N

s
nE

Sif

koW ¥ 5Ok W A

Spectroscopy and Spectral Analysis
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i A8 REFERFE R G BE . U1 AR 611731
W E B (Phalaris arundinacea L.) R4 E Ve ZERIR AR & = B, M 8 (1 (CP) & 340 47 557 B Y
KRR AR A0 H BT BT IR AR TS 268, SRR PR, MER . Z R CP I E kR
B AN A R R R SR A 2SR A AT A R ) SE B ) B, AR SR B AR R T 4041 563 (NIRS) 2 57 5 CP /Y
FE LA AT REAL, SRy PREON e B R CP AR A k. I RE AR B G R . A F W RE A, TRy
A AERAER . FRALLL BN R B BE SRR W 454 £, SR BG L Buchi 28 A 9 48 5L R 21 50 06 35 R
Operatorf i >R 4R R UG 63 . B K-S S0 50 Bk B AE UG 35 i AR & . Fi 8 8 210 43 F T dl RS T 347
T B IR E B E M E 210 3% B KL % 3 IR 7E Management console 34 Hxd 56 3 #E 47 (B, 5% 14K
4 NIRcal 5. 4 426 6 = 3 1 Hb D44 b B AL 43 O 8¢ 1E 4R B0 TS . O 5 BR 5 6 BF . 32 F S TR 19 o' 3% Ak
B[] L B BOR R B sr 8 AN CP S B IE AL E B AR, g A ER IR IR & W 8
BB L 0] LA AT BRI E o I3 )T LU ) (1 8 115 S BOR BUR AR RS . 452K W], SR AT 4 000~10 000 cm !
R BOLIE BB | sa3+ncl+-dbl1(3 S P + I IH — b+ —Bir 5 Kb B R TAL 7 ¥ L 8/1-4 ]/ IRK E
BT BN B/ 3 i (PLS) Tt (W B O e AR B, RS IE He i@ R (RLD R 0.982 1, B iE Bt 8 R 5L
(R%.DH 0.980 2, ¥IRT 0.98, KU TEREIL T 5 #IE b if 22 (SEC) Rl B iF 47 ff 22 (SEP) 43 51 2 0. 780 2
0. 783 2, B/ HARH Hedr . R WAL 43 00RT BEAR w0 B AR 47 i3 B 5 % 25 (BIAS) 2 — 0. 000 5,
I F 0, BEUARE R AR MEAR . AN A R B OR U BUMAR O R B Ry 0,99, AT LRE F AL (E 5 E bR AR
TR TR B4 A O BE R 5 s MW A M iR 22 (RPD) 2 7. 37, RPD>>4. 0 2% WA 55 A BE A AR 4y b it 15 8 B v A . 45
B ik I 7e B e k@ sr 1R CPRZLsh e i e, B ALAE iR IR 2 . B K. Zr A di i), 1
RS Fo 0 o 00 B v o 3 VBRI O, Ry RO S W ML R R T RO I, RS AT, B REH
HRC T DL R 7= DA 58 45 e LA N R S
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BEXL (Phalaris arundinacea 1. ) R ARA RS2 8 £ 4 4
BRI, AT BT A I e AN S A P R )
ZHT AT BB, F A SR, S RS, x5k
b % J R 25 R AR AR % R E A Y . BLZ 1 (erude pro-
tein, CP) 27 2t 1 52 5 5 09 G S 46 b, @ AL 2R (1 2 W) 1

i HHE: 2018-04-26, 11T HH#A: 2018-10-16
E£mA:
H %
TEE/ A ek, L. 1986 4R . PY)I 45 FFRL2E 01 5% % B BT 5% 54

* 1 TR R A

e-mail: baishiqie@126. com

IR AE R A2 0 A AERE R L 2R L AR
BRGNS Y BB R SRR L AL R
B W RG ROMLER I E D s SR B L e JE A i A
AR 2 ik DR 1 52 P ) AL
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A2 UL B K AR SE R 1 BN SE L fHL i R T T 0 BT
ML 1 AORGE o A TAEAE R A OO S T 3 RHL AR 1 i i
T AN f oy A A, g B I R S R RLEE B RN 0y
e IREREA TN M B R A HORRTC E DL R T Ol
RAEHOR .

