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W OE: IFF)] AR ETIRBELRER, EA AR EHRAEMRBETRNT . RABFH
IR A KR . [ 8691 BFRAAR R o iR A F 45 88 (mixed isoacids, MI)* 46298 ' 2% 7K AL 4
WEfREEEN. MAIVERA A RER G0, FoWBERKEHERES BT AR GA
RAgT 3 Z 0948 K, ASIEAH MI AR EAE48 B R BEMaiReERE, (%] RALRE LR

Iikoat, IR 16 K 200 kg A& 691 A R, A4 448, B ANEL, HANEA 1 K.

St &2 (CON ZR)43 "R RifsAn MI 64 A ahia i, X304 MI iAAn 4 %) A e 4a 4249 0.1% (T1 42). 0.2%
(T2 20)#4= 0.3% (T3 40). RIEF4A 4 10d, E49480 85d, KIbLE RITRERBF /r?(, i it o A A
B oW g ii%aﬁ%&*‘% DAL E TG G KA Wit . [4R] HxrRate
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KEGG B £ F AR ETI AR EEE. BEMREHLEBE ZEAREMASH LRI T, B 7§ s
&ML R B H (Profundibacterium). A3 %14 /& (Aeromonas). #% 48 H (Saccharibacteria)f= 4.3 i
FH(Aeromonadaceae) & E EAR X, 5 GHI3 20 Kk, GH77 K#kf» CBM72 K&k B 2 % EAR X
RBEBTAA R EHREIMNE GTIO RAARZFEMA. (48] A4AFER T Rm MI LR E2
DR AR TR ERTBEN, RIBEREDDH AR GENE, REBF
mMAR AR AR FE, BB E A AL RARSB FEEHFE—TAAXKE, KW RMm
MI ft —E A2 JE BE 4L F 08§ A B dF 1,
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Responses of ruminal carbohydrate-degrading enzymes and
microbial metagenome in yaks to dietary supplementation
with mixed isoacids
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Abstract: [Background] Isoacids are branched-chain volatile fatty acids, providing nutrients to
the microorganisms and promoting the growth of fiber-degrading bacteria in the rumen.
[Objective] This study aimed to investigate the effects of dietary supplementation with mixed
isoacids (MI) on the activities of carbohydrate-degrading enzymes, microbiota composition, and
functional genes in the yak rumen. In addition, the correlations of the enzyme activities with the
relative abundance of rumen microorganisms and functional genes were analyzed. The results
are expected to provide a reference for the rational use of MI to improve the fermentation
performance in the yak rumen. [Methods] A single factorial experimental design was used and
16 male yaks weighing approximately 200 kg were randomized into four groups with four
replicates per group and one yak per replicate. Yaks in the control group were fed with a basal
diet, while those in the other groups were fed a basal diet supplemented with 0.1% (T1 group),
0.2% (T2 group), and 0.3% (T3 group) of MI, respectively. The pre-experiment lasted for
10 days, and the formal feeding lasted for 85 days. At the end of the experiment, rumen fluid
samples were collected and the rumen microbiome was analyzed by metagenomic sequencing.
Activities of carbohydrate-degrading enzymes were measured by and UV spectrophotometry.
[Results] Compared with the control group, dietary MI supplementation significantly increased
the activities of carboxymethyl cellulase and amylase in the yak rumen. Supplementation with
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0.3% MI reduced the microbial richness and increased the similarity of microbiota composition
and functional gene composition in the yak rumen. The differential bacteria such as Firmicutes,
Erysipelotrichia, Saccharibacteria, and Aeromonadaceae had high relative abundance in the T2
group. The KEGG pathway enrichment analysis showed that the differentially expressed genes
encoding phosphotransferase (2.7.1.68), ubiquitin hydrolase (3.4.19.12), aminoacyltransferase
(2.3.2.27), and protein serine/threonine kinases (2.7.11.11) had high relative abundance in the
T1 group. Rumen amylase activity was positively correlated with Profundibacterium,
Aeromonas, Saccharibacteria, and Aeromonadaceae, as well as members of the GHI13 20,
GH77, and CBM72 gene families. The carboxymethyl cellulase activity in the rumen was
positively correlated with members of the GT90 gene family. [Conclusion] Supplementation of
MI in yak diets increased the activities of amylase and carboxymethyl cellulase, improved the
similarity of rumen microbiota composition and functional gene composition, and increased the
relative abundance of bacteria and functional genes in the yak rumen. In addition, rumen
microbiome and their functional genes were correlated with the activities of rumen enzymes.
The results suggest that MI can improve the rumen fermentation in yaks to a certain extent.
Keywords: mixed isoacids; yak; carbohydrate-degrading enzymes; metagenomics
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AR e, B 76N A BRI S0 18 DA o 21
T R BRI B S

