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Rapid Detection of Mulberry Silage Quality Based on Near-Infrared Character-
istic Spectral Interval Extraction
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(1. College of Grassland Science and Technology, China Agricultural University, Beijing 100193, China;

2. College of Animal Science, Guizhou University, Guiyang, Guizhou Province 550025, China)

Abstract: To advance the application of near-infrared (NIR) spectroscopy in assessing the quality of mulberry
(Morus alba 1..) silage, a total of 105 silage samples were collected. Interval Partial Least Squares (iPLS)
was employed to extract informative spectral intervals, and rapid NIR prediction models were subsequently
developed using Partial Least Squares (PLS). The results indicated that the models for crude protein, acid
detergent fiber, neutral detergent fiber, and pH exhibited the best performance and were suitable for practical
prediction (R%cv, R*p>>0.8; RPDcv, RPDp>2.5). Models for dry matter, lactic acid, and condensed tan-
nins demonstrated moderate performance and were adequate for approximate estimation (2<ZRPDcv<C2.5; 2<<
RPDp<C2.5). In contrast, the model for hydrolyzable tannins required further refinement (RPDp<C2). Collec-
tively, these findings suggest that models constructed based on characteristic spectral intervals offer enhanced
stability and predictive accuracy. This approach provides a theoretical basis and technical support for the effi-
cient production and utilization of mulberry silage, while also offering valuable insights for the development of
NIR analytical instrumentation.
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T B 2 (Morus alba 1), INFRER 3%, J& 4 |/
T L ARA R R R 2 — o R R R A HE
12 BE R AL 2 4, L 28 1 B AT 3k 300
AN GRS S A BT B R AR ) B A T
Wi, BABUEA THREN, TR K E RS
AR E At BT AT R R AR R P R
el

T IAE i 5 0 32 e 7 5, BE A A Ak R
FEHE IRy IR — R B BT X R R
BRI SZ 0 A% Ge 0 T I SR Iy ik 32
MR AL 2 23 B vk L% 07 15 A R i ME R
ELAGE I A vy BB HOXEERAE N DL I BEOR R
PRI, TF e 2 A ) L AT S 300 o 3 A T 14 0 A 4

UL 21 # 6 3% (Near infrared spectroscopy, NIRS)
J — i JE O T BOR  RE A8 PR TC 45 M A U A
BLAL A W 0 B o3 B B0 O 1k K B
700~2500 nm (14286~4000 cm™ DM 7] Jz Wt & &
H P (C-H,N-H, S-H, O-H) % fb £ 8 (9 £ 4% 5 &
AR 2 R n LU T AR e W B sE P R E R )
Bt S ARE Sk NIRS $ AR 2 )12 [ F 4 Rk K
gy VR 1 ORLER 2 KO RR 7 S 0 P s A e
SR, AT £0 A0 42 i v A0 5 1 R a0 W 7 R RN A G
AR RN

A A ASORS B, B AR IR 7 R S AR DG 8 Y 5
WA, 38 H 45 S A2 T 2 T R AT @A X R
Hz /N .3 7% (interval Partial Least Squares, iPLS) J&
— 3 o AR IBCRE AIE G 1 HE AT R T A Y R
IPLS ¥ 4635 % 73 h 2455 B 1 X [R], X 4 —A>
F X 8] 2R FH A B /) — 3 % (Partial Least Squares,
PLS) iy @t 5 21, AR 4l 28 S50 ik 34 J7 ) 1% 22 (Root
Mean Square Error of Cross Validation , RMSECV)
i 36 th R 26 T PLS [l IS #2804 # ( F X [ 41 45
DL i v 0 21 40 7 Sk 0 A 5 2R ARG 82 O e b T 5
UYL RWESE R FIPLS 4 O RRAE 6 1S X R, I
BT PLS # 7 DRk 5 75 10 5T 1 T 20 A0 PR i
SIBTRER LA v 10000 A B O B AR 5 A A

1 ME5ETE
L1 B

O S TIAE A M 3000 A, AR AR (T T P R R
AN TR AR R R BE AR R SRR A ISR AN T 5 2 8

I B e R A A B A R R E WA . B 3
KR ) B C0.9,1.2, 1.8 m), 3 A 78 i ) &b 2
(FLBR# (10° CFU-g ' FM) . & B (2% FM) . F
FR# (10° CFU-g ' FM) + i &8 (2%)) , A & 44
TP 9 A [R) (O, 7, 14,60 D, 0508 A 28 U8 i 5] Ak B
BEEREAS o K R AL B W B R AV 2 1~2 em
(48 4% 5 Y 51 1R 4 L 48 300 g FEA i A B 20 48 v
LS B BT I, B A PR 3N A i At
il % 10548 F I EEA

1.2 BUFEENEERBSTEE

200 g I REA T 65°CHEA Pt T 2 1H &,
R J5 A5 T 9 i (Dry matter, DM) 55 &, 36
BETFEA FUB R HLR 65, b 1 o 0, T 7000 2 HH 2
I R A AT A R 1 R R AT 4 R R T LA
o AR R B vk T & 11 (Crude protein,
CP) & 2 I 5 ; Van Soest 3£ F o Pk ¥k 1% £F 4k
(Neutral detergent fiber, NDF) & B2 ¥ Uk & £F 4
(Acid detergent fiber, ADF) & &l 7€ o

