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Detection of Volatile Metabolites in Four Foodborne Pathogens Using a Novel SPME/GCxGC-
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Abstract: Foodborne diseases caused by pathogenic bacteria pose a serious threat to food safety, creating an urgent
need for convenient and effective pathogen detection methods. With the maturation of metabolomics technology and
limitations in existing microbial volatile metabolite databases, the analysis of foodborne pathogen volatile
metabolites has emerged as a promising alternative for pathogen identification in both food and clinical settings. To
enable rapid, non-destructive identification of foodborne pathogenic bacteria, a volatile metabolite fingerprint-based
in situ detection strategy was developed by coupling solid-phase microextraction (SPME) with comprehensive two-
dimensional gas chromatography—quadrupole time-of-flight mass spectrometry (GCxGC—-QTOF-MS). A novel self-
fabricated SPME probe was employed to achieve high-coverage capture and efficient enrichment of microbial
volatile metabolites released by Bacillus cereus, Streptococcus pyogenes, Shigella, and Enterobacter sakazakii,
resulting in the identification of 107 microbial volatile organic compounds. Multivariate statistical analysis revealed
significant separation of volatile metabolic features among the different pathogenic bacteria. A total of 21 potential

differential volatile metabolites were identified, comprising 5, 5, 7, and 4 metabolites from B. cereus, S. pyogenes,
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Shigella, and E. sakazakii, respectively. Subsequent validation in food samples demonstrated that indole could serve

as a characteristic volatile marker for E. sakazakii and remained detectable in dairy matrices. These results indicate

that volatile metabolite fingerprint analysis has potential for rapid identification of foodborne pathogens and may

provide a valuable reference for food safety monitoring.

Key words: foodborne pathogenic bacteria; microbial volatile organic compounds; metabolomics; solid phase

microextraction; comprehensive two-dimensional gas chromatography-mass spectrometry; multivariate statistical

analysis
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Fig.1 Diagram of SPME device, and scanning electron microscopy images of ZIF-67-PS fiber and its composite
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Fig.2 TIC chromatograms of comprehensive two-dimensional spectrum MVOCs released after overnight
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Tab.1 Volatile metabolites released by Bacillus cereus

s e CHRER AR s s EHE R e Nistri mwmms sowmmy (0 EF RS
1 Acetic acid, cyano-, 2-methoxyethyl ester 2.9704 1.46 10258-54-5  C6HONO3 803 877 . . 143.0582 143.0837 161 0.15
2 Dimethyl sulfone 5.1708 1.262 67-71-0 C2H602S 706 739 . . 94.0089 . 1.40 0.26
3 1-Hexanol, 2-ethyl- 123704 2.592 104-76-7 CSH180 802 856 1031 1015+3 130.1358 130.0949 4.69 0.02
4 Acetic acid, 2-ethylhexyl ester* 15.9703 2.448 103-09-3 C10H2002 759 827 1152 11443 172.1463 172.9454 1.81 0.05
5 Dodecane* 17.3704 1.821 112-40-3 C12H26 866 883 1200 1200 170.2035 170.2014 1.92 035
6 Benzene, 1,3-bis(1,1-dimethylethyl)- 18.9705 2338 1014-60-4 C14H22 888 913 1258 1247+2 190.1722 190.1704 7.56 0.07
7 Menthy! acetate 20.0704 2.627 89-48-5 C12H2202 812 883 1297 128143 198.1620 1983917 0.40 0.16
8 3-tert-Butyl-2-pyrazolin-5-one 20.7705 3.072 29211-68-5  C7HI2N20 749 775 1324 . 140.0950 140.0820 1.37 0.09
9 Tetradecane 22.7705 1771 629-59-4 C14H30 871 877 1400 1400 198.2348 198.2328 451 033
10 2-Tridecanone 25.1706 2.623 593-08-8 CI3H260 726 851 1497 1477+3 198.1984 198.1954 037 0.58
11 2 4-Di-tert-butylphenol* 25.1706 1.759 96-76-4 Cl14H220 882 882 1496 150248  206.1671 206.0470 10.37 0.15
12 Phenol, 4-(1,1,3,3-tetramethylbutyl)- 26.5707 3252 140-66-9 C14H220 767 784 1558 1601429  206.1671 206.1659 1.26 0.19
13 2-Tetradecanone 26.6709 2.5 2345279 C14H280 819 848 1562 157949  212.2140 2122114 134 037
14 Hexadecane 27.5707 1733 544763 C16H34 876 876 1600 1600 2262661 2262638 7.11 0.04
15 2’2’4'ngfgg;i’yiz:“m“edi‘ﬂ 27.6709 2415 6846-50-0  Cl6H3004 850 860 1605 1591 286.2144 286.7858 278 0.06
16 Pentadecane, 2,6,10-trimethyl- 28.6709 1.676 3892-00-0 C18H38 829 877 1650  1652+2 2542974 254.9823 057 0.12
17 3-Methyl-2-propionyl-benzoic acid 293703 3.16 92945590  C11HI203 723 778 1683 . 192.0786 192.1831 057 0.24
18 Heptadecane 29.7704 1.8 629-78-7 C17H36 822 830 1700 1700 240.2817 2402784 128 0.02
19 2-Pentadecanone 29.8706 2.522 2345280 C15H300 881 885 1705 168244 2262297 226.2261 327 0.11

