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W OE. B X E 4 18 W R AT (Linwm usitatissimum) 5 23580 a5 # (Schizochytrium) , 43 B 23T #E 9
PR JB R I R 1) S L o A A S8 8 T 21 S 12 7 8 000 i fdt A 4 L AR E AE (95. 004 5. 20) kg, #c BRI B 25k 432 341,
FAEE TR AN A (S) 1 R 5t BRAL, 2 213055 241 43 590 1) WS RRFF (Y ) RN 240 2 3 (L) B B0 i 1) o 210 d, 25 &
16S rRNA I 35 A=l S8 1] £ 36 200, St AT B b 5 T 4 2 98 T B2k ) TR 0 25 4 L B 25 AR i S o 5 R R R
SV JBRFF R 0 A A R R A AR KM R UL PR NS U R 4 B R . A B ) ORI R AR (P
0.05) ,{HBL & b 3 T (P<<0.05) . A AN —+ 8N g (DHA) & i i 35 32 75 (0. 35% ws #Mi 4
0.04% ,P<C0.05) ,n-6/n-3 WL H FEAK (5. 42 vs #MAI2H 36. 28) ; 0 JBRAF 20 S I8 5 R & i T35 14 0 (1. 44 g os #MAI2H
0.85g,P<<0.05) . J8 H LW o0 A1 o, PR R 20 J52 BE B 1) = 1 58 3 T #85 (69 %4 s AMEI4H 57 %, P<<0. 05) , #UFF
BT R AR (2190 us AMA AL 27 %0, P<C0.05) , 245 45 s 41 3 TF IR B W 2 W (7.5%0 vs #MA 41 3. 9%, P<<
0.05) o ZHEME BN AL A B Z R AR FAMAI AL B AR M 3L 2 M 22 5 W 2 . LR AR G20 43 BT 32 I, 7 4k 2 201
T 1 B SRR B PR R AR (P<<0. 05) , LR BRI RR AT A W o A DGR 44T s e T RR R S LA 2 DG I (i
W15 T A IE M5, P<T0. 05) o M JRRAT 1 2 1 A 46 3 a3 5% i 98 15 8 A 400 T L P A S 0 b 2 g I 0
AT G g v FE b DCFE A 1) J AR AL T RIS R S8

SEBIA : HER R B U BT 5 2448 5 16S rRNAJIT 5 JE 80 1 {4 2 2
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Effects of Feeding Linseed and Schizochytrium on Rumen Microbiota and Fatty Acid
Metabolism in Yaks Based on 16S rRNA Sequencing and Untargeted Metabolomic Profiling

QI Zhengjun, WANG Guowen, FU Changqi, SHU Shi, SHEN Xiuying", ZHANG Jun"
(Academy of Animal Science and Veterinary, Qinghai University, Xining 810016, China)

Abstract: This study aimed to analyze the effects of dietary supplementation with flaxseed (Linum
usitatissimum) and Schizochytrium on rumen microorganisms and meat fatty acid profiles in yaks.
Twenty-one 12-month-old male healthy yaks weighing (95.00£5. 20) kg were selected and divided
into 3 groups according to the test requirements, with 7 replicates in each group. Supplementary

feeding group (S) served as the control group, and the 2 experimental groups were fed with flaxseed (Y)
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and Schizochytrium (1.) respectively for 210 days to analyze the effects on the microbial community
structure and differential metabolites in the rumen of housed yaks, in conjunction with 16S rRNA
sequencing and non-target metabolomes. Flaxseed and Schizochytrium supplementation significantly
affected growth performance, muscle fatty acid composition, and rumen microbiota. Both treatment
groups showed significantly lower dry matter intake (P<C0.05) but improved feed conversion ratio
(P<<0.05). The Schizochytrium group exhibited significantly higher muscle docosahexaenoic acid
(DHA) content (0.35% ws. control 0.04% , P<<0.05) and lower n-6/n-3 PUFA ratio (5. 42 vs.
control 36.28). The flaxseed group showed increased total fatty acids (1.44 g vs. control 0. 85 g,
P<C0.05). Rumen analysis revealed significantly higher Firmicutes phylum abundance (69% ws.
control 57% , P<C0.05) and significantly lower Bacteroidota abundance (21% wvs. control 27 % , P<<
0.05) in the flaxseed group. The Schizochytrium group demonstrated increased Prevotella genus
abundance (7.5% wvs. control 3.9%, P<C0.05). «-diversity decreased in treatment groups versus
control, while B-diversity differed significantly among groups. Muscle metabolomics analysis results
indicated the downregulated phospholipid and acylcarnitine metabolism (P<Z0.05) and upregulated
fatty acid derivatives in both treatment groups. Rumen microbiota correlated significantly with muscle
metabolism (e. g., Patescibacteria positively correlated with succinic acid metabolism, P<C0.05).
Flaxseed and Schizochytrium promote lipid deposition in yaks by affecting rumen microbes and muscle
metabolism, providing a theoretical basis for precision feeding strategies in alpine regions.

Keywords: yak; rumen microorganisms; flaxseed; Schizochytrium; 16S rRNA sequencing; non-
targeted metabolomics
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SR BT A A R HERE 0 0. 45, BT AAE H OB 38 i
JRORF S5 B AN A N i D R ) ek DO AT D A R
A4t PR RE

SR K (Linum usitatissimum )52 WK 89 F 1, /E
L R R EOR, R S E R, A
=& IS A AR B, TS Y n-3 2 A8 1 g
V5 R K s 24 Bl 1 A 7 2 e RN IR BT R A B S S e
W98 & B TE W 4 HORR H ds bR 25 B35 R v 4
W Hh A B0 T R 1Y f O L2 0 VS I R FF L
B, I 10 26 1Y SV JBRORF LU f51] 23 A X F 18 E 6 412
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iR . AW R FE & AT B TP i 5%

L A9 9 SRR AT, St OB EE DL R S E
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1 #R5F=E
1.1 {ARKIE