1 SEgHER

1.1 ##

2015 4F 9 H % 10 A 2016 4F 4 A &£ 11 A RE R 5
PO Z) . AT OIEENR . oW, 2R, M. Jr ik
LM FLB L WS EGN. SE UL A L BB S A
(SAMATHE . 7 B S A6 BED . T8 X (A KRB . 65 C ot
T RFE 65 CHT) . A REROQ~64F), AL CE, 1,
FEFI AR DA KA IR X150 R B i B A 454 1 BR AR T
W5 R AP BRI ARG 65°C T RE FE AN, HARE M
KREFHEEZ105CRAFH 65 CHTEHEE, HRAGHE
K PEAL IR, 2 40 B G248, BT 6L )1 .

1.2 RiERE

K % A2 Buchi 24 F) B9 B 3T 2180 5t 135 AL (NIRFlex
N-500) Fl fif 7 % £ Operator 3R £ # & 06 3%, 1% X o H
4 000~10 000 em™ ', HFEXRE 32, 7 #FER S ecm™ ', HE A
B 4 cm ', 7E Petri 3537 I rb 2 ARy IRFE o DR AIE 35 TP 8%
HEAE R ER SR 3/4 b, EREHH 3 k.

1.3 #HEAFEMUFENE

i Fl Kennard-Stone 33 (Matlab 7. 01) 5 [ B & #1106
T RE ST, Bhak 210 4y T AL A B R PE M . $0E GB/T
6432-94 P IR A € P (e S LR B 7, BARES
AWM E 3 KRB,

1.4 #ERET5FM

1 A4 Management console(Ji =+ Buchi 2y &)t i) .2
B4 b (B TR 3 3, PR A1 NIRcal 5. 4 B0 6 4%
M8 6+ 3 11 Lb il B AL 43 R A% 1K 4 (Calibration-set) 1 5 i £
(Validation-set) , DL AR IE [/ — #f 5 A9 = 25 06 3% 78 7] — B¢ &
Lo MEOERMRK, m/MERNERESE, DLk g1 5h
M. 38 ORI 0 A B OGRS WAL 1 0 . A A I B
FE B B S A IE B AL, IR X i 5k 25 . )8 ok k25 AT O
S DA S B S R i o e i T e A1 B T X A TR (9% S o i e
JIHEATIPA . SR E RE(RY) . B IEAR 22 (SEC) . HiE
bR 22 (SEP) | %22 (BIAS) | A 43 7 18 22 (RPD) 4 5 3
2 S BT TIE S TR 200 A R 7 S e AR AT

2 HER51HE

2.1 EASMEEHHBHER

A54 {3 HE FEAE S B RUAR DGR N IE 1 BTR . LI M gt
— B, BEUTRE i R G T P02 B I 2% TR S 0 AT 2 T
RV i 22 B0 S [ 194 S A3 3, HL 2 S U5 ) 4% A i i 5 B
AT ST B AT A L LAk s B 43 A Y A oKk

Bl BEHFRHNRELEE

The raw spectra of Phalaris arundinacea samples

Fig. 1

2.2 MHEAMNELER

BT L HOARE S R B BR T 6 AN SR (E, St 204 Oy RE S,
Mg RmE iR, EfEMHEASTZE2EEA
2.70% ~ 29.08% . B G SR W A H B AE IR b
7.77%~10.83% 5 sk IRIE S BEW . TR . JF 2R
FEESz ) CP 4351k 23.8%, 13.6%, 9.6%, 5. 1% T8 A
RE ST R R AR &M TR CP AR IR 3.05% ~
20.64% . BHEMFET R AT SRS Fa A R
CP A5 i 7 5. 6126 ~25.69% . MILLZ T, A 56 T 2
ML AR IR T K, B T2 Ml P, TR s A I 4R R 6 iF 4
W fe R FIME . S/ ME R bR 23R % i, KK E
SEFNIGEHE (0 2 1A B, W A2 S T 2050 40 M A B 11 S A

