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Abstract Kimchi is a traditional Korean fermented food produced from various vegetables and is
characterized by a wide range of sulfur-containing compounds generated during processing. In this
study, volatile sulfur compounds (VSCs) in 11 types of kimchi were comprehensively analyzed using
headspace solid-phase microextraction coupled with gas chromatography—mass spectrometry (HS-
SPME/GC-MS). A total of 35 VSCs were identified and classified into mercaptans, mono-, di-, and
trisulfides, isothiocyanates, sulfur-containing heterocycles, and other sulfur compounds. Disulfides
were the predominant VSC class in most kimchi samples, whereas the relative contributions of
trisulfides, isothiocyanates, and sulfur-containing heterocycles varied depending on kimchi type.
Diallyl sulfide and allyl methyl disulfide were consistently detected across all kimchi samples,
suggesting their potential as representative sulfur markers in kimchi. Multivariate statistical analyses
revealed clear differences in VSC profiles among kimchi types, likely reflecting variations in raw
materials and sulfur-containing precursor compositions. Overall, this study provides a systematic
overview of VSC distribution in diverse kimchi products and offers fundamental data for
understanding the chemical characteristics underlying kimchi diversity.

Keywords kimchi, volatile sulfur compounds, HS-SPME, GC-MS

1. M2

AAE AARE e slo] 24 YR YL AR AzHE G0 fEA AE WRA
Foz, vk, 5714 9 Aolde 5 theR % HE- F95H YckChoi 5, 2022). B
AAE Tkt A4 AROIH S 222, Behricols, A2Hw0lE 5 ofg TolEAn
2 E3sha Qlol, WA U FAS AL AT chrst e Te] Amaol Bl gt
(Song 5, 2024). AAE A% A BA, Az W, AS AR 5ol wef okt SR e,
Sl H 2ulE AXY £ E8 )9 ShFsthLee 5, 2023). AX Azo] F2 AGHE H

a

F, vk, o 2 9 157 59 fhFole FS)S EFehs vigAl AgEe] EA6H,
oA E23 22 whjet aa S Qs ] FkgtE(volatile sulfur compounds, VSCs)
2 AgErhSung 5, 2025).

VSCs= & 9AHE Egols A4 SRIER =2 W34S AU, ¢ B shoAx 733t
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7] 298 eRitLuo 5, 2024). o]2f8 VSCsiz W, o
o miel 2 % B A2olA Sefsto] Bao) et g
Ko 89t ofy2l(Hwang &, 2023; Kim &, 2005), 74|
7ol 3] ol A% IS she Ao=E A Stk
(Hong 5, 2016). E3F YE VSCs= A}, 3¢, FdZ, v
BE S A, SHLHE Aot E 5HAS} 7T} B
&+ A Qlof(Petropoulos &, 2017; Ross 5, 2001), AX9] 7+
2% S4o] Flofa Bt oz} 15 ZHOME ER3 <
%g o ZoE wuET ok

AA7HA AR 9] VSCsofl Bt A= F= EF AA &5
of gFg=lof glom, A% T IE 7|7t I A7 HIE
TEoke o 23S W0l FYEHO R Seo 5(2024)2 Hi
2779 9% U wa 7o) 2 VSCs 2HL B0
™, Choi 5(2024)2 & 7|70 wE 8ij57%]9] VSCs H3}
24519l Kim 50062 24 Ao AE A%
VSCs 9o WskE ARt vt olok. e ookt 714 %
ZF VSCs 24 2lolE 5Lt #4] 2A0A AAH SR H]
AT A= AT Aoloh A= AFEEE A
ol wieh % g SEEe) 243 Hgol Aole 4 slo
, olo] et HEA 02 YL VSCs] 24 U B EF
| SHEE ZolE HY 7hsAo] itk webA ol#et 24
ol BFHoR Wusht F2e 714 VSCsol Akael 2
542 ojsjsle o ER% vle A
webA] 2 oA AjolA F2 AHEE AXF
GRIA, 757], YA, A0, WA, Qolado)
AR, 1sul71dA, a4, GRHA, A WA
HS-SPME/GC-MS 7]4¥t VSCs T 2u}-S v|wslal, ot
248 B4 24§98 VSCs 549 Aolg AAHe=
45bmAt stk B ATe B9 oyt 9
Z/3 Aol& AL, A9 3leka] £4 ofsf
WA 9 7% ARE ARSHTA B
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2. Tjg 5! ity

