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Protein Interaction Verification of Cassava MeGBSSI and MeSSV
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Abstract: Granule-bound starch synthase I (MeGBSSI) is the key enzyme for amylose synthesis in cassava, primarily
responsible for catalyzing the formation of amylose through a-1,4-glucosidic linkages on the surface of starch granules.
However, how MeGBSSI cooperates with other starch-synthetic enzymes to orchestrate starch biosynthesis remains
unclear. In the previous stage of this research group, through yeast two-hybrid technology, it was hypothesized that the
soluble starch synthase MeSSV was a potential binding protein of MeGBSSI. In this study, the MeGBSSI and MeSSV
genes were cloned using the main cultivated variety of cassava, Huanshan 8 (SC8), as the material. Yeast two-hybrid
vectors pGBKT7-MeGBSSI and pGADT7-MeSSV were constructed. Through yeast two-hybrid point-to-point experi-
ments, the interaction relationship between MeGBSSI and MeSSV was preliminarily verified. The luciferase comple-
mentation (LCA) and double-molecule fluorescence complementation (BiFC) techniques were used to further clarify the
direct protein interaction between the two. The results showed that the protein sequences encoded by the MeGBSSI and
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MeSSV genes, compared with the sequenced variety AMS560, respectively, had 4 and 2 amino acid substitutions; the

MeGBSSI protein was non-toxic to yeast cells and had no self-activation activity; this protein interacted with the soluble
starch synthase MeSSV in yeast; the LCA experiment showed that the chemical signals significantly enhanced after
co-expression of MeGBSSI and MeSSV; the BiFC experiment further proved that the two could form a complex in plant

cells, and the interaction signal was located in the chloroplast. The findings would provide new insight into the syner-

gistic regulation among cassava starch-synthetic enzymes.
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TRSFIN 4 58, Glycos_transf 1( PF00534; GT 1)
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112 E&50 YR RNA FBGLH & A
REFZEVRHEARAR; A0 & B 2
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F it

1.13 #4FHE#% pGBKT7.pGADT7. pGBKT7-
Lam, pGBKT7-p53. pGADT7-T, pNC-BiFC-Ecc,
pNC-BiFC-Enc, pCAMBIA1300-cLuc il pCAM-
BIA1300-nLuc ¥ A S 56 % (- 47 5 AH109 1)
Z& . RIGHFHEERZE DHSa. MIEAFHEIRZ
A& GV3101(pSoup-p19) g H i A M A= W H AR
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Tab. 1 Primer information
R3S SRS (5-3) ik
Primer name Primer sequence (5'-3") Purpose
MeGBSSI F:ATGGCAACTGTAATAGCTGCACA KN TR
R:TCAAGGCGTGGGAACGTTCT
MeSSV F:ATGCTGATCATGGAGAGTGC
R:TCAGGATCTCACCCTGATCG
pGBKT7-MeGBSSI F:-TGGCCATGGAGGCCGAATTCATGGCAACTGTAATAGCTGCACA AR 7
R:TGCGGCCGCTGCAGGTCGACTCAAGGCGTGGGAACGTTCT
pGADT7-MeSSV F:CCATGGAGGCCAGTGAATTCATGCTGATCATGGAGAGTGC
R:AGCTCGAGCTCGATGGATCCTCAGGATCTCACCCTGATCG
BiFC-MeGBSSI F:AGTGGTCTCTGTCCAGTCCTATGGCAACTGTAATAGCTGCACA
R:GGTCTCAGCAGACCACAAGTAGGCGTGGGAACGTTCTCCTTAG
BiFC-MeSSV F:AGTGGTCTCTGTCCAGTCCTATGCTGATCATGGAGAGTGC
R:GGTCTCAGCAGACCACAAGTGGATCTCACCCTGATCGAGT
1300-cLuc-MeGBSSI F:CGGGGCGGTACCCGGGATCCATGGCAACTGTAATAGCTGCACA
R:CGAAAGCTCTGCAGGTCGACAGGCGTGGGAACGTTCTCCT
1300-nLuc-MeSSV F:GAGCTCGGTACCCGGGATCCATGCTGATCATGGAGAGTGC
R:GCGTACGAGATCTGGTCGACGGATCTCACCCTGATCGAGT
pGBKT7 il F:GTGCGACATCATCATCGGAAG ARG I

pGADT?7 Al

ProF

CR

PEGFP-N3
1300-cLuc 5l

1300-nLuc 4

R:TAAGAGTCACTTTAAAATTTGTATAC
F:AATACCACTACAATGGATGATG
R:GAGATGGTGCACGATGCACAGT
GCATTCTACTTCTATTGCAGC
GTCGCCGATGGGGGTGTTCT
GTCGCCGTCCAGCTCGACCAG
F:TTACCGGAAAACTCGACGCA
R:TAGGATTCTGGTGTGTGCGC
F:CACTATCCTTCGCAAGACCCT
R:TGTCCACCTCGATATGTGCAT
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1.2.1 MeGBSSI % B % % & B F o B 4k 4 & 1.2.5 Mo %%k E4MEE(BIFC) % BiFC

