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Spectroscopy and Spectral Analysis

LT HM Ik B R Bl S X 32 IR 4 B & 7 i 45 )

AEL FAK, gE, BERE, TTEY

L mB R K EFRGHE =R, =i R 650201
2. ZEARMRERAGEYHARERE, =/ BW 650201
3. mEAANA B MBI . s8R 650200

W OE AR e B A, T S A L RS M R A A SO R AR T SR
e R B (Boletus edulis )VE g — R R, Ho ™ i 5032 7 S R B8 S R, S DR AP 9 58 1 &
AR, B IR B th P= Rk AT, 25 — R sk e 1 35 ok 25 JIF B8 7= M 2 S0 B R o R P 30808 il 5 e s
455 fc/N TR 3] (PLS-DAD A5 AL 56 b 25 JF B 14 7= b 6 A7 45 0 4ok B 8 Ay s (R B B0 K&
P KB BRI SCILAR D 141 AR A B i AR 4 30T 2T A0 6 % RN A B AR e b 2T AR S . A Ken-
nard-Stone B34 T A BSR40 2/3 UITZREER 1/3 T 4E , I = Al @l & SR (IR . P m 90 X
A AT RE R LA B (N-D) | SEZLAM B 25 (N-g) . HPLLAMWBAR (M-b) | AP 2050 ) B s (Meg) s
ST e/ A (PLS-DAY BRI 28 S HIE 1 75 Al 22 (RMSECV) FlHUI 45 J5 A 4% 22 (RMSEP) $Ffy
MR R E M, JEAE DR B (NER) | I 25 45 IF 1 26 A0 000 4 1E 0 ST M AR AL A0 M BB L 22 5 2R ITM 845, R0
SE R AR T TR P S ) A B v . A SRR (D AT LT AR P 2T A1 S T 2 BE S S 9 Wk 2F TR P s (2) e sb
ST AT ST A B A T 3 20 A0 3 BT ST AT 5 (3) =T A S I R B 36 R 2R T A A 7 b 2 AR
TS VBRI KR PR RS IR S . BB RR  Rl G E LA A P 20 A O
F PLS-DA #4738 FHEME LV 0 Sl A ok W 3 57 R 5] 7= Hh 55 R 28 IF B 56 B A 10, A #2019 728 4
(49), Fe B I 2R 42 IE R 2 (100 %0) » e o 1 7 b 70 4 TE A 3 (100 %6) » |G RMSEP(0. 133), SZ8f

Vol 40,No. 4,ppl276-1282
April, 2020

TR A T T A RO AR S . AT LA D S R A T ) U A — R AT SE O ik

KEEIE EWRAATE P BORAG s R h 2 A ik s A R O 20 A i

FESES: 0433.4 XEkFRIRAD: A

5 "

TR E TIHE GGG B ML SR E kL, &
TR A g A I I . M B AR R VR T R
DK, AR B IN O vE  MRTE B A AR R Z A E R
XA IR, R R 2 Z B R RS, B
LB 2 T8 EW 4 F 5 (Boletus edulis Bull. : Fr. )& & 4k
AR IERLSHE., 7 RTR. AL F IR . A
W4 R mdEH  RNE . IRE Ao & 5 R i B B4
b, BUIESS  Hios A . B0 s ) 2 MDY . ok A i
WA T Z A KRB GRE . MK EmE XY, SRR i
[X. 2 [F1 () 36 Wk A I 8 78 3R A0 A B 22 0 MR S B0

W Fm BHE: 2019-08-15, f&ITHHER: 2019-12-22

DOI: 10. 3964/j. issn. 1000-0593(2020)04-1276-07

MM 2 . RE =AM 2. 0§ T 225 19 R 4
BTERHEA A T SR AT B A AR, SRR AR I ™
A A DR 7000, MR A AR L SO
A R U SR A B A R B AR R R AR
R A L St BRB B T — b, BRSO A AT
H M TR o U AE I Wk A5 AT 1 A L5877 3 B IR E P 4
PR BEATT Y DRI B By IR R A A

