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ABSTRACT: Objective To construct the high performance liquid chromatography (HPLC) fingerprints of dark tea
in the five major producing areas of Guangxi, Hunan, Sichuan, Shaanxi, and Tibet, and identify the producing areas
based on chemometrics and machine learning. Method A high performance liquid chromatography-diode array
detector (HPLC-DAD) method was utilized to analyze the chemical components of 48 different origins of dark tea
and establish a fingerprint profile. Seven kinds of reference standards including gallic acid, epicatechin, epicatechin
gallate, catechin, theaflavin, caffeine, and epigallocatechin gallate were used to identified the peak. A combination of
chemometrics and various machine learning algorithms were employed to establish models for the identification of
dark tea origins. Accuracy, precision, recall, and F; score were used as evaluation metrics for the machine learning
models. Results The fingerprint profile of dark tea identified a total of 8 common peaks, with 7 components being
identified. Based on the peak areas of the 8 common peaks in the fingerprint profile, the chemometrics and machine
learning models for the origin identification were established. The partial least squares-discriminant analysis model
was able to identify some origins of dark tea and identified 4 differential markers, with a prediction accuracy of
54.2%. The logistic regression (LR), back propagation neural network (BPNN), support vector machine (SVM),
random forest (RF), and decision tree (DT) algorithms achieved prediction accuracy of 66.7%, 90.0%, 90.0%, 80.0%,
and 80.0%, respectively. The evaluation indicated that the SVM model had the best performance for the origin
identification. Conclusion The chemical components of dark tea from different producing areas in China are

slightly different, and HPLC fingerprints combined with SVM can better trace the producing area of dark tea.
KEY WORDS: dark tea; high performance liquid chromatography; chemical fingerprint; geographical origin traceability
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AR AN KR FR e N, U A 1 S
ZERERL, GAE . Bis . BT 4 8 Tt
DRI e Py R A A 5, DA B LA 0 S D R g™ oL
SRR JRE SRR Y 1 PO AR, R AR
B WERA FEARE BN RS W
VUL . B . PSR BRI RS A
BIRAE, AR M BT C IR N AR 4 R b R
mi o PRLRBZS RS b T JEURE A BN 1 20 00 22 S 1 K AR AR BE
— SRR Ay 36 SR 28 R 4 R Pl RS AR AT, 8
T RS B B e A ME LU IE, A ™ H A2 31 2 B A2
TERE, 3™ B E O R IR AL M R, e e R R
it e S, WO e — Rl RS e TR Y SRR R U O i
X eSS D AT FA BRI S /R

%G8 1 2% 7 ) U7 VR AR TR I, XK
PP HLA LS8 APPSR RE RN A4 2 2 B P 44
PEUZL HOR HL 4% 5 B 110 3838 11 % & B U3 Bh 25 7
o JEAER, CAWFRE @ IS BT AR RS
MO PR IEAT TS, 5 vk AL S a3 A M R (UM (3 -
JRREE B - B B AR L TR sy
PR EE MR RREENY | AR A S B T EET)
TR H AR LOAMEREENS ) R RIE P S, b
B A 8 i 7 (high performance liquid chromatography,
HPLC) H A 54 M AF R0 o B i 370 FH k0 2 o 5 Y,
O F T 25 2R A il 14 7 st 99 L 5 v 22240l kg )