1.3 BUFENELRE MR

TR S AT LS5 ¥ IR A fF 20 g FEAR
2 180 mL Z& /K . 7E4°C T4 4 ho K21
T2 4 R B 4R U8, 0 pH B AR . pH SR HIfE
# 0 pH 31 (PHS-30) ] & . £ M Broderick F1
Kang ™" (19 77 1% , 8 4o 125 &8080AH 6335 U 72 LR (Lactic
acid, LA) , 3% 4 : KC-811column, Shimadzu, H 74 ;
K %% - SPD-M10AVP, % 31 4 : 3 mmol- L~ & 4
W2, W 1 mL-min ' AR 50°C Kl 4 210 nm , 3
RS pl,

1.4 BUFENELTRE

Folin-ciocalte i 3 H 8 3% 1 T 4 5 57 (Con-
densed tannin, CT) M 7K fift B 7* (Hydrolyzable tannin,
HTOW &, 53 B8 R FLAS RAE 46 4
T 5K T B BRE S, T 725 nm #1495 nm R
WL

1.5 RSB RE

I 21 A1 53 SR AT A% A8 B 3 3T 21 A0 56 3% 43 By
{ (Corona extreme; Zeiss, Germany) K5 . ¥ fil Bl
FTHMEARTFEHIYL B TRERES LB
FEAC T S T4 2 YR THRDGIE MM . DBk R A
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Bl A 910~2150 nm, Y i 43 #E K A 10 nm. B4
AR 10°C~30°C, {1 A 30%6~70% .

1.6 EETHMSEiETAL I

i JEBE AL AR S 0] BT A R R R A 3 SR
i BRI GIE 4R (4= 1D, 20 i T R B A5 2R 19 8 7 A
Hb BB g o 4 Wi R H FR fE IE & 48 (Standard
Normal Variate, SNV) | £ 70 8 4 % I (Multiplica-
tive Scatter Correction, MSC) ¥ Ff J7 1 % 56 1#% K 4
HEAT AL 3 AR i A AR 2 S Ok A U A T Ak 3
R

1.7 $FERIERI R ERGE

6T 4 WAL S, AT IPLS Rf AR 6 1% X ] 4
B, R ) Ag X 8] e fx 2N 9 s (Forward iPLS,
FiPLS) | [l Ji IX [ fi f5¢ /] — 3 1% (Backward iPLS,
BIiPLS) $ BURFAE L 3% DX ), B 5t 33 23 4 10, 20, 50,
100 74 F X [6] £, LL 22 5 i 3 J5 AR 3% 22 (Root
Mean Square Error of Cross Validation, RMSECV)
R VM bR A O 2k H RMSECV f5e /s 1Y% 3% X ] 21
B o TR VE 1A 2H G DX E) By B Al 57 PLS (Al A
FEAY, R 28 SCH0 TR 2 AT N ER S E o [m] B 7
BT 206 m PLS 1] 5 #5806 25 2R 5 1PLS-
PLSHEEI S5 R BEAT R L

1.8 HEETMIRAE

K FH R HE Ut 38 & # (Coefficients of determina-
tion of calibration, R*c) | #% #E ¥ J7 #2 1% 2% (Root
mean square error of calibration, RMSEC) , 38 3 5 iiF
P 5E A B (Coelficients of determination of cross vali-
dation, R’cv) | 28 55 iF ¥ J7 AR % 2% (Root Mean
Square Error of Cross Validation, RMSECV) | i jill
Pt 5E & KU (Coelficients of determination of predic-
tion, R%p) , T 33 75 #) % 22 (Root mean square error
of prediction, RMSEP) | 2& X 5 iiE Al X b 1 22
(Ratio of Performance to deviation of cross valida-
tion, RPDcv) | 1l Jf A XF 43 #E 2% (Ratio of perfor-
mance to deviation of prediction, RPDp) | fig 2= (Dif-
ference) fIA&LR (Slope) HEATPEA .

Horpr, R T 2 7 000 {8 55 5 0 {8 =2 (] 14 AH G
FE Y RO LI, 2 WY 3500 {8 55 55 I0{E 2 [8] 04 4H 56
PR BIRILA 4 . RMSE H T 3R/ B G 10 ) 58
71, RMSE #/)n | 32 WA B 1000 GE ) M5 . RPD=

SD/RMSE, 1 T 3K /s #5821 i T A B, RPDp=>2. 5
T A AT DL T SE bR 10, 2<<RPDp<<2. 5% ]
55 0] DLk A7 R B SN, RPDp<<2 2% B A5 780 AN ]
Y, Difference FH T & B 100 55 52 0 & = [ 1)
%5, Dillerence #i/N 22 S # /) . Slope #4% T 1, Ut
PR A5 3 00 1 28 1 O 2R B A

1.9 it

F A R(R Core Team,2021,4. 1. D#EAT T £1 5
ERIF . R £ prospectr FH T MSC 4L # , pls FH T i
B/ T3 B F 3154, peasd, plotly A F 3 54 43 #r
(Principal component analysis, PCA), EXCEL 2019
MTEEt o Hr.

