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Abstract: To elucidate differences in the metabolic composition of beef from different sources and to
identify the characteristic metabolic profile of Tongliao beef, this study analyzed beef samples from
Tongliao, Shanxi, and the United States using untargeted metabolomics combined with multivariate
statistical analysis. Metabolic profile differences among beef samples from the three origins were sys-
tematically compared, and the potential of characteristic metabolites for origin discrimination was
evaluated. The results showed significant differences in metabolic profiles among the three groups,

with 49 differential metabolites identified. Compared with beef from Shanxi and the United States,

Tongliao beef exhibited lower relative abundances of multiple free amino acids, dipeptides, and ac-
ylcarnitines, whereas D—glucose 6—phosphate, ribose S—phosphate, inosine, guanosine, and

vitamin B-related metabolites showed characteristic changes. These findings indicate origin—depen-
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dent differences in amino acid and peptide metabolism, fatty acid metabolism, glucose metabolic
partitioning, and purine and nucleotide metabolism. In the principal component analysis class mod-
el (PCA-class) constructed using the characteristic metabolites, the area under the curve
(AUC) values of the receiver operating characteristic (ROC) curve exceeded 0.9, and the clas-
sification accuracy for the validation set was greater than 95%, confirming the robust discriminatory
capacity of the characteristic metabolites. In conclusion, the characteristic metabolic profile of
Tongliao beef was primarily characterized by lower relative abundances of amino acids, dipeptides,
and acylcarnitine—related metabolites, together with characteristic changes in nucleotide—related me-
tabolites. This study provides metabolomic evidence for the differentiated evaluation of Tongliao beef
origin and for the protection and development of geographical indication agricultural products.

Key words: Tongliao beef; untargeted metabolomics; characteristic metabolites; PCA-Class;

classification analysis

AR E SR A . gEERANT Y, EEREER T I E AL, BEE AR TR KPR 7
SERFHR, I SR AR A ST T R ©N A FRAE PR A XK . B 2SR E s, B
FEE PR HOA R I H AR, 1 FRIEDE R BRE B 2R AR PRI SR, BRSSP & A E ORI
7= B ESURI I TR R . I TTHIAL “EEE TR, IRIERAREY 5 ORI THR, TE RO 548
Yy 4l S i TR, AR DL ST . REIE oA 200 LLVa 48 PO ARl 40 A 3 R AT LU DA
R, R REE AR S GRS E IR T AR R SRR . B E R R BRIV
KE, Db moh £, Pk REaE , HFREE D T B e, SHAEFRIHA., ST
FSAE R LR RE, AFEHAESRR At TR

LG W TP AR E VR FIMAC e bR (BT ol pHAE. WUNABIS &) 7, XELIAS:
T2 AT S TOE R AL . ARk, RIS SHOR B RE RGNS /N TRt i 3 25424k
AR E AT i TURFAE 43 F- SRR AAZ O TR . Horr, SRS ] AR 2 38 5 TG i 1] A I A A v
R, d5&Lngiitatr, WAREZIES SRR I AR bR Y S G, R R 2R Al
AR A o Jeong %5 ' SRHBHEILIR (nuclear magnetic resonance, NMR) RiS2H 22 % BLALIR I
WUBR W] VA A AL R /R A o 25 A 7 s 1) ARSI 205 R L 2 R AR % 2 5 AN ) A 8 4
DR . TS A SR AR 1] (RS20 5 K BN TR S AR W v I 2 UR T B e v R 4 S A
YEH o Maritha %5 ' SR RIS 27 S0t 2 A4S A 00 7 iR 48 15 Rl B 1A 2808 B ah 500 )
AEREIbRRE Y. SR, B R P (CEAL ) 5 A A ) ) 3R G P AR 2 L R 5 1
JRZSE, FEHIARSRHE A S S A bR S AT A TR

HT U, AWTLLEL 7Y R SEEDRIEE 4 RO SO SR, R UHPLC-Q-TOF/MS AR, 454
E & 43 47 #F (Principal Component Analysis, PCA) . (Orthogonal Projections to Latent Structures
Discriminant Analysis, OPLS-DA) . BEREZELS M (Hierarchical cluster analysis, HCA) &L x4 itJ5
%, REECEHA PRI, 7 1 22 S RO ORI B DG A % . 9T B TR R A E R
PSR AR 22 A, A2 R ORI | i BT 22 e AR T S T ARG b 75 0 1) ol e 42 ) S A
AR
1 LS
1.1 RSN