JIT e AR W T 9 0 T OB BT R AR A
w5 A6 RROFF £ TR0 R Ao R B AL AR BT BR A W
f (3t 5 ni it 2 TE <l R A 9 4% 00 3 W Bl D s
i, P LR TR S 25 A ) TR A PR W] A
1.2 KBHE

BEHLEEIE 1 21 Sk fdt B A EAE(95. 00£5. 20) kg
VOB P A 0 2% 1 ARG A 12 I e v R R A L OF
X AT g, SRR EATTRERL 3 S 34/ N 2
5% 7 RHER o SE AN AN AL (S 2H) I RRAF 20

®1 SFWEFBERERKTE

Table 1 Nutritional levels of diets for housed yaks

(Y 240) Fnzd s a e 20 (L 41) @ i gl 43 ) 1 i RL
Mg 7 &8 N 1.76% .2.50% . 2. 54 % B M . 25
Tt 10 3K 6 A0SR AR ] R A 2 R 0 3R 5 AR PR
FF 2 R4 5 i 388 2 A R T 3 S n A 2 % 1 I
A0 JRRFF RN 2458 A B A o AR R B0 3R 3 225 d
Hoh i 15 d, IE 330 210 d. R 56 T 46 A 5 ) P
FIWICAT A W8, g R 70K B
KA M AR A R, H R B R AV I KR B
O RN iR i R AR SN SN o | N ES S A 4
HE A 2F 8 3R B (NY/T815—2004 ) I AR 5 52 Prt
A P DL i RS AR U A R AR
FEARFEPEI 2 1,

T ek Dkt

2H 5 Group

Feed ingredient S Y L
EK/ % Maize 14.1 12.8 12.8
T KB /% Corn bran 4 4
%k K /% Wheat bran 4 4
INEFEFF/ Y% Wheat straw 52 52 52
INFZ /% Wheat 3 3 3
32H1/ % Rapeseed meal 6.3 3.8 3.8
W FRAFDE/ % Flaxseed cake 0 4.8 4.8
Hi#1/ % Cottonseed meal 4.6 1.6 1.6
M1/ % Soybean meal 5 5 5
WAL W RE K/ % Extruded flaxseed 0 2 0
S45E A WK/ % Schizochytrium algae meal 0 0 2
Al PGS / 90 Soluble distillers grains 5 5 5
WiRE/ % Premix! 2 2 2
A1 Total 100 100 100
H 4 /KF Nutrient levels

TH /% DM 87.99 88.01 90. 01
fRtRE/(MI-kg ') ME 9.49 9.62 9.74
1R/ (MJ-kg ') DE 11.58 11.71 11.88
B M5/ % CP 12. 68 12.64 12. 56
MR/ % CE 1.76 2.50 2. 54
TR PE P47 4/ Y6 ADF 24.9 25.07 24.9
RPESEG AR 4E/ Y% NDF 37.63 38.01 37.63
/% Ca 0.08 0.08 0.08
BB/ % TP 0.27 0. 26 0. 26

DoOWUR KB NS T SRR AL 4E A E A (VA) 150 000~400 000 TU, 44 2 D (VD) : 40 000~100 000 TU, 4E4: X E (VE) :
500~1 500 TU, i (Cu):0.2~1 g, %8¢ (Zn):1~3 g, 4k (Mn):0.6~2 g,1li (Se):2~25mg, % (Co):6~40 mg. 2. fCIAE(H A

THALREAE D V518, v 3% D Sl

V. Premix provides per kg of ration: vitamin A (VA) : 150 000-400 000 TU, vitamin D (VD) : 40 000-100 000 IU, vitamin
E (VE): 500-1 500 1U, copper (Cu): 0.2-1 g, zinc (Zn): 1-3 g, manganese (Mn): 0. 6-2 g, selenium (Se): 2-25 mg, cobalt
(Co): 6-40 mg. *. Metabolizable energy and digestion energy values were calculated, while the rest were measured
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1.3 #HmXE

1.3.1 JEWCRE I AF 60 d, 5= e M i 4k
O B W, B SR AR AR R B W A 3 T 4 R Y
U ORAE T — 80 CREREE T, FH T 16S rRNA 4347 .
1.3.2 WA FE R4 R T 1 d X HE 4 gE AT
R VB A EERKI, R E T W)
AP PER R, G T — 80 ‘CUKFEPRAT

1.4 #EWRE

141 ARdaE 5 R id 5% A K 0 A kL
AR A TP R B i (DMD) o 35 I 45 F
LA X T AR E T B E(TWG) 1
HIE (ADG)FEE L (F/G),

1.4.2  Jig Wy gl W JUU PR R AR R B — T
(0.5)  MAEM S PEECHBIN 2: 1), ;iR A A
EEIR M T THIRK B E 1 h, #0805 5 7840 2
B, RS, AZERE K, LB R A S R B 0.5 6%
R IR A A, FIRE L (8 000X g, 10 min) 43
2% E R AR KA 3 X IR 2 A LA B A e T R
Hy Bl RO AR - SR AR S (LB 40 1)
PEAT B AL B R, 7E 60 CF M 30 min. JZ W 45 R
S FH AT Tk B2 UG 7 2 FROR L O DS K B R A 25
B 5k B K 43 o e 28K W R AL IR 7 R FH SR 8 1% )
(22 $E 48 7820A) HEAT 43 BT , SR N A vk 1 O o it

