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Effect of Anaerobic Treatment on Bioactive Properties of Yellow Tea and Metabolomic Analysis of

Its Promoting Effect on y-Aminobutyric Acid Enrichment
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Abstract: In this study, we aimed to explore the effect of anaerobic treatment on the contents and functions of bioactive
components such as y-aminobutyric acid (GABA) in yellow tea and to analyze the mechanism by which anaerobic treatment
promotes GABA enrichment using metabolomics. We also analyzed the changes in related metabolism pathways. The results
showed that the content of GABA in yellow tea was increased to 3.3 mg/g after anaerobic treatment, and the contents of
the upstream and downstream amino acids related to GABA were changed correspondingly. Moreover, anaerobic treatment
significantly increased the contents of total phenolics and total flavonoids in yellow tea. /n vitro bioactivity evaluation
showed that anaerobic treatment improved the free radical scavenging capacity, total antioxidant activity and inhibitory effect
on the formation of glycosylation products of yellow tea, but had little effect on the ability of yellow tea to inhibit starch
digestion enzymes. A total of 218 differential metabolites between fresh and GABA-rich tea, including amino acids, organic
acids, flavonoids, nucleotides, and sugars. Pathway enrichment analysis demonstrated that the amino acid biosynthesis,
tryptophan metabolism, flavonoid biosynthesis, and butyrate metabolism pathways were significantly regulated. Anaerobic
treatment could regulate the GABA content in yellow tea by affecting the L-glutamate and succinic semialdehyde pathways.
This study can provide a reference for the research and development of GABA-rich tea.
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(y-aminobutyric acid, GABA) & —FiPUmkdEs A& 3
g, BABEEZM. BIE. SCEREIR. 05640 i i
BAELMAEMIIAE"Y. TR, GABAJE — 2B
7, Ok A R AR b B A ) P AR
MHEZ BA G B IE . R R B 4
WA, GABATEoREFE, WRILH & s &
GABAZE = (RIMIDZ) W BT, 2 RA R
J7 PSR T R I GABA S &, LI RE &
BHHCO,. Ny B AEFEAN ]8R A AL T AER . ChenE
U EGEE O ZRNER, ANA AL B A
H73GABAE £IA3 me/ghiZmt; LmEVRHESE
AR B EARMRE TR, EEEEM 3 hEGABAS ik
2.43 mg/g. YT GABANITE B5 Hmm B 1) 2 Fh A4 5
D PEAESS, FEEAH P IGABAY &t — 4
THA B ORAE T 2

LT, HEXATGABAZHIBE R L EAEPAEIRA L E
AR b, I HE X R Z R, ARMAR, i
AR TR GABAE LW L. teAh, FEREASRE
MRS E R R E AR K2 HmE—
RV B R AR AR, 3 T R R AL B S R I
LAY EYE . SR, H ATER R IR AL B I GABA TR
{10 P Ak Ty 2850 % s B A IR AR L okl 2 A i A R
L, AW LB ICAT AN R, 2R B H 15 5
GABAG EMH A, miribd 5 higtEym i & &
Ak, HOBUREAL B 5 5 AR AU AT P . BUREBE
A3 P S BB TR VR AR AN, E— 2B Il v O T -
HBEEFRE (ultra-high performance liquid chromatography-
tandem mass spectrometry, UPLC-MS/MS) Bt £ ARl
Tk B 1) A A 2 A IR A B (R 3 B 0% T GABA BRI
SRR, 457 DA AR O 2R 1) S s AR R AR 22
S, ) BE O IR AR FR v 3 R4 B AR AL
PUIA N GABA DR A 75 1T 78 T % DA B335 I it ot R 42 TH 92
S ERYE .
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Wi S PR AR I S I B 2R B K T 2% = B v A5k
BIRAERME REEZMN THRE: #H—-RE—-R_E—~
PRI — A — Tl — 0, RS T2 2 AR 25
RiE, K& RECIFE AR BT 2R SR E
FaHEE I —20 CLRA7.

