypervariable regions of total of 58 rumen samples were analyzed using the LC-MS
the bacterial 16S rRNA gene were amplied with primerspjatform (Thermo, Ultimate 3000LC, Q Exactive). After samples
338F (8 ACTCCTACGGGAGGCAGCAG-3 and 806R (8  \ere thawed at room temperature, 160 of each sample was
GGACTACHVGGGTWTCTAAT-$) using a thermocycler PCR then transferred into centrifuge tubes (1.5mL) by pipette and
system (GeneAmp 9700, ABI, USA). The PCR reactions wespomL of methanol was added. After the addition of i of
perfOI’mEd in triplicate in a total reaction volume of 20L internal standard (30 mg/mL' D|_-o-ch|0ropheny|a|anin@ph
containing 4mL of 5 FastPfu Bu er, 2mL of 2.5mM dNTPs, sample was vortexed for 30s, and then centrifuged at 12,000
0.8mL of Forward Primer (31M) and Reverse primer M),  rpm for 15min at 4C. Next, 200mL of the supernatant was
0.4mL of FastPfu Polymerase, Ol of BSA and 10 ng of transferred to a new vial for LC-MS analysis. Chromatographic
template DNA. The ampll ed prOdUCtS were detected USing Zo/(z;eparation was performed using a Hyper gold C18 column
agarose gel electrophoresis, further puri ed using the AgfPr (100 4.6 mm, 3 internal diameter) preheated to 40. A
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, prepared rumen sample of 6L was injected and maintained
USA) and then quanti ed using QuantiFlugfI -ST (Promega, at 4 C for analysis. Samples were eluted using a mobile phase
USA) according to the manufacturers' protocols. Followingfor positive ion mode (E®2) and negative ion mode (ESI-)
ampli cation, paired-end sequencing libraries were consted composed of water and 5% acetonitrile with 0.1% formic acid
by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China as solvent A, and acetonitrile with 0.1% formic acid as sulve
Subsequently, puried amplicons were pooled in equimolaB, at a ow rate was at 0.35 mL/min and the following mobile
amounts and sequenced on an lllumina MiSeq platformphase (A:B) elution gradient: 100%:0% for 0—1.5 min, 80%:20%
(lllumina, San Diego, CA, USA) for paired-end reads of 300 b@at 1.5min, and 0%:100 % at 9.5min followed by 3min of
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re-equilibration. The ion source temperature was 3D0and  TABLE 1 | Rumen fermentation parameters affected by different feed/pes.
the capillary temperature was 3%D The ow rate of Sheath

It c F SEM P-val
Gas, Aux Gas and Sweep Gas was 45 arb, 15 arb, and 1 aﬁ5n,s vale
respectively. The spray voltage was 3.0 kV and 3.2 kV for the, 764 771 0.038 0.343
positive and negative mode, respectively. The S-Lens RF lasel W, .\ mg/100mL 987 6.26 0.855 0.039
set at 60%. To obtain information regarding system repeatgbil ca mmoit 47.66 58.74 1.944 0.0046
quality control (QC) samples prepared by mixing all rumen uid gexg;
extraction aliquots were injected at regular intervalsotghout 7145 75 45 0.004 <0.0001
the analytical run. Propionate, % 15.49 16.6 0.003 0.0581
. . Isobutyrate, % 1.43 0.62 0.00089 <0.0001
Metabolomics Data Analysis
Butyrate, % 8.82 5.96 0.003 <0.0001
The data were rst transformed to CDF les by Thermo
. - I™ . M . Lo Isovalerate, % 2.24 1.15 0.00098 <0.0001
Scienti c™ Xcalibur™ (version v3.0). Peak picking, peak
; . . Valerate, % 0.56 0.22 0.0003 <0.0001
alignment, peak ltering, and peak lling were performed ,
Acetate: Propionate 4.73 4.58 0.0902 0.4314

using XCMS software (version v.3.4.4). The data for retentio
time (RT), MZ, observations (samples) and peak intenSityC,theconcentrategroup; F, the forage group; SEM, standard error of the mean.
were normalized using Excel. The positive and negative
data were imported into the SIMCA-P software package.

Principle componen_t a_malysis (PCA) and (orthogonal) parti‘_alSigni cantly aected P < 0.05) the NH-N concentration,
least squares discriminant analysis (O)PLS-DA were @rrie pp production and the proportions of acetate, isobutyrate,

out to visualize the metabolic alterations among experiraknt butyrate, isovalerate, and valerate. Among them, the qurate
groups, _after mean centermg a_md unit variance Scallnggroup contained high levels of Nd-N and the proportions of
Vana_ble _|mportance n thg projection (VIP) ranks the oVer"""isobutyrate, butyrate, isovalerate and valerate. Meaewhigher
contrlbuuqn of ea_ch variable 1o the P_LS'DA model, anOIVFA production and the proportion of acetate were observed in
those v.arlalblt.as \,N'th VIP;l.O are cons?erled relev;mt for the forage group. However, the proportion of propionate and
group _dlscrlmlnat|or_1. In th's study, the default 7-roundass- _ratio of acetate: propionate showed no signi cant di erences
validation was applied with one-seventh of the samples being.,\aon the concentrate group and the forage graeip (0.05).

excluded from the mathematical model in each round to guardl-he pH value of the concentrate group and the forage group was

agai.nst.over tting. . . 7.64 and 7.71, respectively.
Signicant dierences in metabolites between groups

were analyzed using a combination of (O)PLS-DA and_, . . .