B4 VEE R 1E
1.4.3 98 H W 16S rRNA | JF o E WA

WERHEKRE ZHRREEREDFELBERARA A
PE4T 16S rRNA & A Il /7, 3 F Illumina NovaSeq
PE250 °F- f5 (2X 250 bp B I 77> 4% =) 48 B 45 )7
H, % H QUIME 2 #F 17 5 #E £k 20 ' 1 56 il i
DADA2 535 2 bR AR B 5 51 Kt & 14, 91 LA 97 %
AR ABL P 1 { %F 4E 52 ¥ 81 i 47 OT Us (operational
taxonomic units) % 2 ; i J5 F| | RDP Classifier 5 1%
4545 Silva 138 K4l 2 x5 48 M 5 51 E A7 9 Fh 43 25
W CE G EBRE=70%) . o 2550 0k 5
Observed OTUs, Shannon 3§ %{ . Simpson #§ %4 .
Chaol #5 % .Goods_coverage .Dominance & Pielou_e
WIS AR VI A 8 5 2 Fe 1 B 2 HEE
H5F Bray-Curtis I £ 5 1438 i 3 48 F5 53 BT (PCoA)
AT PLAL 4 1) 25 5, 9 R H Adonis & 55 B 7% 25 10 0 2%
PE(P<<0.05) o il & 2 M ) Bl 40 B 2 0L & %
(LEfSe,LDA Score>>3.5) i £t 2H 0] x5 2 ¥ 22 5 43
FHTT, 85 A R0 R 38 40 B 1] 2 8 7K F- )
P2 2 22 5 (P<<0. 05 2 {35, P<<0. 01 A 12 3%,

s LU B £ R R " RIR ) o B R T PICRUS2
IR AR P T RE L 2 I KEGG 30 & (Kyoto
Encyclopedia of Genes and Genomes) i B 1L ifif i
B, S A A SROG) BAE  RE AT AR AL . il
Wfela 1d 5 FUCRER AW 60 d, Kt )G — Ik
RAEAAE Ry Horh— AN ] S AT 517
1.4.4 AR 2E 07 B30 mgHEfhE T EPE
RTINS B R A5 AR R PR - KT A VS T
(LB 4 1), ZEAR IR A5 0 T T8 BIF B 14 5 L il 1
MM L . BEJS AR S AT 2 RS S 4K
p2 30 W, B 8] 10 min, B R FF7E 4 °C) , 2 UK
Z2V VRS 0 (8 000X g, 10 min, 4 °C) J5 , B [ 3% W,
2238 0.22 pm R PEAF AL UE /AT —80 CH/H . T
A S A AT B R T B R AR Y — bk
oy 2 R ) A M A BT AR AR (QC) I
B R R A R RE a3 BORGHEATIR & o B 3T R
JH ACQUITY UPLC HSS T3 54, HE iR % & N
45 °CF sl A R 2 0. 1% W i B 2K (A ) 1 2 G
(BW) , AR 4 pl, 8~ 0. 35 mL-min ',
I N BRFE i B OC #E i, #0477 E 1800 20 B (PCA)
PEARAE it F AL H AT AR AR B DA K BT R G i AR e
P o JEGA B 38 5 Progenesis QI v3. 0 84 #E 17 1
RGN | s 2 6 B A A UH — Ak S A B, OGBS 8
A0 45 7K B 1 25 2 (precursor tolerance) Fl#E F B
7% 24 (product tolerance) , 2R JH iX 6 2 45 & {4 84 il
1IN - e 3 X S I K VA S o T )
HMDB, LipidMaps . METLIN } LuMet-Animal %{
I e S BLAR ) 45 E R E 5 03 AT .
1.5 #iEaE

FIF Excel 2021 2 )3 % 8048 o 17 % 22, i A 5
K 2 7 25 43 M XoF 0] A1 L ST PR R AL 0 24 0 a8 41 2
B A A K kB WL BRI e & & R E e )
HJE AT O 34 Tl BE S R A7 22 S 40 B, O P ] vk g
frei ) £ & 8, P<<0.01 %R 22 5 B %, P<
0.05KREREE P>0.05KREFARE. 8
FH R Studio FAF #E47 B A B A SC 1 43 A 45 454

2 &F B
2.1 U FR A7 70 2458 55 35 X AR R 1 BE O BTG

H1 2% 2 ) B, 5 Al Z 9] Ak . ORI
WEM P HWEZMIEH R 25 . Madn+
Py JBCR £ ERUREE LG S R TR R 4 R 2 A
A (P<<0.05),
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Table 2 Effect of flaxseed and Schizochytrium on growth performance of yaks (Bos grunniens)™"

2 5] Group

i H Item
S Y L

WA /kg IBW 97.51+4.74 94.22+4.28 91.88-+6.76
LR E /kg FBW 194.63+8. 67 199.19+6. 45 193.6948.08
B E kg TWG 97.12+5.62 104. 954447 101.80+5. 26
S HEE/(kg-d™") ADG 0.5440.02 0.5840.02 0.5740.01
FH R R/ (kg-d ') DMI 2.014+0. 23 1.7440.23" 1.7140. 23"
BEL F/G 4.1040. 50° 3.9540. 55" 3.98+0. 54"

[F) A7 K080 S5 7 AR 2 B AR 5 360 22 5 .38 (P<<0. 05) T b - Bl AR IR R 22 57 R B 3 (P>>0.05) . T & A
Different letters labeled after the peer data indicate significant differences (P<C0.05), and the same letter labeled indicates non-
significant differences (P>>0. 05). The following tables are the same

2.2 THRFFAHNETENINAERERSEMNZNE

1 2 3 WT AT, W R R 20 0 245 A i 2 04 B8 i T
S W T AME 4 (P<<0. 05) . 245 B 1 —
+ H R (EPA) A DHA {2 25 78 T 0 41 F0 0 R K
ZH (P<C0.05) o M JBKFF 20 F1 224 58 a7 38 40 19 LA -0 7
MR i A T AMAE 4 (P<<0. 05) . 7 K40 /Y 46 4E 1Y
TR (ARA) & 35 I8 T 4MA 41 (P<<0. 05) . 2451 47 i
41 B R R AV R S I T AR ) 2RI JRR R 40
(P<C0.05) o 0 JRFF2H R4 58 i 35 4 1Y) L B I 12
TR R IR B R T AMA 41 (P<<0. 05) .
JRRFF2H 1) Ly R 3 v T A A 4 (P<<0. 05) 6
2.3 EEMEWAKS
2.3.1 ] I JRROFF I 24 B A 6 AR AR 0 UE Y
T 7% 45 48 22 5 Ak 52 11T R0, 98 A R
LR 3 ULl 2Rk O i A R R By A B, AT
AR B 56 HOAR XS R B S 0 A T A 0