BETR. AT MR, . 2,4,6-=
(2-MEhe 3) =B (2,4,6-tris(2-pyridyl)-S-triazine, TPTZ)
AgRTRL T AR R E IR A F] s - BE
o-VERYEE . 1,1- R FE-2- = RS EFE (1,1-diphenyl-2-
picrylhydrazyl, DPPH) . 2,2’-BE %X (3- 2 FE 2K Jf 15
WEIpR-6-TF ER) (2,2"-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid), ABTS) . GABAZEZILIRFRAES . FaE
F A mAnIC bRl . OfRE 22 Sigma-Aldrich/A 7 ;
A-THFE IR HE-B-D- BETFRE  (S-D-glucopyranosiduronicacid,
4-nitrophenyl, pNPG) . HiIAIMLIR. #it ek  bilgd
MWAEFHEA R AW BER#HZZ MK (phosphate buffered
solution, PBS) (pH 7.2~7.4, 0.01 mol/L) Jba B
WIERHHEARAR; Bl . TR (hangka)
2 [E Thermo Fisher Scientific/A#]; 256 F 7K ¥ 9Milli-Q
ALK
12 5 R&

Multiskan Spectrum£= i K EE#r{¢ . ST16R & HE
AFE 0Nl EEThermo Fisher Scientific /A A ;
ExionLC™AD M (1% 24t . QTRAP 6500+ Jii it {%
%[EAB SCIEX/AH]; Xselect HSS T,fAif 4. ACQUITY
UPLC BEH Amidefaifi#: 3% [E Waters A & .

1.3 ik
1.3.1  FEAPEEL

T B A A 3 17%) 35 2% R IR A B S TR B RS AR L
F—20 CHIH10 hed b, FE YA TG0 BE R . FR
UK 08 J5 FRORE SR K 242.5 g, 0 BIVE NS0 mL ik i () 48
a7k, F100 CHRH/KIB20 min. REGERE, HEBEL
43~48 umyEACE IS I8, JEE B 4K E 75 2250 mLA3 %%
IR, HTRAH .

132 fLEEpsrile
1321 SRR AH AR IGABA R 2 508 5 &
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HS5min, 7E15000Xg. 4 CE.(20 min. H FiEW®R, H
JOR VR 2 K R R 42 R 5 £ 4 BN 53 %, 15 000X g, 4 °C
25020 min, YA FIEWL, #EATUPLC-MS/MSA ™ i
WIFREL R R AR s #1455 me/mLIB KR MERER:  [F)
TiC 1) — 7 R F8E PR TR P B R R Ji-D, i W, TR SIS EI
PRI

a4 ACQUITY UPLC BEH Amidef 43 (2.1 mmX
100 mm, 1.7 um) ; F:#S0 C; 0.3 mL/min;
FEE1 uL: WBIAHA (£0.1%H R KIS mmol/L 2. £
WHD » WENHB (F0.1%H RN ZIEHERD ; BE
Pelii: 0~0.5 min, 20% A, 80% B; 0.5~2.0 min,
20%~30% A, 80%~70% B; 2.0~3.5 min, 30% A
70% B; 3.5~4.0 min, 30%~55% A. 70%~45% B
4.0~6.0 min, 98% A. 2% B; 6.0~6.01 min,
55%~20% A. 45%~80% B; 6.01~9.0 min, 20% A.
80% B

FRESEAE: EmIE R R TR AR BT
PRI ESS0 C; B FIRHLES 500 Vi AT AR R3S psis
FASEBRS0 psis 4B ETR60 psio SR FH 2 OB
(multiple reaction monitoring, MRM) KT .
FRE B AR A7 B i 18]S 5 A7 Bl AT 55 5 o) B s v 15 R
FRRAE Hh 283047 52 &=
1322 BBy &R

% SingletonZ%" ¥y J53%, HFolin-Ciocalteauy: i
ATIE . B2 mLAE s 32 UK 579 pLAg AR -B iR &
eI EE S min. JMA263 puL 20% Na,COJ5 K, &
10 min/i5 52 5B E690 nmyg e Ab IR SR o DA
TERBRE i 1) £ R PUARHEV I (0~0.04 mg/mL) FHil1E
e 4 (y=13.283x+0.026 2, R*=0.9995) . ZEiFLL
HrfmhEETRYERR (ng/g) .
1.3.23 BHEMEERNE