ICLLAMFI R LLAN 3 B A TEAR L R L BB B SE AL
S TTRZ LT R T R R R R R R
T B O e A R AL KR P A2 A5 B . 7 M B AR 5
T 548 A AT LA [ U A DG 15 B AR AR 5 . BN 48 5
BERIPERE . SCBURR A ORS00 48 01 o G 4R DR Bl 3 40 1 AP 4T
BT 7 L o R A O A VE 2 ORI LN R

EE&TH: BRHAFFEIEETE (31660591), 2 5 & ARl el i 58 B A % 03 4 101 H (2018FG001-033) ¥t |y

EEREN:
* JE IR R A

BHFLAR . 1994 AR . AR R A7 WE R 5 PR 2 e A L F AR

e-mail; huyiran94@126. com

e-mail: boletus@126. com; mpfan@126. com



543

e 5 4 AT L2t

LLAN 5 P 208 B 06 RO, 8 A B/ T3 B 5 (partial
least squares discriminant analysis, PLS-DA) £ A 3f 47 % 2%
Ala . RRLG . ERRLE . B 3 R IR IR 6
RTF A VG T o L 200 il 3 20 A0 5 T 2040 ok A
LR MRHEAT IR R AL G PR SRMA, B %
= b A

PR B B A A B B 7 4t 58 0 DA 2 AR Ot o B
T LT A G R B A A TR 2 0 R DU AR E . AR R 32
BH MR RE T LLAMOGE S 208 S A [ 7 b 5
URA-THF R R AT AT M X 4 A B — 5 B B . 20 50 1Y A
(N-b) \ JLLLAMY T 56 (N-g) . PLLAM I B AR (M-b) | 2L 4h
BITH (M), 8545 PLS-DA BEATAIRZ. 9. & P8 IR A

AN
=

» 0 HH SRR I 7 s M e T . O B A A T R
BHRMS %

1SR

1.1 ##

141 Y EREHERH = 8 A=, Al h W, #
M. FE. P, KL R, o, i GR DBk
ol R 2 X e R M REALSR ARG B LSRR BT, gk
HOKWEVET @, BT 50 CHLARHL T BAE &\, & 38 0 bl
(FW-100 ED ¥y i, 3o 80 H ARt &, 4 A6k A7 T A 4%
o, DRAE T REGAL

®1 ERFFESHER

Table 1

The specific geographical origin

information of Boletus edulis

7 ML FEARL LU K /m

A R R T BR KR 9 N24°34'34. 92", E102°23'16. 15" 1958
ARV R T B\ 10 N24°42'51. 28", E102°18'15. 60" 1939
A R T B\ RN 8 N24°41'47. 27", E102°19'39. 62" 2 602
ZEA RN AARERERL 10 N24°38'50. 75", E103°20'38. 70" 1917
=B R N e B ) B 10 N25°11'39. 86", E101°16'33. 78" 1857
LA M AR DA 4 N25°14'28. 75", E101°08'36. 81" 1920
ZHEAEBNSITEEN S 11 N24°36'55. 77", E102°10'51. 78" 1980
ZHEAERMT SRS 27 N24°43'19. 80", E102°2'0. 52" 2180
A8 DN A% B B A 5 N27°51'6. 50", E99°46'39. 15" 3541
Z5 T A4 3l DG N 4 L 7 N27°12'12. 77", E99°17'56. 21" 2 320
75T A8 R BN SR I L R ek 10 N25°21'27. 93", E100°31'44. 58" 1668
2 T A KM 4 B B A B A 7 N26°21'15. 54", E100°11'8. 17" 2 150
AR X 9 N25°6'16. 79", E99°7'44. 17" 1578
ZHA X ARIL S 7 N23°24'28. 12", E104°16'15. 23" 1 600

7 M A i T S e X IH B 7 N25°23'5. 93", E103°24'43. 25" 2 300

1.2 giBFEERE
1.2.1 geshskis

LT AN G A Antaris [] 7848 B i 728 650 21 40 % 354X
(Thermo Fisher 23 &), USA) H 18 Jx & & i 5i K4 . FRIX 20
gFEMIR B G, BTSSP EY, . HMkE
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1.2.2 ekt