Studentst-tests, with P-values< 0.05 considered to indicate RIChness, Diversity Estimates, and Rumen

statistical signi cance. Screened di erential metabalitwere Bacteria Composition

characterized using the https://metlin.scripps.edu/ publidn total, 3,223,324 high-quality 16S rRNA gene sequences wer
database and a self-built database of the Majorbio I-Sangebtained from 58 samples. After sub-sampling each sample
Cloud Platform (https://www.i-sanger.com). Signi cantly to an equal sequencing depth (44,760 reads per sample) and
di erentially expressed metabolites were analyzed for exjmess clustering, we obtained 3,149 OTUs at 97% identity. Ratiefac
pattern clustering using the gplots package in R/afnes curves were generated using observed OTUs for each feed
et al.,, 2015 The following distance calculation algorithms type to assess the adequacy of the sampling depth to evaluate
were used: Spearman between samples, Pearson betwe@men bacterial composition. Rarefaction curves showed a
metabolites, and clustering method for H cluster (completediminishing rate of new OTU identi cation as the number
algorithm). The impacts of feed type on metabolic pathwaysf reads per sample increased, implying that the sampling
and metabolite set enrichment were analyzed using thdepth was adequate for evaluating dominant members of the
Stats package in R and the SciPy package in PYTHOMNmen bacterial community. Similarly, the Good's covesafy
(Jones et al.,, 2001; R Core Team, 20The results were all samples exceeded 98%, which indicated the accuracy and
tested using Fisher's exact test in R. Correlations betweerproducibility of the sequencing.

di erent metabolites and bacterial communities were assgéss  According to the Shannon index (5.5840.285 vs. 4.778

by Spearman's correlation analysis using the pheatmap.506P< 0.01)and Chaol value (1685.671.36.52vs. 1336.82
package in R Kolde, 201). P-values were adjusted with 230.72P< 0.01), there were signi cant di erences in microbiota
FDR and the corrected-values below 0.05 were regarded agliversity and richness between the two groups, indicatingpéig

statistically signi cant. diversity in the forage group and less richness in the cotredém
group (Figure 1). Taxonomic analysis of the reads revealed the

RESULTS presence of 23 bacterial phyla, wBlacteroideteand Firmicutes
being the predominant phyla accounting for 59.75% and 32.70%

Rumen Fermentation Parameters of the total reads, respectivelfigure 2A). At the genus level,

The fermentation characteristics (pH, NFN and VFA prole) 336 genera were identied in the yak rumen samples. The
are showed inTablel In general, the type of feedstu predominant genera werBrevotella 1(26.21%),Bacteroidales
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the Forage Group P 0.001).
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FIGURE 1 | Differences in Yak ruminal bacterial diversity and richnedetween the concentrate and forage groups. Bacterial divisity was estimated by Shannon
index. Bacterial richness estimated by the Chaol value. C,ancentrate group; F, forage group. ***indicate signi cant dference between the Concentrate Group and
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FIGURE 2 | Classi cation of the bacterial community composition acros the forage and concentrate groups.(A) Phylum level.(B) Extended error bar plot showing
the bacteria at the phylum level that had signi cant differeces between the concentrate and forage groups(C) Genus level.(D) Extended error bar plot showing the
bacteria at the genus level that had signi cant differences étween the concentrate and forage groups. Positive differces indicate greater abundance of bacteria at
the phylum level and at the genus level in the concentrate gup, while negative differences indicate greater abundanci the forage group. C, concentrate group; F,
forage group. Asterisks indicate signi cant difference betreen the Concentrate Group and the Forage Group (*0.04 P 0.05; **0.001< P 0.01; *** 0.001).

BS11 gut groufl0.81%)Rikenellaceae RC9 gut grq@09%), Differences in Bacterial Community

Bacteroidales S24-7 grai26%) Christensenellaceae R-7 group(;omposition Between the Two Feed Types
(4.69%) Prevotellaceae UCG-0(858%)and Ruminococcaceae At phylum level Figure 2B), the relative abundances of
NK4A214 groui2.61%), respectivelfFigure 20). Bacteroidete¥errucomicrobiaCyanobacterigSaccharibacterja
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were signi cantly higher in the forage groupP(< 0.05)
Compared to those in the concentrate group, while the ruminal FIGURE 4 | Correlations between rumen bacteria and rumen fermentatio
microbiome of the concentrate group had a higher abundancig P3rameters: Each row in the graph represents a genus, each domn
L represents a metabolite, and each lattice represents a Peaon correlation
of Firmicutes Compared to the forage group. Genus leve coef cient between a component and a metabolite. Red represats a positive
(Figure 2D) classi cation of bacterial communities within the | correlation, while blue represents a negative correlatioriSigni cant correlation
two di erent feed types showed signi cantlyP(< 0.01) higher | between the concentrate and forage groups® < 0.05).
abundances ofBacteroidales BS11 gut grpuprevotellaceae
UCG-003 Ruminococcaceae UCG-0Q1Bacteroidales RF16
group and Ruminococcaceae UCG-0it0 the forage group . .
compared to those in the concentrate group. On the othefRUMEN Metabolomics Pro ling
hand, the relative abundances 8acteroidales S24-7 group,Supplementary Figure Slshow the overlap of the total ion
Ruminococcaceae NK4A2$84icciniclasticurand Ruminococcus  chromatogram of the QC sample in the positive (A) and negative
2 were h|gher in the concentrate group than those in the(B) ion mOdeS, reSpectiVely. The results con rm the reliable
forage group. Furthermore’ PCoA plots using the unweightedepeatabi”ty and preCiSion of the data obtained in this Study
UniFrac matrix distances, where bacterial communities All data, including the QC samples that were
clustered by feedstu type, clearly showed the distinct baat  included throughout the analysis, were rst examined
community structure in the concentrate and forage groupy PCA following positive and negative mode ionization
(Figure 3), indicating that the feed type in uences the bacterial(Supplementary Figures S2A,B respectively) to provide a
community composition. global overview of the dierences among the metabolite
data. Score plots of the (O)PLS-DA performed to verify the
. . di erentiated metabolites between the two groups and supervis
Correlations Between Rumen Bacteria and the multivariate analysis are shownfigure 5 The (O)PLS-DA
Rumen Fermentation Parameters provides valuable insights into group relationships from jgien
Based on Spearman's correlation coe cients, the signi dant visual inspection of scores-space clustering patterns. All the
aected ruminal microbiota (at the genera level) appearedsamples in the score plots were within the 95% Hotelling T2
to be signicant correlated with rumen fermentation ellipse, whereas only two samples of the yak rumen uid were
parameters FKigure 4. Ruminococcus 2was negatively outside the ellipse. For the positive ionization analysis, the
correlated with acetate and propionate concentrations{(O)PLS-DA tted model Figure 5A) resulted in one predictive
Bacteroidales RF16 groumnd Ruminococcaceae UCG-and two orthogonal components. Furthermore, 32.3% of the
011 were negatively correlated with isobutyrate andtotal explained variation in the data set{® cum) was used to
isovalerate concentrations whilRuminococcaceae NK4A214account for 90.4% of the variance in the class separatidi (R
group was positively correlated with isobutyrate andcum), and the cross-validated predictive ability of the mode
isovalerate  concentrations; Ruminococcaceae  UCG-0llwas 77.5% (&cum). As shown inFigure 5B the RY value
and Ruminococcaceae UCG-Olkere negatively correlated (0.684) and the @Y value ( 0.167< 0) of the permutation test
with  valerate concentrations; Prevotellaceae = UCG-003indicated satisfactory e ectiveness of the model. The issoil
was negatively correlated with butyrate, valerate, anthe (O)PLS-DA results and permutation tests following negat
isovalerate concentrations. mode ionization are shown irFigures 5C,D Both positive
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FIGURE 5 | Orthogonal partial least squares discriminant analysisQjPLS-DA] plot of yak rumen metabolites in comparisons of thconcentrate and forage groups
following (A,B) positive and (C,D) negative mode ionization.

