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Abstract: To address the limitations of single-strain fermentation of tea, specifically its single metabolic pathway and lim-
ited flavor enhancement, this study employed co-liquid-state fermentation of crude dark tea using Aspergillus cristatus G-Y
and Bacillus subtilis SO-2, with unfermented tea broth as the control (CK group). The synergistic effects of the dual strains
on the regulatory mechanisms of soluble sugars, tea pigments, phenolic compounds, antioxidant activity, and flavor sub-
stances in tea broth were systematically investigated. The results demonstrated that co-fermentation significantly reduced
polysaccharide content (0.61 mg/mL, P<0.05) and promoted the accumulation of theabrownins (positively correlated with
Aa value). In terms of polyphenol metabolism, single-strain fermentation with B. subtilis reduced the levels of total
polyphenols and total flavonoids (by 11.96% and 18.71%, respectively), and single-strain fermentation with A. cristatus pri-
marily drove the degradation of esterified catechins. Importantly, co-fermentation retained the degradation advantage of A.
cristatus single fermentation on esterified catechins (reduction>90%), and further regulated the polyphenol transformation
pathway through microbial synergy, promoting the accumulation of gallic acid, free catechins, and other compounds, and
significantly enhancing antioxidant activity (DPPH- scavenging activity IC5,=0.0315 mg/mL, ABTS"- scavenging activity
1C4,=0.0720 mg/mL, P<0.05). Flavor analysis revealed that the dual-strain interaction coordinated amino acid metabolism,
leading to a balanced accumulation of sweetness-associated amino acids (141.59 mg/L) and bitterness-associated amino
acids (129.01 mg/L). Moreover, through a coupled pathway of "glucosinolate hydrolysis (4. cristatus)-esterification (B.
subtilis)," key aroma compounds such as benzyl isothiocyanate were substantially enhanced (ROAV=50.77, up to 49-fold
higher than in single-strain fermentations). The total volatile metabolites increased by 6.18% compared to the control.
Sensory evaluation confirmed that the co-fermentation group achieved the highest scores in aroma and taste, highlighting
the synergistic effect of the dual strains on flavor balance. This study demonstrates that co-fermentation with A. cristatus
and B. subtilis effectively modulates the transformation of bioactive compounds and the synthesis of key flavor substances
through complementary metabolic pathways, significantly improving the overall quality of tea broth.

Key words: tea broth; Bacillus subtilis; Aspergillus cristatus; bioactive components; metabolic mechanism; flavor quality
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BEAE RIS (S EEr S0 H i i sl i
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Wy e W AT A o AR S AR AR TS B RE R L Ay
55X BT . A RS TR & BRI BN Tad A v,
A B B UNsel 5 pl B8 (Aspergillus cristatus ) BEIESE
o7 SRR S ST BB S EF, AR
HHAB R B LIS 70 BRI 2 Y L, %
G AR AL T AR 2575 KR ) 5 ). Zheng 5
FAH thaz ALt & iz, JE# ) AQ I 2 2% WoR A
95 Rt W N, FEEE T AR LY G AL
FIRE #4242 ; Cheng 5 i — 20 RGe iR T th 85 )8
(A. cristatus) TEHSWE K& gL AR b 9 A D fig
HXH S SRR BTk, F8 H AR R s A AR I A G
WSS = AR T AR 23, FRUR R R AN A
5 —TJ7 181, 20 TR UNRL 5 2 AT I (Bacillus subtilis)
WA T A5 A2, Pripdeevech 250 HZ 38 F1) A A
BLZEAAT B R RS v W I R R S A
REAE 2- G Bk i FIAT IS0 . Xiao 5510 I BIFE 3R
BH, Al 2R AT TR R BERE R A S I E AT R A,
X5 HEIN DGR R | p-5 2 WA 3,52 0 -2- 1R
SRS RGP TR O A, Al 1 E SRS R Tt
FE A e A R R AT B B /K R BE R LSS R YRR
77, TENERR LS R SR RIREINARBR R LS R
Tk W RN

A — AN (ih 28 sl R AT IR R B
A BB RS I AR O o M, (R A R A A X B
—, TEATAT . PHEHETHAS A CAnpiss %1k @
ZOPAET) - ThRENE T (Andi At e 1B R Ak M A2 kR

R (AN LR UM . A5 A1) J7 THIAFAE)R)
o A i 5 thas (R 22 1 S Ak SOBEH /K i) Al
Al B 2E AT B (FER SR K S R 1) X PR E 2 i
Kl B R R R b e e ), Hoy
(R FH BOATL R B HOO 28 i35 i BT g S T 0 1 di
= RGH5E

Z AT FE BN T P 1 S 56 3 AR AT 1 D e PR T
M——E RN G-Y (Uspergillus cristatus ) FIALEELZf
HIATE SO-2(Bacillus subtilis), 53337200 M2 EH
RS KBS Il g56 A ARG - AR &
1% prigie /] (Headspace Solid-Phase Microextraction-
Gas Chromatography-Mass Spectrometry, HS-SPME-
GC-MS) K MELH2E 11T | i 0 AH (431 (High Per-
formance Liquid Chromatography, HPLC ) £ i}y [0 [71]
FE SRR, FRGUIHAITAS [F) A B Ak B 25 i m] A
B AR | SIS N BUAAALTE M SXUR )
JoT A S ) 22 5, S BH AP BEAEAE PRI S R A
1 20 R 2 BE AL LAS SR Bt AL . RZEHW)
Jor A s R e R 2 SRRV P LR, SR T A R T
T IR IR) A I A e i B A = A PR SR
1 MRERE
1.1 MR5ELEE

