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AR, [ERY B AT LA GRT 4 AT, HAaNE 19 17223 B 304 fFmi, L+
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Effects of compound lactic acid bacteria on the bacterial
diversity and metabolites in the fermentation of air-dried beef
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Abstract: [Objective] To explore the effects of compound lactic acid bacteria on the bacterial
diversity and metabolites in the fermentation process of air-dried beef. [Methods] The lactic
acid bacteria isolated in the early stage were inoculated into beef for fermentation with
different strain combinations: C (Lactococcus garvieae TC-6:Pediococcus pentosaceus
TMR-WIG, 1:1), D (L. garvieae TC-6:L. lactis TC-2, 1:1), G (P. pentosaceus TMR-WIJG:L.
lactis TC-2, 1:1), H (L. garvieae TC-6:P. pentosaceus TMR-WIJG: L. lactis TC-2, 1:1:1), and K
(without inoculation). High-throughput sequencing and non-targeted metabolomics were
employed to study the bacterial community structure and metabolites, respectively, in air-dried
beef inoculated with different combinations of lactic acid bacteria. [Results] A total of 304
species of bacteria belonging to 223 genera of 19 phyla were detected. Psychrobacter was
predominant in the air-dried beef, with the average relative abundance of 52.21%. A total of
1 782 significantly differential metabolites were identified, including alkaloids, lipids, organic
acids, and other metabolites related to flavor formation. The correlation analysis between
microbiome and metabolome confirmed that the structures of bacterial communities differed
significantly in the air-dried beef samples with different starters, which contributed to the
differences of metabolites between groups, especially between groups C and K (P<0.05).
Specifically, the inoculation lowered the levels of coumarin and corilagin and elevated the
levels of camellianin A, octadecadienoate, and lippioside II. [Conclusion] The compound lactic
acid bacteria selected in this study had a significant effect on the microbial community
structure in air-dried beef. The quality formation of air-dried beef may be related to the
microbial community structure and microbial metabolites. The compound lactic acid bacteria
selected in this study demonstrated a potential application value.

Keywords: air-dried beef, compound lactic acid bacteria; microbial diversity; high-throughput
sequencing; non-targeted metabolomics
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M, BRZH A G o KUTAF IR B A R 2
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BEXF UL E a8, V20058 N G0 Be b S A i
FRN D7 R ORAIE 2 T PAT il it Jo 2, i /5y 4 T A o)
a4 i S0 e DA A 4 A T A A
1B BRIAEY) , TR L R ek R A SR &
e Jei oF PR ol it it BT S A Y iR 0 Y 32
BT R T R Ry A T A R A
TERIHA AL B, 180 T bR, B
R g HAR RO R EPERESY ., e ST A&
P o P v R AR A B A 0 FLIR TR |
BREAR BRI PR X A 1 DAY o] i )t IR
Wty E e, IF HAE Ry R eI 2 B Tk
e PR ) St A g U LR B A — 2 2 ER P
1 E AL S BRI | ORI AR TR, AR HIR AR
AL FLIR A o M A LA TR R BE BRI R ERBRIA R |
FER TR & FOSUE FF 8 1 LR B T A A
HikK ALY B BRI B o iR — i B A
PEVER, WA R 77 SRR AT . Hu 250
WF 5% & B, 15 W0 3L AT 7 (Lactobacillus sakei)
HRB10 F1 7y Jiif 1 3 [C 7 (Weissella hellenica)
HRB6 7] LIS KT KRR, 54, bk
PR A5 il L AT 1 (Lactobacillus curvatus) FilAE 4 F,

¥ (Lactobacillus plantarum) i] /5 Sk 78 & T )
PR TR A (0 Tl . BRI XU . e Ak,
FUIR e R Tt B rh 2 AR ZLIR N0 TR 2%, BB
A B 7 D A R WU E ) A K A B
FHEE MR, Diana 25 4 B,
L. plantarum PCS20 1] Bjj 11 & B3 A H R 2540
FRRmAER

