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Study on difference of multi—scale structure of japonica rice
starch with different glycemic index

XIONG Ruoyu'?, YANG Ruifang'?,CAO Liming"*

(1. Institute of Crop Breeding and Cultivation, Shanghai Academy of Agricultural Sciences, Shanghai
201304, China; 2. Ministry and Province Co—construciton Key Laboratory of Germplasm innovation and Genetic

Improvement of Grain and Oil Crops, Ministry of Agriculture and Rural Affairs)

Abstract: [ Objective ] The characteristics of multi—scale structure of japonica rice starch with different
glycemic index were analyzed to provide theoretical basis for breeding and cultivation management of rice
varieties with low glycemic index. [Method] Using ion chromatography, gel chromatography, 'H nuclear
magnetic resonance, and X-ray diffraction analysis methods, low glycemic index japonica rice ‘Youtangdao 2’
(High resistant starch content) , middle glycemic index japonica rice ‘Shenyou 28’ (High quality japonica) ,
and high glycemic index japonica rice ‘Hulan 1212’ (japonica soft rice) were selected to analyze the
differences in the multi-scale structural characteristics of rice starch. [ Result] Compared with the Huruan
1212, which had a high glycemic index, the amylose content of the Shenyou 28 and Youtangdao2 increased
significantly by 107.2% and 262.7%, respectively. Conversely, the amylopectin content decreased significantly
by 9.9% and 28.0%.Notably, the total starch and protein contents did not exhibit significant differences among
the varieties. Additionally, the resistant starch content of ‘Youtangdao 2’ was 15.7% higher than that of both
‘Hulan 1212 and ‘Shenyou 28’.The results of the starch chain length distribution and branching indicated
that the fb, chain, fb; chain, and amylopectin average chain length in ‘Shenyou 28’ and ‘Youtangdao 2’ were
significantly reduced by 5.3%~13.6%, 8.5%~37.8%, and 2.7%~15.2%, respectively, compared with ‘Huruan
1212’. Additionally, the fa chain, the ratio of (fa + fb,)/(fb, + fb,) , and the starch branching degree were
significantly decreased by 1.6%~34.8%, 10.0%~30.0%, and 19.7%~44.7%, respectively. The results of the
starch crystal configuration and granule size distribution indicated that the ‘Huruan 1212 and ‘Shenyou 28’
exhibited an A—type crystal configuration with high relative crystallinity.In contrast, ‘ Youtangdao 2’ displayed
a B-type crystal configuration characterized by low relative crystallinity and a smaller granule size.
[ Conclusion | Low glycemic index japonica rice ‘Youtangdao’ 2 exhibits a high content of amylose, resistant
starch, long chain ratio of amylose, long chain ratio of amylopectin and average chain length. Additionally, it
demonstrates the low short chain ratio of amylopectin and low starch branching ratio, characterized by a B—type
crystalline configuration.

Keywords :japonica rice; glycemic index ; starch ;multi-scale structure
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RIS T 2024 4F 5—11 A 76 B iRl B2 Be A T45 G g0 B (30°53'N, 121°22'E) iff 7. K2+
80~20 em RE M BRALTE TR - pH 6.3, BIEA ML 18.5 o/ke, iHAR 4.7 me/kg, AR 21.5 me/kg, B
40.3 mg/kg, HAHN 129.3 mg/kg.
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Pt A o iRl BB A XS E 00 3 A KEAE SR, BRI MRS B0 R 5 R OCAE RS 2 5 (o HURE
Fer, BRMEAE 155 xF5 7K 123) H IUBE - H508E A 5 P R A 28 (24 S REAR , Y 2 1A HR K 26-28 ) 1 i I 5 B0k
FE AR AR 1212 CF IR , & 2/ KRR B X B 46) o
1.3 REiEt

SR EE i) K DX AR, B4 A A A Al o — AN AR B, A /N TR R 20 m?, 3R E A . FEA {5 5
FR¥F 520 HEEFD, 6 H 20 HEE 4k, 10 7 30 HUkHk . SEE B, N TRAR, B3 1 ATHREE N 25 emx
14 em, K5 P 26 & 35 270 kg/hm?® BEAE (P,0,) 150 kg/hm® EPAE (K,0) 150 kg/hm®, EAE N IR & (N &
H46.4%) ,m(S3FEAE) :m (SrBEAE) - m (AR ) =4:3: 3, B AE FH A AE — Vit P, 40 4 6 S AR sk S 45 255
Mo JEREFRBAT1 A, 7 BERE T RARS 7 it AR T 2h A 44k — 3000t FH o [R] 7K 4345 B KR
TR IEH S AR BT AR B R AT . KRS IS W 2 5 7K AR 13.5% , B 200 g K245 AR A 22
BEARALF5E KRB BRI 2 A5 BIRE K, 2 0 Fo A5 BB KA I
1.4 MEMBFFE
141 ExhHhite