20 Phenol, 2,5-bis(1-methylpropyl)- 30.6709 2.894 54932773  Cl4H220 745 784 1744 . 206.1671 206.0469 0.54 0.30
21 2-Hexadecanone 313703 2.553 18787-63-8  CI6H320 777 817 1777 178244 240.2453 240.2416 0.87 0.07
2 Octadecane* 31.8706 1.817 593-45-3 C18H38 852 852 1800 1800 2542974 2542947 255 0.12
23 Hexadecane, 2,6,10,14-tetramethyl-* 32.0703 1.75 638-36-8 C20H42 851 868 1810 18131 282.3287 282.0543 229 0.05
24 1,2-Benzenedicarboxylic acid, bis(2- 33.4705 3.815 84-69-5 C16H2204 874 874 1878 185312 278.1518 278.1443 111 0.34

methylpropyl) ester



25 Octadecanal, 2-bromo- 33.9708 2.118 56599-95-2  CI8H35BrO 715 719 1900 . 346.1871 346.0877 2.63 0.17
26 Ethanol, 2-(octadecyloxy)- 35.8706 1.939 2136-723  C20H4202 788 805 2000 . 314.3185 314.3043 0.57 0.09
VE: R 7 LB NIERE SETAT B R IOV E 5 AR R R
2 LV M PEBERR T AR O A
Tab.2 Volatile metabolites released by Streptococcus pyogenes
—YERRE I 4ER BRI . IEm T 3N e e Hokbd RSD
75 & N ¥ il S o
75 & /min s CAS s g W RI NISTRI  FE#EE SR % %
1 Styrene* 8.479 2.495 100-42-5 C8HS 824 887 897 89345 104.0626 104.0604 2.81 0.20
2 Pyrazine, 2,5-dimethyl- 8.9786 2.987 123-32-0 C6HSN2 786 875 915 916+7 108.0687 108.0666 2.03 0.19
3 Benzaldehyde* 10.4789 3.384 100-52-7 C7H60 864 871 967 9623 106.0419 106.0396 28.50 0.06
4 Benzene, 1,3-dichloro- 11.9786 3.409 541-73-1 C6H4CI2 794 828 1018 10187 145.9690 145.9659 0.81 0.13
5 Dodecane* 17.3787 1.284 112-40-3 CI12H26 892 892 1200 1200 170.2035 170.1994 0.40 0.17
6 Dodecane, 2,7,10-trimethyl- 19.5791 1.229 74645-98-0 CI5H32 794 885 1279 - 212.2504 212.2462 0.25 0.18
7 8,10-Undecadiene-3,7-dione, 6,6,10- 19.879 1.955 88725-77-3  C14H2202 704 731 1290 - 222.1620 222.5338 0.34 0.07
trimethyl-, (E)-
8 Decane, 2,3,5,8-tetramethyl- 20.1789 1.381 192823-15-7 C14H30 792 837 1300 1318 198.2348 198.2212 0.56 0.26
6-Tridecene, 2,2,4,10,12,12-
9 hexamethyl-7.(35 5-trimethyThexyl)- 21.0787 1.305 55255-73-7 C28H56 766 767 1335 - 392.4382 392.9626 0.30 0.17
10 3-Heptene, 2,2,4,6,6-pentamethyl- 20.6786 1.304 123-48-8 CI12H24 756 811 1319 - 168.1878 168.1842 0.35 0.15
1 Cyclopentanecarboxylic acid, 4- 21.6786 1.365 0-0-0 C22H4202 728 754 1358 - - - 0.48 0.03
hexadecyl ester
12 3-(6,6-Dimethyl-5-oxohept-2-enyl)- 21.879 2421 83040-95-3  CI5H2402 723 726 1366 . 236.1776 236.5519 0.78 0.15
cyclohexanone
13 Tridecane, 3-methyl- 21.9792 1355 6418-41-3 C14H30 768 826 1369 1371%1 198.2348 198.2310 0.38 0.43
14 Tetradecane* 227788 1273 629-59-4 C14H30 876 876 1400 1400 198.2348 198.2308 6.03 0.06
15 3-Tetradecyn-1-ol 237788 2.514 55182-74-6  C14H260 701 744 1441 . 210.1984 210.2168 043 0.20
16 (2,6,6-Trimethylcyclohex-1- 24.1789 1.419 56691-74-8  C16H2202S 797 825 1456 - 278.1341 - 0.33 0.29
enylmethanesulfonyl)benzene
17 Dimethyl phthalate 242791 4703 131-11-3 C10H1004 871 881 1462 1454=4 194.0579 194.1985 0.77 0.18
18 1-Todo-2-methylundecane 25.1789 135 73105-67-6 CI12H251 718 891 1496 y 296.1001 296.9080 0.81 0.03



