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Abstract: The small-basket pile-fermentation process for producing ripe Pu-erh tea has not yet been
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standardized. To promote standardization and improve product quality, third-grade sun-dried green tea
was used as the raw material from a seed-propagated tea landrace population. High-performance liquid
chromatography (HPLC), headspace solid-phase microextraction coupled with gas chromatography-mass
spectrometry (HS-SPME/GC-MS), color difference analysis, and sensory evaluation were employed to
compare the effects of two pile-fermentation containers (a small-basket and a stainless-steel basket) and
two types of brewing water (tap water and silicon water) on the quality of ripe Pu-erh tea. The results
were as follows: (1) Compared with the small-basket treatment (ZK), the stainless-steel basket treatment
(BX) significantly increased the levels of free amino acids, soluble sugars, and theabrownin, and
enhanced liquor brightness (L*). Tea from the BX treatment exhibited a richer, more clearly layered
aroma, and sensory evaluation described it as having a cleaner aged aroma and a sweeter, mellower taste.
(2) Under the stainless-steel basket condition, the color difference parameters of tea infusions prepared
with silicon water (G4) and tap water (Z4) did not differ significantly. By contrast, the polyphenol content
in the G4 treatment was 9.89% higher than that in the Z4 treatment, and the theabrownin level was
significantly higher (P<0.05). Sensory evaluation together with aroma component analysis further showed
that silicon water produced infusions with greater body, higher aroma scores, and a more harmonious
overall aroma profile than tap water. (3) Aroma analysis identified nonanal, a-terpineol, linalool, and
methoxybenzenes as key contributors to the characteristic aroma of ripe Pu-erh tea. Taken together, the
stainless-steel basket combined with silicon water exerted a synergistic effect in optimizing ripe Pu-erh
tea quality during small-basket pile-fermentation. These findings provide a theoretical basis for
elucidating core aroma components and for promoting cleaner and more standardized small-basket
pile-fermentation.
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Table 1 Information on experimental samples

4“5 Number A3 Treatment EE it 7K Water quality — FHHEIXEL Pile-turning times
Container type
YL HEAR R = 20 75 J5UR) — — TEMIR, NS5 R T
Third-grade sun-dried green Used as a control, this
tea raw material from a tea sample did not undergo
landrace (seed - propagated) fermentation
population
ZK K I riE B kK —
Small - basket Small-basket Tap water
pile-fermentation
BX AN EE K AFANE H koK -
Stainless - steel basket pile - Stainless-steel Tap water
fermentation basket
Z1 H KA AR S — U A AFNE H koK 9 IR B
Tap water moistening — Stainless-steel Tap water 1st turning
Ist turning basket
72 H KA K S R AFANE H koK o9 IREHE
Tap water moistening — Stainless-steel Tap water 2nd turning
2nd turning basket
Z3 I R A A B = U o AN E EPN =R
Tap water moistening — Stainless-steel Tap water 3rd turning
3rd turning basket
74 HHHERE AFANE H koK EHILMC b
End-of-pile sample (tap Stainless-steel Tap water 4th turning
water) basket
Gl TR R 7T 7K B — U ANHME TEEMR 7K 9 IR B
Silicon water moistening Stainless-steel Silicon water 1st turning
— st turning basket
G2 TEE TR 7T 7K B — U o ANFHME TEEMR 7K o9 IREHE
Silicon water moistening Stainless-steel Silicon water 2nd turning
— 2nd turning basket
G3 TEEMR 7K 7K 5 — X AN E TERR 7K =R
Silicon water moistening Stainless-steel Silicon water 3rd turning
— 3rd turning basket
G4 HHHERE ANFHME TEEMR 7K EHILMC b
End-of-pile sample (Silicon Stainless-steel Silicon water 4th turning
water) basket

VE: —2OR AR SR A B

Note: — indicates that this treatment/variable is not involved in this set of samples.
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G SR E ) AT B R S IR L AR I RT A ERE s S GB/T 8313—2018 (&%
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1.3.4 Fintazille

FREX 3.0 g 25K, N 150 mL #hIEZ81E/KIZH S min, EHGLIE, AHE 25°CH, HEEL
MEXRZHN Ly av by AE fH.

1.3.5 ¥R MR 534 (HS-SPME/GC-MS)

ERMR KA HS-SPME 454 GC-MS 3#7. FREL 0.20 ¢ #riEAAE, B 20 mL T,
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N GC-MS HEFEOfENT. GC KA SH-5Sil-MS B41EH:, AN, BFETHLE 220 °C;
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TREFRELE X e, WFRESS S TR IH— b By E & .
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ML &R ZK XL 17.82% (P<0.05) , WIHERL. & 7R a7 . AREE AR & L%
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Table 2 Chemical composition of pile-fermented tea samples in different containers

%
Z%'5 Number YL ZK BX
JKIZ ¥ Water extracts 53.83+0.47a 47.57+1.12b 45.65+1.43b
WiE 2 2 HLBE Free amino acids 3.26+0.35a 2.31+0.25¢ 2.78+0.18ab
T ENE Soluble sugars 3.79+0.13¢c 5.22+0.24b 5.74+0.07a
ZXZ Wy Tea polyphenols 29.56+0.52a 17.12+1.8b 14.07+0.49¢
MRS, Caffeine 2.32+0.12a 2.81+0.37a 2.90+0.43a
KETM Gallic acid (GA) 0.003+0.005b 0.015+0.001a 0.013+0.004a
E#Y ), A5 % Gallated catechins 9.755+0.430a 0.613+0.145b 0.702+0.332b
JEfERY )LAS & Non-gallated catechins 0.096+0.005a 0.064+0.015b 0.054+0.010b