and negative data revealed clear separation and discrinimat L-palmitoylcarnitine, 4-aminosalicylic acid, sphinganiméacin,
between the concentrate and forage groups, indicating that t and L-phenylalanine, were grouped into cluster 1. Cluster 2
(O)PLS-DA model can be used to identify di erences betweerincluded 15 metabolites, such as glycoursodeoxycholic, acid
the two groups. succinic acidp-hydroxyisovaleric acid, hippuric acid, L-DOPA
As shown in Table2 and Supplementary Table S3 87 and phosphohydroxypyruvic acid. Cluster 3 consisted of
di erential metabolites (64 positively ionized metaboliteaad stearic acid, myristoleic acid, myristic acid, MG (17:0/0:0),
35 negatively ionized metabolites) between the concentmal  kynurenic acid, eicosadienoic acid and arachidonic acid.
the forage groups were identi ed using a VIP threshold of 1Deoxyadenosine and 9-HOTE formed separate groups as
(P < 0.05). Among 64 positively ionized metabolites, 24 wereluster 4 and cluster 5, respectively. For the negative abioiz
classi ed as lipids and lipid-like molecules, 14 as organidsac data igure 7), stearic acid, corticosterone, hypoxanthine,
and derivatives, nine as organoheterocyclic compounds,ave L-phenylalanine, avin mononucleotide, homogentisic acid,
nucleosides, nucleotides, and analogs, four as organigeoxy L-aspartic acid and 2-acetolactic acid were grouped in cluster
compounds, four as organic nitrogen compounds, and four ag. Cluster 2 included tetradecanedioic acid and sphingosine,
benzenoids. In the negative ionization analysis, 35 di ei@nt while other metabolites, including LysoPA (8:0/0:0), sdilic
metabolites were classi ed as lipids and lipid-like moleculesacid, L-threonine, indoleacetic acid, gentisic acid aricutline,
organic acids and derivatives, organoheterocyclic compsundformed cluster 3. And leukotriene D4 clustered separately
benzenoids, organic nitrogen compounds and nucleosidess cluster 4. The feed type had a signi cant e ect on the
nucleotides, and analogs. rumen metabolome and such di erences were clearly observed
To visualize the di erences in the yak rumen metabolomein the clusters generated in the heatmap plot generated by
associated with the two feed types, we performed thelCA. For the positive ionization, we observed that cluster
hierarchical clustering analysis (HCA) with a heat map.l and cluster 5 were upregulated in the concentrate group
For the positive ionization dataF{gure 6), ve distinct clusters relative to the forage group, whereas clusters 2, 3 and 4 were
were formed among these dierential metabolites. It wasdownregulated in the concentrate group. For the negative
observed that 40 metabolites, including hypoxanthine, atgn ionization analysis Kigure 6), the contents of cluster 1 was
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TABLE 2 | Identi cation of signi cant differential metabolites in yakumen uid by comparison of the concentrate and forage groups sing a VIP threshold of 1P < 0.05).

