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SRS LT 4R 4 Fh B2 0y hr S O6IEBERE 1 X475
Br, RBARX T8 R sy, B-YT B A
PRSI IX Sz ] i b o ARIgE #2450 A5 B
T S R ATk 147 (1 640~1 680 cm ") RE % Jz Wt
HH B REEE X MR EE LT C=0
SRR TR S . C-N i LK N-H -1 25 il
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] A% 4 (standard nor-mal variable, SNV). ZJGH{
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1.1 H&EE&E

15 2020 4F 7—12 H, AT 2R g N R £
B % FH 5 AR A% N [R) WG Ak B Ta] 9 B PR R £ 3 A 3
40 %, falkK 62~78 cm, IAFTE 6~9kg, TR,
BOPAT T Matg s b Ze LA s il (& 1-a),
K25 10 cm, FHRKEVETE, 6% Kk, H
FRAULA R LA . BRI DI FI L 10 ecm x
1.5 cm x 1.5 em (K xFExJ8) K I ARME S, FHERER
FEM R EIR S A 2em x 1.5 cm x 0.2 cm (£
o) WA, HTRIEotigam, #T K Ik
FE i F B A4 51 181 43 BT 2% (texture profile analysis,
TPA) il (&l 1-b)s

1.2 BIEREMSH

TR E R & JBT A A 0 SR HH Bt A4 X
(TMS-Pro, ), Jj&E&NIC 500 No SEKR H
BN 6 mm FIHIEAFE WL, wEMAE I H
0.75 N, 34 4 30 mm/min, JEAE RN 35%,
T PR R DA £ Sk ) £ 2 O 1) KU GHEAT TPA
PSR, AR AR S AT, B
2 W (B 1-b), e BCFRMEH T, R (A
FH 5 F4 {X TC 2 1Y TMS-Pro ) Pk 43 M 2 55 152 U

.
EZOLEHERE  REOGEUERER
R A R 8O (L (HORIBA, ), HAFE

oot 1) B — J2 I PR £ T £ PR T R R ORE R A
T, RS TGRS, B REW
Wo LISE: SoA5YBE, 532 nm POLE A
2, BRG] 10 s, PHPF 3%, P 400~
4000 cm™, JYEHER 1200 2% (750 nm), UE LI B
25%, i 100, Hole & 300,

K A AT K Fl NGSLabSpec 5 Fl
PeakFit v4.12 F R A6 b BE5 34815 7 AT
% H] Origin 2018 b #4477 PCA J3 At Fise A (5] 2%
#il, K matlab 2017 b # {4 #1 Unscrambler X 10.4
A AT AT
1.3 EiEER

FESGTE AT, TR PR 7 RO AR v AR
X, i/ 3 mH 53 Mk (partial least squares
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Fig. 1 Crispy C. idella sample collection
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BORE, EMRZEFHFE, a2t Al o
Br R R AR B i/ MR 22 E, RIS X XA Y
AT LS50, ARBORTER) HARAE &, M SE
IR A 2 43 B

Y5 RlE (support vector regres-sion, SVR)
R EIUE S Y B, SVR FERTE M 4E7S
(i) H s o — A R T AT A ) A, Y B2
AT B R e, 5 b 3d 0k 5 | ARZ eR R0 O
PEREA WL B — A B e R IR 2S ], 20k Ab PR A
AR LI PETT 4317, SVR RIS A T #h £
0 245 4 ) £ A5 12 (80% Uil 2k, 20% M), Il %k
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BP #1244 (back propagation neural network,
BPNN)** J& DX Rumelhart fil McClelland & & 19 £}
SERAE 1986 ARFR I MRS, EAE IR EE2E ) S
N BT Z MM 22—, &—Fhig iR 2230
AL 0 2 2 AT 2 M4 NG, Sw e
AAL PR PR AP AR LR, BP #2523 5
HAEAZ . BiLZ LA RS2, B2 H
I RAR, BAWARE—- LT, B
SUFR 9 sl T AUE 42, &2 Z A7 R 58
RN, B R0 R Z MR T AT
SR BP M2 W 28 R A7 I B U 22 20 I 2%, i@
ik PREL sigmiod 1 A% 3 pR AL, R AR = AT W)
PR AR 22 10 S I AL R R AR, THIEC I8 22 i s Ip 4
B A Bt 5 T AT, R AR T I 1 D) DA
LETR wE | ANy [ B
14 EEGEN A