KJLAS % Total catechins

9.851+0.435a

0.677+0.156b

0.756+0.340b

TE: B AP AR R Z 2R (n=3) [/ — 3P AN A P R BUE MAF R 22 (P<0.05) - FIA
Note : Data are expressed as mean =+ standard deviation (n=3). In the same column, there is a significant difference

between the representative values of different letters(P<0.05). The same below.
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AF ARSI A R A A T REm (R 3, B D . 5ERMHEE, ZK M BX %
FERIZRTE R (TF) Smigaiim, H ZK 5 BX [6] TF &®mZRAEE (P>0.05) ; ZK HIZRL
£ (TR) &® (1.32%) T BX (0.83%) , 1l BX HIZR#E (TB) & (5.41%) BFET ZK
(5.01%) (P<0.05) . BHIFE BX M, #nRmmEmMRamst —BENEENRBR. X5
Ge %5 (2019) KRTHRRKRLAFE (TR) & TAERIIRE—S. TB 1EAMG KLY ) 3 2
R, SEMERKBEETIMEG, MY S TR LR R BN R A ER TB (BUKis, 2022),
K—ILRIN5BRSCE S (2020) $2 1% PR 5E o] i IR AU H2 1F 22 My 8 A A B 35 0 B W0 R
—3. AowEE (2024) f8t, TB A “EE” DUERRZOYR, Hik BX B TB BIE S
SR 58 T A B AR A SRR R D v S ) A

BEERSRORDUMEEE. 5 ZK #tt, BX FHEAREM L 85 (P<0.05) , X%
SALEE IS, i a. b (AT ya, ZK 2B S . 454 TF. TR.TB 5 L.
av b ARML, RIUCKH BX FREFESH 2380 p R AD AR R o, 23 “4iRim B 1%
. CAPHCEH TF A1 TR 53852 IEAHG, H TF XA TTERE 22 (Akuli et al.,
2016) . TB B&EERGFELELFH MK (Ghoshetal, 2012) , HIR TB HFEAE BX HiH,
HIR OO AT REIRE — 3> L EIRTF, (HE4A L TR/TR MREERNT S S, fmEREET
Fe: BX [ a HEZFKT ZK, BHHAEERRSS, 8 TB %R 51K IR AR 5 .
b BX FHEEEN TB &t 5 S0 E & VP A 5 1 )2 B V2 4 — 20



R 3 NARBBEERBERETHNERTERAE (n=3)
Table 3 Pigment contents and color differences of tea samples under pile-fermentation in different

containers (n=3)

%5 Number YL ZK BX
353 % Theaflavin (TF) (%) 0.070.015b 0.080.001a 0.0920.003a
3547 % Thearubigin (TR) (%) 0.92+0.021ab 1.32+0.205a 0.830.287b
%645 Theabrownin (TB) (%) 0.25:0.006¢ 5.010.255b 5.41£0.006a
L 20.96+1.06a 0.66+0.10c 1.79+0.74b
a -2.12+0.11¢ 0.93+0.08a 0.29+0.09b
b 18.90+0.79a 0.72+0.40b 0.37+0.03b
ANE 23.65+0.51b 27.98+0.11a 26.81+0.74a

A A

B C
A EHEREERERL (YL) 5 B. HIESRAKATERHERBERIZ (ZK) 3 C. H BRKAFINEIREL B 2K (BX)
A. Raw materials for pile-fermentation (YL); B. Tea soup produced by pile-fermentation in a small-basket with tap water
(ZK); C. Tea soup produced by pile-fermentation in a stainless-steel basket with tap water (BX)
B 1 AAR SRR KBS ER R G BEXT

Fig. 1 Comparison of infusion color among Pu-erh teas pile-fermented in different containers

2.2 AN 7K B A 7K R BN V- BRI R e
2.2.1 FRALES AT

kK (Z1-24) 5K (G1-G4) WK KBRS R R ZEGIEAR RN G 4) o BiFfK
FLAL R ZKIR 3 B RIS R S BHE S WA TRk, BB BT, MR Z4
A G4 LT EE (P<0.05) .

T B8 S B R B e R T LA [, o S IR 1B, PR KO AR ) 22 S 8N, G3 W& T Z3,
HHERE (P>0.05) , Z4 F1 G4 WIEES R EER AN 2.69% F 2.75%, (P>0.05) o RIIEHRES
ELEATANEIHERY B T X (], 5 WIS A N FRAE MRS T 50k (P<0.05) , N A& e 72
T 2K EAE R RO 82T . R 2T & bl R R R PG, HERE B AR T 5Ok (P<
0.05) . HHEFRKAHEMIL, FHEREKGE BN G4 MERZEMmEE (18.67%) FHXT 724 (16.99%) ,
e T4 9.89%. BEAL. AEBRBY R AL RS BAEWMK FANBEH—8 HEJFRRIE TR,
LBl (2022) $jiE pIEHER R LA = B ANATAE ) A B 25 R AT . 25 E, PMOKBEIK
b FELE BRAY T BRI R () AR A AR AR — 3, R MR BORERR K AL B 5 R ZKIR AN 2 Ty



TREEEE (P>0.05) , MAEMERE. FEEERS EFHRIL (P>0.05) , RN KX KB SRR
Wi —F EARILE 2 By K9 AR B S5k k.

R 4 RFAKBREIKREBEREFEMEZERD (n=3)

Table 4 Chemical composition of pile-fermented tea samples moistened with different water qualities (n=3)

%
e R A E[FUREYIIPTS
o KR B AEMRE W Tea L BETEM ERLER R VFS <
i 's L2154 L ES

Watere Free Soluble polyphenol . Gallicacid Gallated Total
Number . Caffeine . Non-gallated .

xtracts amino sugars S (GA) catechins . catechins

i catechins
acids

YL 53.83+0.47 3.26+0.35 3.79+0.13  29.56+0.52 2.32+0.12 0.003+£0.005  9.755+0.430  0.096+0.005  9.851+0.435
a a e c a e a def a

71 33.44+0.73 2.42+0.04 6.48+0.34 28.93+0.57 2.42+0.43 0.052+0.011 3.855+1.076  0.275+0.068  4.130+1.140
f e b c a b b b b

72 36.35+£1.10  2.54+0.06 6.65+0.12  28.74+0.35 2.94+0.21 0.026+£0.010 2.206+0.441  0.204+0.030  2.410+0.469
e cde b c a cd c c c

73 41.74£1.00 2.75+0.09 5.21+0.03 22.72+0.84 3.08+0.62 0.018+0.002 1.397+0.225 0.136+0.012  1.532+0.216
c be d d a d cde de cde

74 43.66+0.41 2.69+0.04 5.17+0.04 16.99+1.43 2.74+0.37 0.006+0.003  1.092+0.176  0.090+0.013  1.182+0.183
b cd d e a e de ef de