FIH HPLC 25634 Hxik B R E 6 AR iy A2
PG S AT VT T T RIE K Gy, A PO F A AL Lo o
1 JH 3 14343 B (principal component analysis, PCA)FI R 48
RISk AW . WL DI A= R RS FEA K
B, A= BRI N — 2, (15 2 4L T HPLC 15
LR % 43 5 R PCA L TE A2 i 5 /s — 3 - F4 3 43 B
(orthogonal partial least squares-discriminant analysis,
OPLS-DA)FIFHL A bk (random forest, RF)IH 51| 1 I )
RIS, 5REIR PCA AREARLIX Y, 1l OPLS-DA Fil RF
YPIRAG T B TN EE SR . £5 bR, HPLC m] A7 AR
7 L R T 1 ot BURRIE 22 S, (H 22 R TSR3 1T Il PCA 45
TE M 7 R T T AR Y, R R e R T, L
XF T 27 1 2 i R R RO RCR W i — P IR E
Blgss S B — e 206 2 > G AR RE Y
B, BASRMER SRS . TR AR A, IndkE B
I F = M IR ST T, B R . CUT %525 4%
WEHARPGEH ARG & ZFLas 2 I BRI T 7 77X 4L
ZR = 1R, R RF . SCRp1 2 AL (support vector machine,
SVM) . £S5 51Tl K-SR T 40 4 RIS 8 4 PR v 5 43
BIHK 92.7%. 91.8%. 86.3%. 86.3%. YUN Z5POHEFE T T
23 SO L 2 B K- 48 A RF PRRIBLAR 2 > 35Xk A
10 NHLIX Y 306 BR£LA AT R A vl A7k, 45 R R
K- 4R R A58 4 P00 1E 5 5 5 18 100.0%71 97.0%. JIN
SECURI T 3T 2061 4 AR IR B 2 > ML TR SR K
AR B HOR IR, AT T 95 3% HUIHER AR . L
RS R IR 2T TR M IR U B BRI ), AR
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722 SCHR IR B & B, H SR FALARS 27 > B 258 I 7t g
FREEEDTRADCRER AR 2128 . G285 e SRR A
7R U, T T OB (IR s AL 2
B X PR [ R LB R 0 A SR 4E

ST, AR R SO (3% - AR AE RS AN
(high performance liquid chromatography-diode array detector,
HPLC-DAD)FEFEIE 5 X (1) 48 {73 BRATHE AL R AU,
Xof Herb g S A 0 B A AT RRUOE S A, R AR 2 R
PLS-DA JKAHL#§2#>] 2 45 [H]1H (logistic regression, LR) , Jz [a]{%
A2 W 2% (back propagation neural network, BPNN)., SVM,
RF FIB R (decision tree, DT)SA-H:HNT A% = Hi i AR,
R BRI BT IR T S S R

1 RS

1.1 w5

FEMECA R E S AN BAEF M, Hrp S1~S5 PR
2%, S6~S18 NiiF AL, S19~825 M PUJI| A, S26~S30 Ky
BEPURAR, S31~S48 NP L, Wk 1 FiRh 48 (3 BAL
FE RIS .

Fz1 SBHREXHERKREER

Table 1 Source information of 48 black tea samples

S5 ML ARGy RS UM ARG
S1 i) 2018 S25 Pl 2017
S2 i} 2019 S26 (S| 2018
S3 i} 2020 S27 Bev 2019
S4 i} 2021 S28 S| 2020
S5 | 2022 S29  BEPY 2021
S6 L) 2012 S30 PR 2019
S7 L) 2013 S31 g 2022
S8 i) 2014 S32 Ui 2022
S9 W 2017 $33 P 2022
S10  iHEE 2013 S34 - PR 2022
S11 il 2018 S35 g 2022
S12 e 2018 S36 VU 2022
S13 L) 2019 S37  VH 2022
S14 L) 2019 S38 g 2022
S15 W 2021 S39 WM 2022
S16 N 2021 S40 [iige 2022
S17 il 2021 S41 g 2022
S18 IR 2022 S42 [ligE 2022
S19 Pyl 2016 S43 g 2022
S20 P 2017 S44 VU 2022
S21 Pyl 2017 S45 [iiE 2019
S22 Pyl 2018 S46 g 2020
S23 pal 2019 S47 [iige 2021
S24 pa il 2021 S48 [ligE 2017

WETREE=977%), BREETILERGEE=
98.0%) . FKILF R W B T EAMR(ZHE =98.0%) . FILATH (4l
B =99.4%) . JLEFK (4L = 98.0%) . Wil ME B (41 B =
95.0%) . R B FILA R L E TR (LI = 98.0%) %] I i
(2GR R AR IR 55 A PR A R, R mR(tagal, 78
EETEAF]);, M. CRR(EIEA, KHEFE B2
HIRAFD,

1.2 UE5E%

ZHER 1260 Infinity =R (O35 [BC DU TTHE SR
(G1311C ®), BFhIERERR(G1329B &), MM (G1316A
A1), DAD Kl #%(G4212B ), ChemStation I {E¥5]. Agilent
ZORBAX Plus-C;5 5% #:(250 mmx4.6 mm, 5 pm)(3EH
Agilent 2AF]); PS-100A #75 J I Ve (A58 1% FEAR 7 5
HABRAT; XP204 BT 452 — L F KV G L iR+t
FIZ ], GL2IM Pefivd VR O A AR O LAY
FEBRA ], QL-901 AUJE iR E A A% (I T HAK DL IR AL 2 ]
AT PR AT, XL-08B FUFREEA BEHLO M T I BA ALK 1%
HA BT 0.22 pm FLIEBECRHHIE A H).