ORI J5 FRE 100 mg F 5048, 12 mLARFL 340 80% £ 18, 12T, 70°CHLE 2 h, 3 H1. 12 mL
B K IAT,12 000 r/min #5010 min, 57 F3E . 14 mL AT 2080% L1, 12T, 12 000 r/min 5.0
10 min, 7+ &, R 2. il 1.5 mL o3RI, WB /K3 13 min, ¥4, 10.05 mL JE 3 A5 4G il & 1.5 mL
GOPOD I, IR HEIR 2T, 50 “CHFE 20 min, T 510 nm AP G,
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Z805.95.
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W E 4 b TER 5 mg T EPAS, LA 1 mL D6-DMSO, 80 “CHI#GET 5 12 000 r/min &5.0> 10 min, B 1
WA SRR T E LRI . R HOAZ G R IR 50 B 5 1, X i 43 SR A A SEATAS I, T FHASCES Sy
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%4 (1CS5000+, Thermo Fisher Scientific, USA) , F| I HE A 27 A5 5 X 3 k3 HE 47 20 Bk o R FH Dionex™
CarboPac™ PA200(250 mmx4.0 mm, 10 pum ) A (354, HERE R R 5 Y,
1.4.6 A%k

W ALTER 5 mg HEATHE A ATALBRSS _EHLINGE . 3k REER AR REER SR 2 RS, AR
%A U3000( Thermo, USA ) , 78 22 K51 2% A7 OPTILAB T-rex( Wyatt technology, CA,USA) . HIg{b&9 )tk
JE, R A IE 4 1 R 7S B AY BE i HE BH €2 3% A Plael 10 wm MIXED-B (300 mmx7.5 mm) , Plgel 5 wm
MIXED-D (300 mmx7.5 mm) ; 17 80 °C; #EEE &y 100 wL; i 3hAH A(0.5% LiBr, DMSO) ; 3% 0.5 mL/min;
VRIS BE « 553 80 min"*,
147 “hshE

B g b yE By 100 mg T & LR, ARSI . SR X GTZAT5Y (Tokyo, Japan Rigaku Miniflex
600) HEAT43HT . FHLSEL . 4 28 , HyPic—400MF — 218 515 2 FEA 400 28 , 11 % 600 W, 45 FiHE 40 kV,
X-SHERAF Cu, Pk R 1.540 6 A, FFETEE 0 4°~60° , 24 0.01° , R 5 */min"",
1.4.8 A BAEKIZ S

BE glifb TE # 100 mg T A L2 /KM EPE H, EALRI . SR IR SCHOE KL BE X Mastersizer
3000( Malvern Instruments Ltd , Worcestershire , UK) #4345 0, L 48 Hydro LV {9543 HL#F , >R FH TSR]
SERIIERY DK AT, G R ECH 1.333 0, JEM L RECH 1.50;5 6 BEEH A 5%~8% .
1.5 #iE4aiE
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21 AEMEEHEREASER
AN [A) I RE BORE ARG AR RL 2 40 22 S AN 3R 1 7R o Ve R AR 10 75 S A i B) O W 28 22 5 (H LS
TERY SCHEEVERY MATHETE R & AEAE B 25 5 o PR 1212 SRl LE , B OR 28 FIOLKEAS 2 5 Bl 1Y 15 56
TER A 43 ) S 2 HE TN 107.2% F1 262.7% 5 111 S 4 VE K i 0 AR B R e, H o e 2 R 9.9% Fi
28.0%. ULAN, ARKERE 2 5 BPUIETE R & AP 1212 FIHIR 28 SR 15.7% .
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Tab.1 The difference of grain composition of japonica rice with different glycemic index

s fof SIER S % HEEEMER% SRR &R % PUPETE R 5 H/% B %
Cultivar Total starch content ~ Amylose content ~ Amylopectin content Resistant starch content  Protein content
1212 .
82.9+0.9 8.3+0.0° 74.6+0.9" 0.2+0.0° 7.5£0.3"
HR 1212
HI{IE28 . : . | :
84.5+2.6" 17.2+0.0" 67.2+2.6" 0.2+0.0" 7.9+0.3"
SY 28
PR 255 , , , , _
83.8+2.3" 30.1+0.6" 53.7+2.7° 15.9+0.8" 7.7+£0.2"
YTD 2

(7] — 3] H AN ] it Bl T A ) /N 5B 2R TE P<0.05 KF- 2257 3%

Different lowercase letters between different cultivars in the same column are significantly different at P<0.05.