Gl 33.38+1.16  2.45+0.06  7.14+0.15 27.34+1.86 2.63+0.60 0.065+0.006 3.537+0.701  0.339+0.024  3.876+0.725
f de a c a a b a b

&2 39.05+0.23  2.37+0.03  5.73+0.12  23.67+0.45 2.54+0.25 0.035+0.004 1.749+0.916  0.205+0.036  1.955+0.952
d e c d a c cd c cd

&3 39.00+£1.75 2.95+0.05 5.20+0.08 21.66+2.07 2.56£0.29 0.006+£0.003  0.734+0.070  0.149+0.013  0.883+0.076
d b d d a e de d de

G4 44.52;:0.36 2.755:00.06 5.40350.05 18.67:1.22 2.711:0.28 0.005:0.001 0.642:0.010 0.067£0.007f 0.7093;0.015

222 FEORERGHOELZE DN

ANFZK K R BT A R S KB E R (R 5) o S RIHER BOH Rk B AR B 25 35 & (TF)
SEERAEE (P>005) , HHEFE 24 F1 G4 1 TF SEEAN 0.09%. TF {ERNFIAEL=Y),
FEER — IR HER R f K AR, FRBE R B E A — P8 TR AT TB (IR FISE, 2025) o REAER
(TR) TERBEERTHIAM X B, HHER IS A R, MR (TB) W KRBT EL (4
EE, 200600 . KEAW G4 11 TB &8 (4.06%) ZBEET 24 (3.75%) (P<0.05) , TB Al
2 bl LA ST AR B SR o L (I E ] (Deng et al., 2022; Deng et al., 2024) , Bh 157 E )5
5 DR R (Huetal., 2022) « RFERKIEANBNESZE NG R T RAESB R
o

B ZET I, PFKRESFIME B L. a. b IR EHRILAR—F (R 5, B 2), HHfEH Z4
M G4 ) L ERK (P>0.05) , a {EM b [HERARZE (P>0.05) , AE ¥J{E 28 ik (P>0.05),
Ut B P FR K 0T AL EE XS PIER T L 2z B s A R . XTHRRE (YL) ROEBERHIFE S (Z1. G1) L
5, B I, ML 24 5 G4 () L ERK, mE g piE 23R 52 (P>0.05).
a fEAEEE —IREIHERY BOk BIEAE, 2 J5 B, R BRI B B m LB 2 b [EER
WIRE RS, SRS PR AE TERE AR AL T30 7K, ROl R B AL B 5 5k} 2 1) DA R
FI B2 BN . AR ERMEELS R 0L, PRI Z T TN “AB” W
COLAmIE 7 AR R, RERRKACEE EEARILE TB SRS, AR 5 ) R AR A
PR



R 5 NAKBREAKRKEREFHERTERAE (n=3)
Table 5 Pigment contents and color difference parameters in fermented tea samples moistened with
different water types (n=3)

N R PE T
I
Theaflavin Thearubigin ~ Theabrownin L a b AE
Number

(TF) (%) (TR) (%) (TB) (%)

YL 0.07+£0.015b  0.92+0.021e  0.25+0.006f  20.96+1.06a —2.12+0.11g 18.90+0.79b  23.65+0.51d

Z1 0.16+0.012a  1.64+0.132ab  1.11+0.010e  15.84+0.82c  6.73+0.34b  18.89+1.45b  23.87+1.63d
z2 0.15£0.007a  1.79+0.082a  1.69+0.084d  5.08+0.26d 13.41+0.46a  9.39+0.54c  28.98+0.08a
Z3 0.07£0.004b  1.33+0.086¢c  3.59+0.161b  2.06+0.28¢  4.68+0.46d  3.29+0.36d  27.26+0.16bc
Z4 0.09+£0.004b  1.41+0.036¢  3.75+0.055b  0.12+0.03f  0.78+0.14f  0.20+0.04e  28.51+0.02ab
Gl 0.14+0.051a  1.40+0.076c  1.11+0.006e  17.92+0.81b  5.65+0.08c  23.69+1.20a  26.62+1.23c
G2 0.14+£0.003a  1.45+0.041c  2.05+0.030c  5.65+0.70d  13.74+0.33a  8.65+0.38c  28.45+0.48ab
G3 0.08+£0.003b  0.87+0.036e  3.64+0.030b  0.65+0.04f  3.59+0.12¢ 1.12+0.07¢  28.29+0.03ab
G4 0.09+0.003b  1.18+0.047d  4.06+0.135a  0.10+£0.03f  0.51£0.36f  0.74+£0.19¢  28.52+0.03ab

A Al A2 A3 A4
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A 1 2 3 4

A EHEREEFEERE (YD) 5 Al HRKEDKE —REIHERE (Z1) 5 A2, ESR/KEIKEE ZIKEBIMERE (Z2) 5 A3. B
KBRS = EIHERE (Z3) 5 A4, ESRKHIKINHERE (Z4) 5 al. REROKEIKES —RBIHERE (G1) 5 a2, RERR/K
TKEE ZRBIHERE (G2) 5 a3, RERR/KMA/KEE ZIREBIHERE (G3) 5 ad. TER/KWIKHHERE (G4) . FTAFEMIIRH
ANFNE IR R

A. Raw material sample prior to pile-fermentation (YL); Al. Tap-water moistening, sample at the 1st pile turning(Z1); A2.

Tap-water moistening, sample at the 2nd pile turning (Z2); A3. Tap-water moistening, sample at the 3rd pile turning (Z3);
A4. Tap-water moistening, end-of-pile sample (Z4); al. Silicon-water moistening, sample at the 1st pile turning (G1); a2.
Silicon-water moistening, sample at the 2nd pile turning (G2); a3. Silicon-water moistening, sample at the 3rd pile turning
(G3); a4. Silicon-water moistening, end-of-pilesample (G4). All samples were pile-fermented in stainless-steel baskets.
B 2 ANFEEK T AEREHELE RS B B G X
Fig. 2 Comparison of Pu-erh tea infusions at different turning stages during stainless-steel

pile-fermentation under the same watering method



2.3 BREHIF

ANF) A8 R A G BE # VPP BX (80.6 70D T ZK (74.9 43) o BX BiRé EHEIKRAR,
BERENERE R, ZK FAMRAE, WAL, AL BX (RR I IR, X 5 AHNE K
FERIEE (BX) AR (2.78%) « FIVEMEME (5.74%) . TB (5.41%) &EAEE R TITER
FER (ZKD)  (P<0.05) K BX HFAHEFEEEIR. ZK FHAHN B—F 04 AR