Metabolite name VIP RT (min) Mass error (ppm) lon (m/z) Fold chang p value Positive/negative
AMINO ACIDS, PEPTIDES, AND ANALOGS
b-Alanine 1.57953 0.90 27 90.06 1.36 <0.05 ESI+
Ornithine 1.12637 0.82 15 155.08 1.67 <0.05 ESI+
N6,N6,N6-Trimethyl-L-lysine 1.19657 8.52 15 189.16 1.37 <0.05 ESI+
L-Valine 1.84756 10.15 4 140.07 0.88 <0.05 ESI+
L-Tyrosine 1.67342 0.99 18 182.08 1.30 <0.05 ESI+
L-Proline 1.73136 0.84 0 116.07 1.08 <0.05 ESI+
L-Phenylalanine 1.90725 1.54 166.09 2.98 <0.05 ESI+
L-Methionine 1.67356 0.97 0 150.06 1.74 <0.05 ESI+
L-Leucine 1.86254 1.13 20 132.10 2.63 <0.05 ESI+
L-Glutamate 1.78202 0.87 11 148.06 1.19 <0.05 ESI+
L-Dopa 1.59629 5.45 15 198.07 0.25 <0.05 ESI+
L-Arginine 1.12843 6.87 35 197.09 0.15 <0.05 ESI+
Pyroglutamic acid 1.4513 0.94 12 128.03 2.06 <0.05 ESI
Citrulline 1.00457 3.13 25 174.08 0.34 <0.05 ESI
L-Aspartic acid 1.02264 0.02 24 132.03 2.09 <0.05 ESI
L-Threonine 1.18916 2.84 35 154.02 2.19 <0.05 ESI
FATTY ACIDS AND CONJUGATES
L-Palmitoylcarnitine 1.35173 10.22 18 400.35 1.22 <0.05 ESI+
b-Hydroxyisovaleric acid 1.34658 2.45 22 119.07 0.19 <0.05 ESI+
Stearic acid 1.88003 10.73 2 283.26 2.68 <0.05 ESI
Oleic acid 1.71181 10.22 5 283.26 2.20 <0.05 ESI+
Myristoleic acid 1.58974 4.93 14 249.18 0.94 <0.05 ESI+
Myristic acid 1.16514 5.99 12 251.20 1.37 <0.05 ESI+
FATTY ACIDS AND CONJUGATES
Eicosadienoic acid 1.1918 6.44 10 331.26 0.60 <0.05 ESI+
Arachidonic acid 2.26453 6.37 3 305.25 1.87 <0.05 ESI+
Tetradecanedioic acid 1.34647 5.99 257.18 1.19 <0.05 ESI
Palmitic acid 1.54094 10.05 3 255.23 1.82 <0.05 ESI
Adrenic acid 1.76404 9.68 12 367.25 2.32 <0.05 ESI
PURINES AND PURINE DERIVATIVES
Xanthine 1.61396 0.99 16 153.04 4.64 <0.05 ESI+
Hypoxanthine 2.07019 0.98 4 137.05 3.83 <0.05 ESI+
Guanine 1.63166 0.98 15 152.05 1.74 <0.05 ESI+
Adenine 1.52322 0.85 2 136.06 1.89 <0.05 ESI+
NUCLEOSIDES, NUCLEOTIDES, AND ANALOGS
Deoxyadenosine monophosphate 1.33723 4.47 13 332.08 0.74 <0.05 ESI+
Adenosine monophosphate 1.17168 0.96 8 348.07 1.56 <0.05 ESI+
Inosine 1.67438 0.79 2 291.07 3.29 <0.05 ESI+
Guanosine 1.63239 1.01 1 284.10 2.33 <0.05 ESI+
Deoxyadenosine 1.16584 3.61 9 274.09 1.24 <0.05 ESI+
Flavin mononucleotide 1.96572 2.60 0 455.10 1.76 <0.05 ESI
OTHER LIPIDS AND LIPID-LIKE MOLECULES
Linoleic acid 1.3075 8.51 5 281.25 1.93 <0.05 ESI+
9-HODE 1.48486 8.16 4 297.24 0.93 <0.05 ESI+
9-HOTE 1.01731 5.70 295.23 0.45 <0.05 ESI+
Taurallocholic acid 1.11887 3.78 24 516.31 0.14 <0.05 ESI+
Glycoursodeoxycholic acid 1.60604 3.69 38 472.29 0.22 <0.05 ESI+
OTHER LIPIDS AND LIPID-LIKE MOLECULES
Glycocholic acid 1.04578 9.04 25 466.33 2.49 <0.05 ESI+
LysoPC(16:0) 1.06905 7.07 2 518.32 2.63 <0.05 ESI+
(Continued)
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TABLE 2 | Continued

Metabolite name VIP RT (min) Mass error (ppm) lon (m/z) Fold chang e p value Positive/negative
LysoPC(15:0) 1.19348 8.75 4 482.32 2.17 <0.05 ESI+
LysoPC(14:0/0:0) 1.0021 8.19 3 468.31 1.19 <0.05 ESI+
LysoPE(0:0/16:1(92)) 1.20375 7.17 2 452.28 1.92 <0.05 ESI+
MG(0:0/18:2(92,127)/0:0) 1.43675 7.33 5 355.28 0.25 <0.05 ESI+
MG(17:0/0:0/0:0) 1.0881 7.55 4 367.28 0.72 <0.05 ESI+
MG(16:1(92)/0:0/0:0) 1.10433 9.83 20 329.26 1.08 <0.05 ESI+
Ubiquinone-1 1.39176 6.64 28 251.13 0.21 <0.05 ESI+
Vitamin D3 1.23479 7.48 14 385.34 2.11 <0.05 ESI+
MG(0:0/15:0/0:0) 1.03958 7.04 0 315.25 1.59 <0.05 ESI
Deoxycholic acid 1.00367 6.86 1 391.29 1.44 <0.05 ESI
Leukotriene D4 1.0961 7.82 37 495.27 0.51 <0.05 ESI
LysoPA(8:0/0:0) 1.10951 4,75 9 297.11 0.67 <0.05 ESI
Glycerol 3-phosphate 1.2641 1.06 25 206.99 2.01 <0.05 ESI
LysoPE(0:0/16:0) 1.4543 7.83 1 452.28 1.92 <0.05 ESI
LysoPE(0:0/18:1(9Z)) 1.48044 8.07 1 478.29 2.36 <0.05 ESI
Corticosterone 2.10136 10.19 23 381.18 2.85 <0.05 ESI
Auxin a 1.053 5.99 3 327.22 0.98 <0.05 ESI
OTHERS