A Y A GeE 2 il B Aspergillus cristatus G-
Y. MR ZEAIFT R Bacillus subtilis SO-2)  ARAFTPU
I AR BEA™ S LA DI RE B g vl
ZRBAS LT N EZ 2 AT BRA W (R )
PRAE; B T2 (Gallic acid, GA) |, 58 (Theophylline,
TP) . #% £ T JLZ% % (Gallocatechin, GC) . Wil HE il
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(Caffeine, CAF) . ¥ & T JLAS#E (Epigallocatechin,
EGC) . JLEE# (Catechin, C) . ¥ JLA5Z (Epicatechin,
EC) . REE T IJLA R E THLNE (Epigallocatechin
gallate, EGCG) . It BT JLEZRIEE T LN (Gallocate-
chin gallate, GCG) . FJLA K& & F % AR (Epicate-
chin gallate, ECG) . JLASZ & & TIRMAE(Catechin gal-
late, CG) . ZJIE/M s, 2,2-Be A8 -1 -1 BE R (2,2-
Diphenyl-1-picrylhydrazyl, DPPH) . 2,2'-B# 2 & X% -
(3- L FEZR I BEME IR -6-fifi iR ) (2,2'-Azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid, ABTS) 43472k, ]
BT A4k

SW-CJ-1D B TAES IR fbi s A R
F]; LHS-250HC-1 {E## 53548 _Lig—ERl# 2
1 B2\l LX-800 2 DIREMFFMY 2 EUAB RS
R 2% 7] 5 1290 Infinity T /85 280 AH 41354 . 7890A-
5975C SAH-FRISEE AL . Agilent 1100 #AH (AL 354%X

Agilent ZvH]

1.2 LWHE
1.2.1 3gR3t  PDA [EM&IEFRIE: 54482 200 (V)
HO), A 1000 mL Z&187K, &k 30 min, IERAMKE
1000 mL, FHINAFZIHE 20 g FIBUIE 18 g, JH T35
Wik LB WAKRERIREL: AR AR 10 g, BRI
5 g. FL4N 10 g, ZEIE/K 1000 mL, P4

IR FREE: LUBNR BT LS 1:50 FRECE AL,
JIA gk B 45 min A4S, 085K, I
EEKE (121 °C, 20 min), JA T &1
1.2.2 BN SR = A AT PR, 558
8 G-Y FIAl B 2ZE AT SO-2. iE s i E G-
Y AT PDA BMAERFREE, T 28 C MEF5RIME 5d
DI T % 28, (i FH G B /K e - R s B =
WA 107 A~/mL. KA 5 ZEHIAF B SO-2 B2Fh T
LB AR IR 5L, F 28 °C FH5FE 1 d, i HICH /K
PP 24 107 CFU/mL,
1.2.3 R RNE
1.2.3.1 PAPARE KERihEE G-Y .« AR ZEAUAT I
SO-2 ¥ B8 5% RyFEefh = 43 427 Tl & 4 0 45
(2.0 (8 GY. SO 41), BT 30 °C. 150 r/min
A R RRERFE 3 d, IR
1232 EAWAR KBERihE G-Y. M ZEmfr
B SO-2 8 1:1(v/v) 14 EL B[R] Bk 422 i 1l 284 11
A, SRR 5% (v GS 4H), BT 30 C.
150 r/min 2514 T2 E55E 3 d, WEERGEE . DI ASE
PRFRETC K AVE R % BE (Al CKZH)V 7L,
1.2.4 A3 sHr
1.2.4.1 &JEkE, ZPEMATEME S e R
WA BN A2 U7 A2 R DNS =09, IR RS EE . B
1 mL & YRGB SR (SRE RN R B /4517, T THl S
MRS B e 0 1 mg/mL) T 15 mL Fb@&d, i
A 1.5 mL DNS &5, I85], 87K WL 5 min, 124

JEERZE 10 mL, ZEPE 540 nm AEIEWRSCE ., LA
AP UR TR (mg/mL) WA AL BR, WG A
ArKR, B ERT 2R, 5B PE R 5 HE: y=0.9413x+
0.0481, R>=0.9999 ., 4%z H il JFUBE & & (mg/mL) AR
YA W G C AR L B, i (1) .
A,-0.0481 y
0.9431 :

2 A, HRRMRERIN G N SRR 5

BOPE SN AE : B 1 mL 3 YR B SR (FRRE
Ja B e B oA 1 mg/mL), il A 0.75 mL 6 mol/L
HCI, 7KK AR 20 min, BH1)5 PHAIZEH (6 mol/L
NaOH J75 pH), Ko FIJS BOH A F2 2= 25 50,
FEKEZRZE 10 mL, & H. B 1 mL &, #% 1
IR SO 2 v (R (D) Pl e HO 6 RE, 11 3]
KA PR JEE S 2. B0 P R A (mg/mL) ##%2
(2T

& (D

R =

vV, V,
VN,
o my SAFECCD IR KRR s TR B
(mg/mL); V, FBR/K 5 v e 25 19 AR FL (mL) 5
V, MMV, R ECGH BT DNS il 5E B AR (mL) 5 V,
>k DNS W a2 AR (GZ 7 10 mL); vV, Ry
FHFRRAK R AR M REATAE A (I 7758 1 mL) .
TS SR BN Ry S AR AR AR AR (mg/mL), B4 5
IKFAFEAANRRG B2 L BRI RS IE
1.2.42 REWmEENE SOCHEE [11] FEFER
VEAEHR . i REATAE 2848 2% (5 mg/mL), B 20 pL
M BEUE N 20 pL 48 AR Wy %5 WZ (2 mol/L) 1B & S
5 min, filA 160 pL 5Tt 53 %4 5% Na,CO;, 42455
Wi, i E N 60 min, T 765 nm &b e WS
BE o KEEPR R Zm S R E TR Y E (mg
GAE/g) i~ LI E TR W BE (ng/mL) St Ak
b, WG RE M PAAL AR, il bR i £ 8 y=0.0039x+
0.41002, R>=0.9995,