2 ZRE5iTie

2.1 R4 IE

T L 5 I RE S D AR I 1 AP O 1R Gn 1
FToR o & FEAR 22 [a) W ST 06 o7 AL, (H WO B LA
5B f 22 5 0 AE 910~2150 nm =2 Ja] , fd Bl & 7 -
FR 3T 21 A0 6 T3 1 5L B 4 Kb 58 5 £%) R AT 1 ( 1400~
1640, 1640~1860, 1860~2000, 2000~2150 nm) Fl
1 4h %52 55 19 W I i (1120~1320 nm) . Heodb, 1400~
1640 nm [X 8§ 3= %2 %65 b7 O-H 5 (1% 4 55 W i = 2L M
N-H g R A B 2l 3k 2645 5 7T RE 5 K 40 K2R
I A & SRR A G . 1640~1860 nm [X 38 3= % 52
C-H #E i 7 4 4 3h 19 5% =), mT R K2 B T Bk K 1k
G YRR IR AE TR, I eF 4 R 2R 4 R KR
W5 2 . 1860~2000 nm X 3 f1 O-H'"® }2 N-H i &
BRI B R 3 R WK B R CRRAE . 2000~
2150 nm X 35 AT 6 5 Wk e #H 5617, 30— DX 3l Ay I i
WERTRESE A T BT 2 ik, JCHE IR (C=0-NH)
TE I LA GTE A R AE W . 1120~1320 nm Ab A
W WA e A 555, 32 B UR T C-H B 09 S R 301, n] B
55 0] i P Rk K A6 A W L A R AT R B T &R
FHE

2.2 EESSW

1 SR AR B 0 1R RE S8 ORE B A TR AR O i HE AT
% 54343 Hr (Principal component analysis, PCA) (&
2) , Hi = A F R4 (PCL, PC2, PC3) 3 fig B T
99. 2% My A S 4, Hoh PCL, PC2, PC3 BT ik 43 5l

Hh88.3% A 100 R AE 0.9 R,
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03 O-HE BRI R PCA #47  CEl 2b) 75 T A 7] 3K X 45 38 43
3 NHETEL Tk, PC1 A0 3 B 5k 9 B 1900~2100 nm, 3 B
P T— ,/”‘ tF K 4h B9 O-H i 47 3% 3, %0 3 2%, PC2 2
e | N-HffifE) CH RS IR 1600~ 1800 nm b< 6] B 1, 1 f 5 J  C-H A 45 5
s o ; A N . b L N b =
g C-H fi gy [ == K, PC3 7 1700~1900 nm % £ X 8] M Bl 5% B 5 5,
;EO'" ' TR 5 4F 4 % CELF R AT, I PCA 1401 (I
§ 2ORTE K FEA SAE = Y23 (8] 19 43 AR 5k A EE,

. » . . . W B0 e B B i AR ek o X PP A AT REIE R
900 1200 - “}500] o 1800 2100 FEARTE NG FRAE L AA7E 2 25 5, Re S AL A A 3%
V&N ave length/nm 1 =k S NS b
N I kb T 2% : LT E4 AR ARES
B G I 4 1 4T A S ZE:EIEJJ\ AL”ET#FFE’JEZK AJ Ry 3 21 AR AL
Fig.1 Raw NIR spectra of mulberry silage ettt RAp 9 Bodi i
(@) ®) B
< 100f o —re2
% 0.1 —PC3
gg 73 %ﬁ 0.05
o .= S
#E 50 =
g \ ;
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. ) '.,’ ] .
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2 EANMNREBEER S
Fig.2 PCA of raw NIR spectra
TEca, B0 R TR 22 8 5b, o A 48 1 e, 2040 20 7 3D 1543
Note: a, PCA factors explained variance plot; b, PCA loadings plot; ¢, PCA 3D scores plot

2.3 ANRErRRELEEELES T REIE
oE

AL S I 1) 78 3% 1L A3 K TR o I R B
0 A T AT DLW £ B 4548 bR BOUE 9 4 A R AE . 45
Y10 Bt S B RO A, AL A R AE A 25 5 U 3 Pl
B, RMAREARBLARENE, BBREMFE ES S
fE 3.

oGR8 22 T B BT RE AR A L BERL SR

FEAREE (N=84) FIERIFHE (N=21),% 1,3 243541
T Ak 2 0 e SR T I SR LAY R
JT BT B I A AR IR A B A A L A
2153 1 b 9 i 22 FE RTINS AR SR R BOK B B
B AR . IR, 8 b 4R 06 I 4 1 5080 4> A
B G5 P e A — 50, 56 E 45 A9 B8 K o A
6 58 b 4R WY BN, BRI REAS 23 4R 5 B8, 5 2 1
T 2T ALY ) g 4 1t IR ST L
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Fig. 3 Distribution of nutritional composition, fermentation quality, and tannin content in mulberry silage
F1 ARNRSPERENERES ABGR.ETREHESIT
Table 1 Nutritional composition, fermentation quality, and tannin content of the calibration set (mulberry silage)
W H Items it No. -1 {H Mean fie KA Max fie/ME Min i 1 25 SD W FECV/ %
DM/ (% FM) 84 34.78 38.70 30.69 2.07 5.94
CP/(%DM) 84 12.42 15.91 9.25 1.92 15.45
NDF/ (% DM) 84 40.86 53.67 29.41 5.71 13.98
ADF/ (% DM) 84 28.19 38.01 20.38 4.65 16.51
pH{E 84 4.19 4.95 3.86 0.24 5.85
LA/ (%5 DM) 84 12.70 20.95 6.52 3.68 28.95
CT/(%DM) 84 1.01 1.52 0.62 0.20 19.87
HT/(%DM) 84 0.44 0.99 0.19 0.16 35.28