AW H B AR PEAN TR AR A IE 2R 5
iR 2% (RMSEC)., 3¢ X Bk 77 #i 1% 2% (RMSE-
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Jii PR e AL PR S T L oA A ) v g
BEC NERMEL SR BCR PRI RE P S A,
R RO F A 22 (R B b S Sk () e
734k PRMEFRAE S TR RIS T, B R
K, PIIRVERGE ; kR ER SR B AR FK
FREE ;b M s i e e A 2 21 ] mEL AR A
BIRYRE T TH R RS HE R il LRG3 AT A IR S
JUT T B RE R S0 AR G PR Rk B T Rl
Iy 425, EN4liEfk 0. 40, 80 Fl120d, A
%ﬁ3%Wﬁ$ﬁﬁ TR RN, A A £
RIS HT AN 1 iR o ASTR] A s [ Jfe PR
AR Z IR AR | b | S 280 T ML I 1k T A
% 225 (P<0.05), WERMEKAREZES (P>
0.05), P Ak [ A ] Fréy i PR R e A A fE B 2 S AN
K, WA TR A [R] Fé R ) e e (AR 2 2 S5 ]
ffifk 0 d AL 120 d A Jfs PA) o 0 35 2 5 I 35,
itk 0.d F140d. 80 d FME A B AAARE A — &
XorBE, (2R EMAE, Mifk 0dFl40d s

JEES AR, MaREalifkod 540d. 80d. 120d
sk 25 S 2, fHOR MMk 40 d. 80 d F 120 d
() LR 25 S AN T 2 o MG R R ) R R P AR L
2SR, WAEFE, Mtk 0d 5 40 di&A
XA3RE, Mtk 80d 5 120 d A X4y, M ik
F, Mfbod540d XA RE, Mk 80 d 1
120d X432 L, RHEE . B AN g
e PR e B I B AR bR, X5 U AT — S
B A R R T PR A R A AR X
T B $mﬁ££u@r%éﬁﬁvma@%
W tEARRAE, BT S hr S50 A et
2.2 RSN IERES

P72 S S — PR TC 5 ) D A I AR
Hzs a8 B K 0.5~1.0 pm B 9%, H 5 F 4Rl
PLE RN, YT LA by, e BREF BRI
Iy F AW RE B A T IR ShE E e 8l AL
TFi#AS E, NaMfbpie & w5 iErn AE AS—
P, AT A A R BE A e o AT LA A AN [
%&m&wﬁﬁﬁ#&¢ﬂ¥mﬁmwM%ﬁ%
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Tab.1 Analysis of crispy C. idella texture detection results