1218 -

A N

i 547 %

22 AREMAESHAETREEE

MERIBRIZEES

AN TR I BSOHE R S T A B A A0 A 2 DL I 4R AR SRS B 12 R4S e A B B — K — /N
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>0 S 25 AN 2.7% AN 15.2% , H H AR
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Amylopectin chain length distribution(A)and the difference(B,C)in japonica rice with different glycemic index
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Tab.2 The difference of amylopectin chain length distribution and starch branching degree
in japonica rice with different glycemic index

OEEARHE  FIEER /%
i (k% o FE% b EE% (b, 5% U LM% o 1,6 %
(fa+fb,)/  Average chain
Cultivar fa chain b, chain  fb, chain  fb, chain a—1,4 linkage a—1,6 linkage
’ (fb,+h,) length
PR 1212
24.7+0.0" 41.9+0.0" 16.9+0.0° 16.4+0.0°  2.0+0.0" 22.4+0.0° 92.4+0.6" 7.6+0.6"
HR 1212
ﬁz‘ ,fjt 28 b b b I b I b b
Sy 08 24.3+0.1" 40.1x0.2" 17.8+0.2" 17.8£0.0"  1.8+0.0" 23.0+0.0" 93.9+0.7" 6.1+£0.7"
pERI 25 , . . ‘ . ,
16.1£0.1° 42.1+0.0" 19.2+0.0" 22.6+0.0"  1.4+0.0° 25.8+0.0" 95.8+0.0" 4.2+0.0°
YTD 2
[l — B AN [a] it Bl AN [ /NG P B R AE P<0.05 7KF- 2257 25
Different lowercase letters between different cultivars in the same column are significantly different at P<0.05.
R3 ARMBEHEREMEREREERSGER
Tab.3 The difference in starch crystallinity and full chain length distribution of japonica
rice with different glycemic index
AT F A XS 508 B2 /% EHER I %
- Relative diffraction intensity FANLE % 4 AR Full chain length distribution
c T. Degree of Crystal FHgE BT E=0E
ultivars
S 15 177 18° 200 237 crystallinity pattern T AR T A 1t FH
Peak area 1 Peak area2 Peak area 3
PH1212
- 4.2 83 73 40 55 22.66 A 74.6 18.9 6.5
HR 1212
Hi1IL 28
- 46 159 07 25 75 23.80 A 63.9 18.6 17.5
SY 28
DL 2 5
07 19 105 - 8.6 2.6 19.57 B 56.6 25.0 18.4

YTD 2
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PR 1212 FIHR A 28 2 A RIZE SR 78 15° 17° 187 2071 23° b7 HH Sk F4 A B0 i 10 g 25 D)
L BRIZE AR EEAE 5.6° 177 22°F1 24° BRI e AORRAE 06 (36 3, 11 2) o ARG &5 R R RS/ MK Uy R
P28 R 1212 MEbERG 25 o BERGE S (U T W BERS aE KAFAE 30, B — Dl e i AR (L B Ve M J
B ) R RE MUY AR 1212 L 28 AR 2 5, 28 e i AR LB SE MR B8 ) R B/ IMR U A DL RERE 2
51212 R 28, 5 = A T AR (CELRETE Y RE ) Fr R B/ IMRYUCRIERERE 25 (R 28 0k 1212,

E L2rk " B 17°
PriR1212 o
2 ok HR1212 z I8
A 7} }
z A Hi{l28 5 [
kS| 0l syzs) £ [
| |\ b2 o 59
oy " YTD2 & ‘
i m s |
= | [}
= | \ »
% 0.4 | \ Y |
= y ] ‘
f[é” 0.2 _ &
y 4
ﬁ 0 ,/ \ o 23°
= L L L I 15° 20 !
2 3 4 5 6 7 0 10 20 30 40
PR 1gMw firhtfze/C )