M B2 AT H, 3 41 4R A 3k % 51 410 Fp
OTUs, 3t A 4 876 f OTUs, 5 B 1Y 9.48% . #b
T 2 %5 23 941 Fp OTUs, Hivhg 5 15 692 #h
OTSs; W JFRAF 20 2% 52 1 20 747 Ff OTUs, Ho i
12 479 A OTUs; 24 5 47 ¥ 41 % % H 21 096 Fp
OTUs, Hrh 5 13 741 # OTUs.,

HY 2% 4 AT 1, I JRR KT 2 R 2 5 A 3 2 1) JEE RE T
"] (Firmicutes) F B g # & F#MA 4 (P<<0.05) ; F
R FF2H 19 $8LFF 18 1] ( Bacteroidota) = & 5 Lk i 2 1%
T AME 2 (P<C0. 05) ; 7 JBR AT 2H 1 24 5 A S 4 1Y )
7 W '] (Euryarchaeota) 3= B i 2 I T 4b ] 41 (P<<
0.05) ; 3 24 18k B9 B &5 AT 18 1] ( Desulfobacterota) Jo
2 25 5 W RRFF 4 19 5 B 1] (Cyanobacteria) i
FE T AMA 4 (P<<0.05) ¢

5 AT, XT3 3 IR B (Prevotella) | 3¢
B A 5 AR X T BE 5 b 3 T RN 2 RN SRR R
2 (P<C0.05) 5 % T 3¢ HL M ik 2% & A+ R-7 & ¥
(Christensenellaceae_R-7_group) . W %t 5 #T B )&
(Methanobrevibacter) | 6 % ¥% W J& (Candidatus_
CHOWF W A RCY I oE A
(Rikenellaceae_RC9_gut_group) Fl A % & FOS2 1# &
(unidentified FO82) , V. JFf ¥ 21 F1 24 58 A7 35 2H F B2
e I A T AMA 41 (P<<0. 05) 5 X4 T B IR 43 T =&
(Succiniclasticum) , 3458 47 B4 =F B o5 bbb 255 T #b
T 2 FISIE FRAF A (P<<0. 05) s % T8 FE IR AL _UCG-
001 J& (Prevotellaceae UCG-001) | T 28 Bk W
Bl UCG-001( Veillonellaceae UCG-001) , W FRAF2H
FNLTE A B2 T B b i S T AME 2 (P<<0. 05) .

M B 3A RN, SRR FF2H 7 A B9 LR R R4S
T MR #F & J& (Butyribrio) . $i v 5 12 e @ #t
AC2044 H (Lachnospiraceae_AC2044 group) . &
KR UCG-003( Prevotellaceae. UCG-003) B BR
W JE (Monoglobus) %5 59 H 04 #4514 J& 42 45 3% 31 R
i W JB (Succiniclasticum) . ¥ & B W )@
(Saccharofermentans) 55 5 11 A0 35T J& A3 45 B 478 9K
W )& (Desulfovibrio) . & T B # W &
(Pseudobutyrivibrio) 38 K H & o

& 3B Al N, 2450 A B A 7 H i A0 3 i e L 4
i 538 3K B & (DDesulfovibrio) B e AT 1# & 5 F Ik
® B UCG-001 ( Prevotellaceae UCG-001) 45 ;9 H
(R I 32 T Je 0 45 v BT R AR TR R-7 4 3R HI R
W B RMEES ILAMNRAEEEERL LT
J& (Papillibacter) . T TR A W J& 98 H R W /&

(Ruminococcus )% .

Saccharimonas)
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Table 3 Effect of flaxseed and Schizochytrium on fatty acid content of yak muscle

fe Wiz Fatty acid AR Group

S Y L
WL B/ (g+100g™") Intramuscular fat 0.8540.05" 1.4440.12 1.180. 06"
a- W KRR/ Y6 ALA 0.2740.12 0.1540. 04 0.1540. 02
TR AR/ Y% EPA 0.09+40. 04" 0.034+0.01" 0.5040.11°
T RS KR/ % DHA 0.04+0.02" 0.0640.01" 0.3540. 29°
LA-WiM#R/ % 8.10+0. 95° 3.3040. 49" 4.0540.47"
AELE T IRTR / % ARA 1.5340. 44" 0.264+0.08" 0.7940.17*
FEHE 2/ % Palmitic acid 25.70+1. 87 22.06+1. 64 25.980. 69
fifi g2 / % Stearic acid 24.7441. 33" 24.4740. 84 18.1340.81"
W S E R/ ¥ Myristic acid 1.3140.12 1.4540.11 1.5940.11
MER/ % Oleic acid 35.33+2.81° 31. 9442, 44" 23.5541.18"
FEr M mR / % Palmitoleic acid 3.0140. 20 2.8140.25 2.8940.25
+ T HElR/ % Pentadecanoic acid 0.3940. 04 0.3940.02 0.4340.02
+-E%i#R /% Heptadecanoic acid 0.93+0. 09" 0.81+0.01" 0.87+0.02"
2R / % Decanoic acid 0.094£0.01 0.08£0.01 0.08£0.01
A k2 /% Lauric acid 0.0640. 02 0.0740.01 0.0740.01
P REMER / % Myristoleic acid 0.094+0.01 0.1140.01 0.1240.02
+ LM R / % Heptadecenoic acid 0.7440. 04° 0.48+0.01° 0.43+0.02"
e/ % Arachidic acid 0.2840.02 0.2340.01 0.2040.01
i3 2 / % Gadoleic acid 0.2940. 04 0.1940.03 0.1340.01
11872/ % Behenic acid 0.13+0.01" 0.1840.01° 0.1040.01°
11, 14-— 8 &8/ % 11, 14-eicosadienoic acid 0.0940.02 0.0340.01 0.0740.01
—+ ke / % Docosanoic Acid 0.54+0. 05" 0.2740.01° 0.2840.01"
Y- RER / ¥ Dihomo-y-linolenic acid 0.2240.05 0.0640.01 0.1540.02
—+ =M/ % Tricosanoic acid 0.2240.04 0.14+0.04 0.13+0.02
KRS/ % Lignoceric acid 0.372+0. 05* 0.1840.02" 0.1940.01°
482 / % Nervonic acid 0.1740.03 0.08+0.01 0.0940.01
n-6/n-3 Z AR IR n-6/n-3 polyunsaturated fatty acids 36.28+10. 89" 16.15+2. 87" 5.4240.89"
1 400 =3
R
1200 o R
o
& 10001 — T