RHud TERE/N MR it /mm T FH /N WH A /m)
days hardness cohesiveness elasticity adhesiveness chewiness
04 16.18+0.53¢ 0.46+0.19° 3.87+0.41¢ 9.10+3.73° 32.68+6.94°
(% 18.72+0.49® 0.45+0.05" 3.42+0.07" 8.41+1.08° 28.82+3.89"
03 19.45+1.12°% 0.51+0.07° 3.94+0.24 8.24+1.32° 36.19+18.74°
405, 21.33£1.39% 0.40+0.02° 3.59+0.12% 8.75+0.79° 38.43+9.16"
405, 22.59+0.72° 0.410.08" 430£0.11" 8.56+1.54° 31.43+2.22°
4053 23.89£1.01% 0.40£0.10° 4.42+0.17% 8.65+1.76 36.88+7.08"
80c 26.17+0.64" 0.50+0.03" 4330.11" 13.09+1.11% 56.69+6.042°
80, 27.82+2.16° 0.430.05° 4.51£0.27% 11.43+1.42* 51.63+8.052"
803 28.16+1.13° 0.45+0.08" 4.89+0.15" 11.09+2.01™ 54.53+11.32a"
120p, 35.37+0.23" 0.42+0.08° 4.14£0.27> 14.14+1.99" 58.23+5.81a°
120p, 35.51£1.05" 0.45+0.06" 4.64+0.20™ 15.68+2.68" 73.00+14.94°
120p3 35.75+1.45° 0.43+0.00° 4.69+£0.10™ 14.49+1.29* 68.18+7.22°
(N 17.89+2.23¢ 0.43+0.11° 3.90+0.36"° 7.99+2.05° 31.56+10.18°
405 22.46+1.37° 0.43+0.069* 4.13£0.48® 9.1842.03¢ 38.09+11.42°
80c 27.30£1.37° 0.41+0.07* 4.37+0.52° 11.34+1.95" 49.79+11.58°
1205 32.86+1.78" 0.410.09° 431+0.22° 13.97+1.87" 60.23+9.33"
W A~DZ A AL 0. 40, 80FN120 d, AI~A3ZpAIARKRORANFEIREA, CLILEHE, EI3FE. EARAS RIS R R —8bs 1 W9 4L Al 2 1)

AR R EZ 5 (P<0.05)

Notes: A-D represent the embrittlement time 0, 40, 80 and 120 d, respectively. A1-A3 represent different samples at day 0, and so on, the same as Fig. 3.
Different lowercase letters represent the significant difference between the two groups of data with the same index (P<0.05)
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e PR B (5] 2) W PR R R SRS A R B P
TR AR DL R s an 3k 2 iR,

R it — RSO A & A IS T
PR At (1) B FEE ARG, Xk AN ) BV A e i) 194 Y PR £
P2 G (700~1 800 em ™) HEAT F RS 40Hr, HEA
AR RLEOETE AR S A R B AR T
B E A EE A R 79.37%. 6.14%. 4.72%. 3.63%

50 ¢

F12.43%, BiFiAE] T 96.28%, M R4 E
ALAL, AN TE) MG AL R A e B B X 4 B, 0,
40 F1 80 d Z A4 X 4 BEAER AR B 2, 0. 40,
80 5 120 d Z MM E A AR, BEMIEAH 1204
S, Ho oM 120d WX, EAE
A (E3), X5 BRI R EA S, LR
DTSRGS I ] T e PR o i R 4 )

23 MRAREERR-REWHNTLIH

Bbft 145 AR Bh B THUE O EIEEHE 1 640~
1680 cm™ &b, XAHIE N EE LA T C=0 Fifi
B Za Rl . C-N Fifd LA K N-H - [ 2 il =2,

JE 7 iR R AL R
god d aliphatic amino acid, Tkl 1 4t
45 80 d Tk fizz 10 77 \ amide [ band
120d amide [II band )
40y R ,
Phe [
~ 35} \
s = s B /ﬁ =
< 7 T Tyr 4 7 A
X' 30} T \\ Y
22 || AN AL S\
o B
<\ , /& ;
2-0 -'- A W
 od
1.5 -
1.0 : : - - s s - - - - L
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

WA/ em™

wavenumber shift
E2 AREELRERAESNRSIEE

Fig.2 Raman spectra of crispy C. idella with different crisping time

®2 MARESEARSHTHIHSRSAERNER

Tab.2 Part of the Raman spectrum vibration mode in the protein structure of crispy C. idella

exiie el PeH/em™ [EfiAEEIREAC S £ N EZE IS,
specband source wave number functional group structural information