PL SC8 AREE A SR Hi/E MR, $RIUS RNA,
S 3R #S cDNA ., F| H phytozome ( https://
phytozome.jgi.doe.gov ) % ¥ % A & MeGBSSI
( Manes.02G001000 ) J¥ 41, HR4E 75039 5]
Y (3 1), 7afE MeGBSSI 2K, PCR Wik %
(50 uL) H: LATaq0.5uL, 10xLA PCR Buffer
5uL, dNTP Mixture 8 uL, F FIF5I#%& 1 uL,
it 1 ul, Ml ddH,O #hZ 50 pL. ST N
94 CHIZEE 5 min; 98 C7A8¢E 20s, 55 CiEk
30's, 72 ‘CHEMH 2 min 15 s; 72 ‘CHZIEN 5 min,
PCR =¥ 1 1%35 B A6 J oL TR ARG H 1) 257
¥ A B 534K pGBKT7 (EcoR I A1 Sal 1) 4lifk,
{68 FH [] 9 o 4 370 3% B2 9 % Ak DHS . KIGFF 1R
A, TEHH PR R B R E AR E
PR\ w354 Sanger I
1.2.2 MeSSV A & L8 B Bk Mk FIH
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W (1), f§i[f] TaKaRa 2\ ) LA Taq™ & {5 EL/ ,
M SC8 AZErh PCR 1 MeSSV 14 2 fid X A Bt o
Praifb )5 i H B BEF pGADT7( EcoR I Fil BamH
1) #4, PREUHME R AT 5, kst
BRI W ARA RA R 1T Sanger M) .
123 FHHéEaf AgEwRA K pGBKTT-
MeGBSSI 5 pGBKT7 zs5#k (XFHR ) 43554 4L £
AH109 BEBREEAZSdnMd, BRERRE, SRF
SD/-Trp ¥ 5L, Fa il 8 11 8¢ 1% - K pGBKT7-
MeGBSSI i H #0445 pGADT7 z5 %% ( %t Hg ) Hf#
e AH109 BERERAZ 5400, sSAF SD/-Trp-Leu.
SD/-Trp-Leu-His-Ade #1 SD/-Trp-Leu-His-Ade+
X-0-Gal 3} 5L, Frll 5 A A BOETEE. A
T G B X6 FE R pGBKT7-p53+pGADT7-T, [
HXT BB pGBKT7- Lam+pGADT7-T, LKA
pGBKT7-MeGBSSI+ pGADT7 ., 555 451 : 7F 28 °C
fFIE SR 2~3 d, WEREELE BV AR KR O
1.2.4 BEEF R e 89 5ot 5 hiE A K
pGBKT7-MeGBSSI il pGADT7-MeSSV ¥y 2k 14
i AH109 BEREEZ S YN . st fE SD/-
Trp-Leu. SD/-Trp-Leu-His-Ade #l1 SD/-Trp-Leu-
His-Ade+X-0-Gal #5354 |, 28 CfElE I F 2~3
d, ULEETRERE B TE B AR R AB I o % A S0 1) BH P
X # & pGBKT7-p53+pGADT7-T, [ %t I 2
pGBKT7-Lam+pGADT7-T, L8644 J& pGBKT7-

F AR BAIE MeGBSSI #il MeSSV I HAEXZ, FIH
Nimble Cloning £ A&¥ MeGBSSI Fll MeSSV i1 - Bt
/3915 pNC-BiFC-Ecc 1 pNC-BiFC-Enc # {4 %
2, B G RBBIK ., HEMAEE A GV3lol
( pSoup-p19 ) KATH , IRE TSI R, Hi57
48 h &, Ml OB R A B SR DO 1E 5 o

126 #KEZXEZ#HEZA (LCA) FiE K
LCA $ AR it — 0758 MeGBSSI Hl MeSSV 1) HAE
KFR, W FEEHFEA, 72504 MeGBSSI
MeSSV ] i Bt 5 pCAMBIA1300-cLuc 1 pCAM-
BIA1300-nLuc #f&i#EH: . #£H GV3101 ( pSoup-
p19) BAZ AL, K I )F IE A Y 2H 2R AR
FrE v, SIRA AP EFSFHHEN R, 5535 48 h
Ja, AEMHE I R B X 150 pg/mL D-H %%
SR PPER IR, A TR AR BGOSR M &