AR ST ERGEIL | Ll VG SE E DR IR A4 IR S A 300y o EIL A A A St DR T 380 i 3 1A 2 A P A
Az, A=E AR RID A PS4 PORE SRR T LU VS A e A A= Al AR Ao T BSR4 2 4
PRl B V548 R E 1 2R P Al gl = mbR i R B 6, Ao e s o Zde s
Xof A= X4 2427 HIR I AR A o B AT AF IR L B S5 7 R T e = o I FESn S A i1 1A
By 2y2 kg, HABAMR)GRHEIZMELIE, JFRIT - 20 'CH&E, Rl

R ika, bt SRR AR, CMRE ke, £ Sigma-Aldrich A7) ; M Frikat,
fH2[E] Merck KGaA 20 w5 7K faifaf, 7w IR A w] .



55 XX S OIRSE . ST AR A2 2 E L A P RHIE A 3 SRR 5 A 3

Agilent 1290 Infinity 11 7A€, S5 Agilent 2375 Agilent 6546 LC/Q-TOF Jitil FAa B IE %
FER WL R B 25 3 T8 (Dual Agilent Jet Stream Electrospray lonization, Dual AJS ESI), 3£[E Agilent
] s AR S SO, B Sigma A W] REIRZ A, TEE IKA AW, BAEY, BRI, EE
Mettler Toledo 23 T o
1.2 XIFHZE
1.2.1 #HSEE  FEMATEHECR AR E I A AT AR 75 . BRRBOEF IR T . FRE 150
mg FES T 2 mL SO, IO 1 mLHEEK (171, o), #F 10 min, (/S5 min, 14500 X g &5.0 20
min, FJZHRIE0. 22 wm PTFE PR35 H T RIB 420 047

FridEdl (Quality Control, QC) FESHEMNEMES ISR BIRBOGR, F/riRA), HIRR A, 78
B RS, BT 1A ) PR R BRSSO T ORI IR 2, P PRI TRENLHESY, H
SEFEIRFE BN QCHES:, H T MR ISR S A E R A58 1 5 E
1.2.2 UHPLC-Q-TOF/MS & #rAAiE FESmab)E, SRS H N 2 Dh6E B a3 FE£ 48 Multisampler
v, ] 1290 Infinity [T AH IR 3K 6546 LC/Q-TOF PUARAT KAT IS 8] BTt E4 745347

{4, 4544 . ZORBAX Eclipse C18#E (1.8 pm, 3.0 mmx150 mm, Agilent) f4i%4E, % 0.3 mL/
min, FE40 C, BEFERO0.2 pLo &P FAIEA 0. 1% HIRKEE (A) F10. 1% H 1% H RHER
(B), BREEVENEFRFE M : 0~7 min, 10% B; 7~11 min, 90% B; {8 1EME] 11 min, JGiZ{FHMHE) 5 min, 17
B WA 0. 1% ZREKIEWE (A) F0. 1% C TR WA (B), BEEEVEBFEFE R 0~7
min, 10%B; 7~11min, 90% B; {5 EBJTE] 11 min, JSIZ17HJ1E]5 min,

it 4. B F-JF Dual AJS ESI, #/CHRLEE 340 °C, WA A 12, SRR 4320 °C, SRR
R 8 Limin, A28 435 psi, BAFHE R 3500V (+)., 3000V (-), BIHEHEEOV (+). 1000
V (=), MSLRESH: FEIEE A mAs50~1700 Da, FARGEZE NS5, R Auto MS/MS RESHL: ik
TG R m/z 50~1700 Da, FHIHZ A3, BT H Medium  (~4 amu), REAERER420. 00, 40.00, %
RS, R AERERLACY Centroid, 7R BT I B2 HOKF RS (m/z 121.050873) I HP-921 (7N
(1H, 1H, 3H-DUZP4EIE) BEWE, m/z922.009798) HINEIE S FHRCREN TS E T, ¥ TFANH4
(m/z 112.985587) FIHP-921 (7N (1H, 1H, 3H-DYHNEIL) BEE, mk 1033.988109) HTEGE T
R RN 2 T
1.3 ZHEAIE