TEARFK R K A FWNE RS REEZG T, G AEMBMSGSEE R BAEMmT Z 4. 12
EHRHTIAN G2 FEf, FRWRFFIERON R, SEHPIIRT Z2, HElnTae SRERK IS N
TR A E ISR G . Z3 5 G3 WHIIRGEMILR, v e RIS WA TR el
G TN FORNGICRE S E3E NG ¢, IMAE— CREFE LRgm T BAM . B LR BEAh, HoR a5 R IS
W G HFEMPVEE VNS TN Z AR, &ARNA G4 SV (81.25) HEE T Z4
(76.25) , RIAFERR A ACH BT AR G B A FRRAHER . BRI S, G4 1E “BEJEIE " &
FURFEbR ERIEAR M, HEREE, SHFEEER (TB) FREFST Z4 MEAL R
G4 MESFHERN “WRE. BRERWE” , ME5ENS Mt 24 WUBRERNE, 1 G4 HEHEE
HERERNLS R E (R 6, XD .

R 6 FREREHW (n=8)

Table 6 Sensory evaluation of tea samples (n=8)

TR Ly i s W %< Aroma Wy UK Taste  PF2r MK Infused  1Fr H)
Appearance Score  Liquor color  Score (30%) Score (25%) Score leaf Score  Total
No. (20%) (15%) (10%) score
YL SRERE K 82 i 75 TEAF AR 80 &[] T 80 ST 70 7785
Dark green, Yellowish Flowery aroma, Mellow and Greenish
tight green, bright high and thick, sweet yellow, soft
intensive aroma after taste
ZK IRAE B4 71 AR Y\ 75 e 75 T 75 ARSI 70 74.9
Greyish Reddish Aroma after Neutral Reddish
auburn, tight auburn, less aging auburn,
and heavy bright coarse
BX AR P 78 AR\ 75 BREF. BIEWREE 85 iR 85 EARSE A 69 80.6
Reddish Red and Aroma after Sweet and Reddish
auburn, tight thick, less aging and sweet smooth, auburn,
and heavy bright aroma, high and mellow and coarse
intensive aroma thick
Z1 SRERER S 75 Lt 70 W LAY 70 1 J5E [l 75 AR 70 7225
Dark green, Bright Slightly flowery Mellow and Yellowish
tight yellow aroma thick, sweet green, soft
after taste
72 My RAE 74 RELL s 73 ey 68 WA [a] T 70 LIEAR ] 68 70.45
Auburn, Orange red, Aroma after Mellow and Slightly
slightly mixed bright aging normal, reddish
sweet after auburn
taste
Z3 16 i1 78 ARY 75 R 68 4l IE 70 AR 65 7125
Auburn, still Red and Aroma after Pure and Reddish
bloom thick aging normal auburn
74 ARIGE o 80 ARV 75 R A 75 i 76 AR 757625
Reddish Reddish Aroma after Mellow and Reddish
auburn, tight auburn, less aging, high and normal auburn, soft
and heavy bright intensive aroma and tender
Gl SRERER S 79 Lt 75 AR 71 LTACACIREY 75 ET 274 70 74.1
Dark green, Bright Fresh soybean Mellow and Greenish
tight yellow smell, high and thick, sweet yellow, soft
intensive aroma after taste
G2 T S 78 AR 73 MR 48 1T 70 BE AR 60 EAR) 68 6935
Yellowish Orange red, Aroma after Mellow and Slightly
auburn, tight bright aging, pure and normal, reddish
normal slightly sour auburn



G3

G4

Hy v ) 81 AR YN 70 W 70 4 ik 70 RN 69
Auburn, still Red and Aroma after Pure and Reddish
bloom thick, less aging normal auburn, soft
bright and tender
ARG 80 ARGV G 70 FRAFLOCREIREE 85 s J5 5t 87 ARE D 75
Reddish Reddish Aroma after Mellow and Reddish
auburn, tight auburn, less aging and fruity thick, auburn, tight
and heavy bright aroma, high and smooth

intensive aroma

72.1

81.25

2.4 BRBSFHEREZER

5 GC-MS FLRTIH 112 FdESM, BFEEZE (20 FO BRI (24 B L EEE (22 B,
FE2R (19 Ff) . BESS (20 A . EBER (2 A L HREZES Q MO EKHAbbEY 2 FD ,
WHEAFHERNIEE . BE BE. BEEIARELL (% D o Hp 51 RS —FER PR,
FRZETRACT, MR T SERAAMERS. R YL MR 64 R LRy, Y
WO ONEFE ALY, R TS R RS ERAIE. L2 R, ZK 1 Z2 RIREA D, B LSEE
Moy RE, B bR ETERHERS -

B YL 4, H4A& 10 NMEHERBEERFEPIG H T o-fAMEE. SRR KRR FA IR . PRIR %
TR K REIIR 6 By, AEHEHAZR RS, HHERE (ZK. BX. Z4. G4 H1F
W A IR (1,2,3-=HEIETE . 1,2,4-= WA BA AL BRI AR 1 3 B RRIR
(Lietal.,,2024) . Wang % (2025) HIWHFLRE, Tl TR a-HA i I 5 VH AR 1) R B Ay
SESYs APUESE (2024) HE—PHEH, oK EE. T EER. TSREEE. AR K AR
HEARFAREN BT SARFENEE., &ZE, Ti E. WiGE. WEE) « a-falilE (ak
LA AR ORE. BF. @E) SRR GIIEE. Bk, IBPR  BREEAT
Y R TRE) AR S E AR A% OFSHELE, T AR &S5
TR
2.4.1 AN[E AR IR HE R0 BATR AT IR 52 M)

ZK BRSO R Ry AR L BE RIS 2O 1, BX RESL I AR S . BRSNS N 3. BX 3k
Koy 43 FIERIERY, AMUEE ZK TR 12 Fhasifasy, EEAMGIN R 2 M (n2sEs.
BElE . O, RHIESE) JREAR (S RREE ). EM NI , XL RE ZK FILT
K, ®W BX WESEREET, HALE. RE. HELBERMELSZFESEE, ZK 1
TS RERI AT SR . PE A S RERE . oA BER K S OIE e, 2 ZK o Bk
(e, B Ol (BUORAE) 78 ZK FIIAEN S 8208 4.9%, 298 BX (1.6%) 1) 3 15,
FERERN a-FA MBS BTN S ) 15%~20%, (FHMARSEFERHEE MR M. ZK FRmEEiT A4
MIEEN 31.22%, WERET BX 1 22.24%; FNKHIFESE 1,24-=HEIEEK, WHRENER
HA—E TR BX AR BN S BT 1%, BERIETIEAHE. 45 KkE, ZK #
RNERLSY F BB TS 7 B & 5, BRI I BN o — B2 BR AR E s BX #ERMER S PP
WZ., s, RIAERESHEE AN EEEESRHE.