Dopamine 1.37056 3.68 9 176.07 0.78 <0.05 ESI+
Vanillic acid 1.22091 2.64 3 169.05 0.83 <0.05 ESI+
Hippuric acid 1.15937 2.45 21 202.04 0.18 <0.05 ESI+
4-Aminosalicylic acid 1.66214 0.76 22 176.04 2.55 <0.05 ESI+
Succinic acid 1.52258 14.25 14 119.03 0.18 <0.05 ESI+
Phosphoglycolic acid 1.55235 14.27 4 156.99 0.20 <0.05 ESI+
Sphinganine 1.80699 8.51 3 324.29 1.82 <0.05 ESI+
1-Phenylethylamine 1.39625 14.05 1 122.10 0.21 <0.05 ESI+
Phosphorylcholine 1.04631 2.31 9 206.06 0.77 <0.05 ESI+
Choline 1.6994 0.75 0 104.11 2.99 <0.05 ESI+
Myo-Inositol 1.27085 2.45 28 203.05 0.19 <0.05 ESI+
D-Mannitol 1.63547 6.35 27 183.08 0.19 <0.05 ESI+
D-Maltose 1.26031 0.78 4 365.10 2.49 <0.05 ESI+
Phosphohydroxypyruvic acid 1.8193 14.23 2 184.99 0.19 <0.05 ESI+
Ribo avin 1.32022 2.78 2 377.15 1.06 <0.05 ESI+
L-Tryptophan 2.05113 2.39 8 205.10 1.28 <0.05 ESI+
Niacin 2.32403 0.99 1 124.04 1.87 <0.05 ESI+
Thymine 1.29367 1.14 3 127.05 1.94 <0.05 ESI+
Kynurenic acid 1.21658 2.50 2 190.05 0.70 <0.05 ESI+
Gentisic acid 1.10152 2.84 10 153.02 2.32 <0.05 ESI
Salicylic acid 1.02709 3.74 11 137.02 2.62 <0.05 ESI
Homogentisic acid 1.68695 0.89 3 203.01 2.88 <0.05 ESI
Sphingosine 1.25312 8.62 17 334.25 1.37 <0.05 ESI
Indoleacetic acid 1.65101 2.38 13 210.03 0.51 <0.05 ESI
2-Acetolactic acid 1.34723 1.84 12 131.03 0.58 <0.05 ESI
MG(22:2(132,16Z)/0:0/0:0) 1.33733 8.24 2 433.33 1.40 <0.05 ESI+

RT, retention time; fold change, concentrate group vs. forage group. Mss Error in ppm, the difference between a theoretical m/z and an experimeritg observed m/z. ESC, positive
ion mode; ESI , negative ion mode.

increased in the concentrate compared with those in thevere signicantly aected P < 0.05) by changes in the
forage group, while the contents of clusters 2 and 3 weréeed type.

decreased. Furthermore, the enrichment analystgure 8) Changes in the metabolite pro le of a microbial community
showed that metabolic pathways, such as protein digestior ect changes in microbial community dynamics; therefore
and absorption, purine metabolism and fatty acid biosynthesiwe attempted to de ne relationships between microbial
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FIGURE 6 | Hierarchical clustering analysis for identi cation of défrent metabolites in yak rumen by comparison of the concenéte and forage groups following
positive mode ionization. Each column in the gure represersta sample, each row represents a metabolite, and the color tlicates the relative amount of metabolites
expressed in the group; Red indicates that the metabolite iexpressed at high levels, and green indicates lower expregsn.
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FIGURE 7 | Hierarchical clustering analysis for identi cation of défrent metabolites in yak rumen by comparison of the concenate and forage groups following
negative mode ionization. Each column in the gure represesta sample, each row represents a metabolite, and the color dlicates the relative amount of metabolites
expressed in the group; Red indicates that the metabolite iexpressed at high levels, and green indicates lower expregsn.
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FIGURE 8 | Metabolic pathway enrichment analysis followingA) positive and (B) negative mode ionization. Overview of metabolites that werenriched in the
concentrate group compared to the forage group. CP, EIP, GIP, B, M, and OS are the class names of the metabolic pathways in 1KEGG annotation. CP, Cellular
Processes; EIP, Environmental Information Processing; GIPeBetic Information Processing; HD, Human Diseases; M, Metallism; OS, Organismal Systems. These
were added as suggested (P < 0.05; **P < 0.01; **P < 0.001).

community structure and metabolic function based on micgadb L-Phenylalanine, L-Leucine, Hypoxanthine, L-Glutamate,
and metabolomics data. Correlation analysis of associatiorAdrenic acid and Stearic acid were negatively associated
between microorganisms and metabolite features provides with same three genera which includinBuminococcaceae
comprehensive understanding of the composition and functiolrJCG-011 Bacteroidales RF16 grougnd Ruminococcaceae
of microbial communities. UCG-010 Meanwhile, these three genera were positively
As shown inFigure 9, among the bacterial communities with associated with Arachidonic acid. On the other hand, the
arelatively high abundance at the genus level inthe foremgpy  genusBacteroidales S24-7 groupaving a higher abundance
the genuBacteroidales BS11 gut graugs negatively associatedin the concentrate group, was positively associated with
with Oleic acid, Adrenic acid, Stearic acid and PalmiticL-Glutamate, Adrenic acid and Palmitic acid. The genus
The genusPrevotellaceae UCG-00Bainly was negatively Ruminococcaceae NK4A214 growhich was present at higher
associated with L-Phenylalanine, L-Tyrosine, L-Methi@in levels in the concentrate group, was positively associated
Hypoxanthine, L-Glutamate, Adrenic acid, Stearic acid andvith L-Glutamate, Adrenic acid, L-Valine and Stearic acid.
Palmitic acid while was positively associated with L-DopaThe genusSucciniclasticunwas positively associated with a
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FIGURE 9 | Correlation analysis between genera and metabolite concerations affected by the feed type. Each row in the graph regsents a genus, each column
represents a metabolite, and each lattice represents a Peaon correlation coef cient between a component and a metabadlte. Red represents a positive correlation,
while blue represents a negative correlation. *Signi cantarrelation between the concentrate and forage groupsK < 0.05).