¥ DM, TH I CP L KHLEE 1 NDF, PR IR 2R 2 ADF FR PR BRI 2 4t s LA FLER s C T 4 G 311 s HT KA B, R[]
Note: DM, Dry matter; CP, crude protein; NDF, Neutral detergent fiber; ADF, Acid detergent fiber; LA, Lactic acid; CT, Condensed
tannin; HT, Hydrolyzable tannin. The same as below

2.4 SEiETALE HEAT TAL R CIE 4) o 1914 BB 6% 2 R HOR RN, 42
SR AR E IE A8 B A 4 (SNVO ML Z JU B R v DGl s A9 — B0k | [R] s I 1 e 7 52 o, ol 30
IECMSCO P FRJ7 35 %6 f0RE & 35 W 2050 e s SN 3 OF DR B LA 3
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Table 2 Nutritional composition, fermentation quality, and tannin content of the validation set (mulberry silage)

i H Items i No. SEH9{E Mean I KA Max fz/IME Min bR 22 SD AR RBCV/Y%
DM (% FM) 21 34.41 38.11 31.61 2.03 5.89
CP (% DM) 21 13.00 16.08 10.20 1.71 13.14
NDF (%DM) 21 39.88 51.01 33.35 5.22 13.09
ADF (%DM) 21 26.95 35.96 22.33 3.98 14.77
pH 21 4.21 4.92 3.88 0.24 5.70
LA (%DM) 21 14.00 20.36 8.02 4.08 29.12
CT (% DM) 21 0.99 1.41 0.72 0.20 20.65
HT (%DM) 21 0.48 0.89 0.11 0.19 39.97

a b

% 5% Absorbance log/(1/R)

900 1200 1500 1800 2100
K Wave length/nm

02F

5% Absorbance log/(1/R)

1 1 1 1 1
900 1200 1500 1800 2100
I K Wave length/nm

4 ZI LIRS HYAE LTS 5k i
Fig.4 Preprocessed NIR spectra of mulberry silage

[E:a, Z0d SNV AL M5 #OEIE IR ; b, 22 MSC TiAk BES /Y635 141

Note: a, Spectra after pretreatment by SNV ; b, Spectra after pretreatment by MSC

2.5 iPLSIEHFELE X ERE

K FH 18w X 8] f i 2 3 ¥ (Forward iPLS) Fll
] & X 6] J 5% /N . 3fe 1% (Backward 1PLS) gk 47 55 1F
6 4 I, I X AN [ DX [R] £ a (10, 20, 50 A1 100) 3
TR . 38 3V0 80 T 45 4 43 e MR A TR0 X6 7 1)
TEDCIE DX )2 A o 25 SR AR BT, 4% 21 43 B Y 1 S5 A 73
b BRI O SNV N [R] 443 18] (9 SRR AE 6 % X [E]
HAEHFEMEEFES . CP,LATFE 20 forward F 3515
X ] 404 s NDF ,HT 7£ 20 backward T ¢ 3 it 1 5
ADF, pH 7£ 50 backward T 3k 13 fz L 45 2R ; CT 7¢
100 forward F 3k i B X M1 4L & o [FIEE, CP 4§
FEDG T DX [8) 43 A AR X 4 252, T NDF B FRRAE G5 X (8]
3T T LLAME I 5K P IX B, LA HT #FR1E D6
T X i) 3 B T AR LD AMK U X

2.6 PLSEMETERIER

FE APLS ¥ i 36 HH 19 R AE St 3 DX ] Ak -, R
PLS ik # 7 fnlRE 55 75 W8 F% B4y K I o 3T R B T
TR R AGH T4 A o e AR B R bR A
gE . CP,ADF, DM, pH Y & b A A 1 BE B 4

Rev 4351124 0. 98,0.91,0. 86,0. 89, RMSECV 43 4
iKF) T 0.23,1.39,0.77,0. 08, RPDev 43 %l Jy 8. 21,
3.35,2.70,3.05;NDF, LA, CT A4 & fn A5 B g vk T
B B A B B i AR 8 T, Reev 43 Ak 2 T
0.83, 0.79, 0.80, RMSECV 4> %l ik # T 2.31,
1.66,0.88; RPDcv 43 Bl ik ] T 2.47, 2. 22, 2. 27;
HT 4 8 8 %% 2%, R%v 2~ 0. 13, RMSECV s #| T
1.44; RPDev Ry 1,08, A H 4 ) i B (3£ 5)
IPLS $2 A 4 AF S 3% X [a] 8 3 48 o 7 B A0 9 o e
£, J0 H 2 DM B9 Riev M 0.66 #2 7+ 3 0. 86,
RMSECV M 1. 19 T35 0. 77, RPDev M 1. 74 2 7+
£2.70,