R = A, —04100
BEW&E = IOOW

o A HFRFIRER OGRS N, R R4
1.2.4.3 SIS ENE  SIOCHEk [12] RIS
VEAEH . i REATRE 2248 2 (5 mg/mL), B 20 pL
MEREAN 15 pL BTESTEL 5% WARTRENIR &, #EGH
# 6 min, LA 15 pL BT E53%% 10% AICL,-6H,0, [8]
BR7Z¥%5 5 min, 57 S hIA 100 pL NaOH(1 mol/L), T
P 510 nm AL E W SERE . SSFEH R TR A DA
P T M (mg RE/g) F#rn o [AIRT LS T Bk &
(ng/mL) A ALAR, W SCRE RPN AR, 2 hilbRiE 2k
A y=0.0007x+0.052, R>=0.9991 .,

v o s Ay—0.0520
MEMEE = 00007

A A, WTRFIRERI RS Ny AR

&

xN, = 3

x N, X @
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1.2.4.4 FOFEME SIS [8] 77, BL 50 mL
HFEIIA 50 mL it 53 4K 2.5% NaHCO; ¥, Fo57
1RAT, B4 mL IBG WA, A 4 mL #Fl C,H,O0, i
WAN 12 mL 280K, AAEREZ ZE 50 mL(95% &
B, IE M A. 53 HL 100 mL Z5FE, I 100 mL
LR 2R, FEATIRA], B8 10 min FREIAS 2, B E
JEEWR 8 mL, FEAE 25 mL(95% ZLBE), it NI
B; k22 B )2 VAW 50 mL Bl A 50 mL Jii 5 43 %K
2.5% NaHCO; ¥, 1R, ##+ % 10 min, B /2K
8 mL, ZEAE 25 mL(95% L EE), ic MIEH C; BUF
JZEEW 4 mL, 5 4 mLAF C,H,0, WA 12 mL
ZERIKIBE, BEAZE 25 mL(95% LB, il NIEWK
D; [F) I LA FR S5 95% 215 M 28 X IE, T
380 nm Zb{M5E AL B, C. DIEW MO . 254
F.ORAR . FER RIS ~K(T7):

. . 2A, xE,
FWESE (%) = WX % 100 % (5
ARG E (%) = Ei X @Ay +2Ap — 244~ Ac) x 100
w
A (6
N _ AuXE
KB (%) = %xmo &£ (D

K. w B TWIHE, %; E, . E, NI FREL, 57
B 0.0706. 0.0225; A \~Ap, N A~D B
1.2.4.5 @2EENE 7% T kIt fiies
U AL RS I RE S TR AR ST )G, BGE 1)
AL GERE 10 mm) = 3/4 &5, HE S min LAY
bR, A=A TN . 1E 5% LME (BHEE TS
O | a MH(OSEIEED . b EEEEETREO . LISTIE
HCKOBHIIEYT LT, o, b {ENE o RLHE, T4
HIZH(GY . SO. G AR 2E{H . AL™=L"p—
L'cg~ Ad'=a"p—a" o« Ab'=b"jy=b o FAEZE(AET)
e (8) A

AE = (ALY +(Aa’) + (Ab)? X (8

Kb AEELZEA R T RS CK HEBAsS
(i) e P A 2 SRR R, BB, R BH I (0,25 Sk
W,

1.2.5 PriafbaE S

1.2.5.1 DPPH H Hi3LiEBREE ST & = B SCEk
[14] 09 J7 3%, 4 45 A6 i B Dl AN [R] BT &2k B2 (0.01.,
0.02. 0.025. 0.05. 0.075. 0.10. 0.125 mg/mL) {4 1F
M, B 100 pLAFMI, AIA 100 uL iR DPPH i#
W (128.50 pg/mL, AF%L 80% HH 4 A7),
ZE RN 30 min J&, T UK 517 nm &b 2 256 RE
(Ao VL FIAHESE W N 25 A, E ROGEE (A,
LI Trolox A FHM:4H, FHIMIE WK 'CEE . DPPH H FH3&
IHERFRIAA ().

AO_AS

0

x100 X (9

DPPHH HIEEBE (%) =

i Ay as ARG A SRR % BH 4
HWSCRE
1.2.5.2 ABTS'H HIEIEFIRAE 1M E = MESCHk
[14] W75, ABTS fifi #5 W : #2288 101 AR HKE
ABTS(7 mmol/L) Flid AR EF A (2.45 mmol/L) ]
SR, FIRAAF FREALZN 16 h; ABTS TAEWR: fif
FHARFS 0 80% W s WA e ABTS fiti &5 UK, 145
VR UR I G RE Ry 0.70+0.02 (%K 734 nm) o H4 25
A B oA AN T o M6 3 (0.01. 0.02. 0.025. 0.05,
0.075. 0.10, 0.25. 0.30. 0.50 mg/mL) A %L & 157 0
W, HL 40 pL 15 M%E, i A 160 pL ABTS TAF#, =
IV 6 min, TP 734 nm LI E WG EE (A o
DA R B A As FA4H (A, Bk R B oAt
DPPH % X REZH (A, Trolox A BHPELH, FH0E
W CRE . ABTS' | H 3R BRZRIAA I (10) .

ABTS* H HIEIE R E (%) = % x100 =0 (10)