[ IEEAREEAY R abf 48 K, {Ji ] MS-DIAL (ver. 4.9.221218) #AFo2 il il g . WERtsE . {558 )
BOEFIPE BT AR RANERAE, PAFRIBEAERE . LLS/IN <3, ANERIAE > 50% BE1TEHR s B 48
J&i W H SPSS 27.0 (IBM Corp. , New York, USA). SIMCA 14.1 (Umetrics, Umea, Sweden) ZFHKAH
BFFRAS B AT 2R B GiT, BEERAEHT (Fold change, FC) . HAFESITGE (P
<0.05). BB PCA. AW OPLS-DA. HCAZE, OPLS-DA B 74738 WIGIE, 43 %ILLR>X . R*Y i
Q' PRUVELAINS B AR & . 432078 S 0 MRERE 1 SL N GE 01, JF i@ 200 VR AL 40045 B0 A A2 1 i 4
S 5

B 1 A5 00 25 AR R B S\ MetaboAnalyst 6. 0 76 F & 10 E 087 (Enrichment Analysis)
R, BEATE S R IE . BT &% (HMDB, PubChem, KEGG, ChEBIFIMETLIN
%) IR AT A S R, R BRI PR &1 22 280 78 22 AR b i B SRR
B SRR R B AL 5 200 S bR T G i) 22 S AR A B SRR LIS 00 TR DT A B A (e . R A
Benjamini—Hochberg FIES PR Z BT IE, DR AEIZE (false discovery rate, FDR) <0.05
VE R 2 bRt
2 RS

2.1 LWHREIEH
Kl 1a, b>A QCHES > MAEIE 7B T T S TR (Total Ton Chromatography, TIC) & &
W 2 QCHENEY @ il A E IR —5, A RGN (R I RIERE , RIS R A BT



4 SR AR (http://www.fxesxb.com) XX B

MR E TERM G . 21— (B, R R AT PCA 73 M. B 1e R, QCHES R R EIF
LT REa AT G, BRI ST B M A R IR RRE PE AR 1% . TIC A PCA
ST 3 R R WA ST ) A 2 R B T8, Ry S B AL 22 5 RO« AT i ST A L) B s
SERPIE AR AL

[V A Erag-1 ©

= !II i W

; i |

- -|'\: W' i"mL\_-‘Mﬁ_ _ 2 ]

e _ﬁ_;“ W NPT Lt v

5 4 45 5 55 6 &5 T 5
Counts ve, FAEME lmink

(b) o
: \
A «

'wilwwﬁg,kmw «.é —— — A ‘ZI m =
D R RO B I T RN T 2 004

-

B o PG 45 R A
Fig. 1 Results of data quality assessment
(a): Overlaid TIC of 21 QC sample injections in positive ion mode. (b): Overlaid TIC of 21 QC sample injections in negative ion mode.
(¢): PCA score plot (SX: Shanxibeef; US: USbeef; TL: Tongliao beef; QC: quality control samples) (a): 1E&5THEE T Fedake
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Fig. 2 Differential analysis of metabolic profiles of beef from different sources.
(a): 3D PCA score plot. (b): PCA scree plot. (c¢): Hierarchical clustering heatmap. Abbreviations as in Fig. 1. (a): =4EPCAF34>
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Fig. 4 Volcano plots of differential ion features in pairwise comparisons among beef samples from different sources
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Fig. 5 Chemical taxonomy and enrichment analysis of differential metabolites in beef from different sources
(a) Chemical class composition of differential metabolites (b) over—representation analysis of chemical classes performed using the Metabo-
Analyst online platform. Enrichment significance was evaluated using the hypergeometric test, followed by Benjamini - Hochberg correction for
multiple comparisons. *** indicates FDR < 0. 001, and * indicates FDR < 0. 05. (a) ZERRPEILEZR; (b) 5T MetaboAna-
lyst7EZRF B AT IR FE R ST o AR SR M LIRS B T4, FFilid Benjamini - Hochberg 771 EA T4 AR INAL IE .
IR FDR <0. 001, *#£/RFDR <0. 05,
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Table 1  Summary of characteristic differential metabolites in Tongliao beef
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Fig. 6 Schematic diagram of characteristic metabolites and related metabolic pathways in Tongliao beef
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Fig. 7 PCA-Class classification models and ROC curve analysis
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Table 2 Classification prediction results of PCA-Class models for validation samples of beef from different sources
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