B g AR R H R A B 2R R B 1
P AR & e B AR A 2 3 B0 R A P
TGO S T R Tk AR A T, AR A T
S T SRR, AR
FRe s 1) R BRIV E R AR A, ORAIE B
4 [ e i e e Ak . T DOBT I £ L %
A A B ARSI S50 T4 R P AR 2] T IoHE ek
(Pediococcus pentosaceus) TMR-WIG . #% FCFLER
(Lactococcus garvieae) TC-6 F1 FL 18 FL Bk &
(Lactococcus lactis) TC-2 3% 3 RRFLERH 0757 L FH,
X 3 PRI HA AR =2 A REERE, 23Rk
3 BRIEHERN B4 R TP T R IS, R I 3 MR
M AT DARE AR T2 U4 1, 77 AR
KA, SERCF4- A LA —E AR THE IS,
T RS KT A R R ST, BRI A R
R Pt R T DA R AR T PR BT s R AL
DA T g 3 R v TR AR 235 R R A S AR 7= W i 2
Wi, AHFITELEE FiA 3 FhFLERE LIS Ay =0k
TR EEHREIT A A, AT L & )
X KT 25 AN ) 2 T2 B B A A 0 B s AL AR A
PR sEm , XA MRS A 5 2= A 2
A OGS 00T, LAIIRE 3 FOR[R4L5 1)
FLIR P 52 B0 & TR AU 24 PR i i B 2 i L
i, IR RTAE R A Tk A A =S S
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T ik PO, W B T AT
i o A FEK B (Pediococcus pentosaceus, Pp)
TMR-WIG . #% Fe#| Bk i (Lactococcus garvieae, L.g)
TC-6 FIFLIRFLIKH (Lactococeus lactis, L.I) TC-2
A3 R S = T MORT i L LS R v AR BAR
SR T A FCET SRS I T AL G T P Hh 4 B3R

MRS i3858, B R R ol bel i A= )
BEARAMRAF ;s PCA FHRITEIE IR . KOD
One™ PCR Master Mix, Jtal R swAdYkHia
B ST AL 2wl IE [0 51 4 (forward primer) VnF
(10 pmol/L) . JZ [ 5|4 (reverse primer) VnR
(10 pmol/L), M ish T A= PrRkH e f A PR A 7 5
R 5 FE B B, JE i S I AR R A FR
/NHE]s Monarch DNA Gel Extraction, JbELESER
BIFT R A PR F]; Tris-EDTA (TE)ZE i (pH
8.0). BiflgHE. Tris base. LER(KAEER). EDTA
oA, bRt E ERA PR F]; EB (L1095
R Ykl . Je/K ZBE . Hyclone PBS 25 Ml
SH, ST EMRHARAA]; LEFK,
RIAEARH AL A R W ; VAHTSTM DNA
Clean Beads, F§uUI#AMEREAYIRHE DA BRA
H]; ExKubit dsDNA HS Assay Kit, 1728k
P YR BR S v G2 Pl SCL 2Pl SA,
RDA W RAEYBHEA R ) 5 256 i 0] 44
IR R IR RN

R B0 R e A, RARAEARRH (b
A BRA ] PLEERIR AL, HARDUR{ AR
TSR RA R B4, FER R (P E)

*1 IEBREEMPEELHIR

AHIRAH
1.2 XFFRHMITZE
1.2.1 FEREFEN R A BTG &

# Pediococcus pentosaceus TMR-WIG .,
Lactococcus garvieae TC-6 Fll Lactococcus lactis
TC-2 43 B4 T MRS WA 37 5L 1 o B o
B, WA YORKE IR, WERIR, AUy
10° CFU/mL W& . 423 1 Bl % 2LER i
AT E ML
122 X4 RaH] & & BN

W AR L R G TR Kk R 1 4%, Y01 R
KAR, 2y 200 g5 IS4 °CIEI 24 h):
BN 1%, £8 2.5% (905050 LU T AR
B 100 mg/kg; KREEI15°C, 65%FHIAXTIEE &
P 24 h): K- N4k S LR AR e 2L R 1 A e
(H2F A BT 19 0.2% 42 R0 e 1.0x10° CFU/mL 1)
FERE); AT JEEE 10 °C, BHE 7 d, =X
Ui 1.8-2.0 m/s; oM MR 4°C, R T do
FEASRAE S A H 3 AR (200 g Z247), iR 5 41
K2R RE, BRABEE 5 ANEURERT &5, B RAE
MIE 3 AEA, 3t 25 frileE, aalicE
C1-C5, D1-D5. G1-G5, H1-H5, KI1-K5, 4}
H LA 2. TR AR SL SR A SE U J B CE T O
FAEAR R, —80 °CIR-AE, .