1.3 5 &
131 % BB s An A o I8 ) &

AR ERRIO B TR . BWEFILAE ., BILAE
WET®RAES., RILAE. JLBE. MR e IR
WA TRREEX BG4 20 mg, A FEEZ B BRS,
RI45 10 mg/mL Ji v 3 A % IR R VTR

R B PRIURE S BN (M WL 40 HN0.20 g, BT
50 mL ZEaEfA, AR ELE T, KIF60°C)H
I 60 min, #EFEER, B EERLL 13000 r/min 550
10 min /5, £ 0.22 pm JEREIELT, OB BIASAE S VA
132 @&#4t

oM A: 5% (MV)ZERK; FishHl B: ZJE; Hif
35°C; Krlliff: 280 nm; #EAFHE: 20 uL; JiH: 0.3 mL/min;
FREEVEMAR Y 43R 2 R .

Fz2 HEEBRRER

Table 2 Gradient elution program

Fisf 18] /min A% B/%
0.0 85 15
8.0 85 15

25.0 75 25
35.0 60 40
45.0 40 60
55.0 20 80
60.0 10 90

133 LB EHFHFER
Fie R 1.3.1 e 5 el 45 1 0k SRR TE 1.3.2 414
T HEELLHRE 6 YR, 115 HPLC B3 i &% A 0 A % 4 B8 i)
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&) 0 AH X 0 T AR (9 AH XS AR U fW 25 (relative  standard
deviations, RSDs)FH FIFM 5% B . #4288 1.3.1 Ik 7 F
Thl 6 IFEREBITE 1.3.2 &M aEER:, i1E
HPLC [&l %% rfr 4% 2 A5 06 A0 X5 {5 B8 BT fva] 0 AR T 068 177 FH A
RSDs {HHFEMEL M BRI R I8 WA R ) A5
(0, 4. 8, 12, 16, 20, 24 hyfE 1.3.2 S FELLHE 6
W, L HPLC P b 45 A e () A X £ 7 B[] 0 R X e
T FLAY RSDs fHH FHEMERE 1 o
1.3.4 XFZ# 2% HPLC-DAD #K Bt 5 R LR
Y FRIA

(OHFE B 3T

U 48 OyHASHNE 1.3.1 Frd kil e s s, 1
132 5 FHEA TN, FR3RAS s 508 DL ATA R T A
(ke sURBEAR U IR R 50 ) (2012 MO, &
S2 - MR A R S NE g, B IR) B FEE 0.5 min, EREZ A

RO T AT QI DC I, A= 5 57 Rk TR A0 KA
PA R
QLA IR IN

PR 1.3.1 Tk 5 I 45 B 7 RO BE LA TE 1.3.2 451
TWRELLHRE 6 UK, T IR OR B N E] A S (E, EEES
AR P L BE 25 HPLC-DAD 45 £ [l oAy # X 4 A
7 U 119 Y- S5 A B ), R [ W0 L B B i) A 9 S (D AN
[ Hl SR ) A WA THE A
1.4 FHRREERE G EAMIFNIE R
141 ZRRFERME T