800

600+

400

ML FEL Observed_features

2001

04 ¢
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| é/ e
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Fig.1 Ruminal bacterial dilution curve
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S Y

L
HMEILL(S) A OTU 15 6924, MEIRRFFAL (Y ) Mt ok 12 4794, Z5H A e 4 (L) o oy 13 7414
The supplementary feeding group (S) exclusively contained 15 692 OTUs, the flaxseed group (Y) exclusively contained 12 479
OTUs, and the Schizochytrium group (L) exclusively contained 13 741 OTUs
2 FEHE
Fig.2 Venn diagram

x4 TRAFMAETRENESESMEY K ERXFEEH (A 10)

Table 4 Effect of flaxseed and Schizochytrium on the relative abundance of microbial phylum levels in the rumen of yak (top 10)

Ui H Item ZH 9 Group
S Y L

JEBE B[] Firmicutes 57.52+0.012" 69. 05+0. 008 65.75+0.012°
PUFFH ] Bacteroidota 27.79+0.014° 21.27-0.009" 25.18-0.012®
W] Actinobacteriota 0.1040.001 0.134:0.001 0.1240.005

] 17 Euryarchaeota 5.264+0. 003" 2.48+0.003" 2.64-+0.004"

3% 14 17 Patescibacteria 6.1140. 003" 3.434-0.003" 2.46+0.003"

JE B AT #1171 Desulfobacterota 0.894-0.001 1.062£0. 001 0.92-0.001

PERLR 1] Verrucomicrobiota 0.6840.001 0.8440.001 0.9740.002

LEVE T Chloroflexi 0.01=0.001 0.01£0.001 0.084-0. 001

W B ] Cyanobacteria 0.2240.001° 0.0840.001° 0.1340.001*
V%% 1 ] Planctomycetota 0.0740.001 0.0840.001 0.06=40.001

x5 TRHMEBETEZENESESREDEKFEHEIEERF MW (FE10)

Table 5 Effect of flaxseed and Schizochytrium on the relative abundance of microbial genus levels in the rumen of yaks (top 10)

SH Ttem 21 5] Group
S Y L

W E KW E Prevotella 3.99+0.007" 3.93+0.005" 7.35%+0.009°
o BT AR B RL_R-7#f Christensenellaceae_R-T7_group 17.134+0. 007" 12.8440. 009" 12.7040. 009"
Wl % BT R Succiniclasticum 1.19+0.002¢ 4.96-+0. 005" 8.41-+0.007"
NK4A214 B #f NK4A214_group 7.184+0.003" 6.75+0.006" 2.79+0.002
W HIREF_UCG-001 )8 Prevotellaceae UCG-001 1.00+0. 002" 2.86-+0. 004" 3.46+0.004°
FRERER_UCG-001 Veillonellaceae_UCG-001 1.224+0.002" 2.24+0.002° 3.03+0.003"
H b G AT 6 J& Methanobrevibacter 4.954+0. 004" 2.194+0.003" 2.40+0.003"
e 4% R )& Candidatus_Saccharimonas 5.76+0. 003" 2.43+0.002" 1.98+0. 002"
PRAF P BF_RCO Wil B Rikenellaceae_Rc9_gut_group 4.7640. 003" 3.57+0.002" 2.63+0.004"
R UEE FO82 1 J& Unidentified FO82 0.99+0.001* 0.1140.001" 0.16+0.001"
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2.3.2  Alpha Z £ 1% 4 ¥r M % 6 1l %0, 3 i
Alpha Z # 4% 43 #7145 W %% 2] 19 ) F9 %L . Chaol
Shannon ., Simpson Fl 7 i 3 45, #Mul 2 W R AT 20
58 A 358 21 3 21 = i) () %% 51 A9 4 R BSORT Chaol
Fe R A 3 22 5 (P<<0. 05) 5 2478 aF 3 41 5 b A
ZH FI IV PR A7 2H Z [6] /Y Shannon 8 80 ¥1°A o 3 2 &
(P<C0.05) 5 #Is] 20 10 JBRFF 21 2 18] 19 76 o 7
F2R(P<0.05),

F1 28 7 0] 1, M) 2 H 0L 2% F G ) Al 8L L Chaol

R 6 34 Alpha ZHMEEH S
Table 6 Alpha diversity indices analysis of 3 groups

8B Shannon 8 i O H 57 H M 11 H 2 M)A &
25 (P<<0.05)  HRMAETHESIAMILAA L
& 22 5% (P<<0.05) ; W2 JfR b 4 WL %< 21 19 9 Ff 25
Chaol #§ 20l Shannon #6811 H 57 HMIH A
i 2 25 5 (P<T0. 05) ; S4 58 4 35 20 WL 22 3] 1 1) Fh 4
Shannon 4§ % fil Simpson #8584 E 11 H 57 A M9 A
AW 25 (P<<0.05) B RAETAMI A ZHA
325 5 (P<<0.05),