number of metabolites that were upregulated in the conceatra proportion of acetate and propionate in the forage group. In
group, including L-Phenylalanine, L-Proline, L-Methioniaed  our study, we found that the genuRuminococcus @as the

Hypoxanthine. And the genu®uminococcus #as positively dominant yak rumen bacteria and it was negatively correlate
associated with L-Glutamate, Adrenic acid, L-Valine, 8tescid ~ with acetate and propionate concentrations. Besides, thesgen

and Palmitic. Bacteroidales BS11 gut grompich were at higher level in the
forage group are specialized to active acetate productigid8s,
DISCUSSION since acetate accounts for a large proportion of total VFA, the

increase in acetate content was accompanied by an increase in
Ruminal pH is regulated through behavioral and physiologicatotal VFA content.
mechanisms under dierent feeding regimesNgtional In this study, we described the composition of the rumen
Academies of Sciences Engineering and Medicine, )201@acterial community of yak. In accordance with previous stsd
In this study, we use the single feedstu to feed yak inditly, ~ of ruminants (eng et al., 2011; Chen et al., 2015; Guo et al.,
which may explain the di erent values obtained from feeding ya 2015; Xue et al., 2016; Han et al., 2017; Zhou et al.,)2017
in a total mixed rations (TMR) containing various proportions we found that the core microbiome was dominated by the
of forage and concentrateX(je et al., 2018 Di erent feeding  phylaBacteroidete&irmicutes andProteobacteriaAt the genus
regimes may result in di erent rumen internal environment, level, the dominant yak rumen bacteria includ@devotella 1
which indicated that pH values may be di erent. A signi cant Ruminococcus, Butyrivibrio 2 Bacteroidales BS11 gut group
di erence of the NHs-N (ammonia nitrogen) which is the source and Rikenellaceae RC9 gut grouphile Bacteroidales S24-
of microbial protein between two groups could be explained tha? group Christensenellaceae R-7 gropevotellaceae UCG-
the concentrate group could produce more ruminal microbe003 and Ruminococcaceae NK4A214 gravgre also detected.
crude protein Zhang J. et al., 20L.70ur study reported a Diversity and richness of the bacterial community are knaan
higher total VFA production and the proportion of acetate be in uenced by feed type\(cCann etal., 2014; Henderson et al.,
and propionate in the forage group, which was consistent witt2015; Zhang J. et al., 2Q1AlIpha diversity metrics (Shannon
other studies iflua et al., 2017; Zhang et al., 2)1However, in  index and Chaol value) displayed a higher bacterial diyeasitl
mostly cases, those VFA pro les were showed higher level ifichness in the forage group compared to that in the conceatra
the concentrate group\Wiener et al., 2003; National Academiesgroup, suggesting that di erent feed types have a direct impact
of Sciences Engineering and Medicine, 20Rrevious study on the yak ruminal microbial composition.
has reported that VFAs are the end-products of numbers of At the genus level, Bacteroidales S24-7 groupnd
microbiota and the molar proportions of individual VFAs in the Succiniclasticumwere detected in higher abundance in the
rumen have potential to indicate shifts in bacterial comntyni concentrate group compared to that in the forage group.
composition Galeem et al., 20).3Feed type changes not only Succiniclasticunas been reported as the main participant in
modify the available fermentation substrates, but alsoinah the fermentation of succinate to propionate, which is the most
environment including pH and VFA pro les, which will aect important precursor of glucose in ruminants/ign Gylswyk,
the metabolic pathways used by the microb&simire et al., 1999. Studies have shown that the gendBacteroidales S24-
2017. Thus, we assumed that bacteria changes in the yak group belonging to the S24-7 family, may be capable of
rumen might explain the higher total VFA production and the starch utilization Gerino et al., 2012; Anderson et al., 2016
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Ruminococcus®as more abundant in yaks fed the concentratehave been reported that branched-chain volatile fatty asidgsh

in the meanwhile, we observed th&uminococcus 2vas as isobutyrate and isovalerate are important growth factors
negatively correlated with acetate and propionate concéntra.  for some ruminal bacteriaAllison, 1969 and most species
These observations were consistent with previous studgf bacteria could get carbon skeletons from branched-chain
that there may be resistant starch in the concentrate groupolatile fatty acids to use the NfHas a only source of growth
which stimulated Ruminococcus rowth probably due to (Nolan, 1993 In the present study, we observed the lower level
its characteristic amylolytic activityFérrario et al., 2007 of the isobutyrate and isovalerate concentrations in thede

In the present study, the concentrate group had a highegroup and revealed th&revotellaceae UCG-0@@s negatively
proportion of the generaRuminococcaceae NK4A214 grougorrelated with isovalerate. This observation may have bee
which was positively correlated with isobutyrate and isexale  result of the utilization of branched-chain VFA by the genus
concentration. Therefore, the lower level of isobutyrated a Prevotellaceae UCG-00Besides, it has been reported that
isovalerate concentration in the forage group could be empth  valerate is glucogenic because it could be used by bacteria and
In contrast, with the exception of théBacteroidales S24-7 is e ciently metabolize into acetyl-CoA and a propionyl-CoA
group Ruminococcus and Ruminococcaceae NK4A214 groupby b-oxidation (Kristensen, 2007; Lean et al., 2R1Fhus,
unclassi ed Bacteroidaleand Ruminococcaceagere present the involvement of the genuPrevotellaceae UCG-0@3 the

in higher relative abundances in the forage group compared tglucose metabolism could explain the lower level of valerate
those in the concentrate groufBacteroidales BS11 gut groupconcentrations in the forage group.