1.3 RFHRAMEDZHEMENE
1.3.1 XF4RAMEISHEENERTTLE

TE 2 mL BB HIMAREA 0.5 g, LA 500 pL

ZZ P SA . 100 pL ZZ Py SC 1 0.25 g WHEEEE,

Table 1 Mixing ratio of lactic acid bacteria strains

Group Strain Ratio
C Lactococcus garvieae (L.g) TMR-WIJG, Pediococcus pentosaceus (P.p) TC-6 1:1

D Lactococcus garvieae (L.g) TC-6, Lactococcus lactis (L.1) TC-2 1:1

G Pediococcus pentosaceus (P.p) TMR-WIJG, Lactococcus lactis (L.1) TC-2 1:1

H Lactococcus lactis (L.1) TC-2, Pediococcus pentosaceus (P.p) TMR-WJG, Lactococcus garvieae (L.g) TC-6  1:1:1
K No fermentation agent is added, natural curing
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Table 2 Grouping of air-dried beef in different processing stages

Time L.g+Pp L.g+L1 Pp+L.1 L.g+L.I+P.p Control
Fermentation for 1 day Cl D1 Gl H1 K1
Air-dried for 1 day C2 D2 G2 H2 K2
Air-dried for 3 days C3 D3 G3 H3 K3
Air-dried for 7 days C4 D4 G4 H4 K4
Storage for 7 days CS5 D5 G5 HS5 K5
A 10 uL RNaseA, ZERA P ATEES A HY RNA, LI

TR R 215 70 °CHN#AZS# 15 min 32 5 24
B, 12 000 r/min .0 1 min, ¥ FIHR(
500 pL)ZHTAY 2 mL Z.08 . JIA 200 pL ZZ i
T SH IRAT, Wi, 4 °CHLE 10 min, 12 000 r/min
B0 3 min, BIHREHZE 2 mL 05, A
500 uL ZZ I GFA, EifElIRS). A 10 uL #
BRBIFIR, TRIAIRAT 5 ming BB O CE THE
IR FHE 30 s, BEERSEAWRIE, WA
JIA 700 uL 22 19 RD, #R%IR~) 5 min, &
# 30 min, BEERSERWMIE, WA, WA
700 pL EEPEH PWD, #R%%IES) 3 min, #HE
— A, ZJEERE 5-10 min,

BDEPIMA 50 pL PRI TB, %%
R2), T 56 °CHFE 5min, WRIIRHIRS) 3 [0,
B 3R, FHE 2 min, 4 DNA ERER E—
AFEOE T, IETIE Y AR
1.3.2 SRR &N

R Ty ol FH AR (SO A2 R Wk 5 kA 7 4G
M. MR4E Wang 5 iANT 16S rRNA A
V3-V4 n[AE X #EfT PCR 734, 5|¥1F51 0 27F
(5'-AGRGTTTGATYNTGGCTCAG-3")#l 1492R
(5-TASGGHTACCTTGTTASGACTT-3"), ¥ 145
P R R 1.8% M B B M A T H kARSI

M 4. f# A PacBio Binding Kit X} 4L
AT EALRTRES &, i30S E E Primer
M Polymerase; K Fx 204 [ b r= #1547 AMpure
PB Beads 4li{L)5 & T Sequel I1 Ml JE{X 4T |

1.4 X F 5 49 E$E a4 51 46 )
1.4.1 AEFBEMREHEmATAIE

FREC 500 mg XUT2RP, A 1000 pL $2HK
WIS O K=2:2:1, NFRIRE 2 mg/L), Jiein
PR 30 s; IIAFSZEER, 45 Hz WHE(LEHE
10 min 5, VKKIGHEAALRE 10 min; F-20 °CH#
‘H 1h;4°C, 12000 r/min E.0> 15 min; BUH 500 pL
FIEWCT EP & TR A WA dn b TRAR I
] AR RS 160 uL $2BOR(Z G- 57K 8
R 113 @R 30 s, KKIEHES 10 min;
4°C, 12000 r/min &.[> 15 min; B 120 pL |
THW R 2 mL #EAE, B EARSEC 10 pL IR G
B QC FEAS_E ML
1.4.2  AEER[E) 4K 510 S

LC-MS &% : Acquity I-CLass PLUS #8554
WAL, 3% F:%EF Acquity UPLC HSST3
(1.8 um, 2.1 mmx>100 mm),

1E B TR S A Sl 0.1% 1 BRZKIR 5
WA B A 0.1%F R NG, SRR 1 ul.

