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Abstract: This study aimed to investigate the effects of combined spatial electric field and subzero temperature storage on
volatile flavor compounds and microbial community succession in marinated steak. Gas chromatography-mass
spectrometry (GC-MS) and high-throughput sequencing of the 16S rRNA gene were performed to analyze the dynamic
changes in volatile flavor compounds and the characteristics of the microbial community structure during refrigerated

storage, subzero storage, and combined spatial electric field and subzero storage. Volatile flavor compounds with significant
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characteristics were identified based on odor activity value (OAV) calculations and multivariate statistical analysis, and

their associations with the microbial communities were explored using Spearman correlation analysis. The results showed

that a total of 39 volatile flavor compounds were detected during the low-temperature storage of marinated steak. Among

these, hexanal, benzaldehyde, heptanal, octanal, phenylacetaldehyde, E-2-decenal, 2-methyl-3-heptanone, 2-nonanone, 1-

octen-3-ol, dimethyl disulfide, nonanal, and limonene were identified as the main characteristic flavor compounds

(OAV>1). Compared with the single refrigeration group, the synergy of space electric field treatment maintained the

stability of the composition and relative content of alcohols, aldehydes, ketones, and esters and inhibited the accumulation

of spoilage-related flavor compounds. In addition, the space electric field regulated the succession of microbial

communities, slowing the rate of transition from psychrophilic bacteria to dominant spoilage bacteria. Correlation analysis

indicated that the genera Pseudomonas and Acinetobacter played a key role in flavor changes and would be positively

correlated with the production of spoilage markers, such as octanal, dimethyl disulfide, and nonanal. Therefore, space

electric fields can inhibit the proliferation of spoilage bacteria in the short term, slow flavor deterioration, and extend the

shelf life of prepared beef steaks, providing a highly promising new strategy for the preservation of meat products.

Key words: space voltage electrostatic field (SVEF); controlled freezing point storage; prepared steak; characteristic flavor;

microbial community; preservation
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Fig.1 Cryogenic storage systems equipped with space
electric fields
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(O SEOA E: SR HP-5MS UT {53541 (30 mx
250 umx250 pm), IWE LA 501, EEELEERE
J¥: WIHATEFEAE 40 °C F4ERF 3 min, K514 5 °C/min
A FHIEL 2R 230 °C FT4EHRF 6 min, & 4HTHT TR R
47 min, JUIESEUE: B TFEHE TIR(EDEE
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# 1 PCR ¥ HIKR MY
Table 1 Components of PCR amplification system
% FRF(pL)
Q5 high-fidelity DNA polymerase 0.25
Sx LG IR 5
5x{GCLE R 5
dNTP(10 mmol/L) 2
HLHZDNA 2
IEM54(10 pmol/L) 1
S5 14(10 pmol/L) 1
K 8.75

1.2.6 CUFEMESERK E{HH Quant-iT PicoGreen
158 DNA WP 5, AR 435 A2 th R &
FeAS . BfJS . HEHE TruSeq Nano DNA LT @t 217
B IE LT IR TS 5054

BT R E &, 30 ng DNA 5 End Repair
Mix2 F 30 °C X W 30 min, £ % BR 4l 1k 5 3K 15
17.5 pL ¥ERG =9, I A-Tailing Mix J5347T 37 °C
30 min—70 °C 5 min {RFEFE)F, B0 Ligation Mix
Ferpsm 4223k T 30 °C W5 E 10 min, 82 1E V)5
EEkLlifk, PCR & 455 MRk TR alifk, fmimit
2% BB HHEE R HL K R B AR S 2 T R BE %k o

&L E 2 Agilent 2100 A= 99 43 H AR I
AN BB — &R f# F Quant-iT PicoGreen 72l I8
e =2 nmol/L 5, F Illumina NovaSeq(PE250) 1%
MiSeq( PE300) - & i 47 X i Il o AL AT >R A
0.1 mol/L NaOH X SCZEHEA FAR AR, il 2ok BE A
15~18 pmol/L JEHIH .