2151 Group

i H Item S

Y L

N 2 1) P Fh %L Observed _features
Chaol #8%% Chaol index

Shannon 8§ #{ Shannon index
Simpson #§ 4% Simpson index

35 % Goods_coverage

1425.42+20. 49"
1495.65+£21.75
8.52+0.051°
0.98+0.001 2
0.9940.000 1*

1283.49+21.62" 1087.93+23. 36°
1345.43+22.90° 1158.21+25. 34°

8.42+0. 059" 7.80+0.073"
0.98=0.000 7 0.97+0.002
0.9940. 000 1 0.9940. 000 1*

R7T AERBAESFEEWHEY Alpha S B G E LK

Table 7 Monthly comparison of rumen microbial alpha diversity indices in yaks under different treatments

f}ﬂr?)ip T H Item 7 H July 9 H September 11 A November
S WL 2] (1) W) Fh L Observed _features 1554. 00+ 33. 45 1302.10+27.62 1573.00+53.17°
Chaol #8 %% Chaol index 1646.95+35. 37" 1382.83+33.52" 1596. 60+ 58. 50°

Shannon 3§ #{ Shannon index 8.61+0.09° 8.34+0.11" 8.81£0. 14°

Simpson #§ % Simpson index 0.9840. 002 0.98+0.001 0.98+0.003

P 56 % Goods_coverage 0.994+0.000 2 0.9940.000 2 0.99+0.000 3
Y ML 2] (1) W) F B Observed _features 1265.41+34.08" 1242.33+16.30" 1477.42+40.79°
Chaol #8 %% Chaol index 1341.13+33. 86 1295.78+19. 35 1530.10+45. 30°

Shannon #§ #{ Shannon index 8.34+0.08" 8.4540.05" 8.96+0.05°

Simpson #§ % Simpson index 0.9840.001 0.99+0.001 0.9940.000 4

7 55 % Goods_coverage 0.99+0.000 2 0.99+0.002 0.99+0.000 3
L WAL ) AL Observed _features 1225.83+33.87" 1203. 44+31. 28" 1057.58+16. 26"
Chaol ¥ %% Chaol index 1290.01+37.38 1335.53+38.81 1141.88+18.24

Shannon #§ #{ Shannon index 8.26£0.11° 7.9940. 10" 7.2940.09"

Simpson #§ #{ Simpson index 0.98+0.003" 0.9740. 003" 0.9640.002"

|35 % Goods_coverage 0.99+0.000 3 0.99-+0.000 3 0.99+0.000 1

2.3.3 Beta ZFEMES T

4 RS AT g,
PCoA 4 #7157 T M 41 7 R AT 41 A0 24 5 4 956 21
Z R4 B o TR R T JRR R 4 R 245 A E A T A
GyBEZ T 5 R i 20 5 A 4 A 6 g HLAE PC2
L I 7 N S S | I R . A S 11 -

NMDS [&] 15 2] 1t 45 5t 40 i — B, W RRFF 44 AR 2
A7 SR, S5 A A o A R Ay .

i 2 Adonis £ 55, 45 5 3R W &b 18] 41 A JRR K
HZ A 13% BV 4 H (R°=0.13, P<<0.01) , #b
T 2R 24 0E A e Z R A 129 BEVE AR R (R'=
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@& oM

=

2

Eild 57 %

0.12, P<C0.01) , V. Bk FF 20 A1 24 58 A % 20 2 (8] A
2.6% W BEVE AR B (R*=0.026,P<<0.01), 42

SR B BAR (R*<20. 2) , ] g 5 48 4R A4 22 57 5

]

) IS 9 A G o

PCoA-PC1 vs PC2

PC2(17.17%)

pom
<

~025

0.00

025

PC1(25.84%)

4 FLERESTE
Fig. 4 PCoA diagram

NMDS Plot

0.3

NMDS2

Stress=0.15

rbom
anESlv%]

5 NMDS &t
Fig. 5 NMDS diagram

2.3.4 ERYFMEIEBM WK 6K,
LDA score B8}y 4 ¥ 47 LEfSe 43 #7 , b4 i 2 7
[ I < I S O S N RO 0 R S D e N
6 6 B 1) CRAAFF B TT 5 I JRROKT 20 104 O 35 T B Ry I B
BT o AEAKOE b, R 4 0 55 5 B S 3UUAT 1A

0.6

0.4

2 . BEF W 4 (Saccharimonadia) . H 4% /T B 4N
(Methanobacteria) ; M0 R ¥F 5 # 0 # 0 # & N
(Clostridia) ; 24 58 4 ¥ 2H 19 0 #5781 o 25 22 [ 1
49 (Negativicutes) o 75 H /K F b, b ] 41 49 18 35
B BE R PUF 5 H (Bacteroidales) . 7% B 8 B A2 @ H
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(Christensenellales) . #% & H (Saccharimonadales)
4% 4T B H (Methanobacteriales) 5 W J#E #F 20 09 1C
PR B B IR i H (Lachnospirales) (5 & 12 ¢
W H (Oscillospirales ) 5 %4 5 4 3 21 1 6 3% 08 #F 4
iR % 5 R Bk B H ( Acidaminococcales) | 55 ¢ BR &
H _ZF ¥ W H (Veillonellales_Selenomonadales)
TERE K b, &b ) 20 09 00 3w #F o FO82 B L v B
#r B # W FF (Christensenellaceae) | ¥ @ Fl
Bk M W B
(Methanobacteriaceae) . B # B #} (Rikenellaceae) .
LA B H RF6 4 (Bacteroidales_RF6_group) ; . Jfk
K 20 7 A 35 B8 BE O B 8 € 18 B (Lachnospiraceae) |
¥ %% 12 € W Bl (Oscillospiraceae) | 4 B BR # Fl
(Ruminococcaceae) . J& B B# £} (Muribaculaceae ) ; %4
VIR NIV W = S O > e
(Acidaminococcaceae) . 1% 8 Ik B £l (Prevotellaceae) .