2 HER5HH
21 MeGBSSI & B B 5 (£ & pGBKT7-
MeGBSSI # &t

PL SC8 K% cDNA Mz #% MeGBSSI (1)
I, HIRWAT AW 45X (1827 bp)
KE (" 1A), ¥ MeGBSSI F:[H H Bt 54k 1k
pGBKT7 zs#kalifk., fifi ) 5 4 0 G kA7 3%
P, PRBUA TSI TR PCR %52 (K 1B), #
PHPE R MR 1T Sanger /¥ o 45 5% W7, phytozome
B e R 2 A AMS60 19 MeGBSSI JF51) 5
SC8 AREEMMA 8 MHIEMZESR: & 26 ML

A
bp

2000 —>

1000 —

A: MeGBSSI [N Tife; B: pGBKT7-MeGBSSI K% ik PCR;
M: DL2000 DNA marker .

A: Cloning of the MeGBSSI gene; B: PCR of pGBKT7-MeGBSSI in
Escherichia coli lysate; M: DL2000 DNA marker.

B 1 &KZE MeGBSSI EEEERIFHEMEHE

Fig. 1 Cloning of MeGBSSI gene from cassava
and construction of bait vector
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A—C, 55 80 ML G—T, % 179 Mt A—T,
999 M A—G, i 1196 M T—C,
1269 Mg AL T—C, 55 1241 MhFE A—C, 5 1755
MHE G—A, BIEMRITHLS R ER, A 4
DRI KA. 5 9 NEIEER L-F, 5 27
MEIEFR K—N, 2 334 NEFEER R—G, 2 586
NEKFER AT (F2),
2.2 MeSSVEEMTER pGADT7-MeSSV #
Nk

Pl SC8 K% cDNA MY H MeSSV
( Manes.02G082800 ) [ Zmt X, H 5% £ 4 1

W ZigIX (1827 bp) K (K 3A ). ¥ MeSSV
RR BB 541 pGADTT 25 #halifk, {8 [R5
FHRFN G IATER:, PRBCATEHEIEF TR PCR
¥iE (K 3B), FPHMERERIETT Sanger I, 4%
RN, phytozome F(#iFE L AMS60 i Ff
MeSSV 5415 SC8 Ky MeSSV 44 4 HsiFEry
Z5 60 M A—G, 130 NIt A—C,
55 441 DHIEE G—T, 5 1596 Pk T-G., &
FR P oI Xt 25 R WoR A 2 R R & R
% 44 MEILR M—L, 147 MEIER M1
(K 4),

AMS560 T\AT\I|A—\A \SRSSELSI|EALET}\'AN\<LSI€TGP\‘TCTI|TPNCL RSLNTNCKLCMVKTCSKAV ]\']\'\'SAT(A\GRPAA-\KI|l|(‘(]—}GI\NLI|F\ GAEVGP VSKTGGL iy}
MNATVI

SC8 [AAH! \SRSSI—ILSII—]ALETKAX LSETGPVTCTI

t t
JAEI U G VL GGLPP ANAARGER VMNT VSPRYDGYKCAWCTS VS VEI|KI|GERI
SC8 CCVLGGLPP ANAARGER VNT VSPRYDCYKCAVLTS VS VEI|KI|GERI

AMS560 CLAALEAPRVLNLNSSKNFS CPYCEE VAFI|JANCVHTALLPCYLKAI
SC8 CLAALEAPRVLNLNSSKNFS GPYCEE VAFI|JANCVHTAL LPCYL KAI

AMS560 (RKI|N\‘?\}\'A(~I|LESER\ LTV SPY\AQE\IISC\ EG\ELD\F I|RKTGI
RKTGI

SC8 CRKI|NWMNKACGI|JLESCRVLTVSPYYAQEVI|SGVE€GVELLNFI

1t

TPNCLRSLNTNCKL CMNKTCSKAVKKVSATCNGRP AAKI

I|CCHGMNLI|F VGAE VGP VSKTGGL i)

[ETVRFFHS YKRGVCRVF VEEPNFLEKVVGKTGSKI|YGCPRAGLLYCCNCLRFSL L wlvi]
[ETVRFFHS YKRGVCR VF VEEPNFLEKVWGKTGSKI|JYGPRAGLLYCCNCLRFSL L V]

\CPA\CIIXKHAI\'\ AF('Il}NIIAYCCRFAFSDFPRLA\LPEKFKS SFDFI|DGYEKP VK [JEI]
YCPMNGI

[YKHAKVAF CI|ENI|JAYCGRFAF SDFPRLNL PLKFKS SFDFI|DGYEKP VK JK{t]