R

1.1 RIE

ML F DU 5 B 5 A R AR AT R w42
i, R 24% 2-F T FR+36%) R +40% 5
TR, ARCGEE 50%, SrEBmAIR, Wkl
N E B (CAAEE), AR, e
Bl i b 2 B e R AR SR AR E ) (NY/T
815—2004)" IHEA FEC I, FRE R ik oK E I
TR L R S5 IR G Tk, JLIEURHA R A
BT 1o ML Iy = 56 Sk
SHRA, FSHENRS

VEHOF- 144 8 47(180.00+20.00) kg i REZ:
HAFEF 16 SCk B MW)IHABCMN s ), FEdLs
haH, BHAANEK, BOEK R4 MR
ZH(CON 4TI MI B SEERf AR, 64
MI BN 53 5 A AR 9 0.1% (T1 4H). 0.2%
(T2 Z)F1 0.3% (T3 4l) (T AEat). g Fin
W1 10d, IEGH 85 d.
1.2 FERFIFEE

FastDNA" Spin Kit for Soil, NEXTflex Rapid
DNA-Seq Kit, MP Biomedicals 2], #4755 i i %
A, TR 2 AR MR 0 47 FR 24 ] 5 NanoDrop
66 RE T, Thermo fisher scientific 23 ) ;
51T, Turner Biosystems /A H]; NovaSeq
6000 JEEMFAYL, Illumina 22 .
1.3 #HEXE

RIHI A R T —FRE | i . TSR
AR, IEXT AR TS T . B H 8:30
A1 15:30 A 1R, IR A A R E
TR o 130 f5e S — R SR i P 1 s 7 2
VETE A R AR AR B, R RS g,
BHIRAER 50 mL, SRJ5FORAE 20 mL, £04)2
20 A7 IR R BRI AL IR S /e T 4 4 5 mL KR

HAEE T, BT-180 CIRARET /AT, FATHE
T i KA A 4 Tl A 0 7 R R 20 7
1.4 EBEENE

98 RS B S mL T 10 mL B0,
4 °C,408xg &0 5 min (FZBRIERHEARL) , B 4 mL
AW T 10 mL B0 TP UE T R AR GRE S
PR HZ 2 mm, E 250 W, L 9K, &
WM 4 s, [AIFE 16 s), 4 °C. 17 000xg &5.0>

F1 R IIRAR R EFKTE(THRER, %)

Table 1 The diet composition and nutritional level
of yaks (DM, %)
i H Item T

Content (%)

H ¥ 4H i¥ Dietary compositions

E K Corn 31.00
1 Soybean meal 13.00
JRZE Urea 0.15
Wi AREN Na,SO, 0.35
LB NaCl 0.35
TR K} Premix 1.90
FU 5 #5i % B2 Rumen-protected lysine 0.15
£ 4% 25 2 ik Rumen-protected methionine ~ 0.10
EFEERE 974 Yeast culture 0.50
/MK Small peptide 0.50
S ALAEMEN Hydrogenated palm oil 0.20
F kP Corn silage 50.00
471 Total 100.00
B 3K Nutrient levels
T Dry matter 95.10
HLIE W Ether extract 3.15
#ZE 1 Crude protein 14.31
H PRV £F 4 Neutral detergent fiber 30.46
TR PRI A 4 Acid detergent fiber 12.14
45 Calcium 0.76
% Phosphorus 0.38

PR EET v iR It 2 A2 500 U, 4EAE3 D 550 10,
#EEE10IU, 4 10 mg. 4% 50 mg. %% 40 mg. £F 40 mg.
0.5 mg. il 0.2 mg. 44 0.2 mg. EFAKTIY N SEMIE

The premix provided the following per kg of the diet. VA
2 500 IU, VD 550 IU, VE 10 IU, Cu 10 mg, Fe 50 mg, Mn

40 mg, Zn 40 mg, I 0.5 mg, Se 0.2 mg, and Co 0.2 mg.
Nutrient levels were measured values.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



2634 (YIS Gk

Microbiol. China

10 min, U FiEW, S0 Agarwal 20707 vE 0
FETE H W R A YR . AR RBERE . -
BETEE . VE Ry T A0 SR JE eI 17 o