|
s A A HAEOGEE; Ay eI AR 5l BH A
AR
1.2.6 ZWHRAEY X AN E B 1 mL Z55E,
8000 r/min B5.0> 10 min, B_EiEWE 0.22 um AHLYE
fiE 2= UERER, ] HPLC dAE T2 o (il &5 1F
Poroshell 120 PFP(4.6 mmx>100 mm, 2.7 um); DAD
K £ s A 1 280 nm; W SHAR: AEL5%L 1% H
RIKEIR(A), ZHE(B); A3 30 °C; Fiiif 0.8 mL/min;
HEFERL 2 plo BREEEVENRFRST: 0~10 min, 5%~10% B;
10~15 min, 10%~20% B; 15~20 min, 20%~35% B; 20~
30 min, 35%~75% B; 30~32 min, 75%~95% B.,
1.2.7 &AM EHEIME B 5 mL 454, 8000 r/min
B0 10 min, B E3ERGE 0.22 um 3B EDERAR,
HURSIM . (%4514 ZORBAX Eclipse AAA (4.6 mmx
150 mm, 3.5 pm); K55 584 338 nm(0~19 min),
266 nm(19.01~25 min); s AH A: 40 mmol/L W5 1ig
TSN (pH7.8); TiishAH B: Z K/ EE/7K=45/45/10;
XU 45 °C; WiiH: 1.0 mL/min; #EREE 1 pl, BHEBE
JBEFEF: 0~1 min, 0% B; 1~23 min, 0%~57% B; 23~
27 min, 57%~100% B;27~34 min, 100% B; 34~40 min,
100%~0% B; 40~41 min, 0% B.
1.2.8 #RMEREY 53T =% Ruan FUY J7
W, FEAEIE . SR AT 25 [ AH S 46 BRI
% (HS-SPME-GC-MS) 72 Il 52 #E % 14 3 Kz PE AR 8
Y. HUZEAE 2 mL & T 15 mL A TR 25, n A
20 pL IECE(10 pg/mL) A 1 g SN, H T 2SI
TF 60 °C K P IEIR 30 min, f)H 120 pm DVB/
CWR/PDMS £ B Sk Ji A KE T T00 25 0, A% 7 2K B
15 min, F* 250 °C f##T 5 min, £ GC-MS /3B %5
GC 4514:: DB-5MS(30 mx0.25 mmx0.25 pum),
A R gl R (Ll AR /N 99.999%) , it i
1.2 mL/min, JERE DR 250 °C., FEIFTHE: 40 °C
%33 3.5 min, L 10 °C/min 3BT+ ZF 100 C, HLX
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7 °C/min F+% 180 °C, HJF LA 25 °C/min J+2 280 °C,
LR%F 5 min.

M/ AT BEIIAS SR A A g E S
NIST FRAETTIE 7 (NIST 20) 347 L X, 14545 DG e B
(Similarity ) KT+ 80% Y4 5T, JT45 G 1% O8 B B9 H]
BATHIZE R . AL IEAE ST AL ER KA ES ST i R
HRETR 22, SRR P . AR
KA S AR S L “pg/mL AR5, LR 2
T FoR, IR

B . B, CxV,
HARb S FEX i = B XM

Kb B, N BARME G @i m A B, N
T 40 1) € 3 0 T R s Cp SR A 1 PN B ) 1 TR A JBE
(pg/ul)s Vi I B NFRZIAE (UL s M, e i
(mL) .

FETHER MY T & B, ARG PR ETHR AU T

PR RIS B (OAV,) = (Ti

i

2 (1D

X (12

U Cp: WIAEREAS TP AR BE; T, WL i ML )
=
1.2.9 BYETFH  ZKGHEVE HITZE GB/T 23776-
201 8K A MR E W PPy s ) FAR S SCRR [16], FF4EXT
WA RS s, #T51(n=12,6 B 6
1z, AEIS 25~40 ) Bgent kBRI, BRI I R
RAFNE FLE T RN A o PR, K05 1
2 FIiEWCE T EEAKR S ERTINERE 5545 C.
B 10 mL 2597 TARHE S PEAR R, B 87 PE S S gk T
BHITRESBENLIRS) (R 1),
1.3 HIEAIE

B A B I At 7 B A 3 UK, SRR 4N SR LIOE 1Y
{HEPrE 228 . ) Microsoft Excel 2016 34744
PR A A 55 . R A IBM SPSS Statistics 27 4K
P33T BA N 28 7 2243 M1 (One-way ANOVA) FlIZH 4]
B E RS, KPS P<0.05, {f Origin

2022 Fl GraphPad Prism 10.1.2 #4317 EE 254
i I 5 4 =5 A (https://cloud. metware.cn ) X 45 & 4
AREI 3T o A R S5 AN TR K A BRAH Ta] 44 4 A
AR 0 A 22 5 T e DB 22 S i), A T 11
A B/ 36 1235 4 5 43 (Orthogonal Partial Least
Squares-Discriminant Analysis, OPLS-DA) .
2 HBRESH
2.1 FMABMEE SELTEREISNESR
XoF LEAS [R) A B 2H AT 3Pk S . 208 K08 Jemd &
B, SR AE 1 s . AR AL BEZH A OB S i R
A GY>CK>GS>SO(P<0.05), GY 44 J5ibE 5 i
=124 1.88+0.03 mg/mL, S & E Rt ss th 8
LIRS UA Tl FAE AR HEIR ISR 0 A, BETTE T %
FEH R, 25 &R Iy CK>GY>SO=GS,
AU R SRR, UE AW AR TR 5,
ZE R BIOR GS 4 285 & 5 H K (0.61+£0.04 mg/mL),
SR A e TR S NEIVE R, nbe 17 20
FALAITNAE. AT CK 4, 45 R BELH A nT itk S
LRI AL, Forh SO 2H SO e B A, R A K
AR AR AN WA TR AR I 5T, T2 A HILIR |
KR4 o (BRZE | R ) A5sT

41 2 IR
== ZHE
a E==3 i)
~ 31 5 =Rl
5 ;
£
on
£ 27 ;>
iz ¢
&
1.
0

cK S0 GY
BT ZRMEnT T S 20 GR s & B
Fig.1 Contents of total soluble sugar, polysaccharide,
and reducing sugar in tea samples
TE: AR PR R ING PR R By B35 2557 (P<0.05), "7 i)
FIRI R 22 5 AN i 255 1) 2~11 3 Tl

w1 RBREEEN PR R

Table 1 Sensory evaluation scoring criteria for fermented tea soup
RREEE W AR SR 1343 (43)

20~25
wta EPERU (INZLH , BLL), 3B, MiEIEeR, JOULRE ik, BORWZE, I iR, SR R00E BRI, WIss i —, 15~19
TERES, A7 AT ULE TR GOPEIRIGG, T, o S 10~14