B2 A [a) M RO R VA A R A0 (A) JL 4 i 80 (B) 2%
Fig.2 The difference in starch full chain length distribution(A)and crystal configuration(B)in japonica rice
with different glycemic index
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N[5 A B5ORE A it o 1 A UK A28 4 A 24 Ry BRI I 2 (181 3) o I 3R 1212 FIOUHRERed 2 5 A A i)
PR FRUBORE 3 A1 I (L2 24 10 o, T IG 28 2954 18 a5 3 4 it il 1) 2 TR AR A B i o3 A1 i W6 3 331 g
7 pm 13 wmo SHE 28 SRR EL, IR 1212 FNOEHERE 2 5 S Rl ) PR R 2 AR S B - R AR ) 4
2 A 30.5%~31.6% . 21.4%~23.1% 1 3.6%~16.4% , HY* #1212 FICHERE 2 5 8] 76 B0 S R AR -
ZRWEGRL) . 10% F150% ZFRAE H KBNIMKI R L 28 PURERE 2 %5 P 4K 1212, 1 90% REVRI#E
AR BN IMKION AR 28 )k 1212 AEHEfE 25 .

F4 FRMBEESEREHITRNESHER

Tab.4 The difference of starch granule size distribution of japonica rice with different glycemic index

o Ry RETY By 10% 21 HE 90% HFH
Cultivare R4/ um FiAE wm HFiE/um KA/ wm R4/ um FiAE wm
D[4.3] D[3.2] D[1,0] Dx(10) Dx(50) Dx(90)

1212 HR 1212 12.120.1" 9.0+0.5" 5.320.1" 5.0£0.1° 10.6+0.3¢ 21.5+0.3"

28 SY 28 17.7+0.4° 11.7£0.1° 5.5%0.1° 5.9£0.1" 15.2+0.2° 33.5+0.2"

PEfifE 2% YTD 2 12.3+0.3" 9.2+0.2" 4.6+0.1° 5.2+0.1" 11.2+0.1" 21.2+0.2"

[l — 1 AN R AR TR AS [R]NE PR R AE P<0.05 K22 5 i 35

Different lowercase letters between different cultivars in the same column are significantly different at P<0.05.

10 10 14
A PHR1212 B C
3 HR1212 g 512
g Hiff2s = < 2 10
< 5 SY28 ) S 1
S5 6 150 =£ 6 2 E -
g_ = HewEtE2 = 7] z 8 8
Z YTD2 RS R
RE 4 = 4
X ag 8 ]B'H b 6 4
Ko = ® S
% E =S TE 4 05—
S35 2 W o 2 = 6
= g z
& i 2
0 o 0 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
WURIRI42 /um Granule size WURLRIAE /um Granule size WUkIRi42 /um Granule size

3 N[RIUEE B St A e URLAA R 234 (A) , R IAARS T (B) FACE 4317 (C) 22 5%
Fig.3 The difference in starch granule volume distribution (A ) ,surface area distribution(B)and number distribution(C)

of japonica rice with different glycemic index
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TER K EE BRI B, 29 5 Rk T E 1 70%~80% , 764 K FR AT ik 809%~90%" . ik BIE
Ky KRR A 5 o i R A R R e, B Z iR 6 B3 SR R ™ S TR A KCRg i b ) 2
F A i AP PR R 25 57, 30 B 2 P JO 5 2t T B 2 o MR R A A0 ol JB 1 R o DA R K g i B
FHEERY BT R 5 TE R AH B FH R I oD oy A T P, DT S8 R e Y Ak AT AR it i
REPYe FEAKIE ST, S R] AR S BORRS R ) A R TE R MR R S e E 22 R AR, BTk
FE B Pl E A DA LA 08 i 7 7 e 1) v PR AR B, A0 T R TR KR R T AR ) o S S A B
VEM e IR T e B ELEEVE R O AR REAE KRS B R 04 [R) 1 T RE R AN [ OB 48 £IORE
STE R R AT A R AR R A BB A A S T 1 R R R K i T T AR R
MBI . ARG R I, 5 B RE T 7 it SR S B TE A e DR ORGE R B B B, § 3K
B2 . SR, T ELBEVE R 43T (o] A RE A 355, T8 s 1) B M &5 A e S WA 1L, X A5 2 5
Bl TE D Bl 53 A, DA AR D o T Ak 3 B M B HE £, AR AR S 2 — 0 R RE 25 1Y B VE B
i S T 28 By ik 1212 S Al HUH MRS BRI X E— 2P B0 E T B RE VE Ry B i R 4
BRI R . BREAHEVER &t Ah , VE M 4 1 S S VE Ry B 1 20 A7 2 75 R 52 W) A 6 %, 7 22
ik —25 3 AR5