2.1. 45 & A9

2 Aol AARE A AEE T 1SHRA, 457], ¢
9], FA0], W], Qo|adto], FZAX], w7 HA,
=44, S5, A2z FHjoflA diFA R AHlE
+ 78 AA FEEZ AFE 7/t 20249 5254
A AlgRgton, B4 H7hA] -80°Coll A Hst{th K& Al
e AP AFE7] Hof| AAELE o]&sto] 52 Eafet
T H#4slote] A Ho|AES] PR EAEZ ZPstitt.
VSCs9] AFEAS Yol WREFEZR AFRH ethyl methyl
sulfider= Sigma-Aldrich (St. Louis, MO, USA)o||A] G+915}%1
th EEEAZLE & 20%9) VSCsE AR5 2, dimethyl

https://www.ekosfop.or.kr

disulfide, allyl dipropyl disulfide, allyl
isothiocyanate, diallyl disulfide, phenethyl isothiocyanate,

mercaptan,

3-methylthiopropyl isothiocyanate, erucin, diallyl sulfide,
allyl methyl sulfide, methyl propyl trisulfides= Sigma-Aldrich
oA T4, dimethyl trisulfide, dipropyl trisulfide, allyl
methyl disulfide, methyl propyl disulfide, allyl propyl
disulfide, propylene sulfide, 3-butenyl isothiocyanate:= TCI
(Tokyo, Japan)ollA] T3} O™, 2,4-dimethylthiophene,
hexyl isothiocyanatet= RHAWN (Shanghai, China)of|A] %]
SFITE Ao AME-E methanol> HPLC 539 Honeywell
(Charlotte, NC, USA) A&-& AFE-5}tt. HES Z|4(retention
index, RI) A4S 98] AM2E n-alkane (C7-C30)2 Sigma-
Aldricho A skt

2.2 VSCs 24

A X529 VSCsE EA5}7] YY)l headspace solid-phase
microextraction (HS-SPME)©] #2}El GERSTEL MPS 2XL
autosampler (Miilheim an der Ruhr, Germany)Z- ©]-8-5}] gas
chromatography-mass spectrometry (GC-MS; 8890A GC/5977B
MSD, Agilent Technologies, Santa Clara, CA, USA)Z 4]
S et 2 Avo] AR 1159 AAE SR wet
4% 9 G540 Jol7h 9lo], SPME £ A] 20| Ukt
THH VSCso] TG W] RstER Amt ZE4
o] A71E 2SI AlgE 3-5 ¢ HHolA FHelAL, &
Fore A 23EY ¥ £97F 6 mLo] HER 1-3 mL |
flollA 7Htelqict. ojdf RE Alge wWRE A] AR AE7E
FAEES 273 & YT HF 5] 2704 EA6k3I
ol YHHEFEZZE ethyl methyl sulfide (2,500 pg/mL)S
10 uL F715H9t) 0|3 A 5E 45°Co|A 1087F wukstgl o
™, 50/30 pm, divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS)©| FB% SPME fiber (Supelco, Bellefonte,
PA, USAYE ARg3}o] 4087F VSCsE ZHSIFTE VSCs7t
E X% SPME fiber= DB-WAX column (30 m x 0.25 mm
i.d. 0.25 pm film thickness; Agilent Technologies)©] ZZHe
GC-MS Al2812] 2920 F3Jsi0] 1082 SAAAT, %
T 2EE 250°CE AAstoH, QB 2%& 35°CoA 2&
2 AR T 2Cining] SER 45071 S5, oF
5°C/minQ] £E & 130°C7HA] A5A|Z T} o]ojA] 10°C/mino]
ST E 225°C7HA] 523t § 587 fAS o, FH R
15°C/mine] &g 250°C7HA] AFSA|FTE Carrier gase
helium& ARE-31H O™, 942 1.5 mL/min, split ratio= 1:10
o7 A5t AFFEA7]= electron ionization (EI) ¥4
O & 70 eV 0] 23} UYAF AHESHRAL, m/z 35-550 1§
oA scan modeZE EA4S ZFYsIrt.