1.3 #iEAIE

A2 B R Excel 2019 BAFAL B, 45 A7)
PR 7SR TN 45 5, 6 N - S E bR v 22,
FIFH SPSS 25.0 #4347 Duncan 5 Z 5 b4 & i
RS M (P<0.05 Tn2ZER W) . il Graphpad
Prism 8.4.3 Fll Origin 2022 #MAERE
2 GBR5SH
2.1 GC-MS #5454

K HS-SPME-GC-MS 725 X+ 8 # A= HE4E % 1
TG PFATHAT, A5 BIAS R 5B A T R R HE
FIERMAAEYI S R, R 2 TR, Hgw
i AHALLUEE B8 3 80% MW BT 39 Ff, #4352k 8 25, £
$5: 9 FRIE . 6 FPER . O FhIE. 5 FRAR. 2 Fhks. 1 PR
2 PP EIEALA IR S PSR SRS .

N 2 ffias, FH 4HA 24 #4515, CL-DS 19

F 2  GC-MS WA [FMRI I HHAAF N WA HE b A HE R ML G WA T 1 LUK

Table 2 Quantitative comparison of volatile compounds in beef steak under different storage conditions by GC-MS

2% it (pg/kg)
K5 RI EA 3 FaR
FH CL-D5 CFP-D5 CFP-D10 CFP-DI15 CFPE-D5 CFPE-D10 CFPE-DI5 CFPE-D20

1 771 U CeH,0  136.749.11°  193.27+16.32% 198.67+19.88¢ 431.73+40.08"  378.5+0.52°  272.61+28.35° 460.57+25.8" 446.62+30.75" 286.56+37.66°
2 882 Peft CH, O 5866325  75.29+8.61°  78.01+8.85"!  85.33£3.61™  66.5620.67°  79.28£9.37" 89.85£12.36™  92+4.29° 74.68+6.32%
3 927 RIS C,HO  3.41x045° 7.71%0.89* 5.47+£1.01% 6.97+0.25" 5.97+0.99® 4.08+0.15° 5.23+1.77° 5.25+£0.21% 6.96:1.01°
4 982 A CH O 69.33+3.73°  4.46+031°  57.61+6.67° ND ND 90+7.99* 72.66+8.56"  12.26+0.32% ND
5 1012 KB CHO ND 69.414.26° ND 232942.15°  48.1943.11° ND 37.77+4.66°  44.18+1.219  95.39+10.71°
6 1047 WEEZZILZH/E C,H,,0, ND 157.79+8.54° ND 60.33+7.8¢ 139+8.38" ND 523145950 117.48+1.12%  168.16+16.6"
7 1081 Tk CoH g0 25.42+1.47" 42612251 26.06+2.71"  31.07#2.85"  26.20+£3.48"  33.83+2.96%  34.6044.36®  37.42£1.79%  27.78+5.14°
8 1236 E-2-3%0fE C,H g0  56.93+3.8° 97.1£3.99°  7031£7.02  68.64+6.86°  87.324£5.42"  75.7+622  72.3949.65¢  77.09£1.01*¢  81.247.27™
9 1432 2-FTHERE S CH,O 643334197 188.07+10.2°  100.4+9.95%  94.27+8.5°  161.5247.61%  104.14£12.3% 118.48+£13.77" 143.53+4.22%  168.51+19.8"
