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Geographical Traceability of Yunnan Sun-dried Green Tea Based
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Abstract: To investigate the correlation between growing environment and stable isotopes and mineral elements in 80
Yunnan large-leaf sun-dried green tea samples (from 4 production areas: Ning'er County, Lianghe County, Simao District
and Jinghong City, Yunnan Province), 24 trace elements, 14 rare earth elements and 5 stable isotopes were analyzed and
determined by using Elemental Analyzer-Isotope Ratio Mass Spectrometry (EA-IRMS) and Inductively Coupled Plasma
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Mass Spectrometry (ICP-MS). To explore the feasibility of discriminating large-leaf sun-dried green tea from different geo-
graphical origins, multiple multivariate statistical methods were employed, including analysis of variance (ANOVA), prin-
cipal component analysis (PCA), orthogonal partial least squares-discriminant analysis (OPLS-DA), and linear discrimi-
nant analysis (LDA). Tea from Lianghe County recorded a significantly higher total mineral element content compared to
the other three regions (P<0.05). PCA extracted seven principal components with a total cumulative variance contribution
rate of 80.831%. An OPLS-DA model provided effective differentiation of samples from the 4 different regions, from
which 15 key variables with variable importance in projection (VIP) scores >1 were screened (6°H, 6'°0, Rb, Al, TI, Cs,
6*S, Mn, Cu, Cd, Ga, Ba, Fe, As, Sr). Subsequently, these markers were subjected to Fisher's LDA. This model achieved
100.0% correct discrimination and a 92.5% cross-validation rate, demonstrating its robust capability for origin traceability
of Yunnan large-leaf sun-dried green tea. This study demonstrated the feasibility of tracing the geographical origin of
Yunnan large-leaf sun-dried green tea through mineral element and stable isotope analysis. The findings provided a research
foundation for origin discrimination at a more accurate geographical scale and for the protection of geographical indication

products in Yunnan.
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Table 1

Related information of sample collection place
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100°42" E-101°37" E
98°06' E-98°34' E
100°58" E-101°50" E
100°25" E-101°31"' E

22°41"N-23°36' N
24°31" N-24°58' N
22°27"N-23°06' N
21°27"'N-22°36' N
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Table 2 Trace element content (mg-kg ")
JLERE THE PPAERY B =i}

Li 0.082+0.001° 0.169+0.001° 0.040+0.004° 0.064+0.003"
Be 0.004+0.000° 0.010£0.000° A 0.005+0.000°
Al 1.890+0.101° 1.642+0.128° 0.715+0.141° 0.815+0.019°
Ti 6.495£1.852° 14.151+1.470° 3.950+0.505 8.625+0.522
Y 0.083+0.001% 0.111£0.005° 0.072+0.031% 0.0430.003°
Cr 0.185+0.007° 0.926+0.064" 0.118+0.001° 0.422+0.074°
Mn 1.410+0.206° 1.098+0.071° 0.495+0.064° 0.710-+0.040°
Fe 78.70+8.833" 115.816+6.550° 28.495+1.640° 87.79043.568"
Co 0.312+0.001° 0.334+0.079" 0.081::0.001" 0.117+0.001°
Ni 4.920+0.207 107.954+5.924° 4.090+0.138" 7.590+0.728"
Cu 12.495+2.173" 13.093+2.473" 11.985+1.674° 15.570+1.277°
Zn 26.385+2.233" 30.383+3.944% 32.920+3.496° 35.010+4.146°
Ga 1.680+0.175° 1.392+0.042° 0.730+0.075° 0.720+0.007°
As 0.029+0.008" 0.016+0.009" 0.012+0.002% 0.005+0.001°
Se A 0.395+0.007" 0.011+0.001° 0.0060.000
Rb 53.21545.906° 154.730+9.513* 58.725+4.540° 120.845+3.292"
Sr 0.024+0.005 0.019+0.000° 0.009:+0.003" 0.009:+0.002"
Y 0.300+0.006" 0.470+0.043° 0.029+0.002° 0.079+0.009°
Mo A 122.992+10.281° 35.520+1.049° A H
cd 0.056+0.004" 0.029+0.006" 0.026+0.001" 0.025+0.003"
Cs 0.578+0.009° 1.127+0.074° 0.315+0.024° 1.627+0.030°
Ba 30.605+3.889" 25.803+2.275° 12.565+2.931° 14.840+3.183°
Tl 0.05420.003" 0.134+0.000° 0.029+0.001° 0.172+0.015°
Pb 0.096+0.003" 0.202:0.002° 0.0210.002° 0.0310.008°