5 47 12 B B+ (Hungateiclostridiaceae ) | i ¥ i £t

coprostanoligenes 2 ( [Eubacterium]_coprostanoligenes

(Saccharimonadaceae)

group) . 48 J& 7 B} (Selenomonadaceae) . 7E J& 7K “F
b, R R AR B RE Y B IR e W 8
(Lachnospiraceae) ¥ 75 1K T4 J& , 24 58 47 35 41 09 10
BWOB N BEWMREE MR B W
(Saccharofermentans) o

Wi 7 FF s, i i PICRUST2 X W7 JBE A 4 Fi %2
b A i 4L AT KEGG Y) R B0 43 B , 459 2] 1) b 21 22
] AH B b B 3 Sl B . b 4R 2 H0E B
Y@ ABC #12 2509 ATP-454 R 454 o 18 18
oo BRILZ AN, A S -6-BE R IR , 2 5 b
G35 Lacl 00 5% A /80 IR, 5 28 R AR
WL s 2 5 RNA RAH#, 2 57 ke
2.4 RiGAFHE
2.4.1 FRS M (PCA) F 1 8 AT AT, 2 A
Sy AT T LARD A A W 3 g = (R R A W R
HEPCAE R UFES SHZREAEENE, w2
i A 7111 U N1 a1 B N B 5 7115 o TS T s A LR E VS
FASSRIRIF 5T 3 41 2 1) ) (. 2 22
2.4.2  IE 3 $5 7 Z 3 A 5 43 #t (OPLS-DA)

Hi I 9A (9B F1 9C W] A1, il i OPLS-DA #4745
BT, 245 5 5 7 i) 25 R BR AT 21 LA B A T 2 0 284 5
T s Z AR W A E 22 57

H1 81 T0A \10B F1 10C o] A1, LA FE A 19 F fh =
B RYY FIQ* 7E #M i) 28 F1SIF JBRFF 41 22 18] 2 0. 992 FiI
0. 707 , %M 41 F01 24 58 47 386 2L 2 8] >~ 0. 989 F10. 781,

f F032 s
o_Bacteroidales NG
¢_Bacteroidia NN
_Bacteroidota NN
o_Christensenellales [INEG_G____
f Christensenellaceac NG
g NK4A214 group NS
g Christensenellaceae R_7_group NG
¢_Saccharimonadia NG
o_Saccharimonadales [INEGG______
f Saccharimonadaceac [INEGEGG_G___
¢ Candidatus Saccharimonas KGR
p_Patescibacteria [ INEGEGNEGEGG_N
k_Archaca NN
p_Euryarchaeota NS
¢_Methanobacteria [INEGEGEGG_—_———
0_Methanobacteriales [INEREG_——_
f Methanobacteriaceac [INEGEG_____
g_Methanobrevibacter | IEGGG_—
f Rikenellaceae NG
¢_Rikenellaceae RCY_gut_group NGy
p_Firmicutes N
¢ Clostridia NG
o_Lachnospirales NI
{ Lachnospiraceac [INNEGEGE
o_Oscillospirales NG
f Oscillospiraceac INEGEGGGG_—_—
k_Bacteria [INNEGEGEE
£ Muribaculaceac [INGEGEG_G_———
¢ Negativicutes [INGEGIG_G__————
¢ Succiniclasticum | KNGINGEG
o_Acidaminococcales INENEGEG
f Acidaminococcaceac [ INIEIEIEGEGMNNS
f Prevotellaceac INEG_G_————
g Prevotella I
g_Prevotellaceae_ UCG_001 INNEG_G_—
f Hungateiclostridiaceac NG
g Saccharofermentans | KGNS
f Eubacterium_coprostanoligenes_group NG
f Selenomonadaceac INEIEG_——
o_Veillonellales_Selenomonadales NN
0o 1 2 3 4 5 6
LDA SCORE(log 10)

@S 0Y OL
6 LDAESNMHE
Fig. 6 Histogram of the distribution of LDA values

PR Y B RPY A QP H K T 0. 5, s 15 B A ]
5, B B A TRINBE ) M Y OPLS-DA 73 # 4
RIFF A 2K .

2.4.3 BEZESNWY AL WME LR, 3
T EE FES R B Al Je , RS i 2 031
FER A o 2 i E B 38 5 O R D A A
1039 AR WA, B 4 I 992 A~ AR
Y, ML AT A4 A 2 W o kAT Rl 3, B B £ B
SKEMRIK BN 5K G AIREMLGY
MEMMNEY A AEILEY .

2.4.4 REESNWWHN  WMERSHIN,HE
ok IR ZH I JRRORF 2H R 245 A i 2 22 T 2% S ) T R
Xf o 4 #r o, i H VIP (variable importance in
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ABCB-BAC
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0.0
-0.6

-1.1
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0.6
ABC.CD.P
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sigH
ABCB-BAC 05
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0.1

-1.0

L9
Y7.Y9 Y1535 7.9 11 7 B SEJRRFF A1 5 WRE it 5 415 L7 (L9 (L1143 5008 7.9 (11 13 45 A 6 41 0 B8 A it o 41
Y7, Y9, and Y11 are the rumen fluid sample groupings of the flaxseed group in July, September, and November, respectively;

L7, L9, and L11 are the rumen fluid sample groupings of the Schizochytrium group in July, September, and November,

respectively
B7 KEGGE&£ERK
Fig. 7 KEGG enrichment pathway

PCA

15

10+

W

S

L]
oY

PC2 (10.10%)
&

i
=

=<2

-15 ; T . . . .
-12 -10 -8 -6 -4 -2

0

2 0 12 14

PC1 (20.81%)

B8 #0A) R AF 0 S 58 5 5 46 AL X5 4 PCA

Fig. 8 PCA plots of the supplementation group, flaxseed and Schizochytrium groups

projection){H . P {H A1 FC(Fold Change ) {H # 7~ 1 2%
S H K- i e AR oS VIP>>1 H P<<0. 05,
25 W 2 i LA R R A 22 ) 2% 5 B 2B T 10 Y
YT o AE I RAT 2 R AN 4 LR, PC(22:0/10:
0) 55 B g 26 1 ot A2 SRR FF 20 vh 3 1 I, SMI(d 17