Bt =S 411.78+18.5°  835.51£37.47° 536.13:23.84% 801.63+30.53% 913.26+37.98° 659.64+27.91° 943.86+23.47 975.83£1.55" 909.24+46.78"
10 480 (L CHO  28.0942.28"  113.47+7.23°  44.06+4.81° 63.5+6.6° 145.1247.25 42+4.56° 584246450 82.79+0.72°  138.56+13.33"
11 560 2-77 CHO 487542467  178.47+8.45"  66.86+6.55°  83.26£6.76°  159.63£9.02°  77.09+8.95°  70.15£9.01%  73.07+1.1*  125.74+10.98%
12 678 3-F2RE2-TH  C,H;0, ND 85.44%3.25% ND 37.95£3.76"  99.57+6.03°  39.4743.77°  57.13£7.52°  110.25£1.07° 120.58+12.57"
13 871 2- R CH, O  13.11£0.9"  128.51+7.24°  52.43+6.05°  96.78+11.38°  139.65+8.29" 17.54£1.7° 34.25+4° 58.28+1.62°  63.41+5.71¢
14 918 2-HUBE-3-Ef CH (O 22.2941.18°  56.97+4.01  31.08£3.66°  55.34+631"  71.65£2.87°  31.95+2.8'  29.5443.56¢"  47.4£1.91° 60.04:£6°
15 1070 2- T CoH;gO  15.08+0.6"  31.18+1.76"  21.03£1.75°  28.1442.35%  40.84+2.06°  24.19£2.71%  26.26+3.06"  34.44£1.76°  34.47+3.62°
Bt BN 127.3247.24°  594.02+31.34° 215.46:22.83° 364.98+36.96° 656.47+34.76° 232.24+24.47° 275.76+33.54° 406.22+4.65° 542.81452.15b
16 706 S CH;,0  27.14+1.16"  157.1248.11°  49.51+£6.51°  78.32+10.2°  193.08+12"  42.17+£2.85°  47.25453°  71.23#2.56°  128.37+13.16°
17 735 IE R EE CH,0 1663116 67.1844.92°  31.6743.2%  47.93+6.07°  65.7442.92°  27.36+2.95°  28.13+3.95° 38.56+1.1¢ 81.7+8.89°
18 747 DL-23-T =W CH,0, ND 126.36+7.6" ND 36.45£3.65'  121.245.69° ND ND 86.09+2.59°  176.71417.83"
19 852 IECEE C¢H,,0 ND 52.9122.5° ND ND 42.63+2.75 ND ND ND 13.06:1.27¢
20 922 LA TR CH,0,  12.47+0.46° ND ND ND ND ND ND ND ND
21 959 1-E0-3-BE CgH 0 ND 119.37+4.85"  65.99+6.31°  92.26+12.2°  141.39+7.54° ND 64.14+8.85¢  95.23x2.76°  112.23%9.74°
22 1020 2-ZHECEE CH O ND 154.9348.89° ND ND 132.4+8.55° ND ND 73.5642.06°  90.8949.56°