are specialized to active hemicellulose monomeric sugags (e = Our metabolome data revealed that feed type alters the
xylose, fucose, mannose and rhamnose) fermentation arwbncentrations of ruminal metabolites in the rumen, and icatie
short-chain fatty acid (e.g., acetate and butyrate) produdthat  that ruminal metabolism might be linked with the ruminal
are vital for ruminant energyolden et al., 20).7Bacteroidales microbiota activities. We found that the feed type signi ¢in
RF16 groupvere more abundant in yaks in the forage group, andaltered the concentration of most metabolites associated wi
other studies have demonstrated the presence of the RF16/famdrotein digestion and absorption as well as biosynthesis of amin
in yak (Xue et al., 2016 beef cattle Popova et al., 20)7and acids. In the rumen, amino acids, which are key precursors
dairy cattle Gcharen et al., 20);8however, the mechanism of for the synthesis of proteins and polypeptides, regulate some
RF16 family metabolism is not yet clear. In our study, we foundnetabolic pathways and are mainly derived from the degradati
that Bacteroidales RF16 growms negatively correlated with of dietary proteins and microproteins by the ruminal microbao
isobutyrate and isovalerate concentrations. It is worthlesing  (Mariz et al., 201B In the concentrate group, we observed
the possibility that the relative proportion &acteroidales RF16 increased levels of L-phenylalanine and L-tyrosine, both of
groupcould e ect the production isobutyrate and isovalerate.which have speci ¢ characteristics that make them useful as
Studies have provided evidence supporting the involvememnharkers of protein metabolism. Furthermore, certain species
of Ruminococcaceae UCG-04rid Ruminococcaceae UCG-010of bacteria have the ability to generate L-tyrosine from L-
in ber degradation and ruminal biohydrogenationH{iws phenylalanine under appropriate conditiongl{an et al., 1999;
et al.,, 2011; Gagen et al., 2015; Opdahl et al.,)20a8his  Matthews, 200) Specically, L-leucine and L-valine were
study, we observed thaRuminococcaceae UCG-OEhd upregulated in the concentrate group. Previous studies stdowe
Ruminococcaceae UCG-OWEre negatively correlated with that both L-leucine and L-valine tended to decrease the level
valerate concentrations. It has been reported that bacteria of acetic, propionic, and butyric acids in the rumen and were
the rumen could synthesize odd branched-chain fatty acidextensively metabolized, yielding large quantities of/aderic

de novothrough the elongation of propionate and valerate orand isobutyric acids in the rumen as potential ketogenic and
the alteration ofa-keto acids Bainbridge et al., 20)8Higher  glucogenic substancegénahan and Schultz, 19%4n addition,

ber content in the forage group can potentially enhanceprevious studies indicated that the proposed intermediates in
the ber degradation through the action dRuminococcaceae the metabolism of L-leucine and L-valine are cellulolyticall
UCG-011and Ruminococcaceae UCG-Otts is consistent with  active in rumen microorganismis vitro (Dehority et al., 1958

our ndings. So we think this observation may promotes thelL-Glutamine is extensively degraded into L-glutamate tiyio
synthesis of odd branched-chain fatty acids through thenze. hydrolysis mediated by the ruminal microbes of adult stekrs
Hence, the lower valerate concentrations in the forage grouGlutamate a ects microbial growth and e ciency by acting as a
can be explained. In addition, the genBsevotellaceae UCG-003 potential inhibitor of the utilization of amino acids by rumal
belongs to théPrevotellacedamily, within which the dominant bacteria, while L-glutamate appears to have a greater e ect
genusPrevotellahad been reported to represent a group ofon increasing non-ammonia, non-microbial nitrogen ow tha
bacteria that are capable of reducing nitrogen losses, pinduc on decreasing microbial nitrogerbann et al., 2006; Gilbreath
succinic and acetic acids as the major fermentation end-petal et al., 201). Furthermore, it has been reported that glutamate
of glucose metabolism and improving the utilization of thegfge  is the largest contributor to tricarboxylic acid cycle inteediate
feed types/i(lorotomi et al., 2009; Purushe et al., 2D1Dhus, it  uxes and dietary composition alters L-glutamate catabolism
makes sense that the genBgevotellaceae UCG-0p8sented via the tricarboxylic acid cycle in ruminal epithelial cellsl{