<10
25~30
P WA B R RARSEIE, AR R, B UMERRA T #ITE U ER SV, slemiy Kt/ =, MR PR 20~24
A FECRR, FER AU, SoA R, RIS R4S BRI, sUA BERIBIR ., B0k, BRI BEAY Sk 15~19

<15
30~35
g BEJEENG T, [ EF IR A, XA T DA, JCe VR el S R AR, A7 [, (ELJREBE i fp A PR K, Ml i o) ez 25~29
BRI R TR, MR AT RVR K ke, MM 22, 0058 WETRRLIR, FRIER H, sl B AR SR, & AL 20~24

<20

8~10

JlEvRA PR | T 1, A3 K R g, S0 frp 0k Sl P g IR T3S, B —fi, WA e OOl 1 Sy 6~7

oK, A B A DR R ABURLER WSt s )RR, T, Bl T DA R 4~5
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22 FHRZEMMAEHSENEER (A) 6 T,
b EEAS [R] A B 2H 6 22 5 F R I 2 5, W iE 2

FiR. AHAET CK 2H, GY 2HI 22155 (3.08+0.01 mg/ 2 4]

mL ) FSA R (4.01£50.13 mg/mL) & 2S5 A 18 i §

HA AR THAAIIL (P<0.05), A7 BF5E 2558 1 5 .

TE & W R P RENE 4 Wb 4k L1l . SRS B /K vt Tt &

IR 4R 2514, BEEs B 2SR 2y A IR

J (AN R LAS 2R . el 45) M), (T BB -& Bl i 0

A, 2B IR 2 E 24, SO. GS 4 ® 4

BZW(S0: 2.51 mg/mL, GS: 2.69 mg/mL ) FE

2 (SO: 3.10 mg/mL, GS: 3.30 mg/mL ) A X%F 315, £,

At ZE AT PR A QI A R P A a A B R S AR Can <

Z WA ALl P e fE b 2 B 23 T i AL SR G- (unJL g 0

HERIA A ), I oM ST S JCIm PR T, 3

FHEOA TR, Frh, S I R o iS5 3727

TRE 11.96%. 18.71%. )

51 v NSEA )
ez T a
4- ]
3 d o b
£ 3 77 b ¢
2 ¢ 28
I 2 g%%
@ A
CK SO GY GS

K2 MRS 2 Iy AR B 5 A 2R
Fig.2 Results of total polyphenols and total flavonoids in tea
samples

23 FHHNRBRRBESH

FH L 3(A) ST, 54 (RIS 21 3R o R A (0
ROMAER TR, HhE\ETaRAR
GY=GS>CK>SO0, 431 /2t 5 h B 4 & I 2 v 43
W E AR (PPO) | i A kWi (POD) 45 5L A fiff
28, itk S 2 (U LAS 3R 2R ) kA ARG,
HE AR EIT TGP, Hik GY . GS 4045548
RO aEsE, AR R, S R HA Z RS
P, JCHAE VR AU 8 PR 7 AR g
5 CK HAA Y, 5 A0 BHLA LT 232 S s, HE 2
ZELTZAE T El PP IAE PPO . POD 250 22/ ok
Ak R 254 3R B AR 4 A6 Can i IR 254
JI) , VE IR S5 G, teah, ZceE S
Wk FAER, Hor AR AN . X AN TR b L (222
{E(E 3(B)), LIXTBRZH 77 (o h 3, SO 44517 20
OIS, S EEIN, GY 1 GS K #m Bt
AR, L0 WA, X FL AR 22 (AE) AR 1k,
GY F1 GS 4224k HH i, SO HIRZ -
24 FHEEMRSERMES T

FETHALIEPRIE LI, X2 | B2 E AR
W AR AR T A SR T, a5 RN 4 iR, 2%

AL Aa Ab AE
3 FREAR G (a) K5 (E (b) 2

Fig.3 Results of tea pigments (a) and color difference
values (b) in tea samples
VE: AL, Aa. Ab FRBE L SXTIRLL (6 HOBTE 25 5, T AE
A2, GG WO (AR . AL PHE AR T 4%
R YL Aa B HE A —(E 20 AU T 20 s @
Ab BIHEM-E/ R T8 i@,

Gy KB — A AR A A R B R, A SRS R
B, 5B FE 5 AL, Ab 2 R F A (P<0.01), 5
Aa F B B TEAI X (P<0.01), LS Z I 2 S
ARSI ARG, Hoas i/l | 2ralgin; [Hst, 2548
RO RREEZSEZH . O, SRR IE
FHZE, WFFTHE 250 R A B s 2 it S pk, 78
R B, 5 2 W B0 A A R SR S 2 £ R A B R (]
A, HARBESEATHEE, TR BB 2 5 M R Ay A2
FHGRR Bh Wy A P SRR (™ T itz
RIS IR O, A OCT BES
A ER RGN, it i, SR A T
HE LB BEE IE AR,

R I AVANZL L
R L YANY Y
R VO
NSRRI > 7 I
al oo 091 Aa
Ab [ -093 o 077 | Ab “ 0
o . S -0.20
BEM | ox 095 | 010 | 039 | -oss e 4 7222
BT | 3 Ty 4 —o.so
st 0.61 0.89 | ’

e Dk Gk SN . K
)ﬁ&,&f/\/;ﬁ;& > oo v%ﬂﬂé,@“%‘

Kl 4 ZERETR LM AR A
Fig.4 Correlation analysis of active components in tea samples
E: *P<0.05; **P<0.01,
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2.5 FEEMELRENDH