BER tryptophan 760 LH[7S2N AL PRI, SRR M A I UK
&R tyrosin 850/830 TR LR KT-OH IR
HKNZB phenylalan 1006 breathe¥f MEAGUR: AT NATR
REZER. BRI  aspartic and glutamic acids 1.400~1 430 COO-IIC=0M 45 R3] BT
fEWi R ESEER  aliphatic residues 1450, 1465  C—HZ i) WO, Wt
BEf% 1 4 amide 1 band 1 645~1 660 BEC=OM4iiRa), N-HIEZIRE) o2

1 660~1 665 FE R Hh

1 665~1 680 p-¥r &
BERZII  amide I1T band >1275 N-Hif 25 Hi k3, C-NAhZaika) -1t

1230~1 240 B-# &

1241~1 249 FERLI 2 Hh
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Fig.3 PCA analysis of Raman spectra

TS b2 B g SR T AR A M TR o R T T
TREEE B, Hf 1 645~1 660 cm™ K a-
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em ' R BT A, SR ABRUGHZE A LBl S
Ji AT BERE T 47 (7 6 Jaly AT 3 e 5 ik
B, HEAR RS E 4 s, AR
AR R] % 2 P 0 A A A B B X, BEfk o d
M R s, o020 5 ik £, RS
b 73%, FEEMEALE RGN, o-MRE A b T
W, MEfk 120 d FRERI 49%; B-PTE 5 EL AT 002
WEFA B, BE A WAL BT I, 5 HeRE Ok, Hifk
120 d H 0 d 3G H0 T K2y 14%;  JCHE I it 72 it 1k
VIR, 1 20% 3] 33%, Hifk 40d )5,
BA—ErgRas, BRI,
= BT = EHNG I = o- iR iE

L B-fold random coil a-helix
210 o -
= - 20 1% 18%
N 0
HEEH 2 08 20% 0
< 32%
4o £ 33%
g 06
§® 2
X'B
118 04 B3%
=G 58%
m? 0l o 56% s
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=
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o
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4 TEMRERBERNRRAERERR
ZREMTRIER
Fig. 4 Changes in the protein secondary structure of
crispy C. idella with different crisping time
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FETAIE O T HER R RO R A R
g . BB AR SE R R 77 AR i B
OGS M, SCE SR T SG. SNV, MSC Al
Normalize iX 4 Ff1 7 ¥ X S B HE A7 fiab 2, H
SRE 5 iR

253 SG AL FE Y LSt AT, (A2
eI LIRS AT IR I A BT B, 45 B B iR AR 0
AN (F 5-a); Zexd MSC Fl SNV il &b 3 fit 55 1
FLECHRL, JEnk AR5 B R g, FRAEIEVE M, Ot
B B, 1H 2 500~800 cm ™ I BE A MR R A
WIS XAy AN, U A 5 e — e R
THER T AL IR FOCHU T4 (B 5-b, ¢); &3t
Normalize TRAL 3 A7 2 638 0TI R 54 )y, Bk
TR ER , FRAEUE(F 5 B AE 2 AN i MSC I
SNV [HHHAE I {5 5 3 (& 5-d). K H PLS @A)y
P, X 4 FhIAL B vk AL BEE 6 S UE AT AR,
et —Fh e A WAL B 2 (35 3).

HEBEIEM E, SG. MSC. SNV #I Nor-
malize [ FRAL BRACRARA — @ FREE SR 5 (36 3), i
B 4 Fh 7540 3 7 V5 AT IR 2 G R Y ST B
I BRME, Horp SG A TAL BERUR £ 55 . MSC .
SNV i &b #1458 LI IE S Ry AR W 33T, #BZY
9 0.69, SNV kb B AL R BEAK, 4 0.67,
23 Normalize TAN RS , TINAE S E BB R I
F+70.09, K5 0.73, K4 FhiabFEs P R,
BIJr iR 2E RMSEP FRET 1.01, 551233, K4
AL B 77k AIG, 15BH Normalize TiiAb B 75 ik
RS A 205 B2 5 G A e T A R ) M

FRAER S ARWFFERA PLS. SVR
1 BPNN 3 3 s A5E 5 32 7 M 1R) e £ Jifi 4 o )
BREAY AR AR R AL R I =5 2 R ARAE N
KIESE, HARFEARME DRI . b T £ S A 7 o
WARE, SR 4 9738 ORAE kAT RN IR A, PLS.
SVR F1 BPNNAER P RE FL A i i an 3k 4 i .