2.7 BT R

BT IPLS 35 e Ak G 1 X 1] 24 5 412 U AY fie I A5
TS50 A BE 403K 6 T 7 , L 21 A0 S0 A 5 0 AL T
HYAA M HOR ETAnPE 5 Bs o 251 R W], CP, ADF,
pH BRI P B fee A, T S B i (R >
0.8, RMSEP <{1, RPDp >2.5) ; NDF, DM, LA,
CT A2 280 500 1 B R4, T 2 A7 ML IS A 0 (R°p >
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Table 3 Selected spectral interval combinations of mulberry silage using iPLS
it H T4k Bt i i e/ — e i IX ] % FHESE TS X 1]
Items Pretreatment iPLS Interval number Characteristic spectral interval /nm
DM SNV 100 forward 21 935~940,1345~1350,1375~1420,1455~1470,1485~1500, 1665~
1680,1935~1940,1955~1960,1975~1980,2005~2040,2135~2140
CP SNV 20 forward 4 1330~1565
NDF SNV 20 backward 6 1030~1205,1630~1685,1930~1985,2045~2095
ADF SNV 50 backward 34 9356~1130,1160~1180,1235~1305,1335~1355,1435~1530,
1560~1655,1785~1855,1885~2105,2135~2150
pH SNV 50 backward 34 935~955,985~1130,1160~1180,1235~1405,1435~1530, 1560~
1580,1610~1780,1810~1830,1860~1880,1910~1930, 1985~
2005,2035~2105
LA SNV 20 forward 6 1150~1205,1270~1445,1510~1565,1810~1865
CT SNV 100 forward 12 1195~1200,1225~1230,1245~1260,1275~1280,1355~1360,
1435~1440,1485~1490,1515~1520,1545~1550,1655~1660,
2035~2040
HT SNV 20 backward 6 1450~1565,1630~1865

W SNV ARHEIES A, T
Note: SNV, Standard normal variate. The same as below

F4 ETFIPLSHHENiE X BRI & L PLS EfRE R

Table 4 Optimal PLS calibration model based on iPLS-selected spectral intervals
it H 7% K e B e T R 2% SESUERIERGE REC SCURAER TR S SRR AR X AR 2
Ttems Factors R’ RMSEC Ricv RMSECV RPDcv
CP 9 0.99 0.17 0.98 0.23 8.21
ADF 8 0.96 0.95 0.91 1.39 3.35
DM 9 0.91 0.61 0.86 0.77 2.70
NDF 6 0.89 1.90 0.83 2.31 2.47
pH 10 0.95 0.05 0.89 0.08 3.05
LA 9 0.85 1.40 0.79 1.66 2.22
CT 12 0.87 0.72 0.80 0.88 2.27
HT 4 0.25 1.34 0.13 1.44 1.08
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Table 5 Optimal PLS calibration model based on full spectra
RN RS Kk 2R A RIS 7 AR 22 A& B UE R AE RAL ERAEA IR AR ZE S Y UEAR X AR 22
Items Factors R%c RMSEC R%cv RMSECV RPDcv
CP 14 1 0.11 0.97 0.34 5.68
ADF 9 0.96 0.92 0.89 1.51 3.09
NDF 5 0.85 2.21 0.8 2.57 2.22
DM 12 0.93 0.54 0.66 1.19 1.74
pH 12 0.96 0.05 0.86 0.09 2.71
LA 9 0.88 1.27 0.72 1.92 1.91
CT 8 0.84 0.79 0.73 1.04 1.93
HT 5 0.24 1.35 0.04 1.52 1.03
0.6,RMSEP<C2,RPD>2);HT WM R & 22 % 2 3 ip
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Table 6 Predictive performance of the optimal PLLS model based on iPL.S-selected spectral intervals

i H Items T g e ZA Rp T 1 75 4 15 22 RMSEP {25 Difference #H Slope T A X 7 25 RPDp
CP 0.99 0.18 0.02 1.04 9.74
ADF 0.95 0.90 0.03 0.94 4.40
NDF 0.86 1.98 —0.24 0.90 2.64
DM 0.83 0.81 0.06 0.99 2.49
pH 0.93 0.06 0.01 1.04 3.73
LA 0.82 1.81 —0.53 1.13 2.25
CT 0.83 0.86 0.01 0.90 2.38
HT 0.00 1.95 —0.01 —0.12 0.98
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Table 7 Predictive performance of the optimal PLLS model based on full spectra

i H Ttems I pe 7E 2B R T34 )7 iR 22 RMSEP fii 2 Difference #HE Slope T AH X #5725 RPDp
CP 0.98 0.23 0.04 1.01 7.55
ADF 0.93 1.08 0.16 0.91 3.68
NDF 0.86 1.95 —0.33 0.96 2.67
DM 0.82 0.90 0.12 0.86 2.26
pH 0.88 0.08 0.00 0.95 2.92
LA 0.81 1.83 —0.52 1.11 2.23
CT 0.75 1.04 0.21 0.88 1.96
HT 0.02 2.01 —0.10 —0.49 0.95
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Fig.5 Predictive performance of mulberry silage models based on iPLS-selected spectral intervals