B TR EIAE A S 0.1%H BRK IR
WA B K 0.1% R ANG, SRR 1 uL.

RS BANEHE 2 000 V (IE B T
RK); HEFLHE 30 V; B 150 °C;5 B
SARBE 500 °C; SRR 50 L/hg Vs 7l <
800 L/h.,
1.5 HEHH

A ZFHEPEMM A Trimmomatic {4 FiHE
It g JE AR FE 4, R A FLASH k{4 F1 UCHIME
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BAFPHERBIER A A [ UPARSE #K/Fxf
¥ 5 3547 53 25 # /E . 9T (operational  taxonomic
unit, OTU)ZR 2K . EHE ] L8 H] MassLynx V4.2
KAEW AR B Ed Progenesis QI R {F s
B, X STEER AL PRERVE, FET Progenesis QI
BAFTEL METLIN Bl i R At st m i % At
HABRA ) BT, o R 22 Y7
100 mg/L DAN . i iddb st H i & A RHA R
w2 B AT EEE

2 BER54

2.1 AEIXFHRAMERPHAERRFLINK

ORISR N, 25 ARSI R
13 305 617 XA R EER P50 55407, PR
=3 NFBEREIFME

Table 3 Sequencing data quality assessment

A A 8 034 S5 PIERUER TSR 89.86%
(£ 3). OTU J&AE RS KA AW sl {4 2
W, b TETHIT 8, N Rgai—102k
B FR . Bl JE . e )R E R bR

MR R AR RUEE K-, XA 4147 OTU
143, B OTU X T —FPER 751 AR R 97%
MRIPEKE T OTU 58, L3k 418 4
OTUs. 74b, JBURFHERFS R P et & £
/NTF0.005% RN, B FE BERHE T 9 085
15 B A A RRIE L R P 9 25y, 2 J5 X X B S [
FPANGA I T3 25, 25 MRER IR RS 555 4
J&T 19177352969 H 119 B 223 J& 304 i, Hrf,
K 2H 5 NBORE s iR = BE eI, P18 59
C HAhF R derm, ~FH400 186 Fh(k 4).

Sample Raw CCS Clean CCS Effective CCS Average length (bp) Effective (%)
Cl 10 627 9877 9617 1454 90.50
C2 10 623 9955 9 698 1460 91.29
C3 12 996 12016 11 603 1 464 89.28
C4 9981 9 288 9110 1461 91.27
Cs5 12 102 10 637 10 142 1461 83.80
D1 11 350 10 048 9 827 1463 86.58
D2 9437 8 737 8526 1463 90.35
D3 13 000 12 313 11 285 1460 86.81
D4 13 031 12 376 12 249 1 464 94.00
D5 12 992 12 305 12072 1459 92.92
Gl 13 042 12 264 11783 1 466 90.35
G2 12 887 11972 11 628 1462 90.23
G3 12 958 12 109 11731 1 466 90.53
G4 12 937 11 804 11173 1462 86.36
G5 12 587 11 450 11 164 1 467 88.69
H1 12 989 12 247 12 047 1464 92.75
H2 13 088 12 178 11 801 1 464 90.17
H3 12 955 11 983 11 477 1467 88.59
H4 12971 12 357 12 196 1 464 94.03
H5 13 035 12 040 11 610 1468 89.07
K1 12 888 12 124 11 850 1 466 91.95
K2 13 089 12 090 11 811 1464 90.24
K3 8034 7382 7257 1450 90.33
K4 13 095 11 907 11 466 1463 87.56
K5 12 923 11797 11 486 1 468 88.88
Average 12 224 11 330 10 984 1462 89.86

CCS: Circular consensus sequencing.