19 2,4-Di-tert-butylphenol 25.579 2447 96-76-4 C14H220 874 874 1514 151445  206.1671 206.1632 2.64 0.03
20 Tetradecane, 2,6, 10-trimethyl- 26.4788 1.279 14905-56-7 C17H36 756 830 1552 153941 2402817 240.9887 0.50 0.13
21 Phenol, 4-(1,1,3,3-tetramethylbutyl)-* 26.4788 275 140-66-9 C14H220 794 795 1553 1601£29  206.1671 206.1629 1.79 0.12
22 Dodecane, 5,8-diethyl- 26.8789 1.388 24251-86-3 C16H34 739 776 1570 1572 226.2661 226.2339 0.32 0.33
23 Hexadecane 27.579 1.243 544-76-3 C16H34 871 871 1600 1600 2262661 2262611 3.17 0.05
24 phenol, 2(1,1,3,3-tetramethylbutyl)- 27.8789 2.973 0-0-0 C14H220 882 911 1614 - - - 0.66 0.13
25 Propanal, 2-(4-ethoxyphenyl)-2-methyl- 28.4788 2737 93622-71-0  CI2H1602 746 806 1640 - 192.1150 192.1398 0.33 0.15
26 Phenol, 2-(1,1-dimethylethyl)-4-ethyl- 29.3786 2.632 96-70-8 CI12H180 712 730 1679 1439 178.1358 178.1279 0.70 0.10
27 3-Methyl-2-propionyl-benzoic acid 29.579 2.582 92945-59-0  C11H1203 787 805 1688 - 192.0786 192.9753 2.04 0.09
28 Octadecane 31.8789 1.429 593-45-3 C18H38 817 827 1795 1800 254.2974 2542912 0.57 0.16
29 1’2'Benze;esmﬁ‘;’;?lfz;‘;d’ butyl 2- 33.4787 3.409 17851-53-5  C16H2204 865 868 1877 1944429  278.1518 2782716 0.98 0.10
VE: R 7 LGN 2T PR R B VR 25 R R A
223 BRI AT B A R R A e
Tab.3 Volatile metabolites released by Enterobacter sakazakii
s L CHIRER R s s SHEOROE S n o Nistee mmms smmw 0 EE RSD
1 Dimethylamine 2.952 2478 124-40-3 C2HTN 796 956 - 43045 45,0578 45.0341 1.07 0.09
2 Heptane, 2,2,4,6,6-pentamethyl- 11.2525 2718 13475-82-6 C12H26 809 847 993 99442 170.2035 170.1812 127 0.09
3 Benzene, 1,2-dichloro- 11.9519 4.785 95-50-1 C6HACI2 863 883 1018 1016+11  145.9690 145.9669 1.42 0.05
4 1-Hexanol, 2-ethyl- 12.352 3.689 104-76-7 C8HI80 770 862 1030 101543 130.1358 130.1306 1.70 0.13
5 3-Undecene, (2)- 14.1523 3238 821-97-6 Cl1H22 743 860 1090 1091=6 1541722 154.1685 0.21 0.26
6 2-Nonanone, 3-(hydroxymethyl)- 14.2525 3765 67801-33-6  C10H2002 763 940 1094 1093 172.1463 172.4740 339 0.03
7 Dodecane 17.352 2.883 112-40-3 CI12H26 895 895 1200 1200 170.2035 170.2011 2.11 0.18
8 Decane, 2,3,5,8-tetramethyl- 19.5524 2.892 192823-15-7 C14H30 769 836 1279 - 198.2348 198.0795 0.15 0.19
9 Indole* 202524 0.573 120-72-9 CSHTN 906 915 1302 127312 117.0578 117.0561 6535 0.02
10 Sulfurous acid, Cy;;;}r’e"ylmethyl hexyl 21.6519 2.971 0-0-0 CI13H2603S 711 807 1358 - - - 0.78 0.12
11 Tetradecanc* 227521 2.854 629-59-4 C14H30 877 881 1400 1400 198.2348 198.2319 526 0.11