AWFFERYE DPPH. ABTS [ Hi 2L 5 6E /7 L
BATF A PUREALTEME. R IE 5 5005, 2%
ZH 454 DPPH H 2GR EE I R I GY(1C4,=
0.0268 mg/mL )>CK(IC5,=0.0306 mg/mL )=GS(IC5,=
0.0315 mg/mL)>SO(IC4,=0.0363 mg/mL), G&i14H7
FH: GY 41 B3 KT CK. GS 41(P<0.05), CK. GS
HERARE, GSH R FHE KT SO H(P<0.05);
ABTS"H HHEIEBRAESI RN GY (1C5,=0.0657 mg/
mL)>GS(IC4,=0.0720 mg/mL)>CK (IC5,=0.0845 mg/
mL)>SO(IC5,=0.1001 mg/mL), il 2. 4540
HEZH Y EAT 25 5 (P<0.05) o B hiefkRE ST,

100 -
-- CK
S 80 = SO
g -4 GY
o 60 -
e -+ GS
E 40
it
o)
& 20 0ot
a 0 0.020.04 0.06 0.08 0.10
0 4 RE TRV (mg/mL)
0 0.05 0.10 0.15
FEM TR Y (mg/mL)
100 ~
_ -o- CK
S
> 801 -& SO
Jﬁi -4 GY
i 60
ﬁ% -+ GS
H |
o 40
5 201 0 0.05 0.10 0.15 0.20 0.2
Y/ EE iR (mg/mL)
0+ T T 1
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K5 ZREDURALTR T E

Fig.5 Determination of antioxidant activity of tea samples

GY AR FeAE, H N GS Fl CK 4, 454 Pik sy
Wras R, i fbimtE 522w . RO REZMHY)
Jo AR IEAH P,
2.6 FHETEZMEAUEVREVDRSENT

FLT HPLC W22 #5-2H A5 22 Wb G Fn s
Bl i, G5 AR ANR 2 R, AHERTF CK 4H, SO 4HR%
THETILASER, Hihmib 59 & b, nlhe
S SR R 4306 104 L1 i (D 22 1 S AL . 7K it
85), SrfRA 2 Wy O BREEEORE i, S ECE IS R
W R A A /NG I IR, 5 R XD A P74 38 A L .
GY # GS 4H Z Wy & e &2 I 2 M2 1k (P<0.05) , H
o, P TR (I 209.55%~228.51%) . I FILES
ZE (B8 1H 34.83%~95.49%) . R E T ILAE (HEiE
19.70%~36.15%) . JLASFE (3R 19.67%~36.29%) .
22 LAS 2 (H9IE 58.13%~85.81%) ¥ H HH W84 im, 1iij
REETFILEREE TR, RETILERRERET
Mels . LSRRI E TIREG . JLAS R FIRER YA
Z My AR i W U (R IR 90% LA ), iX—34
A RETE T AR A SR Z ik & i 25
fbeyEda, il an, Zha 628 0 B0F 58 R BH , i 28 i 5
(Aspergillus cristatus ) TEARNEZS R TS AR P AT Ed A
YEEACAE T, B BE AL LA 3R (U0 EGCG. ECG %) 47
R AR LA R A B IR, e S e 3 &
o ZE Uil ZRERAEP KR SS th B8 A2 i
AN T AR S P ) 22 W Y RS, SR 2 W R
fiit 55 A TR B 2 Wy 19 B8R, aX — Ll 5 A i 58 h
GY/GS AR bW & o A= W0m8 7 T8, WinHEBE R
ZE0k ) S Az B R BRI . 5 CK 4HAHEE, GY FI
GS ZH A mnrdEme 2 B w2 (B e 2.77%~17.08%),
TASHE & e GY ZAMSAT RGN, 76 GS LIS AT PG
27 FHSEBRESENH

FEF HPLC Sy, ek iy 24 Fha FLie Fh s,
AT FE FEAS 17 2 S SR, R L R R

# 2 ARAFFEHZ WS 2R (ug/mL)
Table 2 Contents of polyphenolic compounds in different groups of tea samples (ug/mL)
ZpaYE R
&Y {3 B 5F ] (min) [ElEyyE
CK SO GY GS
BETR 2932 y=17.986x-1.5765 257.97+1.94° 241.00+0.34¢ 847.45£0.24° 798.55+0.33°
2 4.585 y=17.265x+8.1089 6.32+0.01° 5.70£0.00° 6.63+0.01° 5.89+0.01°
BETILEER 4.949 y=1.3634x+0.1094 442.58+1.33¢ 523.59+3.38° 865.19+1.36" 596.73+9.08"
WA Bk 7.132 y=16.168x+10.819 932.490.50° 849.62+0.20° 1091.78+0.75° 958.30£0.24°
REETILHR 7.682 y=1.2574x+1.9631 986.63+0.76° 872.95+6.90°  1343.34+13.39"  1180.96+0.51
JLEE 8.393 y=3.9183x+0.0383 317.1120.24° 280.63+2.21¢ 431.57+4.3° 379.47+0.16°
FILEZH 11.350 y=4.7531x+11.356 178.88+0.10° 157.66:0.12¢ 332.38+0.06° 282.87+0.16
B TILARBE TR 14.234 y=9.2547x—11.4100  294.37+0.35 212.90+0.13" 8.40+0.10° 6.91£0.06°
BETFILEREE TR 15.227 y=9.1452x—8.5647 313.42+0.26° 216.12+0.16° 7.29+0.16¢ 3.36£0.02¢
FILERBE TR 16.446 y=9.8038x+8.0827 214.68+3.08" 156.27+0.47° 21.39+0.13¢ 19.30:£0.06°
IR BE TR 17.090 y=10.614x+3.423 173.76£0.10°  130.68+12.01° 11.40£0.11° 10.42+0.04°
psSeg 4118214538°  3647.12+6.08°  4966.82+£17.34°  4242.76+10.06°

AT AR R RN B 3 25 5, P<0.05; #3~3R51H],
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2026 4F 8 A