2,3,4- = HIJk-1- N ) » .
23 1058 . CgH 0 ND 39.39+1.87 ND ND 1540.56° ND ND 36.59+1.15 48.28+4.78"
24 1178 2-THi-1-BE CoH g0 31.68+1.148  93.48+£3.93"  53.88+5.33¢  64.145.05 89.71+6.22° 42.73+4.4  39.93+5.15"  48.6+1.99%  58.83+5.47™
Bt =S 87.93£3.79"  810.74:40.88" 201.05+21.32° 319.07+37.08° 801.14+43.85° 112.25:10.27 179.45+23.23° 449.86:£14.14° 710.06+70.64b
25 577 LRRCBR CHO, 27.17+0.98'  72.01#4.1°  4515£5.16°  46.12+555°  76.88+2.91°  40.74+£2.97°  45.05+6.1°  62.0942.52°  79.22+7.7*
26 749 H&ER LB CHNO,  15.05+0.9¢ 41.71£2.23°  30.03+3.87°  33.03£3.75°  44.61£2.14*  21.07+198c  23.47+325c  30.25+0.76" 34.5+3.29°

2,2,4-=H1JE-1,3- . . . . . . .
27 1273 e g CroflaoOa ND 38.61+2.02 14.87+2 ND 20.38+1.05 15.45+1.76 14.46£1.9 15.9+0.53 16.48+1.72
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5 RI 20N 43 ¥
FH CL-D5 CFP-D5 CFP-D10 CFP-DI5 CFPE-D5 CFPE-D10 CFPE-DI5 CFPE-D20
28 1956 HRIGHIELEE C/H,0, ND 25.45+1.48" ND 17.36£2.2°  30.24+1.72° ND ND ND 28.75+2.87"
T LI TR
29 2548 Limg"@ﬁ%cﬁl—lum 8.32+0.68¢ ND 10.86£0.91°  17.12+1.72°  25.1141.15°  11.42+1.11°  25.8243.55°  30.51.15°  31.29+2.84°
H
Bt 28 50.54+2.45°  177.7749.69° 100.91+11.93 113.63+13.24% 197.22+8.89"  88.69+7.87%  108.8+14.83  138.73+5"  190.23+18.42"
30 1020 T CioHyg ND ND 41.98+5.13"  40.48+531"  47.59+2.08° ND 39.06+4.95" 4451211 48.08+5.2°
31 1400 +pukE CHyy  3623+£2.61°  71.08+3.71"  51.2+6.31¢ 49245880 71.71+4.59"  51.9245.9¢  50.91+£6.48'  61.06+2.41°  62.53+5.67"
it Ja% 36.22+2.58"  71.08+3.71°  93.17+11.46™ 89.67+11.07  119.3£6.38"  51.93+5.91°  89.97+11.39% 105.57+4.48" 110.6+10.91°
32 642 R CH3§OO 2.14£0.157  62.01£2.85"  20.34+236°  20.68+2.9°  46.54+2.14° ND ND 140.64¢ 36.37+3.21°
pc37s Wik 2.1420.15"  62.01:2.82°  20.3422.36"  20.68+2.88°  46.54x2.14° ND ND 140.65°  36.37£3.21c
33 850 ZH CgHyo ND 5.75+0.35¢ 76.28+9.1° 45744525  15.51+0.61°  26.83t1.86°  35.89+3.9Y  4829+2.08°  63.65:7.15°
34 1049 =S CgHgO  24.29+1.36° ND ND ND ND ND ND ND ND
Bt IR 24.29+1.37 5.75:0.34"  127.33+14.54" 45.74£526°  15.51£0.61"  69.87+6.87° 35.9+3.88¢ 48.29+2.08  63.65+7.13"
35 567 - CHN 10630597 35.29+1.11° 17.241.85¢ 17.41£1.5% 19.9+1.4° 1573172 14.2842.1% 16.2+0.7¢ 16.04+1.48
36 625 RIAABE  CGHN  17.1422.1° 88.9842.9"  34.22+3.86°  34.25+4.5  64.68+3.66°  34.5242.4° 36.45£4.5% 4147191  47.94+4.56°
37 751 TR C,H,NO ND 22.46£1.1° ND ND 26.53+1.59" ND ND 18.28+0.72°  23.79+2.07°
38 934 WA TRBE CHS, ND 21.64+1.2° ND ND 7.73£0.26° ND ND ND ND
39 1340 PUmE-5-Jii CH,N; ND 27.240.95" 7.53+0.8¢ 1627+2.4°  25.75+1.26" ND ND 14.65+0.74° 19.5+1.69°
j=82n TR EmSE 27.7742.63F  195.57+7.25"  58.95+6.56 = 67.93£8.41°  144.59+8.11°  50.2544.07%  50.73£6.57%  90.6+4.06'  107.28+9.77°
e R T/ INE S SCFRER R B 22 57 . 3, P<0.05; NDITR AL
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JRUBR B T (RS | B 2JS  BESSAN& AU S e 55 ) 1Y
FE A

i E 2 A] LAE AN TR I T PR B A HE
KSR . 5 0 d B, A-HEF AR S Y
B = 09 8 & M) 0T AR IR 2 B S 53.80% . il 2k
16.51%. BEIS 11.40%, AHXT & S R0 =253 & 1k
W5 R B B SRS 3.60%., RIS 3.15%. RS
0.28%. 2% 5 d B, CL 4 BB - HE AR XS & 2
P /7 = 09 R M W BT AR O T 2K 30.36%. i S
29.45%. BRZE 21.58%, FHXT & m AR i) =238 LM
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Fig.2 Results of GC-MS analysis of beef steak under different
storage conditions
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FyJ2, A% CL ZH, CFP Fll CFPE £H37% A& P IXUBR # Jot
el EatR e, B A S A G AR R AR,
X FRBH VKRI85 H, 7 1 [ F R R e S 44 R 1
YA AR TR, X AR PR A XU & TR e
HABWAEN .
22 FHEBESWHEYIR OAV S hlHiE