il

>
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2.3. VSCs9 B8 & &5 24 &

BAE VSCse A ABEZ-S NIST 20 library (National
Institute of Standards and Technology, Gaithersburg, MD, USA)
@} H|wsle FASIEY. HES A4 (retention index, RI}=
n-alkane (C7-C30) o|-83to] Tk Alo] ule} AAkATH Wei
S, 2024).

RI = 100 x [n + (tR(x) - tR(n)) / (tR(n+1) - tR(n))]

nZ 24 i SkkE xH ok WA AEE= n-alkane®] B4
Folr, RR(x)= BHHE xO] HFF AIRE, tRm)I R(n+1)E 2}
ZF &4 n 9 n+19 n-alkane®] HFE AZHE Quleitt. &
2l VSCs & BEF2 FHT & Qe 4% A EEES
ol-gsto] AFHE 2/t & AFron, 7 VSCs BEE
0] A A3} AAHAFRE Table 13} 2t} E2F0] ¢l
£ A WEREEE TS A&oto] HHolithKim 5,
2025). He AlEE 49 AAA 1S {5 23] wHEsto]

B35,

24. 54 24

AY 2= B4 = ZEHAE YERILH, GraphPad
Prism 8 (GraphPad software, San Diego, CA, USA)E ©]85
of AlZtSlsioinh Als 7F 7ol H78S I3l SAS 9.4 software
(SAS Institute Inc. Cary, NC, USA)E AF&3}0] UYJEAMEA
(one-way analysis of variance, ANOVA)E $3J5}310H, A}
Z 772 Tukey’s honestly significant difference (HSD) test
£ #8310 p < 0.05 5204 BAH $o4L Bels
gz EARAS Y8 FAE EA(principal component
analysis, PCA)Y} AE& & (hierarchical clustering
analysis, HCA)S XLSTAT 2019 (Addinsoft, NY, USA)E A}
25}0] 4285} 0.1, heatmap= TBtools-II v2.3762 0]-&35
o] 2H/g3t%th(Chen 5, 2023).

3. Zit A 1H

3.1. 28 VSCs TZms/
11&9] 71X A EE tjAto 2 HS-SPME/GC-MS £4& 4=

Table 1. Standards and calibration data for the quantification of volatile sulfur compounds in 11 types of kimchi

No. Compound Purity (%) Source Calibration equations Correlation coefficients (R%)
1 Dimethyl disulfide > 98.5 Sigma-Aldrich y = 0.7933x - 0.1260 0.9996
2 Dimethyl trisulfide > 98.0 TCI y = 0.3689x + 0.2827 0.9712
3 Allyl mercaptan > 60.0 Sigma-Aldrich y = 0.1251x - 0.0935 0.9527
4 Dipropy! disulfide 98.0 Sigma-Aldrich y = 1.0014x - 0.3216 0.9831
5 Dipropyl trisulfide > 98.0 TCI y = 0.6707x - 0.3302 0.9792
6 Allyl methyl disulfide > 90.0 TCI y = 2.7356x - 0.4114 0.9835
7 Allyl isothiocyanate 99.7 Sigma-Aldrich y = 2.6769x + 0.4605 0.9423
8 Diallyl disulfide > 98.0 Sigma-Aldrich y = 7.4197x - 1.1885 0.9995
9 Phenethyl isothiocyanate 99.0 Sigma-Aldrich y = 2.6900x - 2.2710 0.9774
10 3-Methylthiopropyl isothiocyanate > 98.0 Sigma-Aldrich y = 2.1561x - 2.0029 0.9982
11 Erucin > 98.0 Sigma-Aldrich y = 7.5333x - 26.1420 0.9523
12 Methyl propyl disulfide > 97.0 TCI y = 2.3954x - 0.5715 0.9973
13 Diallyl sulfide 97.0 Sigma-Aldrich y = 1.7624x - 0.1304 0.9798
14 Allyl propyl disulfide > 88.0 TCI y = 12.6470x - 4.2867 0.9986
15 Allyl methyl sulfide 98.0 Sigma-Aldrich y = 0.5560x + 0.0055 0.9989
16 2,4-Dimethylthiophene 98.0 RHAWN y = 3.6569x + 0.0195 0.9990
17 Hexyl isothiocyanate 97.0 RHAWN y = 5.1734x - 2.5919 0.9890
18 Methyl propyl trisulfide 50.0 Sigma-Aldrich y = 5.2704x - 11.265 0.9769
19 Propylene sulfide > 98.0 TCI y = 0.1826x - 0.0506 0.9985
20 3-Butenyl isothiocyanate > 96.0 TCI y = 5.9308x - 0.6403 0.9977
688 https://doi.org/10.11002/fsp.2026.33.4.686
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o2