FRLr A 3% & B Frontier KU B M- 2% 6 21 A 6 3% X
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square error of prediction, RMSEP) I /> T B £ ¥ i i 15 %Y
fasEtt, RMSECV=RMSEP H {H /N, IR 2 B
T RE IR GT . 25 AU SR A RSO 4R B TE B R AN b AR A R
# (non-error rate, NER)TFH #5843 25 fig . NER 2 R i i
FVRE 5 M S 2 {H . NER B 2 B 5 43 e M g ik
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Fig. 1 Near-infrared and mid-infrared average spectra of Boletus edulis from different sampling places

(a): Near-infrared average spectra of stipes from 8 different origins; (b): Near-infrared average spectra of caps 8 different origins;

(¢): Mid-infrared average spectra of stipes from 8 different origins; (d): Mid-infrared average spectra of caps from 8 different origins
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76. 300 FNAS T By WO 4E I A % 79. 60, Mog fR 3 141 X
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T {10 50 4 TE B0 2R AE 70. 5% ~88. 6% 2 H] . FiI R Ak 4 K
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(70.5%0) o HPLT AT A T A4S0 A 300 21 A0 S 33 1Y 100 2
B UL MG AT T3 2048 6 1A T A 09 T Ag
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Table 2 The major parameters of single spectral model
e Ly RS bIE S

s A
i EM%  NER RMSECV F##% NER RMSEP

N-b 10 0. 804 0.75 0. 24 0.75 0. 831 0.22
N-g 6 0. 66 0.762 0. 25 0.705 0.763 0.23
M-b 7 0.763 0. 808 0. 26 0.796 0.799 0.23
M-g 13 0.918 0.921 0. 25 0. 886 0. 897 0.2

2.3 HERESW
2.3.1 AR ARS

A DU B — 654 7 ((N-b), (N-g)» (M-b) Hl (M-g))
PEATAR S0 Rl 5 T B — 4> 141X 9 958(141 ASREAS X 9 958 78
O MR, Hd N-b 424k 3 112 A8 &, N-g 424t 3 112 4~
A, M-b R4 1 867 8, M-g $2fit 1 867 A8 HE ., f1k
3 s, AR AR 9 958, WAL IEHZEN 97. 9% . RMSECV
Jh0.238; WA IEHZE N 93.2%, RMSEP 2 0.188, ##
TR, IRERAG R A B 2005 B i, x™ H i 35

itk 5 g 4 A 1279
ERFEE,
2.3.2 PR ERA

FEHOY A B — 3 ((N-b), (N-g), (M-b), (M-g)) iy
LV I B —A 141X 49 (141 ASFEA X 49 A48 0 By 4 B, 3L
ON-b R AR 13 A4~ LV, N-g #2840k 15 4~ LV, M-b 424t 8 4
LV, M-g 48t 13 4~ LV, 113 3 fiw, BN 49, %%
EM %R 100% , RMSECV 3k 0. 193 i il 4 1F i 3% 7 100 % ,
RMSEP 2} 0. 133, #R% T 8 — 638 MRl & SRug . gt
ORISR R A RS TASER. BaaT
WL TR B . T Rl A 5 s A0 32 BUREAE (A 19 3 72 K BR
THRBUFE R AR A T E A & T B0 G i
2.3.3 HEEL

FRIRPUA B — 6% ((N-b), (N-g), (M-b) il (M-g)) 1y
LV #TER R G, 3R 3 Frs. WAL IEMESN 97.5%.
F A NEBEIEM GG R, Ko, 83k 141 4086 F A 55
YLRE M BT A G, oA 2 A5y AR IR (88, 90D, 3
242 L (91, 92, 114), 49 414 2RIEM ., 328 5 3540 FF &
ERE A RE. Hrh, 37 SRR N-b, Nog iR 2N
classl, M-b, M-g IEHi4r2% N class3. & %4 )5 IE 17
2% class3, R EBRA A A RIF 028585058 7T LA g
1 S AR . 92 SR B N-b g5 iR 42250k classl, N-g,
M-b, M-g IE#i4328 K class7. & EF & )5 725N classl il
class7, KUIEET LV B & R4 KUK 2 55 15= 0 R A,
TBVE T ARSI . = Rl A RS AR T e — 6 1% AR &
Bl A SR WA T e 1) 7 b T 1 A %, HL IR T B IR AE
EHR TR LT XRE R . SRAE KRR T P R4
T AR R AR R A IR AT R, TS s R
£ SR RN 21 TR El rP A R A 7 b S AR (LA
ARG FE, A5 3.5 0 MR 2 IR A R T R &
Yo g, HIFH R MR A R A KA S HH.
2.4 HIESH