B . PR . PRR LR PUZE, N3 3 iR, S5
TN, SR R I AC 8 A e R SR L I IR R 2 i

20 (SO ZH SRR 2 LR P Mt i, GY . GS 4
WL ), T A R 20 LR . v R 20 LR & AR fh AR
SN, AET CK 4, ZEAAT B BB & 4L (SO)
TR ILEZIE N 63.66%, T EREILARIEIN 65.61%,
AIFFEFRI, ZEAUFT R AT a4 I 2 P . D) ke
F SN, s 25 PSR AR AR RO QT e BEEH e e 3k
i CanH &R - TN &R 1A R, HAR I s e v
ABIMTE VMR Z R (USRS &R . S22 R 1A ik
T O30 S 28 B PR PR R 4 (G YY) PSS IR 43
B 2 86.69 Fll 73.66 mg/L; i i 1= R 1 I [F] A&

W25 (GS), BIFAR 2 FE MR | 7 DR 22 B 1R 2% B Sy 385 Jin
(141.59. 129.01 mg/L), " & ZFMAF = FIEA
JK i R e s thas e ety o, 5o ith dsm it ik
IS YRS S SRV, Sre 2RI A IR R R 2
LR A B AN R PE2
2.8 FHIERMNKRIIR ST

AW 5 F| ] HS-SPME-GC-MS X} 48 i 2H 4 $%
KRSy AT E AT, SRR 4 X E 6 Jir
N PEHUVLHELEE>80% MU AR, TEaibieAs
SR E] 1336 Fhig & HACETY, FEEEDS 120 Fl
5 85 i RS 73 B 1R 247 Pl FRZE 149 Fh i3S
2568 K HABACHI Sy 405 Fh, 234 &I, ZmkEAS

F3 KPR E R S = (mg/L)
Table 3 Free amino acid contents in tea samples (mg/L)
) B IR o
IR m)Epiy:
CK SO GY GS
P, RAHR y=441.3851x+3.1785 32.75+0.14* 30.99+0.01° 27.34£0.25° 26.35+£0.21°
fif R IR PR
=R y=447.2752x+4.8666 30.81£0.20° 37.62+0.38" 24.78+0.58" 32.43+0.01°
RABENE y=372.1462x-3.7474 14.44%0.01° 12.40+0.01° 9.10+0.18° 7.75+0.05°
27 y=505.6397x+3.2784 7.88+0.01° 8.15+0.08" 5.37+0.04¢ 6.87+0.00°
R y=408.8147x-3.1230 0.76+0.01° 0.82:0.00° 1.03£0.00° 2.45+0.00°
H2 R y=496.7866x+0.0541 3.47+0.11° 15.3120.07° 3.45+0.00 15.06+0.09°
il IR y=539.2383x+4.0820 5.3240.19° 11.63+0.02° 3.09+0.00¢ 9.33+0.01°
R y=523.3878x+4.8028 8.19+0.03° 16.78+0.05 6.3620.05° 15.76+0.11°
IR y=5931.8015x-59.4211 44.530.44° 73.840.29° 41.56+0.26° 59.27+0.92°
Wi y=5923.5651x—74.4132 18.75+0.21° 24.69+0.25° 12.07+0.08* 16.01£0.05°
It y=5656.7433x+53.9334 4.74+0.09° 13.3£0.96* 4.66+0.02° 9.09+0.03"
HE M y=150.0858x+1.0817 38.82+0.35° 35.41+0.46° 30.92+0.89° 30.36+0.03¢
JRE R y=376.9530x—3.9784 4.2240.31% 4.54+0.04 4.02+0.34° 4.70+0.01°
KR y=536.1642x+0.1243 16.8+0.38* 17.36+0.03* 8.77+0.49° 9.31£0.45
i R y=454.5777x+4.5268 3.99+0.01¢ 10.43+0.47* 4.55+0.13¢ 9.60+0.00°
ETERN y=499.8321x+5.2129 7.37+0.02° 21.29+0.26* 6.34+0.70° 20.94+0.12*
A A HAMR y=517.4201x+2.4366 1.43+0.29* 1.05+0.01° ND 1.08+0.16°
IR R o , : :
IE#IER y=286.8135x+19.1514 2.24+0.07" 1.45+0.06° 1.11£0.00° 0.96+0.13¢
R y=354.9660x—4.0920 5.73+0.24° 8.45:0.02° 5.17+0.02¢ 7.33+0.10°
KNE R y=447.3178x+11.0189 4.91+0.08° 15.0620.66" 2.57+0.01¢ 9.93+0.17°
FEEE MR y=476.0415x+1.7279 7.2740.02° 10.74+0.68" 6.62+0.02¢ 11.25+0.09°
HiE R y=750.2950x—4.5283 3.1040.05° 19.65+0.09° 2.34+0.00° 16.01+0.04°
SERIR y=494.1372x+0.9965 2.7240.07¢ 17.8+0.10° 1.25+0.01¢ 7.54+0.14°
USRS P-AIET IR ¥=3.9696x+3.4417 1.230.08™ 1.66:0.05* 1.360.03® 1.25+0.11%
ML 271.43+0.22° 410.38+0.54° 213.83+2.60° 330.63+0.54°
H: “ND"FRamAR
T4 FERERIERAME AR B (ng/mL)
Table 4 Volatile flavor compounds content in tea samples (pug/mL)
YIRS CK GY SO GS
=S 11.6120.22° 11.38+0.33 11.24+0.38" 12.33+0.18"
R 8.40+0.21° 8.560.14° 8.45+0.25 8.49+0.56
[ivES 3.58+0.10™ 3.42+0.13° 3.46+0.13° 3.70£0.05"
e 14.09+0.37° 13.87+0.51° 13.83+0.50° 15.24+0.17°
[iEES 16.83+0.16" 16.7620.43° 16.80+0.50° 17.73+0.33°
[ 22.27+0.72° 21.99+0.78" 21.97+0.80° 23.71£0.05°
Rk 3.90+0.19° 3.85+0.23° 3.91+0.24° 4.30+0.21°
Ak 1.10£0.05" 1.09£0.04° 1.08+0.07° 1.2140.01°
[ES 1.89+0.07° 1.87+0.07° 1.87+0.07° 2.0240.01°
B 9.29+0.27 9.00£0.29¢ 9.08:0.29° 9.78+0.16°
HoAth 5.1040.14° 5.04+0.17° 4.96+0.15 5.610.08"
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Fig.6 Detection and analysis spectrum of amino acids