NGMDVGE VNP VIDKYI|CI[HYDATT VVDAKPLLKEAL CAE VGL P VDRN VP V(]
NCMNDVCE VNP VIDKYI

CIJHYDATT VMDAKPLLKEAL CAE VGL P VDRN VP ity

AMS560 LI|GFI|GRLEEQ}§CSEI|F \AAIlSQL\EL\\ Cll\I|LGTCK}§}§FEKCI|EELE\L\'PE}\H—\RG'\AKFA\\ PLAI—;\IlTACADFA\L\PSRFEP(GLI QLEAMRYGT VP (V]
VI

SC8 LI|GFI|GRLEEQKGSLI|F VAAI|SQL VEENVCI|VI|L GTCKKKF EKCI

AMS560

EELE VL YPCKARGVAKFNVPLAEM

TAGADFML VPSRFEPCGLI|QLEAMRYGT VP eIV

I|\:\STGCL\ ET\KEC\T(FQ\CALR\ECDI\'IlDSAD\AAIl\ KTVARALCTYATAALREM|LNCNACCL SVKGP ARV \‘EK?\LLELE\&GSEPCTECEEI'APL 600

SC8 VASTGGLVCT VKEGYT CFQNGALRVECDKI|DSADVAAI|VKTVARALGT YATAAL REM|LNCMNACEL SVKGP ARVVEKMLLCLEWGSEP GTEGEEI|AP L v}
AMS560 AKENVP TP 608
SC8 AKENVP TP 608

ik RN IR R E AL
The arrows indicate the positions where amino acid substitutions occur.
2 MeGBSSI S EEF 5IxfLL

Fig.2 Comparison of MeGBSSI amino acid sequence

A bp M 1 B bp M 1

15000 —> 15000

2500 —> 2500

1000 —> 1000

A: MeSSV JEATEE; B: pGADT7-MeSSV K PCR;
M: DL15000 DNA marker,

A: Cloning of the MeSSV gene; B: PCR of pGADT7-MeSSV in
Escherichia coli lysate; M: DL15000 DNA marker.

B3 ZiEEEZEAEEREREMHEEE

Fig. 3 Cloning of candidate interacting protein genes and
construction of prey vectors

2.3 MeGBSSI ZEHHS RN E B #iEKN
H & 5wl %, 5754 1 pGBKT7-MeGBSSI Al
pGBKT7 7535 H B BER A KRS KRBUHIF], &

A HE AT A AH109 BRI H X HOH
., mE 6 AlM, pGADT7 =# 5 pGBKT7-
MeGBSSI 15 15 2 {4 & 7% T £ T 5 BA 1 % B AE
SD/-Trp-Leu ¥ %3¢ FIE® £, 7F SD/-Trp-Leu-
His-Adel, SD/-Trp-Leu-His-Ade+X-a-Gal 153735
PR, RUAEHE A0 H IS AT
24 BEEEWHRZ AX RIMIE