Z#Bao JinsongZE" 778, SR B Ak k47
SE o HX0.5 mLFEHIRIUE 50.15 mL 5% NaNO IR A »
#E5 min. MIA0.15 mL 10% AICL, « 6H,O% W, #E
5min. JIA1mL 1 mol/L NaOHVA, WAJEH /<M 15 min
Je M8 [ S AEALS nm AL IS . LAPS T Aubnidk
8 RAUARUEVE R (0~1 mg/mL) FF i1 5 v th 2%
(y=0.339x4+0.032 1, R*=0.9994) . £55% LIEEikE
HFETYMERR (mg/g) .
133 ARAMUEAGTE T 2
1.3.3.1  DPPHH thAEiE AR /1 E

%W Zhang QiaozhiZ " U5k, FFmsAT sh. #
1 mLAN [ B f i A i 3R U (0~0.06 mg/mL) 52 mL
0.05 mg/mL DPPH- LBV G 19 5), Sl T e SOV
30 min, %2 N IEAES19 nm{&kkﬁ@uﬁjﬁﬁo DL 2%
REFE T A, DPUIA MR (0.001~0.1 mg/mL)

HNFRTEXS I . #2 M0 (1D TH5EAE S (DPPH H 255 R
R, TR (IC) {H.

A,—A
DPPH H H £ B /% =" X100 (1
0

s ARFESARICE: 4,07 X R .
1332  ABTSPHE+ H HIEIF A 1l

SRS ik, HIEE M. KMABTS 4k ih
B 52.45 mmol/L K,S,0 W AL 1 (VIV) WA, =
TG [ 812 he FpH 7.4 PBSH I M B 22734 nm
KAWL S 20.704+0.02, fSABTSPHE T H B2 T4E
o 4200 pLAS[R] i IR BE AR S PR (0~1 mg/mL)
800 uL ABTSPHES 1 H f & TAERIR &3 5], S T
Qb S RE6 min, N E s NRCAE 734 nmi K ARG . LIPBS
BRI, DIPTSR EE (0.001~0.1 mg/mL)
B R F2 R (20 THERES ABTSPH & 7 H H
FEIERRR, THHICMH.

A,—A
ABTSPFH & T H HIETH R R /%= —xmo (2
0

A AAFERMANOGEE: 4087 FOWIREOGRE
1.333  BE TbJEfES) (ferric ion reducing antioxidant
power, FRAP) Jlj5E

2% Benzie25 " 51k, HISAE B . K100 pLAR
[ o R BE AR S AR G (0~1.8 mg/mL) 5500 pLi
Hl 4% FRAPYA TS iR A, 37 CoKHEEYE %15 min,
F593 nmik KA E e B E . BLFeSO, ¢ 7TH,0
R % RVIARHETE R (0.5~2 mmol/L) Ffil
TEbRHE M 28 . FRAPE LA o B h Fe® i R

(mmol/ (L +g) ) . FeSO, » TH,OM) % ¥ [a] 1 77 F2 A

y=1.118 3x+0.112 3 (R*=0.9904) .

1.3.4 MM AL &R =) (advanced glycation end-
products, AGEs) [f#il & 14:l x

Z B Séro 5 I ik, B A96 LA U
20 pLAN Al BRI FERE R IBOR. (0~25 mg/mL) . 50 uL
10 mg/mLAFIMjE A& A (bovine serum albumin, BSA)
Y. 80 uL PBS (pH 7.4, 0.1 mol/L) FI50 pLiZkE%
W (0.5mol/L) o FALIRE T37 CiEE24 h, WiE &AL
TEWORPEA355 nm, RT3 K460 nmib 1) 65 E . DA
PBSARE FE A A EXF IR, DU 3 (0.002~2 mg/mL)
E RN IR, #2020 (3) THEFE S I AGESTE 40
#, WHEIC,fH.