F1 BREETRIEEBEEHMB
HEAUESHER(%DM)

Table 1 CP of Phalaris arundinacea samples used
in calibration and validation sets (% DM)
GE ST e/ ME S PN ] -2 {H T e 22
5 IF 4 136 2.70 29. 08 12.72 5. 83
W E4E 68 3.21 27.09 12. 95 5. 56

2.3 HEAEHRERMNEL

% 2 J R KA NIRcal 5. 4 38 33 A5 [7) (19 F 40 #0075 4t
P B . [l Rk A R B A R B Y CPE bR AR A, iR
B F A 7 098 A S AR AR R A AR IE B E R BU(RLD B K F
0. 98, FEBUH B4 A T pE BET . A% IE b 1 22 (SEC) #/1
HIAE 2% AN 96 0 0 MRS BE R0 A o . AT Ak — 2 0 ok B ARG
B
2.4 EEIFSMERIGIE

fEVA N B iU =R B U I a T iU O R T R
HEATTE M, B IE 45 R LK 3. W iF ko R (RAD) IE
0.958 0~0.988 1 Z [a], & F 45 22 (SEP) #7E 2% DM L4
Py 2 BT A5 R R ORE 0 R R . 3R 22 BIAS U 7
—0.101 2~0.101 8, #4538 0; AR 0. 945 5~1. 005 1,
WIHER 1, FWITI0 25 R0 HET PR o SR UM BRS¢
K 58 43 W7 Pl 2 (0 T 1) 22 Sk, 3R T 8 A RN ) fb 2
EESTMAE M 2R REFE (p>0.05); MHELRE DI
0.978 8~0.994 1, U B A f Ak 2 (A 5 12 A 455 5 35000 8 1) AH
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Table 2 Conditions of establishing NIRS models and results of 8 calibrations for CP

%5 [EVEKN7S 1% AL By R B /em ! NS &N % R SEC
1 PLS ncl 5 000~10 000 8/1-8 0.978 8 0.849 2
2 PLS mf 5 000~10 000 8/1-8 0.979 1 0.840 4
3 PLS mf 5000~7 144, 7 404~10 000 6/1-6 0.979 5 0.835 3
4 PCR mf-+dbl+nle 4 000~10 000 3/1-3 0.959 0 1. 156 3
5 PLS nel+dbl 4 000~10 000 cm ™! 9/1-4 0.983 0 0.759 7
6 PLS ds2 4 000~10 000 9/1-7 0.991 6 0.528 1
7 PLS sa3+ncl+dbl 4 000~10 000 cm ™! 8/1-4 0.982 1 0.780 2
8 PLS mf-+dbl-+nle 4 000~10 000 8/1-4 0.985 3 0.709 0

T PLS: fif/N 3 PCR: EW4rEIH; nel: BIEH—4k: ml: BIAEZICBUFKIE; nle: 454 RAKEH—fk; dbl. —B S48 3
sad: 3 P ds2: Segment 5 Gap5 HY 3 S M ZEHIkS
Note: PLS: Partial least squares; PCR: Principal component regression; ncl: Normalizationby closure; mf: multiple scatter correction (full);

nle: Normalization (to unit length); dbl: Derivatives (1st BCAP); sa3: Smoothing average 3 points; ds2: 2nd Taylor 3 points Segment

5 Gap5
®3 BEHEOQENISBRIESH
Table 3 Parameters of external validation for CP of Phalaris arundinacea samples
£k Tl SEP/ % BIAS Slope r t to.05
1 0.975 4 0. 888 4 —0.101 2 0.945 5 0.987 6 1.622 8 1. 960 0
2 0.976 1 0.874 2 0.093 0 0. 947 6 0.988 0 1.514 5 1. 960 0
3 0.976 6 0.867 3 0.101 8 0. 946 4 0.988 2 1.671 8 1. 960 0
4 0. 958 0 1. 157 5 —0.033 5 1.005 1 0.978 8 0.408 2 1. 960 0
B) 0.980 7 0.772 1 0.004 5 0.979 9 0. 990 3 0.083 2 1. 960 0
6 0.988 1 0.607 9 0.035 1 0.978 3 0.994 1 0.822 1 1. 960 0
7 0. 980 2 0.783 2 —0.000 5 0.981 1 0. 990 0 0.009 2 1. 960 0
8 0.982 1 0.744 0 0. 000 8 0.986 1 0.991 0 0.156 6 1. 960 0