2.4.2 AN[EZK 5T 7K R o B L PR )

Z4 (41 %) F G4 (430D MESARBAERL, BHUEEE. BEIE. BERMEZN T, BRI
ERMFEEEARE, (NEPEER. AR, o- BT 20Y p-KRY ZE LY 20 E, Lo g
TR IRAR (EIE5E, 2022) o Z4 AWK H g% =0 (0.22%) , 2IMED =2 HAKFHMAE; G4 X
B oK% 20 (0.28%) , BMEAERY 2H, HEERK. G4 BERERER (4 33.66%,
74 9 23.41%) , LHIZ WL HEE. BEIGRR H IS ERE, AR EEERE, S0 .
Be2S BN B R, (HAEG oA B R . 24 BRSS B, SRS E T, o8 Z4 (1)
FAIERIE G BIE RN 12.74% (BemfE) » 1 G4 4 8.63%, KL Z4 BR&ETEIR, G4 Nwmia
R SR AL IR KA



2.5 GC-MS REME 2T

BT R AL AR & B, XA B IRAEREAT R (I 3D o SiREIR, JitERE. KL

BE AR ARR R ASE 2 MR b S B s, R EEHF T, A BRI BRI R 4

X3 2,3-T W, BERR IR R-2-"F M B SR B B o0 AL B, R o X o VR AR 55

BRI RUR AR ST GC-MS Bl 456 5 15 R VPl A A 22 S B TR 1)
AR TFB (Zhengetal, 2024) o RERKFEMVI D N=KZE: YL, Z1 A1 Gl BHN—3%, RUHLE
RN R s 24 B, 3B BRI R Ml 2 5 AR AR e — B 2 57 Z2. G2,
Z3. G3. BX. G4 1 ZK MIZN—, KMZAFE LS s BTG 7 iR e 4% £ B &S B

BB YR ER, Z1 5 Gl. 22 5 G2. 23 5 G3 MRLL R EE,
YLIATE S HERT I B, E SR K SRERR KWK 26 A T RE S AR SRS T G3 5 G4 RIS
BO, $ONEERRKACERTE R B R R A — e &S ElEH . 24 RIS MRS AT a5 3R FH B kK
IR B JE IIROA B B N R 0 00 . ORG24 R Ve Ry AR B
BB, LERAREHEFEIERIBRERZ —.
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Fig. 3 Hierarchical clustering heatmap of tea samples based on GC-MS volatile profiles
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3.1 AN[FIRHE R B 2 28 0 I VE B o IR BRI R e

IR, (EAHFNRME T2 N, ANE RS0 3 52 m /)N B 5 VH A% ) 3 AR R o
M (ZK) @SMERGE, STEHER N AME BECR FIRIRE RS A E S, 5 805300 5 A 2
WA AFENE (BX) SHHXTE M, SRRRIERE I E, AR TRRERE. WA N K
FEIREs, (R AMAYEK KoM G, ik ZHERE AR E, THESI 2 M AE S
NEWMRERHREGEE (Wangetal, 2014) « X—MMIEER BX FHHETELR. UK ERNE
BEJE, 1 ZK ZRE T B Eh B B R 45 A — 5. GC-MS btk — 5 I W i 28 3864 oot & <U2E
FERAR IR . BX RFEHIEE . B FIER RN & B, TR R H TG SR A A &AL,
XE#EREE (2024) FKEBEE (2016) KT YR sTwk b R & MIRIE A —G ZK FFEHd
PR R BRI 2 B AR = o bt r, B ARARTRR A A E, BN R — ., DA AR
X% 2 U I A HEAA G IR B RA SR (IRNEE, 20100 , EWFASE R R, R R
AT I I R HE R AR FORAS A A A g B, T 2 em SR A O R . 45
BRHER M R NEWHAR BRI EE TER KL —, RMEWET AR T &R E KRR
5, SRMEmta s, PRI EENE B SEONEE RS E A
3.2 A FEEH KK B 0 RS R PR R

TERS 28 2 PEIE 2 AV AN EE I Btk b, KK X /N B S VR A i SR 7 =2 7 B B . | ok
IKGRERR KRR F ARG, TEIE HE R R — B B 12537 (3 5 T 22 S A B, AHTE N304 I 54 A0 R XUk
A ERIE B EAE . sTARE, RWES SRR E SR B ER7 1ET
HEY) AR (Deng et al., 2024; Wang et al., 2025) . 1ZCHEERR /K ALBAE iz BB iR )50, 5
FWESHBRATIN BREFAMYIE . 454 Dabravolski %5 (2024) ¢ T-RERE 25 v] 2 5E 4H Mo s 45
P VRTTIB I e T e RE B M U s, T HE R R K P ) i Ak R SR AT 40 2 3 3ok 1R T AR K Sy
AR pH, NZWANER A CHE /5L M E | MBI, (R s L E SRR
B MNIMESGE 7K. A5, TR KA ERAE (R FF I AR BR B SR I A i), 25 1G58 1 0 R A 4y
fE. o-8% ZEAAERERR AL AP A HY R 28 07 A 2 B B R B R 38 m, 7 2R s A 7 5 e
HIAF . FERK A AEREREE M pH S8 F2HA, R AE I oo f 28 A0 PR 53 170 52 1A 75 2% 1T A4k 1D 7K
R SR BER . Nk, ZoCHEN SRR ST Bh T 05 & Aok il S 5 R BT B B R, T4
FERMESIZ R AR, BRAKEE G FA RS B, 5 S8R E DU H M 5 E (Xue et al.,
2022; Lietal., 2024) . Fith, fEASNE/NERELER RS, BIKIKIT — 77 TH AT #8520 4% 2 W &
Hm RAE ML ST 288, 5 — 5 TH AT R it ot 5 55 B AR AH G 1 Bl A A A R e i A A S
A, RYEE CREERI. ERFSEEIR” ARKREERER R —.
3.3 EHE RS 2R-5 WK KR P R 208