¥ pGBKT7-MeGBSSI % 1H# (k5 pGADT7-
MeSSV JE ¥y a7 AH109 B AR 4E35k, &4 B AE
BF, SRR mRE, hE 7 w5,
pGBKT7-MeGBSSI+pGADT7-MeSSV 7E SD/-Trp-
Leu. SD/-Trp-Leu-His-Ade ;3iFdiE# 4K,
H7E SD/-Trp-Leu-His-Ade+X-a-Gal 53 A8
W, SBHMEXT R pGBKT7-p53+pGBADT7-T f4:
FARGLKRBAHE . 455K W] MeGBSSI 5 MeSSV
AR R AR
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AMS560 MLIIVES AL VCGKFCKPCCFHSRKGVLRKRKGNATHHLF S SEF NINSLLSS THP S VQAGALKRES S AGF VTKEL VWP SPDLEI|PFWKRDFPS VEASSEVP TD Jel]
SC8 MLIIVES AL VGKFCKPCCFHS RKGVLRERKGNATHHLEF S SEF NBSLLSS THP S VQAGALKRES S AGF VTKEL VWP SPDLEI|PFWKRDEPS VEASSE VP TD i)
AMS560 [VKCSNLLHI|VEVIT AENAPI|AKVGGL GCVVIGLARACLLRGHT VEIWLPF YECI|QKCQI|SDLALI|TVYNS YHCCNVI|P TNAHRGVVS GI|P VIF I|EP SNEF jeiil]
SC8 IJVKCSNLLHI|VEVT AENAPIJAKVGGL GCVVIGLARACLLRGHT VEIJALPF YECI|QKGQQI|SDL ALI|TVYNS YHCCNVI|P TNAHRGVVS GIP VI|FI|EP SNEF [eliy]
AMS560 GSYNELEAYLFFSRACLEVMQVSGI|CPTIIJEVHEWCTGALPLLF VENYCYLSLKKPRVI|LTIIENMEHYGE CRQECL SKCCLDGS VYATI|CK A Je{v]
SC8 FRGCHVYGGS YNELEAYLFF SRACLEVMNQVSGI|CPEII|JEVHEWCTGALPLLF VEN YCYL SLKKPRVIJLTIIENMEHYCGECRQECL SKCGLDGS VYATI|CK A Jelol]
AMS560 LCDRTIJGENPERLSLLKGGI[VYSNAVVTVSPTYLKETL CSRVL ASTLIJAERDKYF GI|LNGI|[CTAMVNPATEVFLP AKF SGCN|[EGKKLCKHYVCRGL GL A JEly]
SC8 LCDRTIJGENPERLSLLKGGIJVYSNAVVTVSPTYLKETL CSRVL ASTLIJAERDKYF GI[LNGI|[CTAMVNPATEVFLP AKF SGCNI|ECKKLCKHYVCRGL GL A i)
AMS560 1|S CNNVPCTVLKVPLVVCI|SRL VPQKGL HLI|THAI[KYI|[EEL GGCM |[VL GKASCS REEGEF KHL AEL ENHGP ST|RI|LLMVYSEEL SHIVL YAAADNM VL Vgelil]
SC8 1S CNNVPTTVLKVPLVVCI|SRL VPQKGL HLI|THAIIKYI|EEL GGCM|VL GKASCS REEGEF KHL AELENHGP ST|RI|LLNYSEEL SHVL YAAADNM VL VRlii]
AMS560 [PSIJYEP CGL SQLI|GNRYGAI|PVVRKT GGL ALT VFDMCDGSNCEI|ANGFIJFEGVEEGSLNVALCRAF AYYREKPEE VNS TVQRVIJEIICNS WNKT AGE YI|KI| 600
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The arrows indicate the positions where amino acid substitutions occur.
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Fig. 4 Comparison of MeSSV amino acid sequence
1:1 1:10 1:100 1:1000 TR s N
_ . 2.5 W& FRAEAKIUE MeGBSSI #1 MeSSV
pGBKT7-MeGBSSI ERE(F
s d
ARWFFEFE T MeGBSSI-cEYFP il MeSSV-
N yi e > > SHe
e NEYFP 40K, R FIOCIAMER, 2
P

B 5 MeGBSSI EBRIZFMEM

I54F MeGBSSI 5 [ F1 MeSSV 75 [ 7E A W14 4 1)

SD/-Trp HAEKZ. MKl 8 A, MeGBSSI-cEYFP+

MeSSV-nEYFP 504 & H A7 76 8 (565 5, bt

Fig. 5 Toxicity test of MeGBSSI protein M4 45 (MeGBSSI-cEYFP+nEYFP, MeSSV-

pGBKT7-MeGBSSHpGADT7

pGBKT7-MeGBSSIH+pGADT7-MeSSV

pGBKT7-p53+pGADT7-T

pGBKT7-Lam+pGADT7-T

SD/-Trp-Leu SD/-Trp-Leu-His-Ade SD/-Trp-Leu-His-Ade+X-a-Gal

6 MeGBSSI ZEE A MEKT
Fig. 6 Detection of self-activation of MeGBSSI protein

pGBKT7-p53+pGADT7-T

pGBKT7-Lam+pGADT7-T

SD/-Trp-Leu SD/-Trp-Leu-His-Ade  SD/-Trp-Leu-His-Ade+X-a-Gal

7 BEWNEZ AN RKIE
Fig. 7 Yeast two-hybrid point-to-point validation



%5 3 4]

FREY . AR MeGBSSI 5 MeSSV AYZE H HAEKIIE 585

nEYFP+cEYFP, cEYFP+nEYFP) H L7 G55,
25 3R] MeGBSSI £ [ Fll MeSSV & FIFEAH YA
WAFEEAE SRR, HEAERES N T2k,
26 WANHARNEEEBEIIIE MeGBSSI #
MeSSV EBEH1E

ABFSEREE T 1300-cLuc-MeGBSSI F1 1300-
nLuc-MeSSV Ak, >R % K R 9EG R B B AME
A, HE—LEHFE MeGBSSI fil MeSSV % 1 H.AE
()5 2 BB ZH K 1300-cLuc-MeGBSSI, 1300-
nLuc-MeSSV 5452k 1300-cLuc. 1300-nLuc 435
AT B, i A W R RO B . E

GFP Autofluorescenc Bright

MeGBSSI-cEYFP+
MeSSV-nEYFP

MeGBSSI-cEYFP+

1300-cLuc-MeGBSSI+1300-nLuc-MeSSV 3£ 5 2
Ao g B B B e kOGRS . TERT IR
( 1300-cLuc-MeGBSSI+1300-nLuc , 1300-nLuc-
MeSSV+1300-cLuc, 1300-cLuc+1300-nLuc ) H 4
ME s B ES (B 9), #F— P %k
MeGBSSI # il MeSSV #E HFEHAE R R .