A
AGESHE A /% = X100 (3

o ANBESHIOEE; A7 AR IR 6
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[) Jof B VR S R R AR B (0~10 mg/mL) . 20 pL 0.2%3E
WHVEWAN40 uL 0.1 mg/mL o-VE R BHE IR & 537 CIHE
20 min. fAIA160 uL 0.4 mol/LERFE L% 1L M, TEMA
10 pL 5 mmol/L I, (5 mmol/L KI) , JR& 515 IE Kk
RERAE620 nm KA IR GEE . DAPBSBARKE oA A
XTRE,  CAPBSHE a-Te b B A I VEXT IR, AR R 38 b
(0.01~0.5 mg/mL) AFHPEXSIE, %0 (4) HHHEFE
o-VER B2, THEICE.

‘ B—A4
a-TERIEINE /%= (1— 5 — ) X100 4
0 0

Wodre ARERAIERE . A NS B0 R
JRE s BABIMERT AU B A B 2 0k I 2
.

1352 o5 60 R EF TGO A1) e 0

Z [ Podsedek S ik, IFHEAE B, BL100 pLA
I JoR Bk FE AR SRR (0~10 mg/mL) 550 pL 0.1 mg/mL
o= &) B VA O & /537 C#EE 20 mine JIA100 pL
5 mmol/L pNPGIE W T ieim >, ¥R M E 137 C
AL SN 20 mine fIA200 pL 0.1 mol/L Na,CO &R 4 1k
KL, IRA A I e HAE405 nmi KA RE . LA
PBSEACKE it s AR, PABTHiAAHE (0~50 mg/mL)
DNBAPEX I dE RIS (5) TSR o A W I T A
%, THHEICHE.

A,—A
o= ) W TS VR AT 2R % = OAO X100 (5)

s ARFEMETOCEE: 4,97 X IR .
13.6  EOA AR S b

AREFRILFE.3.1 7 D .

i & . Xselect HSS T, 4 (2.1 mm X
150 mm, 2.5 um) ; 50 'C; ¥#0.4 mL/min; ¥
FIAHA (FO1%HERMAK) » WEhMHB (%0.1%H R
BZHEYY . BREEVEM: 0~2 min, 98% A. 2% B;
2~15 min, 98%~0% A. 2%~100% B; 15~17 min,
0% A. 100% B; 17~17.1 min, 0%~98% A.
100%~2% B; 17.1~20 min, 98% A. 2% B.

JRVE AT BT S & YRS 500V (IE
BE), —4500V (AET) ; AWAEMR3S psi; BT
PRIREES50 °Cy AL EHR60 psi; 4 BI < & 5860 psi.
137 e

T @B, KA MRMA S0 REA BT R,
WA T & idtire s, ST, 7. *H
W] 25 A% e R R RIE S BE 2R A7 8 1 . A SCIEX OSV1.4
AR AT VR DU RC 5 W T AR SR, 453 21 % € il e T AR AR 4344
P, AR BRI E A e B R
14 Himabs

i sess /b EEMES R, 4ERFRNIES.

H

FHIBM SPSS 26.081F 0t Hifs #k 4T G vt o0 4, BE VR
K 4656 B Mann-Whitney ¥ 36, P<<0.05, ZR7 &3,
P<0.01, ZRWE3. flifGraphPad Prism 8.0% {4 it
AR AE 5] U AU T FLIC 1B -

B SR B oy BT Ah, XA A B 3 AT 2 n St
i, BFEE A8 (principal component analysis,
PCA) Fifi fx /N — e F 5] 43 #r (partial least squares-
discriminant analysis, PLS-DA) . 25040k i)
FrifEN: PLS-DAAE &= E B (variable important
in projection, VIP) {H KT 1. WAMIESL I FER
W% (P<0.05) HZERA5% (fold change, FC) =21
FC<0.5. MERIEF & H 27N Kb B, RN
BRI A % . R HKEGGEE 2 73 # 22 AR 0 1) 2
Re AR &R .