KREM . LT, Ty 8 ML AR 1 AR AR AR B T L
R HOML AR VR AT S R A
2.5 REFEBMNHEMSH

R4 Ri» Ry, SEC, SEP, BIAS, r %548 b5 i i 5t A5
R, A KE. BT BAREM RL . R - DLRCEARIY
SEC fil SEP, 3 H SEC fil SEP -434%3L . BIAS /N, 7]
FE N I AR RS, Horp RE R R%, 4350k 0. 982 1 A1 0. 980 2, 1
FF 0. 98; SEC F1 SEP 43 3|24 0. 780 2% #1 0. 783 2% , ##%
AN ELAE 8 B30T, 32 WA BERY A 43 RS AR e 9 B A AR 4 138
P 5822 (BIAS) 2 —0. 000 5, #2355 T 0. U6 BB R (9 %2 1k
R s FIAESEREGH) R 0.990 0. P8 BIFE 5 1623 8 5 2 F7
AR TR T D 1L 0% O BE AR 1 5 e AR AR TR 199 A0 X5 43 A7 1% 22 (RPD)
Hh 7.37, RPD>4. 0 #f— 1 0F T 8 15 CP &2 b5 45 1 A 0%
T AT R A AT . R R Rk 2 S 0 AY A Ok
ST E 2 s, RIEE TR R () =0.982 1x+
0.228 2, BWAFEFBEX R f(2)=0.981 12+0.245 6, A I,
A ) 50 {5 Ak 2 43 BT R 5 AR

H T LT AP 6 B AR R — Tl ] e A3 AT R A U o
PESRERR T o riR 2. FERARE . R0,
FETE WALy L A 2 R FE A . ARTEGERE T R IF & F
(R HBOL BIG &AM TR AT ARAER KX
FIR BN REEAE B 454 17, AEROCRIE) Iz, PRl & f S =
SR 2. 70%~29.08% . A& T H A RHIF 5 A4 77 1 Al Rk

LR BRSPS B ROM R Y RE A R S PR A
FORFRT 9 ZEoR . [a] i p = 0 R 1 KA o L IR Rk OF
SRELWE, AR A iR 2. TR R b K
dEREARRBE R ORLE AR R R A LR S — TR AR
e FIAHE R T IR TS R T . JF HLil i Lo B0 ) 1 0l 3%
WAk BE L (DB L R I B A R Mo L T B 8 A
BRSPS S 8L S M e B, IR
TR .

B2 REESRIISUFNEESHNENEXE
Fig. 2 Correlation between original and predicted values

of CP in calibration and validation sets

L] A A1 i oA D 4 38 30 210 A 7E #8 RE b 5T A L B N
R A A A 4] B R LR B 4D AME R A BE .
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JBAET LA 110 34 2 ST 0 15 2 MR 1 D405 S AR 1Y
RZ,F1 R%, 43 % k9 0.994 5 1 0.993 8, SEC FI SEP 43 3
0.322 9 F1 0.326 1, MK ZE r g 0.996 9, AIXS 43 H7 ikt 2%
(RPD) Ny 12. 635 XIH7 45 R 42 N 52 1y 45 Ak 56 iy B o it 2 2
OB BB A PR RE 407 iy ST I R AR PR R R AT 4 8
BB SEP Jy 0.571, RPD Jy 5. 949, fy T 7 [l Fh 4 25 41
RS 28 SR s IF BRI R Oy e Al 27 o o
FERA—E 20, A [ iR ) Y R AR HE L L
B B BRRE i R IE S 8O LT . A ST ST Y CP
EHEARERL, B R R ., RIEL . AT R R
Ao [ I RO AR B