JENs Ty 219.63+10.282° 593.009+14.729° 190.953+9.565¢ 295.12+8.671°

TE: Al AT 8 e LA ARG FREH FoR 4L 22 5+ 102 (P<0.05), $23~%K4[ o

#3 MteEEE(ugke")
Table 3 Rare earth element content (ug-kg™")

pIvE LS THE PSR BFX Sty

La 189.425+8.817° 671.390+15.657* 81.695+5.603¢ 78.940+5.295¢
Ce 332.850+14.490° 710.786+24.382% 148.68+7.037° 151.260+7.399°
Pr 46.455+2.780° 119.864+7.972% 14.970+2.183¢ 13.710+1.767¢
Nd 189.925+9.883" 461.613+20.958" 61.105+1.926° 56.145+4.085¢
Sm 48.005+1.456° 93.454+6.762" 10.985+0.803¢ 1.975+0.004°
Eu 12.520+3.850° 17.958+2.002° 3.140+0.252° 2.160+0.109°
Gd 55.005+6.941° 73.081+3.546" 13.235+2.619¢ 13.775+2.469¢
Tb 8.325+0.709° 14.368+3.504" 1.765+0.795° 0.550+0.006°
Dy 51.850+7.284° 80.934+7.644° 10.880+1.515¢ 17.095+1.842¢
Ho 11.105+1.749° 18.621+3.702* 2.105+0.021° 3.715+0.451°
Er 30.345+2.256" 58.453+2.830° 6.175+0.652° 9.095+2.628°
Tm 4.720+0.595° 10.063+2.806" 0.995+0.107° 1.860+0.002°
Yb 47.920+0.943° 87.221+4.345° 6.960+1.106° 10.635+1.903¢
Lu 6.700+0.838° 13.173+4.267* 1.08540.008° 2.310+0.084°

M 1035.150+26.082° 2430.979+47.156" 363.775+12.793° 363.225+16.731°

BT HABR 3 NP HL(P<0.05) . JESE X REREETT
PRSP SRR L TR AR Lot R S 2= ARV, FTRE

#4

Fe s Al 2R LLAE (%)
Table 4 Stable isotope ratio (%o)

= HbLAE A 4, e R oG ERY iz
m?EHTVﬁ L E R B EARSE, T s BT R A [;Llf - . . ol
AT —EARAPERT -~

o°C  —26.375+0.663" —27.010+0.828° —25.700+0.993" —26.310+0.442°

22 RERMLELLES R

SN 3.505£0.585  2.355:0.832°  3.200£0.795  3.255+0.398*

X 4 A7 H I P AR 25 AR R 2R HE Rt FH  —49.250+3.129° —45.570+3.437° —29.925+3.628" —68.570+3.673¢
FIAHT. W22 4 57 RIFFEHLAY 61°C (5 1E—27.01%0~ S0 21.870£0296° 22.910£0.757° 23.450£0325% 18.355:0.296°
SMS  7.815:0.118° 4485:0.811°  7.235:0286°  7.530+0.310°

—25.7%o, S IX A 61C fHfR i, S EAR AR, 0]
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HZE5 0 ESENSE; 6°*S H2N 4.485%0~7.815%o,
ey Bt 57S (H I IR T A 7 i (P<0.05) ,
T Y 25 5 R TSR] L TR - 3R T Y 25 5
R L Lt

23 ZBRGITSH
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Fig.1 Heat map of correlation analysis of substances
contained in tea

2.3.2 TS PCA Sl ad s k47 pae4i iy
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F) 53 36 AN [y 2 B R R I T A5 A 25 S 0T
HIahr, F PCA XA IHAE S E /Y 43 DS Fe4n 64T
WA MR TATAE2ZZ V. PCA 45 Rk 5 PR,
ARTE T ST BT 22 TTHRRAMIL T 80% MY I, 42
BUCHT 7 A~ FE RS ERR, 7T 7 T 22 Bl sk
Ry 80.831%, fRFE T 43 M HEIR KI5 B, ik
4 A 7R R RIS OC 3R 25 54