T 5 30 [R] 2 PR 92 2 Pk il 4 S B i 35 sh A8 A8 1k,
i OAV>1 AL G A A B S XK 19 2%.0 5T
kTS, AR A Y 12 B OAV>1 1G5 A
PRV . AR 3 P, IS (O . BRI, T, ARH
) | FR2E(2-F 3E-3- Bl . 2-"F-fl) S iss (1-35445-3-
P52 ST A8 L ARV AL, AE VR HE XU X 2% o
Yo Sy . [EAEENE, WM ESE 5 dE),
CFP ZHFEM 3 CL i/ 2 B OAV>1 W5 KK
Gy, S n) h R R R B LR ) L R R AV
R, (HZ T Feisds (R ) ; CFPE-DS ZH 7E I it
5 5 d BFHAG I 8 B OAV>1 IFE R PEM R, 435
o6 B EE S . 2 FPER S, AN FH 4H 98 B A HE
OAV>1 MK PEY) TS —330, Wi HA Ta] 4= A A
PR R R B E S, BRI,
CL ZH LIS SRR L &% — W 3L —milt oy 352, 1M
CFP F1 CFPE ZH ) ™y 5 A A7 7 25 T 128 1) v A=K v
{H. DL 45K, 598500 b, pRIEIEEE i 1934
R USRI ST B B U ASUARARHIE, R AS Rl
WG DRI SRR A5 R PR AF A= IR 0 R A A XU

Pk iR R AL G R TR TH OAV>1
A4 O 9 (B TC R ok A e I A 2 =25 . COMPILA-
TIONS OF ODOUR THRESHOLD VALUES IN
AIR, WATER AND OTHER MEDIA .
2.3 OPLS-DA ¥BERIEEST

FIF OPLS-DA 43 sr AN RMRIEN &
VAR AR S S5 RPN EFE A AL A W 2 T8 1A o F A5,
LEEEANE 3 ras ., OPLS-DA 5343 & i R2X (cum)=

0.997, R*Y (cum)=0.99, 0*=0.974, ¥J¥ain 1 1 H KT
AUUHE 0.5, O MEIF(E >-0.897, /KT AL B {E
0.05. UkAb, PG E 3L B RE i BRAS, BEDLAS Y b [[]
VAL TS, X FREHITEST 1 OPLS-DA #5#1 H
A Rarnfafaert, B B LG it 6]
I, T AR AL T 95% B MR X H] N . ik,
% OPLS-DA BIBRUATE R LG RCR e, i B
PRI TINEE T o

& 3(A) T RIFE I, ARSI B B R A5 X, &
%4 1 X(FH. CFPE-D5). Il X(CFP-D5. CFP-D10
A1 CFPE-D10) A0 III [X.(CFPE-D15 #1 CFPE-D20)
IV X (CL-DS #11 CFP-D15), #i&E 3(B)IME ML
R AEA RIS A4 VR B A HERR R 1k
G W2e R W2, 78 OPLS-DA #ifldh, i i 28 fn
TIPSR SE (VIP) S irii e 2= S fb G54 . X T4
EFE R AL S YT 5, VIP {E s, 28 B AR vp
P ERERRR, H 25 S B0, nE 3(D) TR,
6 MURMEF AL S VIP (B 1.0, /052w
(1), ZRHIEE3) . BalE(2) . —HE TR (39) . TE(7)
FkPiEEH: (30), FRHEHIX 6 FFIER AL G T BEXTAS
FEMIGHRIE a4 T VB HERE S 2 AR S 2 E .
24 ESBRENFEDMHSHESESHTT
2.4.1 WgiAhL: R IhLR A EE RS B0 B
JPACE B 5 W Py R = B R 2 (e pR O R P, il
&l 4 AT, £ HAEARTEM)FRIH] OTU £ 1R
B, YIRS EGETE 20000 B, {2 Z WS TF4E
U RS R i PR R A R A /D ERTRY) OTU . 3X
Tt B 5 0 M A S AR AS P b 1) A Sy A, T
PR
2.4.2 Alpha Z #4381 Alpha £ ¥ ¥4 ( Alpha
diversity ) il i3 Pl BL—AEAS NAUAE PRI 0 A
‘# & (Richness) f134J5] 3 (Evenness) , J BRAEVR 2H AL,
PSR E M AR S TORENS T AW S FH el s