3 it

TERY B e — A P Al A, %
FI ZRPYEA & U IORE AR b, BORLZ,
A IFEN 3 N GBSSTUE ELHEE A A B SCHE R

Merged

8 BIFC I&iE MeGBSSI #1 MeSSV ZHE1E
Fig. 8 BiFC verification of interaction between MeGBSSI and MeSSV proteins

nEYFP

cEYFP+MeSSV-

nEYFP

cEYFP+nEYFP
1300-cLuc-MeGBSSI+1300- | 1300-cLuc-MeGBSSI+1300-
nLuc-MeSSV nLuc

1300-cLuc+1300-nLuc-
MeSSV

1300-cLuc+1300-nLuc

356

B9 LCAIRIE MeGBSSI #1 MeSSV EHEE
Fig. 9 LCA verification of interaction between MeGBSSI and MeSSV proteins



586 o AE A F AR

%478

WG, (EEFEEMILF, GBSSI KN ARR
SHBEER SRR B A, HAaEE R
TR ERE, 5 EEEE R R HE REGR R
BEKPPO, FERAE S, Wx Lg% GBSSI
AL AR TE B A AL, ARTRIAS Wx 2540 3 R 3
$Z0 GBSSI {3 P4 S LA ey stk I i 45 L
WM T EES, FmMRERRNEENEES |
e R, B4k, OsLESV il OsESVI H W 5
GBSSI. GBSSII % CHEMIE 2 A1k, fEifixdt
Fit DA - S T 2 7 28 T Ry Ok e 1A, T
P 15 I IR DE R 5 R FL AR DE B 1) BUASR
Xt RS A R R B Y FEA YIRS
W, JER A RO/ T 2 R OCEERS (W1 ADP-
WA PR FRILEE AGPase. JEM & SS. TE
¥yor W SBE %), M Z—LLERgE N (W
PTST) WHH YRR, xS 20 34 A i T il
VR B [ VR 22 AR, SN B A T) i B ) R
W . KRR 5E R, SSI. SSlla 5 BEIIb
SR BAE R BUE A, MUK 57 SO E R
e R A= i S IE R P FRITE R B, Ve &
LR A VAR ) 406 5 D B I 1 A2 B8R 1 T R 1k
(NS B I, R BHUE R B I DI W) FH 1) 30 25
THLHI, R, FTRIHER MeGBSSI 5 MeSSV
I BAE R AR E B R SRR A Sy, R
S YE R A A

EAREPCAMFERY, MeGBSSI 1] 5
MeSSI. MeISAIJE Wi H BAEM 4, H MeGBSSI
WS RENS 2 LE [ HAERS ) AT B i i P B AU
28 . LCA I BiFC AR5 1E T MeSSV 5 MeGBSSI
ZIAERENEAEECR, X REH,
R S A A I A R 2 A S R B IR S il ]
A LW E 51K ( multi-enzyme complex ), P
72 5 v My 1 2 A 55 JORL S5 44 i A A, T
R A TE M S AE R B T AR . IeAh, AR
T & B F [ 400 Fh SC8 5 AMS60( 2% 3L K
ZH RN ) B9 MeSSV 5 MeGBSSI 3t iR ¥ 7 /E &2
A~ SNP AR 507 57, i 26 33 A5 45 5 1] e S 30U
a5 Fa 22 5, 2 I 5 i) it 1) 40 58 5 15 3 3 5 ol
R, AIEMNAKA ZEPTHRIE7E [ 9K 58748 B
AR, MeGBSSI J7 41| 28 28 ffi GBSSI i M 5¢ 42 1%
&, FECATER G MAZH; M POOTAKHAM
452817 MeSSV H M 5E Y Met147—Tle 58725 I 7] fig
S E Ry ORL S5 4 S AL AR . ROk P E— 25 F
5% MeGBSSI-MeSSV & AR 1) £ #4 R 1k 5 T 1L

i, RAIRZA [R5 17 A8 S 0 Tl A2 MR AR P
DRERIREM , i A ZETE A dh il R AR R 9 201
WTEO

£ % Lk

[1] OTEKUNRIN A O. Cassava (Manihot esculenta Crantz): a
global scientific footprint—production, trade, and bibliomet-
ric insights[J]. Discover Agriculture, 2024, 2(1): 94.