PR 5, FIHAT 2 4 3 84S o oS &
(FE 2), aTLAE H 4 AF=Hhpg 25 7e & B AR E—E
FREE LS T 0I5 28, (04 B8 BE R 2, B BN 1

*S5 PCAZ%
Table 5 Results of PCA

JEE BT ERSR2 ERT3 ERS4 ESTS ESr6 FsrT

Li 0.151  0.142  0.108 0.199 0.025 -0.173 —0.010
Be 0.102  0.136 -0.039 0.095 -0.141 0.092 0.136
Al 0.164 —0.162 -0.176 0.114 -0.037 0.092 —0.056
Ti 0.142  0.267 0.060 0.165 -0.015 —0.225 —0.001
\Y% 0.080 0.100 0.241 0.409 -0.064 —0.172 —0.055
Cr 0.135 0216 0.119 0.049 0237 -0.040 0.039
Mn 0.105 —0.072 -0.115 0.263 0.141 0.057 —0.183
Fe 0.130  0.259 -0.054 0.258 0.019 -0.142 —0.121
Co 0.153 —0.114 -0.162 0.002 0.162 0.029 —0.138
Ni 0.077  0.11 0201 -0.014 -0.042 0.444 —0.070
Cu —0.015 0.225 -0.217 —-0.050 0.348 0.097 —0.043
Zn —0.045 0.164 0.147 0.015 0.505 0.194 0.144
Ga 0.126  —-0.170 -0.217 0.197 0.036 —0.001 0.356
As 0.059 —0.087 0.062 0.387 -0.037 —0.104 —0.162
Se 0.114  0.016 0.019 -0.098 0379 —0.167 0.207

Rb 0.096 0.350 0.067 -0.042 —0.033 0.029 —0.110
Sr 0.121 —0.125 -0.146 0.218 0.050 0.087 0.241
Y 0.218 —0.009 -0.019 0.014 -0.025 0.128 —0.048
Mo 0.060 0.101  0.250 -0.001 0.257 0.386  0.020
Cd 0.046 —0.166 —0.172 0.180 0.119 0.243 —0.340
Cs 0.024 0.292 -0.236 —0.104 —0.182 0.061 0.074
Ba 0.127 —0.145 -0.246 0.192 0.030 —0.004 0.363

Tl 0.034 0308 -0.223 -0.054 —-0.200 —0.040 0.145
Pb 0.172  0.132  0.148 0.217 -0.015 —0.050 —0.071
La 0.203 —0.002 0.036 -0.174 0.132 —0.155 0.110
Ce 0212 —0.003 0.024 -0.116 0.010 —0.111 0.035
Pr 0.214 -0.024 0.026 —0.132 0.081 —0.110 0.087
Nd 0.215 —0.025 0.024 -0.116 0.078 —0.094 0.081
Sm 0.213  —0.081 0.023 —-0.094 0.010 0.045 0.062
Eu 0.204 —0.143 -0.062 —0.079 0.067 —0.041 0.071
Gd 0212 —0.098 -0.044 0.011 0.018 0.017 —0.049
Tb 0.219 -0.070 0.043 -0.061 -0.013 0.087 —0.058

Dy 0.220 —0.033 -0.031 —-0.050 —0.085 0.090 —0.057
Ho 0.221 -0.017 -0.024 -0.062 -0.078 0.078 —0.075
Er 0.219 0.003 0.024 -0.090 —0.105 0.093 —0.065
Tm 0.214 0.029 0.014 -0.103 -0.139 0.087 0.000

Yb 0212  0.002 0.028 -0.063 —0.152 0.152 —0.078
Lu 0.208 0.023 0.014 -0.094 -0.147 0.150 —0.058
"C -0.113 —-0.012 0.161 0.110 —-0.105 0.176 0.301

SN —0.074 -0.153 —0.174 —0.032 0222 -0.100 —0.367
&H 0.011 -0238 0415 0016 -0.037 0.027 0.072
50 0.076 —-0271 0354 -0.025 —0.033 —0.153 0.037
S -0.134 —0.003 —0.049 0282 -0.046 0338 0.189
TETIRE 43879 11257 7.176  6.548 68.860 3.988  3.261
Zi Tk 43.879 55136 62312 4722 73.582 77.570 80.831
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Fig.2 PCA score chart of tea element components
from different origins
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Fig.3 OPLS-DA score (A), VIP plot (B) and model cross-vali-
dation results (C) of tea leaves from different origins
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2.4 FUMFIR SR

2.4.1 SR ENLAN k-ITEBRETI  SCRER AL
(support vector machine, SVM ) J&=—Fh 2 #iL {14 Wi 2
Sy, 0 BRI AR S YRR A A h Rk 31— 2%
A ST, AR - T P A A AR CHD
“HAFmE") YRR (IR Jk, P SEEXT AR AN
FEAS A HE 43 2EB) ) k-# T 4R (k-nearest neigh-
bors, k-NN)Z& T “AHLL I FEAS S IR AR AE [R]— X4l 1)
BER VRS2 TR IR AR 5 E IR AR Y BB
EEARARIEE, Uit i BRI 1Y kA “ABIE T, I LSRR
PRI IS TR 2 2385 SRR i AR IR AS R IS0, R/ IVREAR | IR
AR s T PR S IE i g = h )Tz P, R
SVM #Fl k-NN X 80 s AL s EA 7T 43288, 45
W= 6 JIron, SVM B 53 FEIE#F g 93.75%, k-NN
(Y ZEIERA 3 100%, AR TR i A A2 24505 .
AHEIA BRI TR T, Kanrar 28057 X3 15 8 /~H X A 5%
mREAR T 67 PR 1 745387, FIFH OPLS-DA A7
SEEL T PR HLIESR 325 100%, SVM IR 4325 1E
R 5R 99.4% . ASWFFEH SVM L1 iy ] 5 v
TAZEN 93.75%, FHEL T IR 4h SBEAIK, HEM AT Hg 538
S RAE X I PR B AHER A5G