3t A3}, 2 35%9] VSCs7t SHE ATHTable 29} Fig. 1).
] A}, 54 BE VSCsY o2 A Alm 7o BAF
o2 golujgt Aol Uer3ickp < 0.05). BelH haHEL
mercaptans 3%, monosulfidest 35, disulfidess 145, trisulfide

5 3%, isothiocyanateF 73, sulfur-containing heterocycleF
4% 4 718 SRME 1528 EREUT

Mercaptan (thiol)2 o2~ -2 HA} H2](odor threshold)S
7HH, £2F 0 2% A=Hol|1 B g Adste RS
2 IHA AthH(Chen 5, 2019). £ AFLoA] mercaptanF+=
A, WA, FAGX D A AR HEE G oH, At
o7 o sleF 22 HT} Propyl mercaptane T}
oA 730 pg/glz FLUsHA AZESTE. Methanethiol->
0.25-2.10 pg/g W= 2], W2 9 FZHX| oA HEEHA
O, allyl mercaptan= FA|17](1.59 pug/g)2} WAX|(1.74 ng/g)
A Sols gl

Sulfide = 79 tj#4Q VSCsZ, T} uls 5 Allium
& Aio] rE F T obr|iAt A-EA[S-alk(en)yl-L-
cysteine sulfoxides]7} 2] &4 A] 8474 W32 AA A
5H, alliinase®] 28-S E3) allicin® & HeHE= Aoz 1
1150} QItk(Kang 5, 2018). o]% AAH allicine 3}5H24] 0.
& EQHYsto] Haad Rof I AulE weE AAHA
diallyl sulfide, diallyl disulfide & diallyl trisulfide®} 2 tf
¥t sulfided 2 A== A02 dHA Urk(Rose 5., 2019).
ES 47 sulfide?= 19 S0 RS AT &
g ofue}, oFejatel WAE AE EuE H Qtk(Song 5,
2009). olEgt AEE 1T o, & Ao)A] disulfide:7} o
F2O A AlgolA F8 VSCs#o & &R1H A= A
Az FEH LT AGE= vhEd ot F Allium F3 RA R
9] g 3k oAt ALA 7} sulfideT FA] 7S 7Hs
A& AARSIT}. £3] diallyl sulfide®} allyl methyl disulfideZ}
BE 717 Aol BEHOR AEE BE ol dllum F
o} sulfide B4 A=} vkt AR BEHOR Bl
Ql2S Hoj&r) E JILojx 0l sulfideF+= monosulfide,
disulfide @ trisulfide® 2% ITh MonosulfideF= EX] 1],
W71, S2HA, S AT HEEI Propylene sulfide
+ LS AR (142 pg/g)2t BHA(3.97 pe/g)olAE gl