[2] MUBANGA S C, SEYOUM T W, GEREMEW B, ADEG-
BEMIRO B A. Progress in research and applications of cas-
sava flour and starch: a review[J]. Journal of Food Science
and Technology, 2019, 56(6): 2799-2813.

[3] COELHO E, BALLESTEROS F L, DOMINGUES L, VILA-
NOVA M, TEIXEIRA A J. Production of a distilled spirit
using cassava flour as raw material: chemical characteriza-
tion and sensory profile[J]. Molecules, 2020, 25(14): 3228.

[4] WANGY, OU X, MAQTARI A A Q, HE H J, OTHMAN N.
Evaluation of amylose content: structural and functional
properties, analytical techniques, and future prospects[J].
Food Chemistry: X, 2024, 24: 101830.

[5] CHEN Z G, ZHONG H X, CHEN M, GONG F Y, L1J. The
fine structure of starch: a review[J]. Npj Science of Food,
2025, 9(1): 50.

[6] HUANGK Y, LU F F, CHEN P F, JIAO G A,LINHY,
ZHANG J, ZHAO S L, CAO R J, SHAO G N, SHENG Z H,
HU S K, TANG S Q, HU P S, WEI X J. A large-scale gene
regulatory network for rice endosperm starch biosynthesis
and its application in genetic improvement of rice quality[J].
Plant Biotechnology Journal, 2025, 23(7): 2583-2594.

[77 HUNT H V, MOOTS HM, GRAYBOSCH R A, JONES H,
PARKER M, ROMANOVA O, JONES M K, HOWE C J,
TRAFFORD K. Waxy phenotype evolution in the al-
lotetraploid cereal broomcorn millet: mutations at the GBSSI
locus in their functional and phylogenetic context[J]. Mo-
lecular Biology and Evolution, 2013, 30(1): 109-122.

[8] BULLE S, SEUNG D, CHANEZ C, MEHTA D, KUON J E,
TRUERNIT E, HOCHMUTH A, ZURKIRCHEN I, ZEE-
MAN S C, GRUISSEM W, VANDERSCHUREN H. Accel-
erated ex situ breeding of GBSS- and PTST1-edited cassava
for modified starch[J]. Science Advances, 2018, 4(9): 6086.

[97 RAEMAKERS K, SCHREUDER M, SUURS L, FURRER-
VERHORST H, VINCKEN J P, VETTEN N, JACOBSEN E,
VISSER R G F. Improved cassava starch by antisense inhi-
bition of granule-bound starch synthase I[J]. Molecular
Breeding, 2005, 16(2): 163-172.

[10] VASCONCELOS L M, BRITO A C, CARMO C D, OLIV-
EIRA E J. Polymorphism of starch pathway genes in cas-



%5 3 4]

FREY . AR MeGBSSI 5 MeSSV AYZE H HAEKIIE

587

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

sava[J]. Genetics and Molecular Research, 2016, 15(4): 1-12.
YANG ZF, WANG Y F, XU S H, XU C W, YAN CJ. Mo-
lecular evolution and functional divergence of soluble starch
synthase genes in cassava (Manihot esculenta Crantz)[J].
Evolutionary Bioinformatics, 2013, 9: 239-249.

TETLOW I, EMES M. Starch biosynthesis in the developing
endosperms of grasses and cereals[J]. Agronomy, 2017, 7(4):
81.

SAITHONG T, RONGSIRIKUL O, KALAPANULAK S,
CHIEWCHANKASET P, SIRIWAT W, NETRPHAN S,
SUKSANGPANOMRUNG M, MEECHAI A, CHEEVAD-
HANARAK S. Starch biosynthesis in cassava: a ge-
nome-based pathway reconstruction and its exploitation in
data integration[J]. BMC Systems Biology, 2013, 7(1): 75.
WANG Z B, LI WH, QI J C, SHI P C, YIN Y A. Starch
accumulation, activities of key enzyme and gene expression
in starch synthesis of wheat endosperm with different starch
contents[J]. Journal of Food Science and Technology, 2014,
51(3): 419-429.

ZHANG J J, HU F Y, HUANG B Y. Relationship between
activities of key enzymes involved in starch synthesis and
accumulation in maize inbred lines during grain filling[J].
Russian Journal of Plant Physiology, 2008, 55(2): 249-255.
ZHANG L, LIN, ZHANG J, ZHAO L L, QIU J J, WEI C X.
The CBM48 domain-containing protein FLO6 regulates
starch synthesis by interacting with SSIVb and GBSS in
rice[J]. Plant Molecular Biology, 2022, 108(2): 343-361.
HUANG K Y, CHEN L, JIAO G A, RUAN Z Y, LI X W,
TANG S Q, HU P S, WEI X J. OsMYBRI1, a IR-MYB fam-
ily transcription factor regulates starch biosynthesis in rice
endosperm|[J]. Life, 2025, 15(6): 962.