1.5 JEF % DNA MREL. ZERANFK
EMEEFENH

%1 FastDNA® Spin Kit for Soil Hli#as &
& DNA, 4258 BUS 73718 B NanoDrop 2000 1
HAPEEETT . TBS-380 Ao it & 1%5E
BHEEIE VKA DNA BOZERE | e BE M e 4k
Rl 545 1) DNA R b FH R P R AT W i 2
400 bp MWI/NREr. SAJ5#aE NEXTflex Rapid
DNA-Seq Kit 17 3SCFERIEE

FIHFAW . #id Ilumina NovaSeq
6000 V- X197 B 5. DNA 47 722 5L R 4107
(e LR R TR A TR A Wl

BE s . (# ] Fastp!"™%F reads (19 3' i Al
5" i HAE P P A AT BB B, RBRBTYIE
KEE/NVT 50 bp P 0cEE B fEAR T 20 LUK
N §8FER reads, Pf B 5 Bl ) pair-end reads Fl
single-end reads; i 4k BWA!" Y reads 5715
F DNA JFHI T, 2 st L AR U & s
Yt reads.

PRl 5 Mmm. vk, M
MEGAHITP R X AT 1) 357 T B4 2 2%
i 126 HH>300 bp 4 contigs. 485 , f#i Fi] Prodigal!®!!
XFiii e Y contigs M4 7 SEHE (open  reading
frame, ORF)HUN . )5, FFAZERKE>100 bp AY
FE DRI R A R 41

FETCAR IR A CD-HITP X i #
s TOUI R A L DR AT T R 2R (B0 - 90%
identity . 90% coverage), %I HUE K 13 HAE
FAREFH, AT LE .

FERFEREEITE . FIH SOAPaligner™ 4%t
BEFE S B 5 BT reads HARTUARIERAE AT HE
X, BEEAMMBUE R 95%, LAGLTT4S 36 R A R

i FEFER

YyFh 5 Rg i B . A Diamond Y
(v0.8.35) % AR TUAx 4k N 4R 1 = S R e ) R A T 1L
*F, 4355 non-redundant protein sequence (NR)
B ¥s 2 A1 Kyoto encyclopedia of genes and
genomes (KEGG)¥#is/Zit1T BLASTp HXf, %
EIWRE e-value 4 le-5, PIARBOE KX B4
i B KEGG IhRETERE; WS, FIH CAZy
(carbohydrate-active enzymes)¥{#i/% ) hmmscan
T HEX RO B R A W = R 7 5 A 7 X, 1%
FEWEEAE e-value N 1e-5, LIARIUIEE XN A6k
IKAGA VDG VB ) R B
1.6 HFEZRITHH
1.6.1 & B oKL &Y AR

IR K S B i SAS 9.4 ¥/ GLM ##
J¥ 34T B[R 2 U7 22 43 BT (one-way  analysis of
variance, one-way ANOVA), fifi[f] Reg Fll Rsreg
FEFXT MI U NAKCE g Ze P Fn — 08800 #4743
Bro Z 3 AR H & /DR EE T % (least
significant difference, LSD), P>0.05 £/RnZEFA
B, P<0.05 KREREE,
1.6.2 EBLEERFANFHE

JIT A 2 Bk TR A Py B o A Y AE 6 5 AR )
= BT RN o Z2REPE 50 R T ANOVA
AT N 22 Sk s Lk R 6 F T AR5
T (principal coordinate analysis, PCoA) I 1E
PCoA &, i/l R iEF QUME #K {1174 [a 4
I 43T (analysis of similarities, ANOSIM); ¥
il 55 2 g 22 S 43 A 4 F LEFS el ik 47 28 1k 40 1)
47 ¥ (linear discriminant analysis, LDA), LDA
(B A 2. if 1 Spearman A 3143 B 5 2B £k
P S0 ) o A S 1) 1 22 S 0 b A I g R DL g il
5598 B Aok AL W R fife T S Pk 1 AT AE O OCEK
PES T
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2 BER54

1 BERUBRMEFEEHKLEYE
fE R AY 52 N

H15% 2 AlJ0, SXTIREHAHEE, T3 4144
Je R P L 21 4 3 T B 25 T e (P<0.05),
T2 4UHEAIR 18 V8B B V2 2% T (P<0.05).
Wt S5 37 PR AN TN 3 T o, R Y R A A SR IR R
T P S 2 PR TR (P<0.05); YE K I &2 S5 T