2 SRS

2.1 HERARE S B AW TGABA K i B R R & &

GABAZ it EZ v VE sy, & T — i e
L), A R B R BRI, T A2 B
AR IR AN ol 55 108 B I 5 o KR I . 1, R
AP GABA S B 41532 nglg, X 5ik4E&m
BEEE (0.03~0.05 mg/g) FILZLZE (0.07~0.11 mg/g)
HMGABAG L. Z2RALHE, HHRTGABAT
BT 3 300.5 pg/g, Rm 720 5, HEB R H
AL XIS % GABA G B AR HE (1.5 mg/g LA
FD o WY GABARI A B B2 A S TR I RN 2 e B
fift S LI RE R o AR ARGE , RS SR AT 2 3 B4 i Y pHAE
MIE 5 A BB AR ™, W T 0 e 0 o A e T i 7% I
(glutamate decarboxylase, GAD) MiFE MY, B it
EA AT IR E B AL 3, TR IR IR L, (R AEL- 2
TR GADEAL . etk & ORI 22 1% B2 fif T2 GG AB AP,
sk, AW R, M REAEE T GABAS &1
Bt 5 CsGAD K b iR R fii S0 Ak Bl 0 35 1 A 5
REEM AP T AR BRI, R DL A PR () 4E
K, M GABAE EEW FF, T A EE3 hfE A FF
7, WFEEAEHMGABAS N2 mg/g. MESR
PAE25 CH A %M T B ZREE 8 h, GABAG & & i
&, A[IA3.3 mg/g.

S4B R MR AR B BRI A
- AR 0 T A B B PO, e Tl AR e,
SRR 1) B A R0 Ak 2> BB S A S T (0 S . AP 1B
N, REKHE, FBRGABASL, A i B & MR A
7.8 mg/mLI#%4.9 mg/mL, HPAEEE (3.7 mg/gl
2.0 mglg) MRXEE (2.0 mg/glkE1.1 mg/g) K&
B NERAPE. BERZEGABALL &L Fha H R 1t
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FIRTRYIBE, PREIERE 4 28I GAD M GABA AL
i o R, X5 RFE LR R B MG RIS R —
Bl N, REUCEE Zemt rh i H &R &R
HARMARDRIN S EAP LT, XRS5 REFKMET
R A FUK A SRR AR R 42 3 B2 A K

AUEER KA
GABA| 1532
HER® 7.9 11.1%
“E5®| 2322 162.4
LNy 1.1 1.5
Jili 2 R 9.0 11.5%
SR 67.5 583
i) 36939 1 195235
AKHER|  101.2 74.6%
AR | 362.1 2244
WBE]R|  218.0 365.1%
R 135.1 86.9%
ft= |  106.5 146.4
ZH R 68.6 48.3
k| 309 37 |ER (ug/e
WEE| 1603 224 3%
SRR 68.1 55.8 3000
RAGIR| 2007.0 1 149.0%* 2 000
R 1277 89.5
B 3682 228.0% 1000
KA % 69.1 54.8

* SARMIEAMEZF 8 (P<0.05) ; *+. 5K
AEERAIAREL 2 B R (P<<0.01) , %1, 2.
Bl 1 DRAEAE G 85 GABA Bl B IG & i ik
Fig.1  Changes in contents of GABA and free amino acids in yellow tea

after anaerobic treatment

22 REUCHEJSHEIRMAE . SO R
VER—FRE R BB AW 5 R IR, 38 2R 1E 1]
W L7 P& = S R R BERUKHUAE R R A
1, HAT LA 5T I8 ok AR A W] LA 2 A A 28 R
Py 24 5 I 2S00 0 S b R R AR VR A, R
TP A PUA AL ORI R 1 i 25 2 B 2R B
DIRERITTRRR . HT R P s A &) F 2
ey Y O s ey U TR iy g ol I N ey
B LR R, W R, M. TSRS
NAFETE, IR &1 CWEIE B A £ Rl e AL AR (e oh
BEPY. IR IFTR, ARAFEEAS AT & R N181.2 my/g,
LB R 9203.0 mg/g, 1T R SEUAL B S AR PR R AL
B A 843 T H245.5 mg/gfl333.2 me/g. R4 b FE4d
K AE S BN EZE TS T35% (P<0.01) , SHEEE
BB ETE T64% (P<0.01) . KimZ5P5% B 4:R
ALZABERRE R, At FEREZH (NREE
FIIFRRRBETREEAMRETTRILER TEEE L
THe O, REZECDLE S ESAAEEMN A,
RUUAEHE 5 (50T R & & B E T, AR 2 W
A ARG . B AR R SN T RE S R R I
R R A A KRS RS R A, Wang

PR R BB A B R R, KEHFZH
HEIFAR KR FARN . (RpHEAEE (B 41 Bl
JEBE S ) FROA7 1 DAL 20 T A 19 W] RE 2 fie i3t 24 70 Wy SR 4 ot
IRAREARSS IR G4 R 2 5 W] R S AR AR B 1 2
JRARS P8 LU R T AR B ) T2 Ko ABETT
L, R B R h B R A 2w A, X RE R
TR A A .