T AR (N-D) . (N-g), (M-b), (M-g), (Low-lev-
eD, (Mid-level), (High-level) ¥y &t % 45 51 7 0 1F ) 2R 4K 1K
J88.6%., 79.6%. 75%. 70.5%., 93.2%, 100% Fi
97.5% o = FR B A R WA R T 48 OF R B | T —
TEAGE Y TR AR IE 0 58 25 SR SR W AR Bl G R W T LR R SRk
A TR 7 A R A3 R ROR . LR = R BUIR Rl A R i
(( Low-level ).
(Mid-level) , (High-level) ) , 3& F # iE H LV A gL i & 3R
S b S AR b A A e B, P D AR SR (49) B

R3 HEMEEESH

Table 3 Major parameters of data fusion

B L e T 5
A = AR R ‘

Rk NER RMSECV RS NER RMSEP
Low-level 9 958 0.979 0. 989 0.238 0.932 0.971 0.188
Mid-level 49 1 1 0.193 1 1 0.133
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High-level — — — — 0.975 0.97 —

x4 BRVEBMSLERSI
Table 4 The result statistics of high-level data fusion

True Origin N-b N-g M-b M-g Min Max Avg Prod Result
1, Classl 1 3 3 1 1 1 1 1 Classl
4, Classl 1 3 3 1 1 1 1 1 Class1
6, Classl 1 1 4 1 1 1 1 1 Classl
8, Classl 1 3 1 3 1 1 1 1 Classl
12, Classl 1 3 1 1 1 1 1 1 Class1
14, Classl 1 3 3 1 1 1 1 1 Class1
16, Classl 3 1 1 1 1 1 1 1 Class1
21, Classl 1 1 3 1 1 1 1 1 Class1
24, Classl 1 1 3 1 1 1 1 1 Classl
30, Class2 2 2 3 2 2 2 2 2 Class2
35, Class2 2 1 2 2 2 2 2 2 Class2
37, Class3 1 1 1 3 1 3 3 3 Class3
39, Class3 4 3 3 3 3 3 3 3 Class3
44, Class3 3 3 5 3 3 3 3 3 Class3
54, Class3 3 3 3 2 3 3 3 3 Class3
65, Class4 1 4 4 4 4 4 4 4 Class4
70, Class5 5 5 3 5 5 5 5 5 Class5
71, Class5 5 5 3 5 5 5 5 5 Class5
73, Classb 5 3 ) 5 5 3 5 5 Classb
77, Class5 5 5 5 4 5 5 5 5 Class5
78, Class5 5 5 1 5 5 5 5 5 Classb
82, Class6 6 6 3 6 6 6 6 6 Class6
83, Class6 6 6 2 6 6 6 6 6 Class6
84, Class6 6 6 2 6 6 6 6 6 Class6
85, Class6 6 6 2 6 6 6 6 6 Class6
86, Class6 6 6 3 6 6 6 6 6 Class6
87, Class6 6 6 2 6 6 6 6 6 Class6
88, Class7 1 7 7 5 1 1 1 1 Classl
89, Class? 1 7 7 5 7 7 7 7 Class7
90, Class7 1 7 7 5 1 7 1 1 Class1
91, Class7 1 7 7 5 1 1 7 7 Classl, 7
92, Class7 1 7 7 7 1 1 7 7 Classl, 7
94, Class8 8 8 1 8 8 8 8 8 Class8
95, Class8 8 8 1 8 8 8 8 8 Class8
96, Class8 8 8 1 8 8 8 8 8 Class8
97, Class8 8 8 1 8 8 8 8 8 Class8
99, Classl 5 1 1 1 1 1 1 1 Classl
103, Classl 1 3 1 1 1 1 1 1 Class1
104, Classl 1 3 1 1 1 1 1 1 Classl
105, Classl 1 3 1 1 1 1 1 1 Classl
106, Classl 3 1 1 1 1 1 1 1 Classl