N

NovaSeq 6000 llJ¥, FHLUSIEAGE] 771 877 472
FKIRIRITA, SEIREAS 48 242 342 550741
S8 IS IEz i AN ia i LR S &N R YL L
RELALIT S, FRROLIE T A T e PR, St
15509 631 319 PNi#ELET 5 (contigs), “FHIHEA™
FEAS 601 957.44 4>, 13 021 074 > ORF, &0
RIGIF BT ILECH 5294 135 4>,
222 o ZHEMES

Ykt o ZFEPEFR BT (& K4 R o

B 5 AR R A Ak (P<0.05), T2 413 HE (R 3), T3 4 Chaol #5% B H T HAL 3 41

o (P<0.05), iRG 5o B X 4 LR W5 12k 0 ) ol
22 FIRSRUBMESEEREYR  Simpson JFEURI Shannon 1 HL & 5 5
£ 4E RS20 (P>0.05). RWIFEAEA T P I 0.3% MI 2
221 EEEGENEES FEAR H R 8, MR 2R e e

P16 MNUEA B W AEA PEFT Ilumina WA

x2 RERMEBIMELSEBHKL SRR
Table 2 Effects of mixed isoacids supplementation on the carbohydrate-degrading enzymes activity in the
rumen of yaks

Enzyme fiti 1% Enzyme activity FriEIRE PE 2k /¢
(umol glucose/(min-mL)) SEM P-value Linear Quadratic
CON TI T2 T3

i B L 2T A K 1.78b  2.46ab  2.3lab 3.20a  0.193 0.050 0.011 0.750

Carboxymethyl-cellulase

(CMCase)

-4k —WEN Cellobiase 0.15 023 0.16 0.27 0.026 0.342 0.237 0.805

HIRHE Pectinase 320  3.32 3.50 3.88 0.164 0.527 0.135 0.691

K EEWERE Xylanase 492  6.80 6.39 8.29 0.495 0.103 0.023 0.996

TENIEE Amylase 0.50b 1.05ab 1.60a  0.80b  0.026 0.007 0.234 0.004

AT AN NE TR R 22 57 .35 (P<0.05). T[]

Different lowercase letters in the same rows indicate significant differences (P<0.05). The same below.

*3 REFMEBRIELESYM o MR

Table 3 Effects of mixed isoacids supplementation on alpha diversity of microbiota in yak rumen

Wi H Item 2l %) Groups iRz PIH
CON T1 T2 T3 SEM P-value
Shannon F5%% Shannon index 4.194 4.043 4.053 3.877 0.064 0.417
Simpson 5% Simpson index 0.048 0.057 0.051 0.059 0.002 0.327
Chaol #5%{ Chaol index 4444.250a 4451.250a 4481.250a 4202.000b  40.683 0.032
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223 HYFEK D

X NR ol R A T A 3 R34 31 235 4
11461 4~40 956 A~H 1 934 1FL 5 456 M@ K&
28 440 NFl

TR ATTE I SRR 25 21 11 KF- A g 7K F-
IR AL, TR E(E 1A), CON A3 p
g JEEETE [T (Firmicutes, 39.33%), AHXSFJF i

100 -

80 |-
60 |
40 |
20 |
CON

Community barplot analysis

Relative abundance (%)

T1 T2

100

Relative abundance (%)

20

E1 ZAEKFA)FE KT B)TPLE MK
Figure 1

80+
60|
40}

o, Howk 4 9 A #LFF T 1] (Bacteroidetes,
33.53%). ZFE 1 ](Cillophora, 2.71%). J &
Il (Euryarchaeota, 3.11%) . #2 JiE & I
(Spirochaetes, 1.68%). AFJE 1R [ ](Proteobacteria,
2.00%) M Jilt 26 i 1] (Actinobacteria, 1.53%); T1
ZH AP BB M JEEBE TR | ] (Firmicutes, 39.48%), H:
WA AT T (Bacteroidetes, 37.29%) . £ &

Community barplot analysis

W Firmicutes

W Bacteroidetes

B Unclassified_d__Bacteria
B Euryarchaeota

0 Ciliophora

W Proteobacteria

I Actinobacteria

B Spirochaetes

M Others

T3

W Prevotella
W Unclassified_o__Clostridiales
B Unclassified_o__Bacteroidales
B Unclassified_d__ Bacteria
" Unclassified f Lachnospiraceae
M Unclassified f Rikenellaceae
" Bacteroides
B Unclassified f Ruminococcaceae
W Methanobrevibacter
Clostridium
W Unclassified_p__ Firmicutes
W Ruminococcus
B Unclassified ¢ Clostridia
W Bunyrivibrio
W Alistipes
W Unclassified_p__Bacteroidetes
W Unclassified f Prevotellaceae
B Succiniclasticum
W Unclassified f Erysipelotrichaceae
& Treponema
M Others