6 K-NN Fl SVM Fiili2
Table 6 K-NN and SVM prediction results

HERRE  EMACKSE

A THE A BEEX St (%) (%)
THE 15 0 5 0 75
sym BmMH o 20 0 0 100
W EEX o 0 20 0 100

U o 0 0 20 100 93.75
THE 20 0 0 100
K.NN BE o 20 0 100
ey 0 0 20 100

P o 0 0 20 100 100

2.4.2 LDA et 5] 551 Zetd: ) 5] 53 B (linear
discriminant analysis, LDA) J&—FpH JIEEAS U J8 24

BIGETT s, TR HREAS (] AR S N7 ) A5

BT AR FREAR 32, 38 n] R A SRR AL — 1>

FEARZ A HREANE R UINER, AT F5 RO 12

FEAHEA TR 1), A S F A AL RS E PR Sy

T SR [R5 IR i — 2, FFRE2E R

A R, AR HE OPLS-DA v VIP {EH>1 119 15 4>
RAE 28 5 A S | A2 B, FH Fisher sRECHE N, =~ 9

RIFPHP T A 00 MR . 2200 Pr s A5 3 4>

2H T 0 BREC(FR 7) A 3 A4 ] e BT B, LA =X
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Y1 =-34.597 - 0.115X,,+0.132X,,—0.013X,..—
0.118Xc,+6.379X 6, +21.366 X, +0.349X +
1.290X ¢, — 0.322X4,+0.041 X, +0.190X 1y, +
2.087X 5150+0.078X s — 0.139X .,

A (D

Y2 = —13.171 + 1.872X,,+0.576 Xy, —0.019X .. —
0.090X ¢, +0.892X 5, +0.210X 4, +0.009X o, —
1.796Xs, — 2.461X4—0.012X;, +0.813X 1 —
0.046X 2y +0.367X 150 — 0.288X 55 +0.175X

X (2)

Y3 = —8.676 + 1.394X,,+0.858X,,,—0.012X. —
0.040X ¢, +0.076X ¢, +52.717X . —0.015X, —
23.729X,+10.008X ¢ +0.020X,—9.462X 1, —
0.060X 2 + 0.041X 5150 +0.619X s +0.725X

X 3
AR ST, 55— R 7 25 DTkl

83.1%, &5 I BRE J7 22 BT 9.1%, 55 =3

BRI T 22 TTHRRN 7.9%, =R B 2451

HRFEA 100%.  LASS— 40 551 pR ORI 25 40 551 eR Bk
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DA Z55—30, IS UEARL AT 850, F A 5 R

X 80 AR SLIEA TR 32, FFLEG B — 7 XS

PEAT ERAG IS N AE SCHGUE . 45 R a3 8 Fras, Fiml

IEBfHLXT 100.0% U6 B 43 A5 AR S i T 1 45

25, HAZ X IIER KT 80%, Hidr 10% T H By 4%

F7 HAFROEE

Table 7 Centroids function

8 HGIRSS

Table 8 Results of discriminant classification

ERIEG N WA

HIX - =83
THE P EEX ot
THE 20 0 0 0 20
S R 0 20 0 0 20
BEX o 0 20 0 20
il sl o 0 0 20 20
THE 100 0 0 0 100
(%) ZEE 0 100 0 0 100
BFX 0 0 100 0 100
sl o 0 0 100 100
THE 18 2 0 0 20
) R 4 16 0 0 20
BFX o 0 20 0 20
LR skl o 0 0 20 20
THE 90 10 0 0 100
1 (%) B 20 80 0 0 100
BFX 0 0 100 0 100
sl o 0 0 100 100

P 1 2 3
THE 1217 1.177 3.784
PO TIRAS 2.549 3.319 —-2.349
P 8.260 -3.153 -0.783
skl -12.026 -1.343 —0.652

TE: 1~3RER3FA R 3 R B
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Fig.4 Typical discriminant scatter plot
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