PLS-DA J&—FhEE T/ T [T LR 51 14
I F PLS-DA #ERIEA 74328t 3 ik 7 1 75 0 4 B (X) F
AR B R (V) =2 18] 38 7 i d5e /N 3 (] BRI R A - S
o il A (1 2% 0) sk e, Horp | R rEASE T8,
0 FRAJE TZIEBY B LR B Fh ) SO [ )7 2 At
TYEOL 38 3o ST A BRI W DG P i 2 AR g e I SR
S8, T 42 R, BPNN 2 i A A e g
LU R — R TR 2 2 2 g, —Rats: —
ANZE . — DI EARER— 2P, HO AR AR
T A AR T AR [ L [RIVE FH, S 78 3 45 J2 A AL (59
{H, MIMARER 2 /N TRINER . SVM J&—Fh 40 2588,
B L RENS R e AR L RN 4 I, iR R LR R ]
X3 B9 JE e 50 Bt S5 30 2 A4 O AR FE 2 1), 7R ARRAE 2 i) 3
SE— AR A R e e il 110, e T I A R
Mz AkRE Y, I A A/ NEEARSE R R B R O RF R —
Pl W AR Tk, AR AR o AR AL ik
R 3 A AR SR BBy M RS B 4> 2K 45 2R, &y
LT A 23 LY B 3 28 28 i HL TR N e AR s E 1 7
4, DT Z—FEESHUE B % 2 i, HERIAE il it —
AN I SRR R A T A S 1o 2T A R )
AR NAEAR S5 B, DTS A AR 78 A2 A g e

AR 285 R B A AN I8 ORI T — AL I 41, LA
IR IREAS 12851
142 FH¥E4F
K FH MEHf 2% (Accuracy) . K 15 % (Precision) , 7 [H] %
(Recall) } Fy 43#1(F, Score)fE A B4 = b iR BB AL A 3EAf
85 Accuracy STl R ZE )™ My IS RY 4 TN v A 2 1)
TR, BRI [ 7 T LE A R BT Precision
7N A8 7y FAZR rp ST Ay LE A A R BT o LR, BRI
ARSI ) S S 01 RE ) A, Recall AR T RS iR 1]
R TE A T ) bG8, By U AR X 4% 7 PR 114 T
WHIBE I AT, Fy Score S35 75 BRI 3 14 B4 14 ]
P, FoRMER 1, FoIMAER 0. Hat&E 5008
Accuracy=(TP+TN)/(TP+FP+FN+TN)x100% (1)
Precision=(TP)/(TP+EP)x100% 2)
Recall=(TP)/(TP +FN)>x100% 3)
F, Score=(2xPrecisionxRecall)/(PrecisiontRecall) (4)
Horr, TP o 35000 1A 1 12)™ MBS REAS %L TN
AU TG 8 AL 7 4 SRS FEAS YRR FP Ry Bl iR S0
27 M SRS FEAS R K FIN A 52 00 oAy Al b BB 2%
FEA AL
1.5 mEEHH
SR v 25 48 S0P TS AR LB AT R 52012 W) ST
HPLC #5483, S Origin Pro 2023b 34 &3, %
Fl Simca 14.1 ZKAFH1 Python BAFH| FHTESC& 1 g A7
W B> % S7. PLS-DA. LR, BPNN, SVM. RT il DT
7 H R

2 HRED

2.1 BWEEGEFNIE

B OUEIS  vA R IR IR A R R, 7R 2% HPLC ARG
WSS R, & L 0% A9 AR X B B IR) RSDs fE A
0.03%~0.78%, AHX TR AL RSDs A} 0.86%~2.61%, /N
F 3% (n=6), FKALKAUIH®E RIF; AEE ML,
THEAS B & A 0 B AR R B I 5] RSDs {E24 0.03%~
0.62%, AN FL RSDs fHN 0.87%~2.63%, ¥I/NF 3%
(n=6), XHZITW I LEL M R, EREMEE D, 1T
BSR4 A B E] RSDs {4 0.01%~0.24%,
AR I TH FR RSDs {84 0.76%~2.46%, ¥/NT 3% (n=6), 3
BHAE SRR TE 24 h NFAEME L IF .
2.2 HPLC 8 ENEE R EBIERIA

K 25 R SURTE AR PR RGOk B IR 5
AR TR 48 BRI Z A IERE AR
HPLC-DAD 520 FE WA 1, Hhric 8 MLAIE, Sk
U 90%DA I, #E—0 48 Y BARHE sr g A ()
2b) S hR MG B RS (F 2a) i T LR, Alifie T 1 S0k