KAO-CHIH S, KUSANO H, KOIZUMI K, YAMAKAWA
H, HAKATA M, IMAMURA T, FUKUDA M, NAITO N,
TSURUMAKI Y, YANESHIMA M, TSUGE T, MATSUM-
OTO K, KUDOH M, ITOH E, KIKUCHI S, KISHIMOTO
N, YAZAKI J, ANDO T, YANO M, AOYAMA T, SASAKI
T, SATOH H, SHIMADA H. A novel factor floury en-
dosperm? is involved in regulation of rice grain size and
starch quality[J]. The Plant Cell, 2010, 22(10): 3280-3294.
YU G W, GAOYANG Y Z, LIU L, SHOAIB N, DENG Y
W, ZHANG N, LI Y P, HUANG Y B. The structure, func-
tion, and regulation of starch synthesis enzymes SSIII with
emphasis on maize[J]. Agronomy, 2022, 12(6): 1359.

BRUE, KT, £, LR, Bl wHEEFL GBSSI
I R FLVERY B i A W), 2 FAEYE D, 2018,
16(11): 3509-3517.

LI Y, ZHANG X C, WANG T, WANG A H, WANG X.

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

Analysis of expression pattern of GBSSI gene and starch
content in endosperm of Fagopyrum tataricum[J]. Molecular
Plant Breeding, 2018, 16(11): 3509-3517. (in Chinese)
LINLS,LIZ,NINGMY, ZOU Z H, ZHANG L, LIU Q Q,
WEI C X. A mutant allele of the WX gene encoding gran-
ule-bound starch synthase I results in extremely low amylose
content in rice[J]. Plant Physiology, 2024, 196(4): 2296-
2299.

DONG N N, JIAO G A, CAOR J, LI S F, ZHAO S L,
DUANY Q,MALY,LIX W, LUF F, WANG H, WANG
S W, SHAO G N, SHENG Z H, HU S K, TANG S Q, WEI
X J, HU P S. OsLESV and OsESV1 promote transitory and
storage starch biosynthesis to determine rice grain quality
and yield[J]. Plant Communications, 2024, 5(7): 100893.
HUANG L C, TANH Y, ZHANG C Q,LIQF, LIU Q Q.
Starch biosynthesis in cereal endosperms: an updated review
over the last decade[J]. Plant Communications, 2021, 2(5):
100237.

CROFTS N, IIZUKA Y, ABE N, MIURA S, KIKUCHI K,
MATSUSHIMA R, FUJITA N. Rice mutants lacking starch
synthase I or branching enzyme IIb activity altered starch
biosynthetic protein complexes[J]. Frontiers in Plant Science,
2018, 9: 1817.

SAHAR M, USHA M, TETLOW 1 J, LIU F, EMES M J.
Protein phosphorylation regulates maize endosperm starch
synthase Ila activity and protein-protein interactions[J]. The
Plant Journal, 2020, 105(4): 1098-1112.

HE S T, HAO X M, WANG S S, ZHOU W Z, MA Q X, LU
X L, CHEN L N, ZHANG P. Starch synthase II plays a cru-
cial role in starch biosynthesis and the formation of multien-
zyme complexes in cassava storage roots[J]. Journal of Ex-
perimental Botany, 2022, 73(8): 2540-2557.

AIEMNAKA P, WONGKAEW A, CHANTHAWORN 1J,
NAGASHIMA S K, BOONMA S, AUTHAPUN J, JENW-
EERAWAT S, KONGSILA P, KITTIPADAKUL P, NAK-
ASATHIEN S, SREEWONGCHAI T, WANNARAT W,
VICHUKIT V, BECERRA LOPEZ-LAVALLE L A, CEBA-
LLOS H, ROJANARIDPICHE C, PHUMICHAI C. Mo-
lecular characterization of a spontaneous waxy starch muta-
tion in cassava[J]. Crop Science, 2012, 52(5): 2121-2130.
POOTAKHAM W, SHEARMAN J R, RUANG-AREER-
ATE P, JOMCHAI N, SATHITKOWIT P, UKOSKIT K,
TRAGOONRUNG S, VANAVICHIT A, TANGPHATSOR-
NRUANG 8. Single nucleotide polymorphism in the gene
encoding granule-bound starch synthase I (GBSS 1) as a di-
agnostic marker for rice grain quality[J]. Theoretical and
Applied Genetics, 2015, 128(1): 183-197.