2(4E,8Z)/5-iso PGF2V) 1 I JFR AF 20 F . 2% F 9,
Calcium Tonophore % fig i 2 ¥ Bt 2 2 L34 , N, N-
Diethylglycine 22 2 iR 2 W) 5t . 35 b £ 2L 8 7
20 FI AR 1) 28 1) 1L 82 P, 1-Methyleyclohexane-1, 2-
Dicarboxylic Acid 75 245 4 ¥ 241 12 3 T 4 , PC(22:
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3H BRECHAFAET 16S rRNA MY SRR ) SR AT (RIS PR T 5 SRR A S X B A7 1 T LR M IR R A s s
OPLS-DA OPLS-DA
2 B i3
s 1
X X
o) S 5 .
8 Y : U L] .:l "L
S SN
-5
-10 -10
-6 -4 -2 0 2 4 % -4 -2 0 2 4 6
PCI (48.8%) PC1 (49.3%)
OPLS-DA
2 15
1o~
;\3 5 /‘ mE o\
= [ \\ !
loz 0 \\ ] \‘ B . Y
g -5 \ |
o]
~15 . . ‘ ; . ‘
-6 =4 =) 0 2 4 6
PC1 (47.6%)
9 #MA(A) IERRFF(B)FIRET R (C) A KK EE OPLS-DA
Fig. 9 OPLS-DA plots of the muscle metabolome of supplemented (A), flaxseed (B) and Schizochytrium (C) groups
A B
R2=(0.0,0.965) Q2=(0.0.-0.42) R2=(0.0,0.856) Q2=(0.0,-0.515)
e R F---- -- I T TN S --
s I
T N P
L= 8 °0Q2 °oQ2
- = R2 r é = R2
8
1 g -1 8
8 [e]
(%]
° °
(¢]
-2 = e
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
200 permutations 1 components 200 permutations 1 components
L R2=(0.0,0.959) Q2=(0.0,-0.346)
104} e R R =
,—’0’
0.5 é [
e
)
0.0 e 8
BB : ° 2
A ° = R2
-0.5 9
[ )
-1.0
-1.5
0.00 0.25 0.50 0.75 1.00

200 permutations 1 components

B 10 #pE(A) EARAF (B) 1R B % (C) AN A X5 22 OPLS-DA 2 2Y B 1546 16 5]

Fig. 10 Plot of the OPLS-DA model replacement test for muscle metabolome of supplemented (A) , flaxseed (B) and

Schizochytrium (C) groups
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= o R 57 %

AW A ) Alkaloids and derivatives

Bt . BAFTR B H2R A Nucleosides, nucleotides, and analogues
HPLEAA Organic nitrogen compounds /

KN E LR MZEZHIZALA Y Phenylpropanoids and polyketides
HHUEE LA Organosulfur compounds
432 Unclassified A TN

HIALEY) Benzenoids 7~ “
H PLZH kA4 W) Organoheterocyclic compounds

HHLE LAY Organic oxygen compounds

A PR S AT Organic acids and derivatives
E11 #MA ERFMARETRAERREI S

=

superclass

———— Lipids and lipid-like molecules i fi fI 257 F

Fig. 11 Classification of differential metabolites of supplementation, flaxseed and Schizochytrium groups

0/10: 0) Wi lg XY MW AE M A H B ET
# , O-Butanoyl-Carnitine 55 [ 3 A i, 2 97 i 75 24 58
T W4 2 R, L-Valine 25 & 3L iR 25 W) o 7r 2
B Al i A 03 N A 5 7R LB Ak 2E RN T RR R 4 1
B, Calcium Tonophore %5 i i 2 25 W o1 78 24 5 4
4 B # FH, O-Butanoyl-Carnitine 25 i 5 PA B 2
Yy 5 AE 2458 A A h B 3E TR, L-Valine 55 2 JE iR
RY) A S TE A B rh 2 T

2.4.5 AR B 5 By M 12 B, Al
KEGG ¥ 2 #E 47 43 Hr , 30 2o 52 i) 38 0R0 P AE X 22
S AR Y BEAT W AR A3 AT, 0 R L AR G ARG o &b
i) 2RIV JRR R 2H 22 T AH OC 14 2 1B B8 7 i 0 b i AR
WA AR AR R U AR R A T R AR
I R A 2 R R A R AR . b
2 R L5 A i 2H 22 18] AH O 1Y 2 B SR 7 g 0 b g AR
B AR IR L .GABA B ZE filk V5 15 5l 1 R E
rh i g e AT L PR R AR A A R 1 IR T R
6 BRI R G 5 4 W A WEAE L AE T LA
IR 58 E R 7 58 A R AR WA TR I vE R E
73 cAMP {5 5 1 B L B -IRNA A ) &
VAR AR TN R R A& IR R AT A R AR L
TR IR A L B B AL S Wl 4k A= R BE AR,
SV PR AT 4 5 R 5 A i AL 22 18] A OC Y 2 FoxO {5 5
i NE BT R A b A L A e A e
TR R D i R S R A A R A SR AR
AR LAY 2R RE ik K i R AR
GABA g% il = 0 15 H W 4% 8 TN i R L W TR

JWE AR AT T A o e B A I R RN A A ZE
VG A D H AR R 2R RN M 2 R AR L
Pk -tRNA A= 91 A 5 H I 8% R 1 L 2 T R R — R
TR A1

2.5 BEMEWIAN R RS Z E B HEXHE

B 13 B, 18 B 3 4[] 1] /K SF 3 B A 10 98
A P R 3 4 ] 22 S5 W 3 AT 10 A9 AR I o AT
KB 43 #r , i Spearman A 56 R EUE L, B T
TR TR RE AL AR 3 25 S ) 2 ) — 2R 2 A4 1E A
KM 3N, ERTTMHEXFERES T @M
A T A 5 I TR AR G (P<20..05) , 5 % 1l 8% I
P 2 B i A ) 52 B W 3 £ A DG (P<<0.05) o i
ITAR R = B 5 Ay R IR E A S B A O
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Fig. 12 Differential metabolic pathway bubble plots between the supplemented group (A), the flaxseed group (B), and

the Schizochytrium group (C)
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Fig. 13 Correlation of relative abundance of rumen bacterial phylum levels with muscle metabolic differentials
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Fig. 14 Correlation of relative abundance of rumen bacterial genus levels with muscle metabolic differentials
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