1H-Indene, octahydro-2,2,4,4,7,7-

12 hoxamethyl. frans. 232524 2.958 54832-83-6 C15H28 708 719 1420 1427 208.2191 208.0324 0.50 0.08
13 efy?ﬂf;g;ﬁ%i‘;yy%%};’;;e 24.1522 3.006 56691-74-8  C16H2202S 793 803 1456 - 278.1341 278.5986 0.37 0.05
14 Dimethyl phthalate 243519 0.544 131-11-3 CI10H1004 821 866 1462 1426+12  194.0579 194.0544 0.96 0.18
15 2,4-Di-tert-butylphenol 25.5523 4.144 96-76-4 C14H220 876 881 1514 151445  206.1671 206.1633 0.46 0.07
16 Hexadecane* 27.5523 2.859 544-76-3 C16H34 875 877 1600 1600 226.2661 226.2624 2.90 0.11
17 phenol, 2-(1,1,3,3-tetramethylbutyl)- 27752 4.663 0-0-0 C14H220 858 907 1610 - - - 0.68 0.24
18 3-Methyl-2-propionyl-benzoic acid 29.5523 4.193 92945-59-0  C11H1203 777 794 1688 - 192.0786 192.1046 1.86 0.05
19 Isophthalic acid, ethyl tridec-2-ynyl ester* 30.6525 3.979 0-0-0 C23H3204 759 789 1739 - - - 1.64 0.09
20 Tetradecane, 2,6,10-trimethyl- 31.8522 3.114 14905-56-7 C17H36 721 770 1795 1655 240.2817 240.2723 025 0.04
21 Phthalic acid, 6-ethyl-3-octyl butyl ester 334521 5.128 0-0-0 C22H3404 850 906 1877 - - - 0.71 0.12
Ve R T BB AT B A A VR E 22 AR R AR .
2 4 SRPAT B PR W R AR
Tab.4 Volatile metabolites released by Shigella dysenteriae
— o RREN SRR et SR Nistre peeg scwmms PR RSD
1 Acetic acid, hydroxy- 2.8661 1.636 79-14-1 C2HA03 759 814 - - 76.0160 76.0270 483 0.05
2 Pyrazine, 2,5-dimethyl-* 8.9656 3.599 123-32-0 C6HSN2 811 869 918 88944 108.0687 108.0663 16.02 0.03
3 Pyrazine, 2-ethyl-5-methyl- 11.5661 4294 13360-64-0  C7HION2 839 860 1005 100547  122.0844 122.0810 538 0.12
4 Benzene, 1,4-dichloro- 11.9656 3.967 106-46-7 C6HACI2 794 887 1018 995£10  145.9690 145.9657 0.31 0.24
5 1-Hexanol, 2-ethyl-* 12.3657 2.878 104-76-7 CSHI80 801 871 1031 101543 130.1358 130.0544 2.06 0.06
6 1-Octanol 13.5661 2.985 111-87-5 CSHI80 783 847 1071 105744  130.1358 130.0619 3.93 0.03
7 Pyrazine, 3-ethyl-2,5-dimethyl- 13.9656 3.683 13360-65-1  CSHI2N2 858 872 1084 105543 136.1000 136.0963 3.99 0.08
8 2-Nonanone 14.2662 3722 821-55-6 COHI80 702 908 1094 109242 1421358 142.1325 0.69 0.15
9 Dodecane 17.3657 2.077 112-40-3 CI12H26 823 863 1200 1200 170.2035 170.1992 0.56 0.14
10 1-Decanol* 19.3657 274 112-30-1 C10H220 878 879 1272 127243 158.1671 158.0104 13.20 0.04
11 1-Todo-2-methylundecane 19.5661 1.91 73105-67-6  C12H251 705 868 1279 - 296.1001 296.9114 0.16 0.14
12 2-Undecanone 19.9655 2.849 112-12-9 CI11H220 885 885 1293 1273£2  170.1671 170.1631 4.53 0.04