3 T OAVs KA T M HE RHE R LG
Table 3 Characteristic aroma compounds identified by OAVs of beef steaks under different storage conditions
G EEMLAY ORI RN Bk oAV
FH CL-D5 CFP-D5 CFP-D10 CFP-D15 CFPE-D5 CFPE-D10 CFPE-D15 CFPE-D20
1 L 771 THEER 19 7.19 2424 1046 15.08 23.51 10.17 1435 19.92 2272
2 PR 882  RiEF 19.5 3.00 386  4.00 437 3.41 4.06 4.60 471 3.82
3 A 927 AR 2.0 170 3.85 2.70 3.48 2.98 2.04 261 2.62 3.48
4 I 982 AEAFIR 30 231 0.14 1.92 ND ND 3.00 2.42 0.40 ND
5 RO 1012 WIFEF& 6.3 ND 1102 ND 3.7 7.65 ND 6 7.01 15.14
7 Tl 1081  AHARERR 1.1 23.10 3873  23.69 2824 23.81 30.75 31.45 34.01 2525
8 E-2-2451E 1236 HIMEE 17 335 571 4.14 4.04 5.14 445 426 4.53 478
14 2-FUE-3-5 918 R 24 093 237 13 231 2.99 1.33 1.23 1.97 2.5
15 2- T 1070 HASHR 41 037 076 051 0.69 1 0.59 0.64 0.84 0.84
21 L-EME-3-EE 959 BEIEE 6 ND  19.89 11 15.38 23.57 ND 10.69 15.87 18.71
30 FrEss 1020 FrEEE 10 ND ND 42 4.05 476 ND 3.91 445 4.81
39 HETHEE 934 R 0.45 ND 4808 ND ND 19.32 ND ND ND ND

TE: OAV: B R AEAL G YY1 149 5 1k 55 R B9 AR ND: ikl RS I

HEBMFFAE RSB YOAVIE LAY 1 (%)

155 WERC P IR IZEE R L B YO A VAR S — P TR B4
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Fig.4 Rarefaction curve of high-throughput sequencing
of beef steak under different storage conditions
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Fig.3 OPLS-DA results of GC-MS analysis of beef steak under different storage conditions
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Fig.5 Comparison of Alpha diversity of beef steak under different storage conditions
T R B 22 5+ 3%, P<0.05,
04 w00 2 - FH A URELRE HUA I BRAHZE A AR — 2. HLIX 4 FiedT ]
. » =0. B ..
) EEE AT 2 BEAE TR AR S FRIA 3 T 97% LA b, FEH 98 23
L Y Chpbis AHEED 1KV BRSNS
g o * CFPE-D5
E ) * CFPE-DI15 = Proteobacteria
-02{ (0 : - CFPE-D20 : Achmobaseria
. f\; = gactermdelesb
_04 i/ = Verrucomicrobia
. i = Cyanobacteria
50 = TM7
-2 -1 0 1 g = [Thermi]
=

K6 AFMGIERI BT W ER A HER) NMDS 2387
Fig.6. NMDS analysis of beef steak under different storage
conditions
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Fig.7 Phylum-level distribution of beef steak microbial
community under different storage conditions
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Fig.8 Genus-level distribution of beef steak microbial
community under different storage conditions
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