54 B L4 T AR I 2 R %145
EHEE 4
_r_ﬁ - fi— 4
. i o4
A Y
H &b
w h &
= v &
; S
T i S32
S31
3500 | E o b
S28
e D6
3000 |- H r— S5
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I S22 @
| S21
2500 | jk L $20 &g
[ S19
] o S18
L S17
> 2000 |- 4 sS1156
% H s14
ul M S13
42 1500 | 1 P - it
H S10
N S9
1000 | 10N s8
] 1# SS67
f S t S5
500 | i o
E S3
S2
0 1 1 1 1 1 1 St
10 20 30 40 50 60
£ B3 B[] /min
#1148 {55225 HPLC-DAD f$5 80K 1%
Fig.1 HPLC-DAD fingerprint of 48 dark tea samples
1800 1 6 Sl AR AT ILKE R W E TIRER(1z=26.781 min), 8 5
> 1400 W}y 22 LAE R T IRMR (t:=59.341 min), 7 5 IEAH &I
E - A DG > ¥ >
o 1388 5 By DL S2 SIS EIEAE S MR, 10 8 NI A X
& oo 2 A 6 {5 BRI} 4] 9 RSDs 4 0.03%~0.38%, ARZEHE/IN; AHRIE
3 . . _
2000 1 . . . 7 ¥ RSDs 4 31.55%~80.61%, 28K, LA, A=
0 10 20 30 40 50 60 Hi B Ab2E R FP2E A — B, RR— o A e 22
DR B ER 5] /min SEHE, B R 2 AR N KA AN R L B A R R
1400 5, FF A= iR AR R iy 2= S 53T .

8

1200
Z 1000
= 800
ul
@ 600

400 1

200 llz 3 4

0 1 1 1 1
0 10

5
6 7
20 30 40 50 60
£ B4 sF 8] /min

Bl 2 FRAHE LA R i 0] I ] () A B (b)
Fig.2 Dark tea fingerprint standard control chart (a) and common
pattern chart (b)

HEEF R (1R=2.800 min), 2 SN RRETFILEER
(tx=4.086 min). 3 FUWER LA E (x=13.168 min). 4 TN
FILHEE (x=18.141 min) . 5 S A MIHER(tz= 20.054 min)

23 EBEFEEMIRRRBENEILS
23.1 A F PLS-DA ZRFHRAIER ey 5
ARSI 8 A A e Ay e T FRLAE A RRAIE i) X AN
[ 7 iy SR AS HEAT 7 MR, A8 Ny BRAR 0 TR B R R i
il AR bR AL 5 A S48 S TR IE AR s UEA T T TAL B,
B TSRS, RO PR A R T, IELUR [
YERNRAE R (YV)EESE T 5 A7 BB 25 ) PLS-DA 7= i 51K
B, il PLS-DA B97543 B (P 3)rl 5, AN[E] s X A SR 2R i 2
Gyh 5 2, B BEEIX ] 95% i, TS (AT
B [ A5 LA HE BU(R™ ) MR 28 B LA 8 B (RE) 2 91
0.978 F1 0.708, 5  Hi 5 ¥ (Q*) M 0.542, R* Al Q>
A 0.500, ik WTASE Y A 45 4 R ek R T 10T
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Wil PLS-DA 15%| 8 MRRALAR i iy 81 B M 5% (variable
importance in projection, VIP)Z5RUIE 4 frx, LA VIP>1
YEh BE AR fE bR, RE) 4 DERREY, XL
A B X F XA AN ] 77 b R AR Y SR R, HETX 4
A= B W] AN TR RS 1Y 22 S R Ay, IR e i
EHINKENHEY, A RILERZR B TR LA R>
BEFIR>FILEER, B 5 4 200 IREHAEIRERE, EH
QAL S A A A A A5 /N T, DL AR
PG, BERIBIEAT 8T, AT IA A %45 SR v] T LA A 7
BN 57

mA
30l HB
|_[@
201 R D
538 S30 . E
10+ S453 S5
E 0 1@,
- o ss Sl 257
-10} \ 2 : .
2@, = Sﬁ s SIE6
20} s
30t
40 . . . . S "
40 -30 20 -10 O 10 20 30
t[1]
H:A. B, C. D EZM0R AP, WFg . pO)il, BRPEFI
VYRR SRASRE A
€3 PLS-DA #1515 5014
Fig.3 PLS-DA model classification score chart
2.0

F8 F3 Fl1 F4 F2 F7 F6 F5
A 1S
/% 4 PLS-DA % VIP {H &l
Fig.4 PLS-DA model VIP value chart