13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Pyrazine, 2,5-dimethyl-3-(3-methylbutyl)-

Tetradecane*
Dodecane, 1-chloro-
3-Decen-1-ol, (E)-*

1-Dodecanol

2-Tridecanone*
2,4-Di-tert-butylphenol
Hexadecane

Phenol, 2,4,6-tri-tert-butyl-*

2,6-Bis(1,1-dimethylethyl)-4-(1-
oxopropyl)phenol

Pentadecane, 2,6,10-trimethyl-
1,2-15,16-Diepoxyhexadecane
Heptadecane
2-Pentadecanone
Heneicosane, 11-(1-ethylpropyl)-
Octadecane
Hexadecane, 2,6,10,14-tetramethyl-
Phthalic acid, butyl isohexyl ester

Eicosane

20.6656
22.7658
24.566
24.566
24.566
25.1659
25.566
27.566
27.8659
28.566
28.6655
29.3656
29.7657
29.7657
30.7657
31.8659
32.0656
33.4658
35.8659

3.387
2.013
2.454
2.863
2.699
3.395
3.244
1.976
2.671
2.69

1.95

2.044
2.778
2.007
2.064
1.991
4.035
2.132

18433-98-2
629-59-4
112-52-7

10339-60-3
112-53-8
593-08-8

96-76-4
544-76-3
732-26-3

14035-34-8

3892-00-0
0-0-0
629-78-7
2345-28-0

55282-11-6
593-45-3
638-36-8

0-0-0

112-95-8

CI1HI8N2
C14H30
CI12H25C1
C10H200
C12H260
C13H260
C14H220
C16H34
C18H300
C17H2602
CI8H38
CI16H3002
C17H36
C15H300
C26H54
CI8H38
C20H42
CI18H2604
C20H42

885
854
829
790
815
820
885
880
867
794
803
746
825
848
771
857
814
877
795

898
866
834
811
820
873
888
880
867
835
859
802
834
873
816
857
830
879
865

1320
1400
1472
1273
1473
1497
1514
1600
1614
1646
1650
1683
1700
1701
1748
1800
1810
1878
2000

1317+5
1400
1469
1232
1461+5
1496+3
1514+5
1600
1627

1635

1700
1682+4
1800
1813+1

2000

178.1470
198.2348
204.1645
156.1514
186.1984
198.1984
206.1671
226.2661
262.2297
262.1933
254.2974
240.2817
226.2297
366.4226
254.2974
282.3287

282.3287

178.1307
198.2299
204.1641
156.0825
198.1936
206.1626
226.2610
262.2250
262.2244
254.2854
240.2765
226.2237
366.9429
254.2927
282.0322

282.3249

2.02
5.58
0.33
8.64
2.90
5.47
1.59
4.86
10.65
0.13
0.67
0.55

0.92
0.68
1.84
1.05

0.46

0.03
0.05
0.22
0.01
0.09
0.07
0.04
0.08
0.04
0.05
0.06
0.23
0.14
0.09
0.22
0.01
0.11
0.23
0.17

e R 7 AR TR E VB AL 22 57 A S A -
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Fig. 3 PCA score plots of volatile metabolites identified between Enterobacter sakazakii (BS, a),

Streptococcus pyogenes (SH, b), Shigella dysenteriae (SC, c), and Bacillus cereus (BC, d) and blank culture
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Fig. 4 OPLS-DA score plots of volatile metabolites identified between Enterobacter sakazakii (BS, a),

Streptococcus pyogenes (SH, b), Shigella dysenteriae (SC, ¢), and Bacillus cereus (BC, d) and blank culture
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Fig. 5 Results of 200 permutation tests for the OPLS-DA model
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sakazakii (d)
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Fig. 8 Detection chromatograms of indole, the characteristic marker of Enterobacter sakazakii in food sample
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