TE 53 325 5225 28 M8 SR W /K /K o B R R VR R IRtk b, JE— 2D b 38 7E/NE R HE AR R R I B
FIRN . SRE w5 KRAMANHRE, “ADHNE + ERK” MEREE TZHEAEEL RS 55
OFE. HRBRMEGEEE RS TR B BN R BN ERS, £— B8 Lgg 7 /ME A
REFTEEEEAL ., FMEA SR GRS, 2022) , WUENMEEART, @ilEE s
S8 KK P[RR AL R DA T4 T A% (1 5 AR e T R0 XUk 22 AR o 5 T T 0 3 BRI
T/NERMEAR ZAFEIN L, MEhZ 54 GORMEAEA A SR T SHORME TR G, AHRES
W H AT E B AR O IR A IR R R AR s ), AR MR R R HE R E B BRI & .

gi b, fEANERMER RS, RS W KK T S [F] e VAT B IR 5 %
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Appendix 1 Aroma components of tea samples and their relative contents

(%)
HH ESHR FKFEY%% 5 Teasamplenumber
Aromatype Aromadescription YL ZK BX 71 72 73 74 Gl G2 G3 G4
ek B HER R
Aldehydes  Heptanal Green Fatty 0.20 - 0.16 0.32 - - 027 0.12 - 0.60 0.20
R i *H.%%% g 0.20 - 1.80 0.94 0.80 063 148 0.69 094 0.79 1.23
Decanal Sweet Citrus  Floral
<7 G
DSl *B.L%%Q Tk 0.44 - 0.21 0.24 0.14 0.10 030 022 020 0.13 0.24
n-Octylaldehyde Citrus Fatty
M - 0.46 - 0.33 0.39 - - 023 035 5.50 - 0.14
Phenylacetaldehyde
7 = N (=}
TR S Tmm%—? /.EHHE%& 089 1.65 197 1.73 0.89 077 290 130 096 122 3.16
Nonanal Rose Citrus Oil
L. -
CE RO 0.92 - 0.43 0.16 0.10 0.12 0.72 0.10 0.12 0.11 0.33
Hexanal Green
i A
Benzaldehyde Almond - - 0.25 0.45 0.25 090 0.19 023 023 0.15 0.18
2- T Il
2-Butenal ) 0.17 ) 0.27 ) ) ) ) ) ) ) .
T Sy WAL N iN
Isovaleraldehyde Chocolate Fatty 0.17 ) 0-50 ) ) ) 0-40 ) ) ) )
- i =
Je -2 AU 0.12 _ _ - - - 0.10 . - - 0.14
trans-2-Hexenal Green
(B)-2-BR Al i i i i i i i i i
(E)-2-Heptenal 1.81 0.26  0.80
(EE)24-Pi =4l Talivk o . ) ] T et
(E,E)-2,4-Heptadienal ~ Fatty ’ '
2-FHE K I Ak o . ] ] S
2-Methylacrolein Hyacinth foliage ’
- RERAEIR
-FR 3L
2-REREE Ethereal green vegetable  0.70 - - - - - - - - - -

2-Methylpentanal

fruity



HH ESHR FKFEY%% 5 Teasamplenumber
Aromatype Aromadescription YL ZK BX 71 72 Z3 Z4 Gl G2 G3 G4
2
2-Undecylenal ) 0.10 ) ) ) ) ) ) ) ) ) )
S ETE ok FTAIGE ek
Musty Cocoa phenolic 0.16 - - - - - - - - - -
2-Methylbutyraldehyde Coffee
-2- b e D ) ] S
trans-2-Octenal Green Fatty Waxy ’
R FHE R IE 031 i i i i i i i i i i
Pentanal Malt Chocolate ’
2SS MWK OROR VMR . . ] ) S
trans-2-Decenal Fatty Waxy Earthy ’
2,6,6-=FHE-1- 7 O i
-1-FR 1%
2,6,6-Trimethyl-1-cyclo - 0.41 - - - - - - - - - -
hexene-1-carboxyaldeh
yde
S -2,6- T —fE
trans,cis-2,6-Nonadiena - - - 0.25 - - - - - - - -
1
R-2- Tl BRI IR M AE R
. - 0.49 - - - - - - - -
trans-2-Nonenal Fatty Green Citrus
i A - 19 1 11 7 5 5 9 8 7 6 9
£t Quantity
Footi A0
ooting  wE (%) - 832 165 666 423 218 252 659 327 875 3.00 572
Content(%)
= _ N\ i \
R o-Railig AT e 522 6.8 587 795 796 721 496 825 846 849 413
Alcohols  a-terpineol Pine woody Floral
-a)%-a,0-5-=H %
-5- R DU AL -2-%
I P ) e $%§ 13.56 3122 2224 - 21.56 2290 293 11.51 23.73 2337 17.26
trans-o-trans-a,a-5-Tri ~ Floral Dried fruit
methyl-5-vinyltetrahydr
0-2-furanmethanol
FAERE K& HF HE 29.66 359 278 2496  14.68 543 163 2122 1152 596 1.96