9loH, allyl methyl sulfidel= 0.39-4.70 pg/g HYE TS|
717472t @RAAE At thF-E2] AXFolA gl At
Diallyl sulfide= 0.19-2.67 pg/g HHZ ZE A AlZA
FEHo® EA5ISit. Disulfide = thiw2] HANA =
2 VSCsZ BRIFI O™, dimethyl disulfide, allyl methyl
disulfide, diallyl disulfide 5 T}FSt propenyl 2 propyl A&k
disulfide 3FFEE°] A&} (2)-1-allyl-2-(prop-1-en-1-
yDhdisulfane disulfide & 7H} &2 T2 Yehfiglon,
53] 44 A(62.10 pglg), HIFHA(25.70 pg/g) X oA

https://www.ekosfop.or.kr

(19.30 pg/g)olA o AEEHUS S5 &2 ks 79
VSCsZ X115 4} Qlth(Marcinkowska®} Jelen, 2022; Mi 5,
2021). Trisulfides+ % dimethyl trisulfide= 1.81-75.26 pg/g
HeE ZlElon, 24X (75.26 ng/g)et S22 (47.48
ng/g)lA =2 IS U Gao 5(2021) dipropyl
trisulfideZ W7IX]9] Q8 VSCsZ H13H)or, djg &
& A9 A M E 1.57 pg/eg= ASHUT

IsothiocyanateF-= W3, 5, 7t 5 A X8}2K( Brassicaceae)
A Aol THH glucosinolate”} 2] £A4F Al myrosinase©] ]3]
BAA 07 7R A FGEE RERE gEA qlth o
23t isothiocyanate 5+ AU 3|5 G 4 (detoxicating enzyme)2]
e Feoto] o S Uehdis Zos HarH v glow
(Ko 5, 2015; Pyo 5, 2000), |39} &4 9 Al f ARS AE
G ot 22 7|48 B9 P 48S e Aoz
A QItHRomeo 5, 2018). ZHZ XA allyl isothiocyanate
7} 35.09 pg/gO & isothiocyanate® & 7MF¥ =2 RS UE}
W AL 7o 2A5H= glucosinolate ALA|7} 232 13 &
Az 3o myrosinaseo] 2ol 7l HA ofg 39k
E9 g4 71938E 7S HojEoh ESE 3-butenyl
isothiocyanate®} phenethyl isothiocyanatex= 22} 0.19-0.67 pg/g
168579 pglg WYIE ABEY0M, T 4 BT 273
oA dHiH s & FFS A ol=et Aat= 7
98 EX} BHH isothiocyanate 4 S ¥Hdst= A0
2 mghEnh Cho 5(1993)3 Kim 52006y 7o £9
isothiocyanate= allyl isothiocyanate, 3-butenyl isothiocyanate
9 phenethyl isothiocyanateE .13} v} Qlch. B Lo A%
ZH oA oE 3FeHEC] $8 isothiocyanate® EFQ1%]0], A8
AF Ao} SARRE A1E Hch $HH, hexyl isothiocyanate
(0.97 ng/g), 3-methylthiopropyl isothiocyanate (1.86 ug/g),
erucin (6.81 pg/g), trans-raphasatin (0.20 pg/g) 5 X 1|0 A
gk gRol=qlct.

Sulfur-containing heterocycleH= 41&9] ¥t = 7}7 1}
ol ofalicdl, o W 9 T S 710 WL B B4
g 5 S R0z, BE gu] S402 ela) 2k savory
flavor)d} #HH AEOZ HIEOo Qti(Marcinkowska?t
Jelen, 2022; Yu 5, 2012). TR A= 2,4-dimethylthiophene
(0.29 ug/g)T} 3-vinyl-1,2-dithiacyclohex-4-ene (1.50 ug/g)°]
golE Qi YHF Ao A= 1-cyano-4,5-epithiopentane (5.25
ng/g)e]l AEE R0, W7o A= 4-ethyl-5-methylthiazole
(8.50 pg/g)e] HIW A =2 F O IRIFr}. EIF 1]
714X A= 3-vinyl-1,2-dithiacyclohex-4-ene®] 0.80 pg/gO
Z A&} 71E SRMEE B7H carbon disulfidel= 37
Ao ATk 0.95 pg/g 0= FRIFGIT & AolA ol 3}
e GF AA ARoA Ao FEESIoH, o= 4
A fFREE d5 24, ¥8 A" € & T =Y A
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Table 2. Composition of volatile sulfur compounds in 11 types of kimchi (pg/g)