FEAE G 3 5 B — BEiE 22 i X ], IFAF 1500 nm B MDM MR IR K AFE S ERERS, FELEPE
AL AT 35 WU X T R S R AR A S A Ty 1400~2100 nm P B, 3R B0 B 9 DDA 2 0T 4T 41 06
O—H Ml N—H 8 1) — A5 A 0 REAL 5% 0052 1 AR S5 43 7 B 3l B il 40 0 & 5 I AL 1) 8
O3 (G T WOBCRRAE 2 oAk 2 g ), R BO v dl it Bt AR AR SR T 2 O TR B RN A AR
AYTERRE GG X o] FAEE T & . W, ADE,NDF (0 T8, A5 5 5 & 20w ™, X T 5 v 1 280 1 13



1886 B

S

o534 5

D RE 2 S H

R4 HE L5 5 CP, ADF, pH 1 8 51 T #4: A
B AR B Bm e R PR e PR (Rp=>0.8,
RMSEP<C1, RPDp>>2.5) , Al DA Ff F 52 by ¥ 9 5
NDF, DM, LA, CT #y#  fii )i #F fig R 4F (R°P>
0.6,RMSEP<C2,RPD>>2), a] L Ff] - FL W& F 0 ; 1
HT R R PE Re 42 22 | b 77 E it — DL 4k (RPDp<<
2) . AWFFE 45 R F W], IPLS $2 U AF 6 3% X ] )5
BB 4 21 43 A A RS A M R TN BE O AR B T W R
FE R ) R pH S AR TR R R O ok B
RPDp i m #5 T 27. 74% , it — 5 B AE T iPLS X}
P 750 3T 2T AMBE R RS M A A . SR L HT (AR
RURIE 2% AT Re 2 I o iR S AR S P HT &5
B/NF 1%, 3% 5 80T 20 78 3% 0 325 AR I i 4 42 21
AT 5, 2 B R P Rl e 22T

IPLS YA AN AT A4 o A5 750 330 005 At 2, 3 mT A
g 3 AR R B B E Y . Zhou 25U TR AR A -4 2 K
(3T 2T A0 5 40 A7 v & B, 36 iPLS iE SR BURRTIE Ok
T DX ] ) PLS BE A0 45 4 50 i i AR 2, B4t
ERA KLU AERR ., ARG RE 2K
o, 78 Ak AR LR DM, LA il CT AL AL
T BE 7 A AF RO R RS P A 22 (RPev<20. 8,
RPDev<<2), ifif 3£ T iPLS $ B 1F 6 7% X 8] fiY #5
AL AR E M W AR T . X U] IPLS AR I D U
R BT Sy T B AR . 4,
T IPLS $& BURFAE 6 35 X 0] Y PLS (1] 5 &2 R, 7
THERCR L F 26k PLS BRI, &% 3% PLS
T AR B IUAE B TR R, W iPLS i 1
HE R AR AR G 1 A B A ol A AR R AR R TP
[0 (1R = 0 NS = O B o 3 o (19 W NI L L 2
(43T 2T A o BT A8 ELAT 1 0 1o A 1

4 Zig

AW 5T 38 1 1PLS 1 6] T e 58 35 0 FE AR 1 420
O AT TR ARG T X )R, O e AR ARG
FAHE T B /D 3R i (PLS) RE 40 HrAse 89 LA 35 0
ek 58 T 0B SR NS | R TR BRI BT R B
CP, ADF, pH # iPLS-PLS # % % {£ (R%p>0. 8,
RMSEP<C1, RPDp>2.5) , A] DL I T 5 br UM 5
NDF,DM,LA,CT B8R 4 4f (R*p>>0. 6 ,RMSEP
<<2,RPD>>2), AJ L A7 R F5000 5 H'T (7% A5 78 i )
fie 11855 (RPDp<<2) , i i — A flifk . iPLS 42 H

(14 U I 3% X ) (5 PLS A5 R 75 101 00 A 1k A A
PE D7 T T3 T etk i PLS LAY, JE & pH
BB () RPDp 42 85 T 27. 74 % ,iPLS Jy ¥ il 1 6 #%
55 B bR AR i A OGO R X, A T AR R R
P A5 M b, B v TR ARL A 92 AR RE T TR A R A
B PRSI EROR O R AR SAS A #5241 5k
TGS S B A A A T HR AR

S % Lk
[1] Thrweig ff 2w, #OT . & A REE & £ LA N5 ke
[J]. W% AR, 2024,6003):66-72,78

XU X F,HE Z Y,DONG H. Application of protein mulberry

in livestock and poultry production [J]. Chinese Journal of
Animal Science,2024,60(3):66-72,78

(2] WAK. BE, BTH. RWAED S iR R A5 B 5
HERELT). 4Rk, 2006, 32(3):377-385
HUANG Z R, YANG J,LU X J. The utilization and develop-
ment of mulberry as animal forage[J]. Science of Sericulture,
2006,32(3):377-385

(3] sZEMS, & TE R A5 Bl o8 B 30 g 4 2
PERE S P2 FBL S AL DD RE SO B A X R psgma [T]. 3y
IR, 2023,35(11):7224-7234
HUANG J P,ZHAO W G,YANG Z J, et al. Effects of forage
mulberry addition on performance, immune and antioxidant func-
tion and rumen microflora of perinatal Holstein dairy cows[J].
Chinese Journal of Animal Nutrition, 2023,35(11):7224-7234