<l actamicro@im.ac.cn, & 010-64807516



TR F | MEFER, 2024, 64(8)

2867

x4 NFFRERPAROFPETRE

Table 4 Species annotation of bacteria in air-dried beef samples

Sample Kingdom Phylum Class Order Family Genus Species
Cl 1 17 29 58 95 175 238
C2 1 14 25 54 82 123 159
C3 1 14 20 36 60 113 160
C4 1 14 19 37 62 116 167
C5 1 17 28 60 95 152 204
Average 1 15 24 49 78 135 186
D1 1 5 7 13 18 22 25
D2 1 11 15 33 45 60 77
D3 1 12 20 31 47 78 99
D4 1 13 19 43 66 96 129
D5 1 14 25 53 33 128 166
Average 1 11 17 34 51 76 99
Gl 1 7 8 16 26 43 60
G2 1 17 27 37
G3 1 4 4 20 34 49
G4 1 10 17 36 46 64 76
G5 1 10 17 39 55 73 91
Average 1 7 10 21 32 48 62
H1 1 10 14 29 43 63 80
H2 1 7 13 23 35 48
H3 1 5 16 25 40 59
H4 1 11 14 34 50 80 98
H5 1 4 12 18 23 28
Average 1 7 20 31 48 62
K1 1 5 12 21 33 41
K2 1 8 22 30 38 43
K3 1 12 16 34 46 64 76
K4 1 5 5 9 16 23 28
K5 1 12 19 43 64 92 106
Average 1 8 11 24 35 50 59
Category 1 19 35 69 119 223 304

RTEAE AT, AN R 200 i v 4E TR VR AE T ]
FE K- LB AEXTFE R 1 R, BIE 1A 7]
L, B R A R IS 1 AT A R i R B
"1 72 1] (Proteobacteria), HAF-HAH X F
H72.26%, HUCHERER ] (Firmicutes), V-3
X ERE N 22.30%; UFFR ] (Bacteroidota),
SERIFXTE R 3.87%. ASTE IR 2N H o Hede
K. IR 128, a2 [REAPER, HAb

NS L) L R IR ML JERETET W] LU A2 ey
RS EYERS, fEiFmoK LG IRIKAg, A
B F R4 A RURATE . E 1B i AAEH,

TEJEKY b, %8 AR EEE R T 1.00% A9 L
J&f 10 4>, 2 51ERE R AT E (Psychrobacter,
52.21%) . fB=8% HMfL 14 )& (Pseudoal teromonas,
6.65%). H KBREJE(Macrococcus, 4.67%) . R
J&(Brochothrix, 4.49%). Az & (Acinetobacter,

http://journals.im.ac.cn/actamicrocn



2868 WANG Jungang et al. | Acta Microbiologica Sinica, 2024, 64(8)

A
100 1 M Unassigned
M Others
20 L W Desulfobacterota
W Unclassified_Bacteria
S W Campylobacterota
§ 60
'§ I Patescibacteria
£
> B Verrucomicrobiota
-
= 40 (- ; ;
g B Actinobacteriota
B Acidobacteriota
20 H B Bacteroidota
W Firmicutes
gL W Proteobacteria
C D G H K
Sample
B
100 - M Unassigned
B Others
80 - W Lactococcus
2 Vagococcus
= B Kluyvera
8 60
—§ 0 Pseudomonas
=
=
v W Staphylococcus
% aor B Acinetobacter
e~
W Brochothrix
20 [ B Macrococcus
W Pseudoalteromonas
B Psychrobacter
ol
C D G H K
Sample