0.8
0.6 -
0.4t
021

R, QM

5 PLS-DA [ 200 K B #i6 50
Fig.5 200-time permutation test chart of PLS-DA

232 AFARRMEFIFENERFHARFNENES

PLS-DA 343 (& 3) 7w, Sk A 785 Fa A pg 5
VG 7 7 e, DX I (1) RS A AR BAE 0L, Wik — R
Z RGBT e BR A5 MU A A M A T S, AT
K F Zscore FRifE Ak Xt 8 A e 0 T R ZE 1 174 D s 44k
HIHAT WAL, FIF LR, BPNN, SVM. RT il DT %> %
P ST EIR P AR IR IR B A R 4 ok R 4 A
T AR, FeZeWi4r 45 R AnE 6 F13k 3 BioR . SVM AR
UMY Precision FEARZEHEBEIRMILT RT A1 DT #ifY, {HEZ
Accuracy . Recall Fl F; Score 845 SR tl, 43514 0.900 .,
0.900, 0.899, K1t MEEFA I 53Hi7, SVM AHES T HoA 4 Fifss
T AR R R e B

HE— %25 543 BT & PR, BPNN H1 SVM (14 T i %
BIRBN T 90%, FHHDCHIASHLAR 2 S R TE & B 1l
WHIHFFE; RT A1 DT AT AERG R ESRIET BPNN, {H
Precision 1 F, Score 35 #5 41 F BPNN, H.H 1% # Precision
9 1.000, iH] RT Al DT HA RIFFFLERIGES); M
BPNN. SVM. RT #il DT B8 I BERPMN 8 HR, LR A
R A SR AR 25 .

F, Score
[ Precision
LR [ Recall
W Accuracy
BPNN
%
® SVM
RT
DT
1
0 0.2 0.4 0.6 0.8 1.0

VRIS
A6 I HLIRA S SR

Fig.6 Classification effects of dark tea from different origins

F3 FER~HEFETNS BER
Table 3 Predicted classification results of dark tea from
different origins

) kS
F, Score Recall Precision  Accuracy
LR 0.707 0.667 0.769 0.667
BPNN 0.854 0.900 0.814 0.900
SVM 0.899 0.900 0917 0.900
RT 0.880 0.800 1.000 0.800
DT 0.867 0.800 1.000 0.800
3 4

AWFFF ] HPLC-DAD #5730 AN [A] 77 M B 5 i) 48
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gUEE, e 8 NI R AL 7 Ry T
8 AN A i 6 AR X {5 B IR ] FI1AF XoF 0 1T B RSDs B B,
ANl A A AE R A A 26 1 HLA — Bk, (HIR— a1
FRAFTE R, XS BEA P RUR LR . ORI R
FREE . PRRCHLA . AR RS IR A G, IbAh, 45afee
Thak 2 R g A7 2 R JRAS ™ W EA T U IR o R B, ik
T PLS-DA {23t # a4k 5] 4 22 SArEly, HE
Wi i M R B MR IO RILZE R BB TR LR R >
B FIR>FILA R, BRI AER RN 54.2%. K 5 Fh
HL 2§ 2 > A5 70 JF 47 SR 2577wl iR 50 A9 45 R B, JLp
BPNN. SVM. RT Al DT F=Hb il AR ok B 5 47 ih 2R
AR T AR R A B B T 80.0%, I ARAGH b i 43
FRERE; A5 TEM ARt b e B, o SVM AR R 75
PUR A A R OR b etk RefefE; F—2 5 PLS-DA
R TR IN VEE Bf 2R LA IR R BR, S R HLAS 2 > BRI A 7 i )
ORI T PLS-DA, %] HPLC $540EiEss Sl 3es% )
S RES BT o B 7 A T IR 5

25 b, AWF5ERA HPLC-DAD 454 Hlasas S #47 2
A MRS, FRBGUETZ )y TR AR /IR AR S rh S B RS
A IR AT P ATE FAT S, 3 A ) B i VR 5
P22 | (IR AT IR I B OOk A R RIS | il
ARG . VG AR I 48 AN TEACRESD, HBA B IX AR A AR
WA, TR E RIS D, JEenT it
B IRE S T R R B (I 2R, DAARAS AR
TSR AR AR R 1 i

EE P
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