112, Class2 2 2 2 3 2 2 2 2 Class2
114, Class3 3 1 3 3 1 3 3 1 Classl, 3
124, Class3 3 3 1 3 3 3 3 3 Class3
126, Class3 4 4 3 4 4 4 4 4 Classd
127, Class4 4 4 4 5 4 4 4 4 Class4
128, Class4 4 4 4 5 4 4 4 4 Class4
129, Class4 4 4 4 5 4 4 4 4 Class4
130, Class5 5 3 1 5 5 5 5 5 Class5
135, Class6 6 6 2 6 6 6 6 6 Class6
136, Class6 6 6 2 6 6 6 6 6 Class6
137, Class6 6 6 3 6 6 6 6 6 Class6
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138, Class? 1 7 7 7 7 1 7 7 Class7
139, Class? 1 7 7 5 7 1 7 7 Class?
141, Class8 8 8 1 8 8 8 8 8 Class8
x5 HMOKRESLRMEER
Table 5 The results of high-level fusion of some samples
True Origin identification
Origin Classl Class2 Class3 Class4 Classb Class6 Class7 Class8 Result
37, Class3
N-b 0. 449 —0.006 0.412 0.038 —0.098 0. 046 0. 094 0. 064
N-g 0.294 0.018 0. 254 0.017 —0. 009 —0. 005 0. 284 0. 147
M-b 0.233 0. 160 0. 445 0. 094 0.079 0. 040 —0. 065 0.015
M-g 0. 332 0.042 0.547 0.032 —0.034 —0.063 0.133 0.012
Min 0.232 —0. 006 0. 254 0.017 —0.098 —0.063 —0. 065 0.012 Class3
Max 0. 449 0. 160 0. 547 0. 094 0.079 0. 046 0. 284 0. 147 Class3
Avg 0. 327 0. 054 0.415 0. 045 —0.016 0. 004 0.112 0. 059 Class3
Prod 0.010 0. 000 0.025 0. 000 0. 000 0. 000 0. 000 0. 000 Class3
Class3
92, Class?
N-b 0. 561 0. 106 0. 088 0.153 —0.171 0. 058 0.162 0.043
N-g 0.195 0.0540. 037 —0.049 0. 254 0. 096 0.505 —0.091
M-b 0. 204 0.051 —0.113 0.263 —0.057 0.131 0. 476 0. 045
M-¢g 0. 194 —0.039 0.216 0.114 0. 247 0.012 0.270 —0.014
Min 0.194 —0.039 —0.113 —0.049 —0.171 0.012 0.162 —0.091 Classl
Max 0.561 0. 106 0.216 0.263 0. 254 0.131 0. 505 0. 045 Class1
Avg 0. 288 0.043 0. 057 0.120 0. 068 0.074 0.353 —0. 004 Class7
Prod 0. 004 0. 000 0. 000 0. 000 0. 001 0. 000 0.011 0. 000 Class?
Classl, 7

B v 1 7 b 0 W E BB R (100%0) . FLR R S Rmh A e, I
HES Y PLS-DA BRI F= b S ] IE#RH 97. 5%, Hm R
BARICEEN. Ba R MAmEREENAERZNERR
(9958) {H 22 41t I 2 5% i L 7= b 56 ) IE B0 R ALK 93. 2%, &5
b 75 25 2 00 IR A I TR 0 R o 5 SR A AL

3 45
PR T 35 0 4 IV B R ) 9 37 3 40 41 6 3% 0 o 2T S K

SRR A T IR L B A R T AT R 4 R
ST (IO JE 2151 o 21 90 95 54 A 55 905 0K 2 87

(2) W 2T AP i T 37 AR B AL 30T 21 71 S 3 T A ST A AR A
(3) =Rl SR W X T B R 56 R 4 I B R 7 b M E RO, 7
S BRI S IR R R RS S RES . IR
—ig.