1 RF4AERTREHENERE
Figure 1 The relative abundance of bacteria in air-dried beef samples. A: The relative abundances of phyla of
air-dried beef samples. B: The relative abundances of genera of air-dried beef samples.
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3.42%) ., #i%i Bk & (Saphylococcus, 2.86%) . 1%
B4 It T J& (Pseudomonas, 2.83%). 7% B K /R KT
J& (Kluyvera, 2.60%) . 12 Ji# ¥k I J& (Vagococcus,
2.38%). FLEREJE (Lactococcus, 2.26%). H:Hfif
Y ZrttE iR EE R C N R = R
W& 3 0 VR R E | R TR B AN Bl R
J& o X 3 FSAEY B E TR, St RKIRE
H-15-20 °C, AHFFEH, AN H K IR E N
15 °C, HHESERMEMAENAR, Hik G
AR R o o g v FT 1 & v 130 43 TR AR B R
g B4 77 B 1 R A O T X R, AE RS 1 R
PR 5, X ST AT BE 20 KT 2R A R A 8 A
I3 %) ek ey A S i) A1 SP L e vt A R A3 TR
PREA R AR T, X SE R 0 A7 # T BERE
AR AL R . BRI, TR PRI o i
Jo3 1t Y T A2 ) A FL IR T (lactic acid
bacteria, LAB) FI &¢ [# g P 4 09 & 4 Bk 3
(coagulase-negative Saphylococcus, CNS)*'2,
FLRR T A R TR B AT DL BUA T a1k, 55
AR FLIR TR A 7 R 17 T8 R 2 1 el I, T A
il it 8 BT A 4 o 78 2 R R U L AR 5 7 ™ il
PEBE, FTLAREMREE BT AIAR T, FPrE 2K TiEes
SR S B NR TR S5 /N e, X 1 PR )
ol B SRR T KU TR ke 2 A Y. KR40
Rl R S O 25-37 °C, 5
RPN T LA —E 2R

x5 RTFAERPARETEN o ZHMEDH

22 KF4RAEmPREDSHESES T
22.1 RFFRAPUEN o ZHETH

R T VR AN [R) & E R AA HEA JE  RT4
A R TR W) 2R RS e, ARG S A W A
o ZHEPEST(ER 5). Hidr, B8] LU
JP A R R ACRFEA P A Y I H S . SR
SHTLUEN, FraEmEART 0.99, BTy
GURATEE. RS HTRIAEH, C 440 Chaol
AU E & T HAB 4 (P<0.05), Shannon F8E(F1
Simpson FEEHL P 2 5 T HABL (P<0.05), XK
Bl C HAEAB AT, (HA5 3 H
PR T LB NT 4N o ZRERRECS AR
R AT A A (K 41)TE 3 2% 5:(P>0.05)
222 NFHRADRED B SHEMETH

K FHET Binary-Jaccard 25 00 32 AR BR A H
#(principal coordinates analysis, PCoA) (&l 2A)
1 PERMANOVA 73 Bk (LR B [ D X 2 1)
207 2251 0) (Bl 2B)itE—2 %) 5 d X T4 A
i AR TR 7 S5 A A T 22 R 43 HT o PCoA A%
Pl SR O A, AU . AR 2A AT
DLt A RXCT 4 R S B A T A A A —
FEWES, HIETF Binary-Jaccard FEE ) PCoA
R R R R G C AP AR
I3 A 7E PCoA B A b5, M HAZH ih g S 2E
EEAifE P R . PERMANOVA 20 nf LA
ARG Z A B ZHEIE R 0 2 22 e it

Table 5 Alpha diversity analysis of bacterial community in air-dried beef samples

Sample OTUs ACE index Chaol index Simpson index Shannon index Coverage
C 221+53a 277.74+84.87a 267.52+65.20a  0.86+0.16a 4.59+1.27a 0.99
D 126+71b 176.55+64.14a 167.83£60.67b  0.62+0.26ab 2.89+1.73b 1.00
G 68+28b 194.36+152.34a  111.20+65.82b  0.65+0.05ab 2.14+0.40b 1.00
H 65+31b 164.08+95.20a 114.93+42.86b  0.66+0.13ab 2.53+0.60b 1.00
K 70+45b 140.86£100.21a 104.24+67.76b 0.54+0.21b 1.90+0.59b 1.00

Results are presented as mean+SD and the data are the mean of five replicates. Different letters in the same column are

significantly different (P<0.05).

http://journals.im.ac.cn/actamicrocn



2870 WANG Jungang et al. | Acta Microbiologica Sinica, 2024, 64(8)

PCoA-PC1 vs. PC2 C Cladogram mm a: [ Prevotellaceae
mm b: o Bacteroidales
= e (C mm c: [ Flavobacteriaceae
y \ oD mm d: f Weeksellaceae
y m ¢: 0 Flavobacteriales
£ oG m f: g Lactococcus
/! eH mmg: [ Streproc ceqe
0.5 y / co_ Clostridiales
A y b e K . Pseudoalteromonas_distincta