(4] EBSE MR IT WM, 55 WS AN T 2K P B R % 4 A A A
KBS HOR W e 77 B W5 R (7). o 3 0 # B%, 2020,47(5)
1436-1443
WANG J Y,XIE Y F,LI L, et al. Effects of adding different
levels of tannic acid on rumen fermentation parameters and
methane production of sheep in vitro method[J]. China Animal
Husbandry &. Veterinary Medicine, 2020,47(5) : 1436-1443

[5] WAFULA E N, ONDUSO M, WAINAINA I N, et al.
Antinutrient to mineral molar ratios of raw common beans and
their rapid prediction using near-infrared spectroscopy [J].
Food Chemistry,2022,368:130773

(6] Mt—ng G350, LA 4 . BapRb b BT B A 2 AT AR
BB MOH R T ER LT ). DR T, 2024, 45(7):119-125
ZHAO Y M, XU W, AN R R, et al. Effects of tannin, gluco-
side and phytic acid in feed on livestock or poultry and their deg-
radation methods[J]. Feed Industry,2024,45(7):119-125

(7] ¥ A s S0 K 56 S0t ARSI AR e SR A
PUE TR T R HAE & B g i T ] PR Tl 2023, 44
(18):25-29
JIANG Z J,HOU Q R,HOU W Y et al. Nutritional value and
antinutritional factors of mulberry leaves, paper mulberry leaves
and elm leaves and their applications in livestock production
[J]. Feed Industry,2023,44(18):25-29

(8] XUZligh, Bhinzs, Mg . R WAL T L EREN K



%5

20 R A5 < AR DT B TR T AR 3 T BT £ AP O T PR AR S B A Y N

1887

[(11]

[12]

[14

[

[18]

[20]

FAC B 24 3 b i B RCR OF 8 e (7], op [l ) R, 2022
(7):126-130

LIU C M, ZHONG R Y, XIAO D F. Production technology
and nutritional function of silage mulberry leaves and its applica-
tion effect in ruminants[ J]. China Feed, 2022(7):126-130
SRR, I AFSE LS ORA R IR e R [T].
YR 4, 2021, 37(9) :48-57

ZHANG Y C,YIN S L,WANG Y W, et al. Research progress
of woody forage silage [J]. Biotechnology Bulletin, 2021, 37
(9):48-57

AN, S, BRI AR O AR TR 4D AN T S B B R
RS 5 B [D]. MBI A, 2019, 38(5) £ 603-611
CHU X L,SHIY Y,CHEN P, et al. Research and application
progresses of near infrared spectroscopy analytical technique in
China in past five years[J]. Journal of Instrumental Analysis,
2019,38(5):603-611

STUTH J, JAMA A, TOLLESON D. Direct and indirect
means of predicting forage quality through near infrared reflec-
tance spectroscopy [ J]. Field Crops Research, 2003, 84(1/2) :
45-56

CHELI F, BATTAGLIA D, PINOTTI L, et al. State of the
art in feedstuff analysis: a technique-oriented perspective [J].
Journal of Agricultural and Food Chemistry, 2012, 60 (38) :
9529-9542
PASQUINI C. Near Infrared Spectroscopy: fundamentals,
practical aspects and analytical applications [J]. Journal of the
Brazilian Chemical Society,2003,14(2):198-219

PERTAR RO 2R Sy L BRI L0 A T A T £ B Ak
A ARLI]. i 563 2 B, 2000, 20€6) : 777-780

YANY L,ZHAO L L,L1J H,et al. Information technology of
modern NIR spectral analysis [J].
Analysis, 2000,20(6) : 777-780

Spectroscopy and Spectral

OSBORNE B G. Near infrared spectroscopy in food analysis[J].
Encyclopedia of Analytical Chemistry,2006(9):1-14

NORRIS K H, BARNES R F,MOORE J E, et al. Predicting
forage quality by infrared replectance spectroscopy [J]. Journal
of Animal Science, 1976,43(4) :889-897

MIAO X X,MIAO Y,LIU Y, et al. Measurement of nitrogen
content in rice plant using near infrared spectroscopy combined
with different PLS algorithms[J]. Spectrochimica Acta Part A :
Molecular and Biomolecular Spectroscopy,2023,284:121733
CHEN H, LIN Z, TAN C. Fast discrimination of the geo-
graphical origins of notoginseng by near-infrared spectroscopy
and chemometrics[J]. Journal of Pharmaceutical and Biomedi-
cal Analysis, 2018,161:239-245

NORGAARD L,SAUDLAND A,WAGNER J,et al. Interval
partial least-squares regression (;PLS) : a comparative chemo-
metric study with an example from near-infrared spectroscopy
[T]. Applied Spectroscopy,2000,54(3):413-419

KPR BB A . R TE NDF 5558 B L1 e R A 0% 2R 98
M R L], BL AL, 2015,32(12) :2122-2130

ZHU D, ZHANG P H, ZHAO M, et al. Rumen degradation

[21]

[22]

[23]

[24

[l

[26]

[27]

[28]

[29]

[30

[t}

[31

[l

[32]

[33]

characteristics of different neutral detergent fiber/starch ratio
diets in dairy cattle [J]. Pratacultural Science, 2015, 32(12) :
2122-2130