B 2 %ot U A 22 RUBE 454 (RIS A 4544 ) IATRL TR, R K R i S5 10 BPAy AN FEASUASU AR 8 T e T
KRR [ AR AR B R RS S A R AR K, B R T REAF e R 25 7 X B2
FH VE B A Bl B STHE VE R B R 40 A B AN R I 3R, —JBORUG, SCHEVE B A0 B (SR G B DP 6~24) LL i 3%
B CHEVER K BE (DP 25~76) B BLEEVE R K BE (DP>100) B A AR 1 R A, 239 R LR 2050 v 110 280 38 R A A1
(ARG B, DTG ELAT R P £ AR 5, AL W R B0 ™ AR 4 IR 5 2 — B0 Ui 2 =5 i A B e
VT L SR E R B E ) | R LR T R A L ) AN A ) SR VE R Y s K TR LA AR
o—1,6 W5 (JER 20 SR , DM LT M T 7 b o, B8 £k eAh, SO Ve My MBS 30 L 73 52
JE R R T 23 (a7 BEL, BELAR 5 1R SO G SR e 52 A 1, I ELBEVE A o AR, B TR U i A
A, I I 3 5 B A T Ak, 33 mT e 2 SR RS 2 5 IR SR A0 SR RO AR UL, 28 I A ZE DA
AN [) 2 R 7K e it A AR 25 %) 2 S ), 2 30 4 7% SR A 4 S BE | LA TE R LU 18] SR VE R B L A7)
SO AR AR, 25 6 75 TR SE R bR AR LU T TR BB VE A & ik — L — e PR RS A S B . AEREOK
BT TE A B IR T RARBUETERY (RS2) AN IR AE JEKY (RS3)P,  ELHEJE Y PR HZR PR 254 A A 1 4032
Gy IRVA] LI 1 S8 28 A U5 , X T4 ELEVE R 7RV 2N S fift A7 2od P2 v 25 ) SRR LA AR5 440 , DA TS e oy
PUMER M Z R, SCBRETE RS Fr T B o SR 2 A A [ A e R e R T B A A T RE A AR AR
U, PEWEAR 2 5 SR T DA i A i R DR AN LR SRR Ve B 1 i o, 3 DR AR T 4 9 <
JE R BB VE R LA | R SO TE A A L B R T A B A 3 S R (A5 A A ] A S B D
Ky EEREIN, AT AT Bh T A B S 07 o 3k 26 2 BRI T 26 RS K B R R Rl B R R, TR LR A
FIETE R Y 2 ROBE SRR, DARE & BEEA D0 R B Wk it Jot SO By Tt 2 (AR OB 48 550 A AR i b
32 AEmMFEEHERNEMNERETHNNEES

TR TE A 1) 5 52 ) SEL 9 TR R 1 S R DR R RRORTE M M 2 45 TR 4, ph 285 X R 32 B
X ASER LA™, 1 205 i JEE T R A9 UL PR 45 4 A 5 T At e A2 a7 0F 85 & DX, W0 i T 3 e
S P N = S TS O 2 Qe e e = R (A O (160 ) 0 = G 0 < ) B X 110 o e AN [T N
FEMZE I Z AR, P 3R 12102 FIER AR 28 5 il 0 AF X6 485 o B2 250 5 TG GT AR A R B A 2 5, (0 L
PEREECA AR, X — IR IR S UM M4 2R RV UM OC . DAAER Y 2 45 b 1 L HLAT M R 45 i 2%
R ORTR)SE Ry 45 44, J0 R AN () A JE A O i B 0 A 25 oK RER . TR WA 2 5 Rl 0 e 8 B 7Y
SE SRR HL X SR AT SRR I AR 5.6° (177 2271 24° , S BE M DU IE 25 4 1 A 2 Fh 4k S HES
2, RIERARLEE 5 (A B RIS T 45 5 (B Y, J5 35 T /IMA RS BOR AT 90T Z 090K 3+, BRI ES A Ay