HH ESHR FKFEY%% 5 Teasamplenumber
Aromatype Aromadescription YL ZK BX 71 72 Z3 Z4 Gl G2 G3 G4
Linalool Woody Floral Sweet
1-3F Jf5-3-1% Bk Yok FHER
1-Octen-3-ol Mushroom Earthy Green 4.84 ) 0.21 ) ) ) ) 024 0.23 ) 0.19
R BAEE
Benzyl alcohol Rose floral - - 0.26 1.60 1.90 047 028 250 138 0.68 023
) Z~Xin=4 v i A =
S LS B Je LUk NERUR KRR - - 0.69 0.19 0.54 133 1.60 025 052 062 1.63
Lauryl alcohol Earthy Soapy Waxy
IRLES SOk _?ﬂliﬁ%‘ - 494 155 4.48 4.50 588 144 4386 - 722 150
Phenylethanol Rose Dried rose
A =4 VALY ==
&TEE% KA TR - - 1.30 0.77 0.49 .64 1.12 190 320 040 1.11
Nerolidol Floral Green
BEFFRRIR FORWR TER
2-PiE &
- - - - 0.29 - - - 0.27 0.80 -
2-Heptanol Fresh lemon Grass
herbal Floral fruity
- MHEA RE
Geraniol Sweet floral fruity rose 2.84 ) ) 340 2.66 ) ) 381 ) ) )
3- M- -1 2RIk
3-Hexen-1-ol Green leafy ) ) ) 048 0.33 ) ) 0.24 ) ) )
1- LR O
1-Vinylcyclohexanol ) ) ) ) 045 ) 0.66 ) ) 031 ) )
13 WEBTR R MR
1-Octanol Waxy Green Citrus 0.64 ) ) 0.22 ) ) ) 0.18 ) ) )
A AL A% 0% oo . ) ] S
trans-Nerolidol Woody Floral ’
e -3-B A Kk s ] ] S
1-penten-3-ol Green radish Floral ’
4 FHUE AR AR o ] ] S
4-Terpineol Spicy Woody Earthy ’
IR LRk A
T I i i i i i i i i 050 i

Isoamyl alcohol

Fusel Alcoholic Whiskey
Banana



i3 BB FKFEY%% 5 Teasamplenumber
Aromatype Aromadescription YL ZK BX 71 72 Z3 Z4 Gl G2 G3 G4
it WE 1w mwE ] . .
Terpineol Pine Lilac Citrus ’
i 1A Wk S ] e .
Phytol Floral Waxy ’
Bl - 9 8 7 10 10 8 7 12 10 9 8
At Quantity
Footin AE (o
& P (%) - 58.69 46.63 3490 44.50 5491 4552 13.96 55.16 50.14 48.04 28.01
Content(%)
6 i et s FEL St e Ik e
FESS ARHARRTI WIRE BPOR R 3 187 949 280 373 577 860 283 587 894 1547
Ester Methyl palmitate Oily Waxy Fatty
A b XEE& iy
7M%EQEFIEZE' ‘.ﬁlm%& {%@%& 1.30 - - 1.51 5.51 236 076 1.19 6.71 3.00 093
Methyl salicylate Wintergreen Minty
T 5 7 TG
SR LI 7K%%§ 11.30 9.31 9.64 13.41 1.50 569 694 1569 690 788 571
Ethyl decanoate Fruity
" Fruity Sweet Wedy 0.18 - 0.70 - 0.10 0.50 0.17 070 040 090 0.10
Ethyl acetate
green
V3 R R I MR ARBTR AR IR
Methyl linoleate Oily Fatty Woody - 2.68 1.94 0.87 0.87 145 229 066 215 255 428
9,12,15-+ \JE = J5 TR
S
9,12,15-Octadecadienoi - - 3.51 2.33 1.34 1.11 194 294 114 2.63 3.10 4.57
c
acid methyl ester
ZETR G MiEE RE B
Methyl decanoate Oily wine Fruity Floral 26 ) 0.84 ) ) 0.32 078 ) ) 0.47 072
TERERR A R R A
Dihydroactinidiolide Sweet Peach 0.32 ) ) ) ) 0.68 055 118 ) 0.65 )
R TR RETSK 1M
Methyl tetradecanoate =~ Waxy Fatty Petal ) 0.35 ) ) ) 0.24 ) ) 0.26  0.39
" WEE HF ERE
CLRR P o .
Methyl hexanoate Pineapple Apricot 0.10 - - - - - 0.14 - - 0.60 0.10

Strawberry



sl
Aromatype

BRI

FKFEY%% 5 Teasamplenumber

Aromadescription YL

ZK BX

71 72 73 74

G1

G2

G3

G4

fit
Footing

LEES

Ketone

SRR A I
Hydrogen kiwifruit
lactone

1R i

Methyl nonanoate

Tt R P 1

Methyl acetate

TR TP

Methyl butyrate
2,2,4- = H1Jk-1,3-I% "
B T IR
2,2,4-Trimethyl-1,3-pen
tanediol diisobutyrate
PR T B
Diisobutyl phthalate
b SE Y
Dibutyl terephthalate
CER M IR

Allyl hexanoate
(2)-T7N 1R F g
(Z)-Methyl
hexadecenoate

T8 51 O

Methyl stearate

Ko

Quantity

T (%)
Content(%)

A2 A

Geranyl acetone

=

!

itk RER BRI

mk -
Sweet Fruity Pear Waxy
il RN

Sweet Fruity

WRAE HEEY WP
Apple Banana Pineapple

0.30

0.70

- 0.80

0.11

0.14

iE RE WEE
Sweet Fruity Pineapple

THIRRR I R
Oily Waxy

- 13

- 16.59

WA E2& BERE
S 0.26
Rose

KRR 0.29

- 0.98

- 0.44

28.37  26.71

- 1.20

1.92 -

19.93 12.82  20.63 23.41

0.94 0.56 0.64 0.32

0.56 0.43 0.38 047

23.39 24.66 28.35

1.16

0.53

0.62

0.31

10

0.77

0.61

0.28

0.20

0.29

13

33.66

0.25



i) EEER FKFEY%% 5 Teasamplenumber
Aromatype Aromadescription YL ZK BX 71 72 73 74 Gl G2 G3 G4
Jasmine ketone Rasmine flower
R 24 il bt
P52 =R TE%%. AR AT 0.68 - 0.29 - 0.17 - 022 0.33 - - -
p-lonone freesia woody sweet
JeglE e ZEn
Ui 7K%}k Ik 0.84 - 0.27 0.19 - 0.10 022 0.15 0.10 - 0.17
Methylheptenone Fruity Musty
6,10,14- = £-2-+ T
e I A R 088 - 074 040 017 - 034 045 - - 073
6,10,14-Trimethyl-2-pe  Oily Herbal Jasmin
ntadecanone
5-FHEE-2-(1-H W 2,
Fo)FE L
5-Methyl-2-(1-methylet - - - 0.30 - 0.15 0.19 034 - 020 0.18 0.82
hylidene)cyclohexanon
e
4-F 32 (H)-Wk I i
4-Methyl-2(H)-furanon - - - - 0.27 0.25 0.13 - 0.18 0.38 - -
e
2,3- 7 —fd gL N L RN
. 0.30 - - - - - - - - - -
2,3-Butanedione Buttery sweet creamy
. N7 W |\‘ e TR
1- R340 e
1-Penten-3-one gent peppery ’
mustard
2- TR KRR AR
. 0.60 - - - - - - - - - -
2-Butanone Fruity camphoreous
== N 240
ﬁiﬂﬁi%ﬁiﬁlﬂ @Dﬂi /Ej:% 'f’t?‘* 0.12
Isopropylidene acetone Musty  Earthy ’ ) ) ) ) ) ) ) ) ) )
Chemical
o i wER e
L343 R BRI Je ek
1-Octen-3-one Herbal Mushroom 0.67 - - - - - - - - - -
Earthy
oD HPHE AE S ] ) L o
o-lonone Violet floral Woody '
FF 3 - 3 TR Sk S ] ] L o
Methyl nonyl ketone Waxy Fruity '