A1 PR S5 IS YR oy B R b B AL fiE J) be g
Table1 Changes in bioactive components and antioxidant activity of

yellow tea after anaerobic treatment

oA

Ha SME8  BAMER  DPPHAME  ABTSHETH
(mgfg) mgle)  HRIC,H ORI
(mg/mL) (mg/mL)

AGESTH;
FRAPE/  HIIC{i/
(mmol/ (L+g)) (mgmL)

RRAEE 18122011 2030479 002920001 0162002 06240002 118424
AT 2455£3.75% 333.2140.3%% 0016200024 0.027£0.0003%%  0.86£0.018%  375£1.6%
RN 0.024£0002  0.045£0.001

2.3 RESCHEE RSN UE A TR 1L
2.3.1 DPPHH hF:IEFREEN

80r A
& S
£ oot
Hr
40
= —e— R E K
T 20 —e— RALHRTE
& o«
D 1 1 1 J
0.00 0.02 0.04 0.06 0.08
JERE/ (mg/mL)
< 100 B .
% osot
b= b
= oe0r e
m A&
M- 40+ e e REUVD IR
E L = e RALEEH A
= L
[==]
<< 0 1 ) 1 1 1 J
0.00 005 0.10 020 040 0.60 0.80
JRER %/ (mg/mL)
80 C

(=)}
(=}
T

IR

i ”{ — REAL BB
—e— RALBETE

0 1 1 1 J

0 2 4 6 8

JREAE/ (mg/mL)
Pl 2 DK o5 A S U I DPPH [ h BES BRGE ) (A) |
ABTSHIE 7 A LSRR GEh (B) FIAGESIEANHIGE S (C)
Fig.2  DPPH radical scavenging activity (A), ABTS radical cation

AGESsTE M #2R/%
8 5
o

scavenging activity (B), and inhibitory effect on AGEs formation (C) of
yellow tea before and after anaerobic treatment
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WE2ARTR, BARIYDPPHA G REE
HR R R EAAC. REIFTE, BRI
DPPH H FH i FRICs 24351 40.029 mg/mLA10.016 mg/mL,
ZEREE (P<0.01) (KD ; MHEZ T, FUIRMER
[{IDPPH H HJ&iEBRICs1E 40.024 mg/mL . X i B 85 7542
W) B AT Y DPPH H t SIS BR AL /7, H PR R B
BT AR MPUELIE M, X0 RE 5 A T R GABA.,
R R R R B K PR R VS R I E A K. K
L), KimZE PR B 42 R A AR BLE T T 42 45 () DPPH
H BRI BR AR F, X — 20 R bl A PR 4 A B T K 358 o v
et
232 ABTSPHE 1 HHEEERREE )

WERBHIR, HARIYIFABTSIH &+ H HIEE
Bk % Bl L IR P TR, AR 1A, PR A
B J5, HERREUI M ABTSEH ES 1 H B 5 S BRIC o8 2 5l
40.16 mg/mLAN0.027 mg/mL, #5323 (P<0.01) .
RA KB, AR ABTSIHE T A L5 kg
JIRTHIR ML (IC,,=0.045 mg/mL) , HiET &
rAEHRGE 4% (1C5,=0.23 mg/mL) 1 g 2% F2 Y
¥ (1C5,=0.38 mg/mL) . Al W, BZXTABTSHHE T H
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Table 2  Changes in inhibitory effect on starch digestive enzymes of
yellow tea after anaerobic treatment
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Table 3  Types and number of differential metabolites in yellow tea
after anaerobic treatment
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Fig.4  Scatter plot of KEGG pathway enrichment analysis
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