55 5 3] RE AT S0 AN [ I 5 BORE e 1) T 2 UL 25 ) 22 S F 5 - 1221 -

AT, Al DX RO AT PR AR (H B BUES Sl B ) 3 By 7 I TR A7 i e b T RE SE A 2 bk v s
I AT RE S H MR BB AR A 2 N o, DOBERS 2 5 14 e B B i LG 191 P REBELIS: 1 45 R IX 5
R B DR TE B9 45 SRS IR I 2 55 SURTE AT O 274 2045 )2, BARAR X2 f B A, (EA A
TUERPURL it 2 S5 A BORRRE , DR IO Pt P A e, TR A AR ™ . RO B BIE 5 L — 25 i A A U B
TUL5 R BOTE R 05T JROBIL ) B HE X e Ay T REPE B B2 o AN [R]GEA FURE AL AR R /N5 31 A i X AR B
AT T 0 1 P 3 0 AR AR IR SE ™ B, /I ) i oy AL DR LAy 2 T AR, 18
155 T AT P o AR, AT A AR o AEASIESE DR 1202 TR A 28t i 1] B9 L At 2R S i
NBFFE— B, ARAE H I 28 FNOLHERS 2 5 i BhTRI A LR, G5B AN TR] . 15 Fp U s i) R 10 28 A EE 1
MBS TSR LR 2 S-S/ INBURE LU (AR X ey, (EHC MUREHE SR SE AR . R S b 22 53 T RE 5 0 oy DAL
(47348 LA R s 5 2 B T 5 LT R 5 A G BRI IE LR R 2 AR R WP FEAR G
IKRETE R BRSSP Z B C R BT o 258 1 REORVENT A 45 R (4 A 28 80 DR A DL K 734
JAE 22 A DR 28 I [R5 M G AR R AU 2 i R AROR B SE 5 B LR G 5 IBX LE P 3R, DA 4 1
AR R TE S BT AR A0 AR

(EAS IR, BN B e 5 ey SCBE T by R B L) e B 3 oy R ORI 5 22 1) 7K e
sty Fft, FLSE A RIURE AN 5 S8 S04 , R ok (0 RVRE R AR A AR 1 S8 9 A L e LA s S S /N ORI B 22 1)
PR dh op AL 5 WA , 5 e 266 FEE R e (L 8, ROR A R IR A RIS s AEARBIESE o, B AR A
25 b Bl BAT R ELBETE R i DUVETER S A BRI BE L SCBRETE R B HE B ST BB R AR T
PR A5 OB A, (EL R OR 0 B T BRI 85022 o DRI, 2 i~ A0 M 5 ™ e R "2 AR R K
R 7 ol RIS o o e R (8 B R RR A AR . DDA B A8 PR R 2SR, Aok il VB IR0 3R (L e VBT
e VBR VBB RDGTRAE K SMERE R ORI SRS N R 8 A AR Ty AT KT
JEAH TR, LARACE R AR REOKRE i A OR AR B0 5 32 286 138 B SR P SR, DA T e A R B R i Jo

4 & it

AHEFE R AR 1 SORE RS DU AR 2 5wl R B A 8 ELREVE A & DUV TE R & i BRI BE L
191 SCHEFE R HE L 1] B PP B RS BERE A L BE S S 73 SCRE UL . RIS, OB AR 2 5 i BAT iR
RERT 285 5 B L/ NORE LG 5], B AL, (A R, IS BOAIR

2% 3Lk References:

(1] Esilr, F R, T8, 55 . v R AR AR 0T b DXAZ M i A T ke o M e i SR 7 [0 . h R A 4R T4 2017, 33(11)
1563-1566.

WANG C T,WANG X W,YU D H, et al.Prevalence of non-communicable chronic diseases (NCDs)in eastern coastal China
and its implication for NCDs prevention and treatment [ J |.Chinese journal of public health,2017,33(11):1563-1566.

[2] SUN H, SAEEDI P, KARURANGA S, et al.IDF diabetes atlas: global, regional and country-level diabetes prevalence esti-
mates for 2021 and projections for 2045 J].Diabetes research and clinical practice ,2022,183:109119.

[3] QI X, TESTER R F.Utilisation of dietary fibre(non-starch polysaccharide and resistant starch )molecules for diarrhoea thera-
py:a mini-review[ J ] International journal of biological macromolecules ,2019,122:572-577.

[4] ZHANG L Y,ZHAO J,LI F, et al.Effects of amylose and amylopectin fine structure on the thermal , mechanical and hydro-
phobic properties of starch films[ J ].International journal of hiological macromolecules,2024,282:137018.

[5]) A PRI B I , 45 IR INUBEFE R0 S ORI ST 0E e [0 ] T g Tl 274 ( A AR , 2023,44(2) 1 119-126.
LIH,WU Q F,XUE Q Q, et al.Research progress on low-glycemic index foods[ J].Journal of Henan university of technology
(Natural science edition),2023,44(2) :119-126.