HH ESHR FKFEY%% 5 Teasamplenumber
Aromatype Aromadescription YL ZK BX 71 72 73 74 Gl G2 G3 G4
2,2,6- = HIHEIR T et
bt} Y 3 I» I:]
2,2,6-Trimethylcyclohe EARRBR 0.91 - - - - - - - - - -
Pungent
xanone
P2 HL AR TR FERER
. - 0.50 - - 0.40 - - - - -
Hydroxyacetone Pungent Caramellic
1-(L4- -3 570
fi-1-2) - - - 017 - - - ; ; - 012 -
1-(1,4-dimethyl-3-cyclo
hexen-1-yl)ethanone
R4 Sk AR o ] S
Isophorone Fruity Woody Sweet ’
. o A KE =
055 24 A BV a1
Ethyl jonone S\yeet Woody Flora - - - . - - - - - - -
Violet
4-$2 52T i ) i i i 0.10 i i i i i i i
4-Hydroxy-2-butanone '
Ko
- 11 -
it Quantity 8 7 6 6 6 6 5 3 6
Footin A5 (o
g i (%) - 5.95 - 3.70 2.77 1.73 1.84 191 280 161 1.07 2.50
Content(%)
Ak e
Carbon-hyd 1,2-f21:%\%ak}“5 - 0.26 - - 0.38 0.29 0.61 - 0.19 - - -
1,2-Diphenoxyethane
rogen
QESUIE 2\ VAY & = F
Dodecylmethylcyclohe - 0.30 - - - - - - 0.30 0.30 - -
xasiloxane
VSIv 33 T
T LS - - 041 062 036 - 034 071 - - 037
Tetradecane Mild waxy
Eﬁﬁﬁ:ﬁ% - 1.79 - - 0.39 - - - 0.42 - - -
r-terpene diene
| =
AR W& 0.38 - - 0.22 - - - 021 - - -
Laurene Ester incense
ke - - - - 022  0.10 - - - - - ;

Undecane



sl
Aromatype

BRI

Aromadescription

FKFEY%% 5 Teasamplenumber

YL ZK

BX

71 72 73

74

G1

G2

G4

4-FREILR 205
4-Methoxystyrene
ke
Heneicosane
1Tk
1-Chlorohexane

+ =k

Dodecane

B+ =5
n-Triadecane
+-tk
Heptadecane
ARAL:
Hexadecane

+ )\
Octadecane
A

Tea spirane
COSNT:
Chlorooctadecane
1-Ekbe
1-Chloropentane
PANG B 32Nl g o
Octamethylcyclotetrasil
oxane

7N SR PR = hE A
Hexamethylcyclotrisilo
xane

IETHEFR T A
Propylcyclopentane
2-CHE-1-Cf
2-Ethyl-1-hexene
(2)-3,7-—H1%-1,3,6-

il

Sweet

o
Waxy

0.90 -

0.70 -

0.39 -

0.14 -

0.18 -

0.22 -

0.25 -

0.14

0.52

0.40

0.20

0.19

0.25

0.19



HH ESHR FKFEY%% 5 Teasamplenumber

Aromatype Aromadescription YL ZK BX 71 72 Z3 Z4 Gl G2 G3 G4
FKE= I
(£)-3,7-Dimethyl-1,3,6-
octadecanetriene
. i3
—— BEAE AR
. Fresh woody Sweet pine - - - - - - - 0.19 - - -
Terpinolene .
citrus
TN ] S ] ] s
o-Caryophyllene :
ik . 12 - 2 8 3 1 3 9 2 - 2

At Quantity
Footing 48 (%)
Content(%)
L= i
Ethers Phthalic dimethyl ether
T A T H& &
Isoeugenol methyl ether Spicy clove Floral
K
Quantity
wE (%)
Content(%)
FIEEERE 1,23- =R
Methoxybe 1,2,3-Trimethoxybenze - - 7.86 0.45 2.10 334  6.11 040 1.11 1.72  2.67
nzene ne
1,2,4-= LR
1,2,4-Trimethoxybenze - - 4.89  3.70 0.38 2.23 574  6.64 - 323 498 5096
ne
HE
At Quantity
Footing 4 & (%)

- 5.69 - 0.55 2.89 0.75 0.61 1.64 285 0.63 - 0.56
- 341 459 0.60 2.80 365 533 028 1.12 1.51 256
- - - - 0.35 0.62 0.78 - - - -
- - 1 1 1 2 2 2 1 1 1 1

it
- - 341 459 0.60 3.15 427 611 028 112 151 256

- - 489 1156  0.83 4.33 9.08 1275 040 434 670 8.63

Content(%)
FHofth
Fe I
Miscellaneo H}J[I ﬂ; - - 244  3.84 1.26 5.94 6.13 174 831 369 290 3.14
Caffeine

us



HH ESHR FKFEY%% 5 Teasamplenumber
Aromatype Aromadescription YL ZK BX 71 72 Z3 74 Gl G2 G3 G4
#ﬂ%wf . - - 0.60 0.40 0.30 0.30 040 0.60 - 0.20 0.50
Carbon dioxide
- - 1 2 2 2 > 2 2 1 2 2
&1t Quantity
Footing S8 (%)
- 244 444 1.66 6.24 643 214 891 3.69 310 3.64

Content(%)
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