BLIE Ve, TR . AR S SR e bR s SRR T /N A E P [T ]
BACE i, 2023,29(23):176-178

WEI G T, WANG D. Determination of crude protein content
in wheat in Yancheng City by Dumas combustion method [J].
Modern Food, 2023,29(23):176-178

VAN SOEST P J,ROBERTSON J B,LEWIS B A. Methods
for dietary fiber, neutral detergent fiber, and nonstarch polysac-
charides in relation to animal nutrition[J]. Journal of Dairy Sci-
ence, 1991,74(10) :3583-3597

JUNG J S, RAVINDRAN B, SOUNDHARRAJAN 1, et al.
Improved performance and microbial community dynamics in
anaerobic fermentation of Triticale silages at different stages[J].
Bioresource Technology,2022,345:126485

BRODERICK G A, KANG J H. Automated simultaneous
determination of ammonia and total amino acids in ruminal fluid
and in vitro Medial[J]. Journal of Dairy Science, 1980,63(1) :
64-75

MAKKAR H P S,BECKER K. Vanillin-HCI method for con-
densed tannins: effect of organic solvents used for extraction of
tannins[J]. Journal of Chemical Ecology.,1993,19(4):613-621
WANG N W,XIONG Y, WANG X K, et al. Effects of Lacto-
bacillus plantarum on fermentation quality and anti-nutritional
factors of paper mulberry silage [J]. Fermentation, 2022, 8
(4):144

CZARNECKI M A, MORISAWA Y, FUTAMI Y, et al.
Advances in molecular structure and interaction studies using
near-infrared spectroscopy [J]. Chemical Reviews, 2015, 115
(18):9707-9744

RANZAN C, STROHM A, RANZAN L, et al. Wheat flour
characterization using NIR and spectral filter based on Ant
Colony Optimization[J]. Chemometrics and Intelligent Labora-
tory Systems,2014,132:133-140

70U X B,ZHAO J W,POVEY M J W, et al. Variables selec-
tion methods in near-infrared spectroscopy [J]. Analytica Chi-
mica Acta,2010,667(1/2):14-32

PEREIRA A F C,PONTESM JC,NETO F F G,etal. NIR
spectrometric determination of quality parameters in vegetable
oils using /PLS and variable selection[J]. Food Research Inter-
national, 2008,41(4) :341-348

MUKHERIJEE S, LASKAR S. Vis-NIR-based optical sensor
system for estimation of primary nutrients in soil[J]. Journal of
Optics,2019,48(1):87-103

CHEN J,REN X,ZHANG Q, et al. Determination of protein,
total carbohydrates and crude fat contents of foxtail millet using
effective wavelengths in NIR spectroscopy [J]. Journal of
Cereal Science,2013,58(2) :241-247

JIQG,LICF,FU X S, et al. Protected geographical indica-
tion discrimination of Zhejiang and non-Zhejiang ophiopogonis

japonicus by near-infrared (NIR) spectroscopy combined with



1888 ¥ o ¥ 4 %34 %
chemometrics: the influence of different stoichiometric and spec- Fran ST T]. Fodh e 2023, 31(12) : 38413850
trogram pretreatment methods [J]. Molecules, 2023, 28 (6) : TIAN L M, CHEN F,LIN Y L, et al. Research on detecting
2803 nutritional quality of forage oat silage by near infrared spectros-
[34] WRARLL A B 5 L ok o, 45 .l 37 T £1 1R AIE I 46 458 250 ek i) copyl[T]. Acta Agrestia Sinica, 2023,31(12):3841-3850
SRR OILE IR MY BT FELT]. B M A i, 2019, 27 (4) [38] YUNY H,LIH D,DENG B C,et al. An overview of variable
867-873 selection methods in multivariate analysis of near-infrared spec-
CHENJ S,ZHU R F,ZHANG Q, et al. Research on the rapid tra [J]. TrAC Trends in Analytical Chemistry, 2019, 113:
determination of conventional nutritional components of Leymus 102-115
chinensis by establishing near infrared characteristic wavelength [39] ZHOU X H, XIANG B R, WANG Z M, et al. Determination
model[ J]. Acta Agrestia Sinica, 2019,27(4):867-873 of quercetin in extracts of Ginkgo biloba 1.. leaves by near-infra-
[35] RILEY M R, ARNOLD M A, MURHAMMER D W. Effect red reflectance spectroscopy based on interval partial least -
of sample complexity on quantification of analytes in aqueous squares (iPLS) model[J]. Analytical Letters, 2007, 40 (18) :
samples by near-infrared spectroscopy [J]. Applied Spectros- 3383-339
copy,2000,54(2):255-261 [40] FUJTS,YU H D,CHEN Z,et al. A review on hybrid strategy-
[36] BEC K B, GRABSKA J,KIRCHLER C G, et al. NIR spectra based wavelength selection methods in analysis of near-infrared

[37]

simulation of thymol for better understanding of the spectra
forming factors, phase and concentration effects and PLS regres-
sion features [J]. Journal of Molecular Liquids, 2018, 268:
895-902

P T A6, BAR AR L AR AR T, 45 . I 21 A 5 335 A T ke A2 ) R I

spectral data[J]. Infrared Physics & Technology, 2022, 125:
104231

(3¢ f* %

YEH)