[6] MNIEEAE , 5K S0, RTTI, 55 AT FEAR MM A iU RO i WS R () ). rp R 2741, 2023, 38(9) : 228-235.

CONG H H,ZHANG Z W,SONG X L, et al.Research progress of low glycemic index in cereals [J].Journal of the Chinese
cereals and oil association,2023,38(9) :228-235.
[7] HUANG M, HU L Q,CHEN J N, et al.In vitro testing indicates an accelerated rate of digestion of starch into glucose of



1222 - RN AN I 3 o416

cooked rice with the development of low amylose rice in ChinalJ].Food chemistry: X,2022,14:100278.

[8] XIONG R Y,TAN X M, YANG T T, et al.Relation of cooked rice texture to starch structure and physicochemical properties
under different nitrogen managements|[ J |.Carbohydrate polymers,2022,295:119882.

[9] WANG Y L,0U X Q, MAQTARI Q A, et al. Evaluation of amylose content : structural and functional properties , analytical
techniques, and future prospects[]] .Food chemistry:X,2024,24:101830.

[10] GEBRE B A,ZHANG C C, LI Z J, et al.Impact of starch chain length distributions on physicochemical properties and di-
gestibility of starches[ J ].Food chemistry,2024,435:137641.

[11] CHI C D,LI X X, HUANG S X, et al.Basic principles in starch multi-scale structuration to mitigate digestibility: a review
[J].Trends in food science & technology,2021,109: 154-168.

[12] SALMAN C K M, BOLLINEDI H, ANAND A, et al.In vitro glycemic profiling of rice: a dual-index approach using predic-
tive glycemic index and inherent glycemic potential[ J ].Journal of food composition and analysis , 2025, 140:107229.

[13] DENG F, LI Q,CHEN H, et al.Relationship between chalkiness and the structural and thermal properties of rice starch after
shading during grain-filling stage[ J ].Carbohydrate polymers,2021,252:117212.

[14] WANG Y,MA Y X,GAO X D, et al.Insights into the gelatinization of potato starch by in situ '"H NMR [J].RSC advances,
2022,12(6):3335-3342.

[15] ZHOU W,YANG J,HONG Y, et al.Impact of amylose content on starch physicochemical properties in transgenic sweet po-
tato[ J ].Carbohydrate polymers,2015,122:417-427.

[16] LIN L,GUO D,ZHAO L, et al.Comparative structure of starches from high-amylose maize inbred lines and their hybrids[J].
Food hydrocolloids,2016,52:19-28.

[17] SANDHU K S,SIROHA A K,PUNIA S, et al.Effect of degree of cross linking on physicochemical , rheological and morpho-
logical properties of sorghum starch[J].Carbohydrate polymer technologies and applications,2021,2:100073.

[18] YAN H G,ZHANG W W,WANG Y H,et al.Rice LIKE EARLY STARVATIONI cooperates with FLOURY ENDOSPERM6
to modulate starch biosynthesis and endosperm development[ﬂ Plant cell, 2024,36(5) : 1892-1912.

(19] BRSO, 255, il , 45 . JERRE A0 456 15 JORZE 8 B WR S BUR OGP RO RIS 2 e [0 ] it 5 R I Tk, 2023, 49(5)
321-327.

YAO W J,LI'Y,QIAN H F, et al. Research progress on the correlation between starch fine structure and rice cooking and
eating quality[ J ].Food and fermentation industries ,2023,49(5) :321-327.

[20] #EH, 2k, JBATT, 45 ROKEE F1 SO RS K i B B SE R I SE R e L) ] 1 AE Al B, 2020, 59 (HE T 1) - 44-46.

DU X S,LIJ B,XIA M Y, et al.Progress in effect analysis of rice protein on rice quality [J].Hubei agricultural sciences,
2020,59(Supl ) : 44-46.

(20 ] X &, 0, KB R, 45 . 25 1 JS0/R J5T- BE M0 AR ELATE FH SR i o T A S A< 0 GV AT e b e [0 . it Tl B
2025,46(9):1-10.

LIU C N,GUO Y,ZHANG ] X, et al.Protein/lipid-starch interactions and their effect in slowing down starch digestion rate
[J].Science and technology of food industry,2025 ,46(9):1-10.