Species composition at the phylum (A) and genus levels (B) in each group.
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d1 |7 (Cillophora, 3.06%) . J= i ']
(Euryarchaeota,  3.23%) &I ]
(Proteobacteria, 1.58%). H2JiE{4 | ](Spirochaetes,
1.02%) M it 28 i 1] (Actinobacteria, 1.08%); T2
ZH AT N JEBE T | ] (Firmicutes, 42.52%), J:
WAy BRI ] (Bacteroidetes, 36.46%) . )i
W ] (Euryarchaeota, 2.74%) . #F & &[]
(Cillophora, 1.51%). ZZJE K[ ] (Proteobacteria,
1.99%) M 7 £ i | ] (Actinobacteria, 1.15%); T3
H BB MR RERE ] (Firmicutes, 39.59%), H:
KAy 9 4T 1] (Bacteroidetes, 38.34%) . )7 i
B '] (Euryarchaeota, 3.70%) . 7% ¥ Wi I']
(Proteobacteria, 1.72%) . it % W I
(Actinobacteria, 1.05%) . 4% 4 J& BE I§ []
(Firmicutes) F#UUFF £ ] (Bacteroidetes) (14 #H X} 3=
JEdR, 5 E AR 72.00%2L F .

J& K F (B 1B), CON 41k # % K
Prevotella (10.85%), H: X unclassified o
Clogridiales(10.78%) . unclassified o__Bacteroidales
(7.87%) . unclassified d__Bacteria (7.60%) .
unclassified f Rikenellaceae (3.78%)
unclassified f Lachnospiraceae (3.62%); TI1 ZH
U # Bl Prevotella (12.87%) , ik &2

(11.63%)

(9.50%)
(6.14%)
unclassified f Lachnospiraceae  (3.60%)
unclassified f _Rikenellaceae (3.40%); T2 #H1k:
O BE N Prevotella (11.84%) , 3wk &
unclassified o__ Clostridiales (10.53%)

(8.9%)
(6.39%)

(4.02%)
unclassified f Lachnospiraceae (3.60%); T3 41
i % B BE N Prevotella (13.47%) , H Kk 2
(10.86%)

unclassified o__Clostridiales
unclassified o _Bacteroidales
unclassified d__Bacteria

unclassified o Bacteroidales
unclassified d__Bacteria
unclassified f Rikenellaceae

unclassified o Clogridiales

unclassified d__Bacteria (8.68%). unclassified o__
(8.11%)
Lachnospiraceae  (4.36%)
Rikenellaceae (3.86%)-
224 ThEeEEBK D

) et KEGG s PEAL T B3] 103 Fhig
THREHE N, 5 41 1 1) BE S DR AR G =5 BE 45 5 A R
BFK f# B (3.6.4.12) . PRGN HE(2.7.7.7) . H%HH
T RRFAEE(2.7.11.1), KIFHEQG1——). F4HER
M5(3.2.1.21). @ BEAME3.4.24.-) . DAY kRE
(3.4.16.4). BRRC L FEIF2.7.7.6)F 3-F2 50
FENTREE LTS R IE(5.6.2.2) 7 (K 2A).

HEXT CAZy BOH % K Ak & 1 1 1 il 2
IR 6 D25, HaHE 263 KT Kl
HTs)Z M . 96 ML GT) &K . 72 4
ZWRREEPLS) K . 66 MNKILA Y451
B(CBMs)ZK T . 21 A4 Bl i M (AAs) Z %Al
16 MK S YIBEECES) R i, Hirp, & 43
AR GT2 Glycos_transf 2 Fji% . GH2 &
. CEl KJfk. GT4 X% . CE10 K%, GT4l
K% GH3 K% .GHO7 K% .GH31 K%M GHTS8
KA (8 2B).

225 YIMERSINEEERE LIS

iz Ffl Bray-Curtis 8505, X &40 YFh
ZH 1 N KEGG HIREHFFT PCoA Ml ANOSIM
AFARLYE A 30 X696 13 ) 55 Dl B A IR A 7 40T o
ANOSIM Z5R IR, 4 mYFh 5 Daed o
FES, HHE 3A, 3B A, KR A E (5
KT 3 FA, fEAFAT, TI4H, T2 4%
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