SVR #5 U AR A 4, Do R B R A
RMSEP %3 5 2 0.78 #1 2.26, AHXf T PLS # %I 43
HEk3E T 0.05 F10.07, Kk, SVR AT PLS
R M2 284555 BPNNTIAE RMSEP 4 1.96,
16 3 PRI AR, TROE REL R 4 0.83, 1E 3 Fil
MY B (2 4), BIE, BPNNBLAIEF SVR
FPLS AEAY , REAS . 35 B = I PR R £ i R A
R HERR 1
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Fig. 5 Raman spectra pretreatment of crispy C. idella

(a) SG, (b) MSC, (c) SNV, (d) Normalize

R34 MIMLIBT A ERR B BRI

Tab.3 Comparison of the effects of the four pretreatment methods

RIESE X IRAEAR T
TrAb R it calibration set cross validation set prediction set
pretreatment model N z 2

RMSEC Rec RMSECV Rev RMSEP Rp
J&  no pretreatment PLS 2.95 0.75 3.12 0.63 3.34 0.64
SG PLS 2.84 0.79 3.04 0.66 3.15 0.69
MSC PLS 225 0.82 2.39 0.69 2.83 0.71
SNV PLS 3.44 0.73 3.29 0.68 3.53 0.67
Normalize PLS 2.24 0.85 2.26 0.72 2.33 0.73

7. RMSECHRIELBFTIRER, RMSECV A XIIEH TR %, RMSEP TR FIRIRZE . RRCARIELRIRTE REL R oy N3 XIIE
PE R Ry ATINAEICE REL TR

Notes: RMSEC is the correction set root mean square error, RMSECYV is the cross validation root mean square error, RMSEP for the prediction set root
mean square error. R’ is the correction set determination coefficient, R°cy is the cross validation determination coefficient, R°p for the prediction set
determination coefficient, the same below
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Tab. 4 Performance comparison of PLS, SVR and BPNN models
. e IE4E X HEE IS
eit] calibration set cross-validation set forecast set
model N N Z
RMSEC Rc RMSECV R cy RMSEP R
PLS 2.24 0.85 2.31 0.72 2.33 0.73
SVR 1.51 0.88 2.01 0.73 2.26 0.78
BPNN 1.43 0.91 1.70 0.78 1.96 0.83
3 Wie SERRGREE R T —RAEME B . MR F g

L BT ARSI ZE 5, R AN [R) s Ak i ] 7 e
RO AR 25 5, H R e R i T At
i rp £ R B 1 A R Rk R AR AR, i
e TR R0 2R 1 A R T AR p i R s SR
(3 2) M PCA (&1 3) 73t a0, P8 otikpets ik
G0 PR 2 H B B 1 ST ) R R T L B
A . ASBIEGE T iE 2k 3 AT A (R RE AR R ] e R £
PO F B SR A R S R ATAL, o-
IR S i S MR R v ARG OC R, BT R
5 e st e BOEAROCOC R, SRR X 5
F B 4H 73 v B I 22 R A H B AR OG- axX  A
A EE L DB L R I E RS 5
T2 B R B P B R T AR BR R R, A AR T AN A
TIE A o-B8 5 () 25 AR5, [R] e Sk 2 BH s 1
e K b kA P B A As 4k, T E
HEE AR B rh s R A VI VE, AR
WS A B SR B I - [ A A BAE T D, X (A5 4R
5T B e 8 AR PERY . D3 A ME PR A
B KPR R 23 Bt A e A s R) A S TS, =
Bt 2Bl 2 3, BN N LA R 8 B4
TS MAS E -