__Pseudoalteromonas

" Pseudoalteromonadaceae
:0__Alteromonadales

mm n: s Acinetobacter parvus

mm o: s__Acinetobacter_xiamenensis
mm p: g Acinetobacier

PC2-Percent variation explained 13.65%

0.0 - mm q:s_ Psychrobacter sanguinis
: § ma s Pseudomonas_fragi
h s 2 Pseudomonas
m t:  Psendomonadaceae
m u: {_Rhodanobacteraceae
mm v: o Xanthomonadales
0.5
-0.5 0.0 0.5
PC1-Percent variation explained 26.67%
B 1.0t R*=0.291, P value=0.001
809} .
g
7 08¢
=]
° 0.7+
§ 0.6t
=05}
5 o
S 04f 8
@ 03¢
02 ° : i ; ; ;
Q&' Q&' C D G H K
&S D . | =mC | wmG | =mmHH : =mD
w N 1 DLuTUULECT Ui

o_Aleromonadale; |y
o__ Bacteroidales | S N
¢ Clostridia
o st ———
f_Prevotellaceae | R
_Pseudomonas |

f__Pseudomonadaceae [N N N

s Pseudomonas_firagi

n  Racternidetes

f Streptococcaceae
f Flavobacteriaceae
g_ Lactococcus [ N N R .
s_ Acinetobacier_parvus | R
o_ Xanthomonadales | R N S
.

f Rhodanobacteraceae

S
—_

2 3 4
LDA score (log,,)

B2 RF4LRATRRED P S

Figure 2 Analysis of microbial beta diversity in air-dried beef. A: PCoA score plots based on Binary-Jaccard distance.
B: Boxplot of PERMANOVA based on Binary-Jaccard distance. The “o0” indicates the discrete point. C: The evolutionary
branching diagram of LEfSe analysis. D: The evolutionary branching diagram of histograms of LDA analysis.
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Figure 3 Metabolomics analysis of compounds in air-dried beef inoculated with different starter cultures. A:
Heat map visualization and clustering results of the metabolites in air-dried beef samples. B: PCA of the
metabolite profiles. C: OPLS-DA score plots of metabolites. D: Permutation test of OPLS-DA model.
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Table 6 Comparison of six types of important metabolites in different types of air-dried beef samples

Types Cvs K DvsK GvsK Hvs K Most discriminant
compounds (OPLS-DA)

Alkaloids and log;o FC (average) 3.349 —0.336 0.833 -0.272 Cuscohygrine (VIP=1.759)

derivatives (n=18)  log;o FC (cumulative) 127.247 —140.917 31.653 —10.339

Lipids and lipid-like log;o FC (average) 1.845 0.860 —0.675 -0.714 Annoglaxin

molecules (=1 517) log;o FC (cumulative) 2 798.609 1304.775 —1023.880 —1 083.407 (VIP=1.918)

Nucleosides, log;o FC (average) —0.468 —1.669 —2.384 -1.199 Uridine diphosphate

nucleotides, and log;o FC (cumulative) —40.713  —145.187 -207.450 —104.288 galactose (VIP=1.835)

analogues (n=87)

Organic acids and  log;y FC (average) 3.778 1.300 —0.095 -0.427 Glutaminyl-lysine

derivatives (n=623) log;, FC (cumulative) 2 353.481 809.941 —59.493 —266.264 (VIP=1.858)

Alcohols and log;o FC (average) 3.343 0.155 -1.904 -1.791 Shikimic acid (VIP=1.798)

polyols (n=32) logjo FC (cumulative) 106.968  4.962 -60.939 -57.299

Carbohydrates and  log;y FC (average) 2.100 0.291 -0.614 —0.531 CMP-2-aminoethylphosphon

carbohydrate log;o FC (cumulative) 501.995  69.459 —146.669 —127.009 ate (VIP=1.768)

conjugates (N=239)

The average and cumulative log;o (fold-change, FC) values for each comparison vs. the experimental control (i.e., air-dried beef not
inoculated) are reported, together with the most discriminant compound (i.e., possessing the highest VIP score) for each class annotated.
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Figure 5 Correlation analysis of differential microorganisms and key metabolites in air-dried beef inoculated
with different starters and control group. A—D: Procrustes analysis of C vs. K (A), D vs. K (B), G vs. K (C), and
H vs. K (D). E-H: Differential metabolites-differential bacteria correlation chord plots of C vs. K (E), D vs. K
(F), G vs. K (G), and H vs. K (H).
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