a higher level in the forage group. In the present study, w&adi et al., 2000 In this study, we observed higher levels
revealed thaPrevotellaceae UCG-00&s negatively correlated of L-methionine in the concentrate than in the forage group.
with valerate and isovalerate concentrations. Previousigiss L-methionine is a precursor to other sulfur-containing amin
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acids and the essential and limiting amino acid for ruminantthrough a few intermediates to hypoxanthine, which is coteer
growth as well as production. In most rumen microorganisms, do xanthine; thus, xanthine and hypoxanthine are regarded as
signi cant amount of L-methionine is synthesized from ghse, biomarkers of microbial protein synthesi&i¢allan and Smith,
inorganic sulfur and homocysteine. In addition, L-methina  1973; Ametaj et al., 2010; Zhang R. et al., 20Ifese ndings
also plays important roles in rumen bacteria cell protein sysie  suggest that the concentrate feed type contributes to purine
and regulation of the mucosal response to antigensRRashid metabolism in the rumen.
et al.,, 2001; Sakkas et al., 2012; Firkins et al., 2015; Mariz Additionally, the altered concentrations of six fatty axid
et al., 2018 In the present study, we also observed increasef$tearic, oleic, myristoleic, arachidonic, palmitic andreadc
levels of L-DOPA, which is a non-protein amino acid with acids) in the rumen suggest that the feed type has an e ect
strong allelopathic activity and a precursor of dopamine andn fatty acid biosynthesis and metabolism. Ruminal long-
sulpiride as well as a D2-type DA receptor blocker. L-DOPA ishain fatty acid concentrations are indicative of actipmlysis,
produced by plants, especially broad beans, and in uences th@ohydrogenation and microbial fatty acid synthesis in the
secretion of growth hormone and prolactin in steegéres etal., rumen, and the fatty acids are of dietary origin as well as the
2014; Kasuya et al., 201 There are some reports that ruminal result of rumen microbial biohydrogenation of dietary ligid
tyrosine hydroxylase may catalyze the conversion of tp#d  (Or-Rashid et al., 2007; Moate et al., 2008; Buccioni et al.,
L-DOPA, while bacteria, which are the main fermenters of L-2019). Among the upregulated fatty acids in the concentrate
DOPA, use the nitrogen in the L-DOPA as a nutrient source ingroup, stearic acid is the end-product of the biohydrogenatd
the rumen. In addition, decreasing the concentration ofdiga  oleic, linoleic, and linolenic acids. Previous studies destrated
degradable components, such as starch and non-amylagedreathat the concentrate to forage ratio plays an important role
neutral detergent ber (non-aNDF) carbohydrates, was show in the accumulation of biohydrogenation intermediates,ileh
to cause an increase in L-DOPA concentratiorishikagwa- endogenous plant factors involved in ruminal lipid metabolism,
Malunga et al., 2009 Notably, among the amino acids that such as active plant metabolites that are recognized as mmdi e
were upregulated in the concentrate group, the functionalrami of biohydrogenation of fatty acids, increase stearic acithie
acid L-proline can be synthesized from arginine and glutaenin rumen (Mele et al., 2006; Lee and Jenkins, 2011; Buccioni et al.,
L-proline serves as a major amino acid for maintaining celk012; Yanza et al., 20180leic acid, the product of dietary
structure and function, as well as functioning as an impottanlipids ingested by ruminants, is hydrogenated by bacteria in
regulator of cell metabolism and physiology. In addition, L-the rumen to release free fatty acids, which then are aJailab
proline plays important roles in protein synthesis and struetur for the formation of hydroxystearic and ketostearic acidsnir
metabolism and nutrition, as well as anti-oxidative reanti in  oleic acid {enkins et al., 2006; Hudson et al., 2010; Wu et al.,
wounds and immune responses/(1 et al., 201). It has been 2016. Palmitic acid, a dietary source of 16-carbon saturated
reported that L-proline levels increase in the yak rumen withfatty acids, can be used as an energy source for milk productio
increasing levels of dietary concentrai##héng R. et al., 20).7 and replenishing BW loss during periods of negative energy
b-Alanine, which has been proposed as an intermediate in thbalance. In addition, adrenic acid is formed by arachidonic
formation of acrylamide and acetonitrile or as a direct presm  acid chain elongation or elongation and desaturation of the
of poly-b-alanine, is normally metabolized into acetic acid.essential fatty acid linoleic acid. Adrenic acid can also be
Higher concentrations db-alanine are related to larger amounts converted to arachidonic acid Hy-oxidation; however, the role
of starch and readily available carbohydrates, indicatiivag the  of adrenic acid and its metabolites in the rumen remains to be
conversion e ciency from volatile fatty acids to carbohyades is clari ed. Arachidonic acid, which is a ubiquitous component
decreasedimetaj et al., 2010; Saleem et al., 2012; Sanchez et ef. every mammalian cell, is not only a tetra-unsaturatedyfatt
2017; Tao et al., 201.7 acid important for normal cellular membrane uidity, but also

It is noteworthy that we observed alterations in theplays other critical biochemical roles, including being theect
concentrations of several metabolites associated withnpuri precursor of bioactive lipid mediators, such as prostaglandoh an
metabolism. In the rumen, dietary nitrogen from the feedleukotrienes [lartin et al., 201} In addition, arachidonic acid
is degraded and reused by the microbial population for theserves as a speci c and sensitive plasma biomarker of average
synthesis of microbial nucleic acids. These nucleic agiglsst ~ daily gain (ADG) in steers Artegoitia et al., 2017 In this
derived from, and degraded to, purine nucleosides (e.gsiimo study, we found a higher concentration of adrenic acid in the
and guanosine) through de novo synthesis and the salvaderage group compared with that in the concentrate group. It
pathway, then to purine bases (e.g., xanthine, hypoxanthindas been reported that myristoleic acid can be extracted from
guanine, and adenine) by enzymatic action, and nally, toipar the some plants or biosynthesized from myristic acid by the
degradation productsHujihara and Shem, 2011; Stentoft et al. enzyme delta-9 desaturase. Myristoylation is an important post-
2019. In the present study, we found that higher levels of thes¢ranslational modi cation required for the transfer of sa@m
metabolites in the concentrate group, and in accordance witproteins from the cytosol to the plasma membrane for signal
other studies, the high concentrate diet caused increasedd of transduction or activationf{won et al., 2015; Lapina et al., 2016
xanthine and hypoxanthine, which are nucleic acid degramhati However, the metabolism of adrenic acid in the rumen remains
products of rumen bacteria. Furthermore, purine is cataleuliz to be elucidated.
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