R S AR B 9 ST T A R B Ol
F RZAEARIPEM FE AR &K L, Normalize FiAb¥E 7 4L
T SG. MSC il SNV, i Normalize 7F4b 37 &
T AR 1) B T A% RN M U5 3 ) A T A A
AT A 3 PP AR A B, BPNIN AR AR (1) 45
BORPLT PLS Fl SVR, X F%J& PLS Al SVR X T
b B EAE B X B AR M B AR B R RE T A
1M BPNN H AR5 A 2R I M H GV AE T, AE
i 30 18 2 2] H B 5 Tl A8 R

i PR e A ) B (B ) H G P R AR
fEebE (AT S )50 e, R
ASCAT LAAS: I B TR £ A AR, 2ot RS
SR it AR AR VR B A R B i A8 A, DT e B
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PGS RE S S AR 1 B A5, JT RS
T T A [) A ek ] it PR s £ s 2 4 501, AR5
KFH SG. MSC. SNV Hl Normalize iX 4 77 3% %
PG T HIANEE, 255 iR Normalize kb HE
TR &AL, R0 PLS. SVR Fl BPNN X 3 fif
SRSy A S M A R B R TN A AR | S5 R
SVR BRI IROR , P 280 R, fl RMSEP
4351 0.78 i1 2.26, MAXTT PLS #ERY, 435k 3%
T 0.05 1 0.07, £33 Normalize FilAb H 5 4% 1%
i 45 A BPNN B3 45 2] 110 455 780 1000 34 SR fe &g
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Muscle crispness of crispy grass carp (Ctenopharyngodon idella) based on
Raman spectroscopy

YANG Ling ’,  WANG Qingxiu', YANG Hang', SHI Zechen', SU Liheng ',
WU Ting ’, LINLi*, ZOU Juan"

(1. Guangdong Provincial Food Safety Traceability and Control Engineering Technology Research Center,

School of Information Science and Technology, Zhongkai University of Agriculture and Engineering, Guangzhou 510225, China;
2. Guangdong Provincial Water Environment and Aquatic Products Security Engineering Technology Research Center,
Guangzhou Key Laboratory of Aquatic Animal Diseases and Waterfowl Breeding, College of Animal Science & Technology,
Zhongkai University of Agriculture and Engineering, Guangzhou 510225, China)

Abstract: Crispness is one of the most important indexes for Ctenopharyngodon idella. Over-crispy C. idella will
show hemolysis, hypoxia and pathological changes of some organs. Therefore, it is urgent to develop method to
detect the crispness of C. idella. In this paper, a method based on Raman spectroscopy was proposed to detect the
crispness of C. idella. Firstly, the Raman spectra of C. idella with different crisping time were analyzed by PCA
method. The results showed that Raman spectroscopy could be used to identify the crispness of crispy C. idella
with different crisping time. Additionally, with the extension of the crisping time, the a-helix of the total protein in
the muscle of crispy C. idella was decreased, while the B-fold of the total protein in the muscle of crispy C. idella
was increased. In terms of irregular curl of the total protein in the muscle of C. idella, obvious changes were
observed at the early stage, but not at the late stage of crisping. Secondly, four preprocessing methods, including
SG, SNV, MSC and Normalize, were used to preprocess the Raman spectrum data. It was found that Normalize
method had the optimal preprocessing effect, with RMSEP of 2.33 and R’p of 0.73. Thirdly, PLSR, SVR and
BPNN were used to establish the relationship model between crispness and Raman spectrum information from the
muscle of C. idella. The RMSEP of the prediction set was 2.33, 2.26 and 1.96 , respectively, and the R’p of the pre-
diction set was 0.73, 0.78 and 0.83, respectively. Apparently, the BPNN model was the optimal one. Taken
together, our results showed that the Normalized-BPNN prediction model based on Raman spectroscopy could
effectively detect the crispness of C. idella. This study paves a new way for C. idella muscle crispness detection
methods in the future.
Key words: Ctenopharyngodon idella; brittleness; Raman spectroscopy; Normalize-BPNN model; protein second-
ary structure
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