Compound RIY RI?  Mustard Diced  Nabak Dong-  White  Cucumber Chonggkak Godeul- Napa Young  Green
leaf radish kimchi  chimi kimchi  kimchi kimchi ppaegi cabbage radish onion
kimchi kimchi kimchi kimchi kimchi kimchi

Mercaptans

Methanethiol® <700 - ND? ND ND 210+ 025+ ND 1.40 £ ND ND ND ND
0.007%  0.07° 0.28°
Propyl mercaptan® 831 883 ND ND ND ND ND ND ND ND ND ND 7.30 £
1.70°
Allyl mercaptan” 883 879 ND ND ND 159+ 174+ ND ND ND ND ND ND
0.04° 0.17°
Monosulfides
Propylene sulfide” 884 875 ND ND ND ND ND ND ND 142+ ND ND 397 +
0.07° 0.62°
Allyl methyl sulfide” 953 943 314+ 221+ 039+ 098+ 078+ 059+ 470+ ND 299 + ND 0.69 +
0.28" 0.07° 0.00°  0.14° 0.00°  0.00° 0.55° 0.76" 0.14°
Diallyl sulfide” 1,147 1,148 126+ 044+ 029+ 034+ 029+ 019+  1.65+ 024+ 155+ 267+ 044+
0.14* 007  0.00° 0.07° 0.00*  0.00° 0.27° 0.07* 0.27° 0.62° 0.07%
Disulfides
Dimethyl disulfide” 1,072 1,071 453+ 1172+ 158+ 305+ 182+ 325+ 1325+ ND 276 + 123+ 1.03 £
1.25° 0.14° 0.14% 042 007 0.14™ 1.46" 070 007 0.07¢
Methyl propyl disulfide” 1,236 1,242 ND 068+ 126+ 049+ 049+ 427+ 097 + ND 063+ ND 1.41 +
0.00° 0.00°  0.00° 0.00°  0.00° 0.00° 0.074 0.21°
(E)-1-Methyl-2-(prop-1-en- 1271 - ND ND ND ND ND 160+ 1785+ ND 445+ ND 11.90 +
1-yl)disulfane” 0.00% 0.64" 0.92° 2.12°
Allyl methyl disulfide” 1,286 1,281 801+ 162+ 239+ 095+ 08 + 248+  7.02 + 032+ 446+ 284+ 230+
0.89° 025 0.9 006"  0.06® 0.06 0.38° 0.06° 0.95 057"  0.45¢
(2)-1-Methyl-2-(prop-1-en- 1,294 1303 1590 + 155+ ND ND ND 855+ ND ND ND ND 485 +
1-yl)disulfane” 1.27° 0214 0.07° 0.35°
Dipropyl disulfide” 1,385 1,387 ND ND 132 + ND ND 274+  ND ND ND ND 9.46
0.07* 0.00° 229
(2)-1-(Prop-1-en-1-yl)-2- 1,427 - ND ND ND ND ND ND ND ND ND ND 4.00 +
propyldisulfane® 1.13*
Allyl propyl disulfide” 1,440 1,436 ND 062+ 075+ 062+ 062+ 070+ 084+ 035+ 062+ 070+ 092+
0.00° 0.06™  0.00° 0.00°  0.00 0.06™ 0.00° 0.00¢ 0.00¢  0.06
(E)-1-Propenyl propyl 1,450 1,446 ND ND ND ND ND 235 + ND ND ND ND ND
disulfide® 0.21*
(E)-1-(Prop-1-en-1-yl)-2- 1,451 - ND ND ND ND ND ND ND ND ND ND 12.80 +
propyldisulfane® 2.69°
Diallyl disulfide” 1,491 1,489 564+ 093+ 176+ 059+ 059+ 08+ 613+ 054+ 397+ ND 123 +
021 007  0.14° 000 0004  0.00¢ 0.49° 0.07% 1.32° 0.21%¢
(E)-1-Allyl-2-(prop-1-en-1-yl) 1,496 - 3530+ 345+ ND ND ND 085+  3.55=+ 045+ 145+ 365+ 670
disulfane” 8.77° 0.07° 0.21° 0.49° 0.07° 0.07° 0.78" 1.41°
(2)-1-Allyl-2-(prop-1-en-1-yl) 1,498 - ND ND ND ND ND 625+ 6210+ 275+ 2570+ ND 19.30 +
disulfane” 0.35° 3.82° 0.35° 7.50° 3.96"
1-(Methylthiopropyl) methyl 1,754 - ND ND ND ND ND 145+ ND ND ND ND ND
disulfide” 0.07°