P, A 50 45 28 22 B S #F CP A BY B RO R 47 AT
FH TR RA 7= (9 S2BR 5387 . LRSI BB S 09 8 R0 5
S 2 v S ) LA A AR AR R . R O T AR
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Establishment of Quantitative Model for Analyzing Crude Protein in
Phalaris arundinacea L. by Near Infrared Spectroscopy (NIRS)

J1 Xiao-fei, YOU Ming-hong, BAI Shi-gie® , LI Da-xu, LEI Xiong, WU Qi, CHEN Li-min, ZHANG Chang-bing,
YAN Jia-jun, YAN Lijun, CHEN Li-li, ZHANG Yu
Sichuan Academy of Grassland Science, Chengdu 611731, China

Abstract Reed canary grass (Phalaris arundinacea 1..) is a perennial cool-season gramineae grass with a high yield. Crude
protein (CP) is a key indicator in the evaluation of forage quality, but the use of chemical analytical methods to determine the CP
content is disadvantageous. Therefore, a fast, efficient, accurate, and safe determination method is required in the development
of modern grassland agriculture, animal husbandry and grassland ecological restoration. The purpose of this study is to use near-
infrared spectroscopy (NIRS) techniques to develop a quantitative model for the analysis of CP in reed canary grass and provide
an effective method for a rapid determination. We collected 454 samples of reed canary grass from various resources, including
different cultivars (or strains), different growth stages, different cultivation conditions, different drying methods, different
growth years, different parts and different harvest times. The original spectra of all of the samples were obtained using a
near-infrared spectrometer (NIRFlex N-500) and Operator software of the Swiss Buchi company. A total of 210 samples were
selected for the development and evaluation of models after deleting samples with similar spectra by a K-S algorithm, and were
assayed using the Kjeldahl nitrogen method to obtain the chemical values of CP; we then assigned them to spectra in a Manage-
ment console software. The samples were randomly divided into a calibration set and a validation set according to the proportion
of 6 ¢ 3, using the NIRcal 5. 4 software; the outliers were then eliminated. We established 8 quantitative analysis models for the
CP content of reed canary grass by applying different spectral data pretreatments. primary/secondary principal components,
spectral regions, and regression algorithms. We revealed that all of the 8 models can be used in the determination of CP by per-
forming an external validation. The best model was chosen by comparing statistic parameters. The results showed that the best
calibration model was developed by the spectral data pretreatment of sa3+ncl+dbl (smoothing average 3 points+ normalization
by closure+first derivative BCAP) , choosing the primary/secondary principal component of 8/1-4 and spectral region of 4 000~
10 000 cm™ ! in combination with the partial least square (PLS) regression algorithm. Its calibration coefficient of determination
(R%)) and external validation coefficient of determination (R%;) were 0. 982 1 and 0. 980 2, respectively; both were larger than
0. 98, suggesting an excellent predictive ability. The standard errors of calibration (SEC) and prediction (SEP) were 0. 780 2
and 0. 783 2, respectively; both were very small and similar, which demonstrated the high analytical accuracy and robust fitting.
The bias value of —0.000 5, close to 0, demonstrated the model’s stability and robustness, i. e. , its insensitivity to the exter-
nal factors. The correlation coefficient of validation () of 0. 99 indicated a very high correlation between the predicted and chem-
ical values. The residual predictive deviation (RPD) was 7. 37 (above 4. 0), further confirming that the CP model can be used for
a high-quality quantitative analysis. Therefore, in this study, a quantitative model for a CP analysis of Phalaris arundinacea L.
was developed using NIRS for the first time in China with a large data collection from different sources and high accuracy, which
guaranteed the reliability and practicability. The model provides an effective method to quantify CP of reed canary grass for a
rapid screening of germplasm in breeding programs, optimization of the allocation of livestock diets, and classification of forage

products in the supply chain.
Keywords NIRS; Phalaris arundinacea L. ; Crude protein; Quantitative model
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