W A T 2L R P LL ARG 2 A PLS-DA #EAT B T4y
FEAH LV A v Gl SR W, 38 37 AS [) 7= 1t 55 B 2 T 187 268 50 A
B, B D B AR B R (49D, B A R MY 2k & OE A R
(100%6) 5 $ & 14 7= Hb 7900 48 1E 4 % (100 %) , A% ) RM-
SEP(0. 133), SZB T &R 40 JH 581 7= Ml (9 PRl o ME B % 51, T
VAR Ay 56 A 2 JIF 1 7 b 0 D8 1) — i 7T 6 5 9%

%£). The Food Industry (£ Tolk), 2017, 38(3); 311.

%, 9 &, %). The Food Industry(fZ & Tolk), 2015, 36(1): 196.
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The Origin Identification Study of Boletus Edulis Based on the Infrared
Spctrum Data Fusion Strategy

HU Yi-ran', LI Jieqing', LIU Hong-gao’, FAN Mao-pan'* , WANG Yuan-zhong**
1. College of Resources and Environment, Yunnan Agricultural University, Kunming 650201, China
2. College of Agronomy and Biotechnology, Yunnan Agricultural University, Kunming 650201, China

3. Institute of Medicinal Plants, Yunnan Academy of Agricultural Sciences, Kunming 650200, China

Abstract In recent years, food safety problems happened frequently, and consumers pay more and more attention to the envi-
ronmental safety of food origin, which leads to an increase in demand for geographical indication products. As a healthy food,
the quality of Boletus edulis is greatly affected by the environment of its origin. In order to protect consumers’ health and pre-
vent fake and inferior products from entering the market. it is urgent to develop an efficient and low-cost identification technolo-
gy of the origin of delicious Boletus edulis. Data fusion strategy and partial least squares discrimination (PLS-DA) model were
used to identify the origin of Boletus edulis. In this paper, Fourier transform near infrared and Fourier transform middle infrared
spectra of 141 samples from 8 Origin (Kunming, Chuxiong, Yuxi, Diging, Dali, Baoshan, Wenshan and Qujing) were scanned.
Kennard-stone algorithm was used to divide all samples into 2/3 training set and 1/3 prediction set. Three fusion strategies (low-
level, mid-level, high-level) were used to analyze four single spectral matrices spectra: near-infrared average spectra of stipes
(N-b), near-infrared average spectra of caps (N-g), mid-infrared average spectra of stipes (M-b), mid-infrared average spectra
of caps (M-g) and to establish a partial least squares discriminant (PLS-DA) model. In which root mean square error of cross
validation (RMSECV) and the root mean square prediction error (RMSEP) are used to evaluate model stability. The purpose of
the non-error ratio (NER), training set classification accuracy and forecast set classification accuracy evaluation model classifica-
tion performance. It contributes to find out the best way to geographic origin identification of Boletus edulis. The results showed
that: (1) near infrared and middle infrared spectra can identify the origin of Boletus edulis; (2) the model established by middle
infrared spectrum is better than that in near infrared spectrum; (3) all the three fusion strategies can improve the identification
effect of origin of Boletus edulis, and the identification results of producing area from good to bad are in order of mid fusion,
high fusion, low fusion and single spectral model. By using PLS-DA intermediate fusion strategy to fuse in near infrared and
Mid-infrared spectrum, different origin Boletus edulis identification models are established, with the least number of variables
(49), the highest accuracy of training set in producing area (100%), the highest accuracy of prediction set of origin (100%),
the lowest RMSEP (0. 133). As a reliable method, it can identify the geographical origin of Boletus edulis fast and accurately.

Keywords  Boletus edulis; Geographic origin identification; Data fusion; Fourier transform mid-infrared spectrum; Fourier

transform near infrared spectrum
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