T BRI 2R Hyp. L2 R . 22 Pro {fi FH %541 266 nm
For I A, JFE At 22 56 R 48 45 4 338 nm Al . 1-R A& H R
Asp, 2- AR Glu, 3-RKAWEME Asn, 4-22F R Ser, 5-4+ At
[ Gln, 6-2H %2 His, 7-H &R Gly, 8-77 & 2 Thr, 9-N AR
Cit, 10-K5 &R Arg, 11-INE R Ala, 12-B$&E 1R Tyr, 132K
2 Cys, 14-45% /R Val, 15-3 % Met, 16-1IE45Z & Nva, 17-
{5 & /R Trp, 18- N & /R Phe, 19-F 7% & MR Ile, 20-%: & IR
Leu, 21-#1 & & Lys, 22-¥2 ifi &R Hyp, 23-LE R Sar, 24-fiff
R Pro, 25-p-88 5 T R Gaba., 20-74FRIAML T & &R, &
FIAFR 3 EREER

T ITAREAS) BRI (2)-3,7- — H 5-2,6-
TR 4-(1-F L2380 2-BR V- 1-10 . 4-C465-3- R
(BE)-2-CUMaIE . WIRE IR . 225 Lh3R: GY ¢4
SO A EESS(GY: 11.38 ug/mL, SO: 11.24 pg/mL) |
BEZE(GY: 13.87 ug/mL, SO: 13.83 ug/mL). iz (GY:
21.99 png/mL, SO: 21.97 pg/mL) 25 5= 35 XU R 4 ot &

=5 CK 4 (2% 11.61 pg/mL. FEJ4 14.09 pg/mL.

i 24 22.27 pg/mL) A Eb G ik 3 $E F, H6 4
IR IR (IR 25 GY 4H 3.42 pg/mL vs CK 4H
3.58 pg/mL), U I R — TR A A T IXUBR 42 B R B2 11
EHERABR . ZE5KAKHH(GS) 5 CK 4 %,

GS U4 KRB Y it & B 35w T CK 41 (P<
0.05), Jirfr: 25 (12.33 pg/mL) Bl 6.24%, Fig2
(15.24 pg/mL) B4 8.16%, Ei2$(17.73 pg/mL) N
5.35%, MEZ5(23.71 pg/mL) AN 6.46%, 221k &)
(9.78 pg/mL) 4l 5.28%, f25(1.21 pg/mL) | &
(2.02 pg/mL) &5 H At 4 BT 38 g 35 7.17%~10.19%.
GS ZH il Sy B i 2, iX S e g i ER A3 U 1 A
T A RO 7K fi B DA DG, i o 2R, 12l n]
HEALAS I PSR e, RO R . A A
IEIEF IR, SO L H BRI G MR EAR (i
1.85%), X W B E FHE R A RE T AN K2, Al B 24t
A B e ST B T i e TR T S 0, (R ik = S A s
TP . G A EA RIS RL, GS A XK T
SR PAZ O LI T 2SR A Borb: 52 il
FRELT p- AT B K A TTAE, RO SRR 2,
PSS IS AR s At B 2 B R FH R & AR Ui 2
iR SR LE G, G RS (AN LR 2R %
ZEI R BASIAARAE ] PR AL T B A PR R ER AR -
FTFSIRIETEE (OAV) BIR AT R (3R 5),
i ZH HASG I 1) 102 94K M o3 B AR XU
{H(OAV)>1, Hifh CK 40 91 M5 . GY 4 94
APTT. SO 4HA 98 M/ . GS HA 98 Pt (YX
JEORFRASTVIIT) o A, 5- 2 58-3- 5204
FH L2 (5H) -BR IR Bl (OAV=365700.33~399058.11) .
L5 22 ] (OAV=28744.09~29608.05) . 1-T-J%&-3-
filil ( OAV=3654.31~5366.44) . (E,Z) -2,6-F . )&
B ( OAV=4110.44~4561.55) . 8-T % ¥ ( OAV=
1733.11~1927.75) 50 o L v, ER2EY) BTn] fg 2
AR AZO( OAV B 78.3%), BaE fl A3t
VAN p-58 57 24 R 55 K SERIAE BRI G ), i
(16.1%) FEALTE B 500, —F B A EIRHF .
5 CK 4HAAH, GY. SO il GS 45T S U R 2
Fig OF AR, 3 DLE ) « AT AR (24 %7 | JHEE
). 2-H IR -2-F L TR (R ) S5 = sk I,
H b, GS 40 h R AL 2K s OAV 35 50.77, 3%
GY #i ( OAV=12.17) 1 SO #i ( OAV=1.01) & J}
3.17~49.26 1% (P<0.01), Al BE N G & BB AR H 7K
fi- g AR AR EDE S 17 (FEE 5 B 7 e -+ A B 2R H AT B
AR ) RE $ T2 P 0t GS 4 1-T- 44 -3- 1
(OAV=5366) it = T CK 4H (OAV=3654), 1 I
46.85%, M IR T s it B-4E iR B0E Wl iR
Bf7, bAh, GS 4 BEHAY R AL AT n vy B0
(ORFE) L 2-(1-F B2 350) 281y (R S A ) P R s DTk
Ji, IAEAR S0, GS 4137 &2 A g i B 4
LA 6.18% ., IREEIIESE, B G EY K IE
S PAPEERZE | IS ARSI 4%, WE T TEHER
JER 5 T (P<0.05), 2 & BERBRILARER AL T #15
KA
FHH TE 2 e /> 3 1340 531 438772 (OPLS-DA)
XTIT A FEAS L FEAT R, 25 A AEAS m] L) B Ik X 4y
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