[22] WANG H X,BAIJJ,ZHAO Q, et al.Changes in rice yield and quality from 1994 to 2023 in Shanghai, China[J].Agronomy,
2025,15(3):670.

[23] XIONG R Y,TAN X M,YANG T T, et al.Starch multiscale structure and physicochemical property alterations in high-quali-
ty indica rice quality and cooked rice texture under different nitrogen panicle fertilizer applications [ J ].International journal
of biological macromolecules,2023,252:126455.

[24] JUKANTI A K,PAUTONG P A,LIU Q Q, et al.Low glycemic index rice-a desired trait in starchy staples[J ].Trends in food
science & technology,2020,106: 132-149.

(25 ] 307 MR R, 45 . B BEVE R FISCREVE R 0 TS5 WFFE R ()], £ Bl , 2020, 41(13) 1 267-275.

HAN W F,LIN Q L.,ZHAO S M, et al.Recent advances in molecular structures of amylose and amylopectin [J].Food sci-
ence,2020,41(13):267-275.

[26] REF, Be B, 5 85, 55 . ROR B0 OR A JBOJE W0 S H o o7 2803 4V T W 98 ke [ ). b A K, 2021, 27(2)
28-37.

WU J Q,XIONG R Y, XIE J X, et al.Research advances on rice eating grain quality formation and its response to nitrogen



55 5 3] RE AT S0 AN [ I 5 BORE e 1) T 2 UL 25 ) 22 S F 5 - 1223 -

application[ﬂ .China rice,2021,27(2) :28-37.

(27 ] WAWNER , B 1B, 7 b5, A5 B 25 00 i ELBE VE R /K A S AR UE R T AL R 52 me L) ] /2741, 2024, 50(9) : 2347-
2357.

HU L Q,XIAO Z W,FANG S L, et al.Effects of planting season on digestive characteristics of high amylose content rice[ J].
Acta agronomica Sinica,2024, 50(9):2347-2357.

[28] 5k Je, CHANNARONG P, 5KITHR, 4% . REORPTETE b & it LIRS R e M A [0 ). b A R27 2019, 52(17)
2921-2928.

ZHANG C L., CHANNARONG P,ZHANG ] L, et al.Evaluation of rice germplasms for grain resistant starch content and its
environmental stability[]] Scientia agricultura Sinica,2019, 52(17):2921-2928.

[29] SERGE P, ERIC B.The molecular structures of starch components and their contribution to the architecture of starch gran-
ules :a comprehensive review[ J ].Starch,2010,62(8) :389-420.

[30] RRESLAE, STRERE K805, 45 . 3y UM TOUL 25 ) 5 445 i V0 2 B R B F 5 e [0 ). i Tk A, 2017, 38(19) -
316-322.

KANG Y J,JIA X Z,ZHENG S T, et al. Research progress in starch micro-architecture and crystal transformation [ J].Sci-
ence and technology of food industry,2017,38(19) :316-322.

[31] ZHU D W,FANG C Y, QIAN Z H,et al.Differences in starch structure , physicochemical properties and texture characteris-
tics in superior and inferior grains of rice varieties with different amylose contents [J].Food hydrocolloids, 2021, 110,
106170.

[32] Bkl , K5, kA IR 55 AN TA] i AR AU 24 £ 1 TR VE M L2 A ARSI AR BIESE [0 ). B0 55 i Tl , 2022, 48
(15):200-206.

AOZ C,MAY Q,ZHANG L R, et al.Starch granules structure and digestion in vitro of different crystal types of medicinal
and edible plantS[H .Food and fermentation industries,2022,48(15) :200-206.

[33] A, hFR, SR ITHE 55 SE R 20 RUBE S5 4 L ) BRSOV VR 2 S B T AR PR R I ik e [0 . £t Tl B, 2024, 45
(15):443-451.

WANG M J,MA C M,WU Q Y, et al.Research progress on starch digestibility regulated by multi-scale structure and physi-
cal modification[ ] ].Science and technology of food industry, 2024, 45(15) :443-451.

[34] siibUiy , sk A B, 22 T &, 55 . mfv Ve B REREHT i R AR TE By BE I 204 5 2 TR ik 22 5 [0 ) b AR B2
2009,42(6):2237-2243.

ZHANG S M,ZHANG J M, LI D L, et al.The difference between starch chain length distribution and main quality character-
istics of high resistant starch lines of japonica rice[ ] ].Scientia agricultura Sinica,2009,42(6) :2237-2243.
(REHE: KATE)