Trisulfides

Dimethyl trisulfide” 1,394 1398 7526+ 17.79 + ND ND ND 813+ 4748+ ND 181+ ND 456 +
5.68° 1.18° 0.00% 7.55 1.04¢ 3.26

Methyl propyl trisulfide” 1,551 1,544 ND ND ND ND ND 220+ 223+ ND ND ND 225 +
0.00° 0.04" 0.00°
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(continued)
Compound RP RIY Mustard Diced  Nabak Dong-  White Cucumber Chonggkak Godeul-  Napa Young  Green
leaf radish kimchi  chimi kimchi  kimchi kimchi ppaegi cabbage radish onion
kimchi kimchi kimchi kimchi kimchi kimchi
Dipropyl trisulfide” 1,662 1,672 ND ND ND ND ND ND ND ND ND ND 1.57 =
0.00"
Isothiocyanates
Allyl isothiocyanate” 1,365 1,369 35.09 + ND ND ND ND ND ND ND ND ND ND
1.83%
3-Butenyl isothiocyanate” 1,464 1,479 067 £+ ND ND ND 0.19 + ND ND ND ND ND ND
0.00* 0.00°
Hexyl isothiocyanate” 1,598 1,588 ND ND ND 097 + ND ND ND ND ND ND ND
0.00°
3-Methylthiopropyl 2,029 2,030 ND ND ND 186 + ND ND ND ND ND ND ND
isothiocyanate” 0.00°
Erucin” 2,173 2,183 ND ND ND 6.81 + ND ND ND ND ND ND ND
0.07°
trans-Raphasatin® 2,244 - ND ND ND 020+ ND ND ND ND ND ND ND
0.00°
Phenethyl isothiocyanate” 2,263 2,260 579+ ND 168+ 173+ 168+ ND ND ND ND ND ND
1.19° 0.00°  0.07° 0.00°
Sulfur-containing heterocycles
2,4—Dimethylthiophene7> 1,260 1,253 ND ND ND ND ND ND ND ND ND ND 0.29 +
0.00"
4-Ethyl-5-methylthiazole® 1,549 1,539 ND ND ND ND 8.50 = ND ND ND ND ND ND
0.99*
1-Cyano-4,5-epithiopentane® 1,549 - ND ND 525+ ND ND ND ND ND ND ND ND
0.21°
3-Vinyl-1,2-dithiacyclohex- 1,770 - ND ND ND ND ND ND ND 0.80 + ND ND 1.50 +
4-ene” 0.00° 0.28°
Others
Carbon disulfide” 724 724  ND ND ND ND ND ND ND ND ND ND 0.95 +
0.07*

YRetention index calculated on DB-WAX capillary column.
ILiterature retention index.

9Semi-quantified relative to the internal standard.

YND, not detected.

JAll values are mean + SD (n = 2).

Different letters (*°) in the same row indicate statistically significant difference (Tukey’s HSD test, p < 0.05).

"Quantified using calibration curves of authentic standards.
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3.2. gl tf VSCsz*9 ZF
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Fig. 1. Heatmap of volatile sulfur compound profiles across 11 types of kimchi.
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Fig. 3. Multivariate analysis of VSC profiles in 11 types of kimchi.
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