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and reducing the potential threat to food security. Tobacco (Nicotiana tabacum) is a commercial crop with high biomass yield.
Breeding of starch-rich tobacco plants may provide alternative raw materials for the production of fuel ethanol. We cloned the
small subunit gene NtSSU of ADP-glucose pyrophosphorylase (NtAGPase), which controls starch biosynthesis in tobacco, and
constructed a plant expression vector pCAMBIA1303-NtSSU. The NtSSU gene was overexpressed in tobacco upon
Agrobacterium-mediated leaf disc transformation. Phenotypic analysis showed that overexpression of NtSSU gene promoted
the accumulation of starch in tobacco leaves, and the content of starch in tobacco leaves increased from 17.5% to 41.7%. The
growth rate and biomass yield of the transgenic tobacco with NtSSU gene were also significantly increased. The results
revealed that overexpression of NtSSU gene could effectively redirect more photosynthesis carbon flux into starch biosynthesis
pathway, which led to an increased biomass yield but did not generate negative effects on other agronomic traits. Therefore,
NtSSU gene can be used as an excellent target gene in plant breeding to enrich starch accumulation in vegetative organs to

develop new germplasm dedicated to fuel ethanol production.
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/N, AGPase 28748 5 8U0E M & I BN, %
Kk AGPase K% Shrunken-2 (Sh2) Z8ZZ{AF+
RFLH, AGPase Ml MEHAK, TEk & & B &R
P, SR, fEEK Sh2 S8k AGPase
B PE, JEM SRR T 15%%, IR S
il H 15 AL BnAGPase JE[R, A /D T R i
A, IER TSR T R R BRI N
Hid ik AGPase, i T/NEFERLIRALHTE R &
R, ST AR RO Bk, R R T NE A
Kok g, s b5 BER T AGPase TERIYIHE K
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PR B NtAGPase 7EAEIERIFFIA K il E E X
FHVEAP, SR, A LM NtAGPase A
2 2E AN AR AR A5 iR A R A BT IS IE
ASCLIMNEL N. tabacum Sumsun NN (SNN)
mh R OR IR AL, TEFE T NtAGPase /) IV 3k 3 A
NtSSU, Aol FLm 25 SRak 1%, Al Al L LR 4544 7
9 5 2R 11 O R AR PE T S AR AR . BT
pCAMBIA1303-NtSSU #i ¥ ik Kbz ik, IFRH
PR T 1 Yol H e AR, il 2k PCR Al
QRT-PCR fii ik th BH ML AL AR SR R . R0 HT T
Sl L R DR R AR A . R RN P R
L, DUS NESSU 3 Rk bk 3 0 A K U A AE W it
RN . AR IRECA 7 Y &
MR HE . JHEEHLEI DL K NtAGPase H&[H 1 f% T #4
BT RIS, R AR S S e
P, 2 i0E— A Ak BT N F A IR kL B 7=

1 MREFE

1.1 #EYE 5T

AR IS BT MR JH S N, tabacum,  §hFlch
Sumsun NN (SNN). HEICH R T MS 355+
(% 30 g/L FERE, 7 o/L BiflE, pH 5.8), %kt
KM A RN T8 5 b, B TR SRAE .
ML R K A E X . JEIE 130 pmol/(m?s) . i
& 50%-60% . i J¥ (25+2) C, LR IR O
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M HRE=12h 12 h),

EASY spin #l%) RNA Pl 2 BOLH & A
Aidlab &= PIRHA FRZ v ; 5xAll-In-One MasterMix
RO F & A ABM AR A BR A
2xRealStar Green Power Mixture Il H GenStar /2%
Al 5 BARAHEE I DNA BIBGRFI & A TIANGEN
2\ 7] ; KOD-Plus-Neo & f# L PCR fij Ity F
TOYOBO 245 JEM & ARG & . ml v Pmt
S AR & H Solarbio 22w ;Xba 1 \Kpn |
W NEB ZA#]; T4 DNA %8I [ TakaRa 2
al s GE BRI e X i AR TAEY TR (F
) et A RS W] 58 A
12 A&

1.2.1 NtSSU H:H i v

FIFHl EASY spin #54) RNA H i $2 Bk 7 &
PEBUM R4 A RNA, i 5xAll-In-One RT
MasterMix S 5% sk i250 & & B cDNA 55 —4k. LA
cDNA Nt , f#i] KOD-Plus-Neo {4 E PCR
Mt DE A7 4 3 o B I Al AR SR T i 4 F
pPMD18-T #ifk, Ffi% AKWGHF T Escherichia coli
DH50 &2 S 400 . i e M5 19 (F: 5'-ATGG
TGGTCACTGCTGCTA-3'; R: 5'-GATGCTCCCAA
TTCCATTGATGGCA-3") #EAT A PCR, ik
HPAYEE 2 F R A TAY TR (BiF) Rha
BRI o
1.2.2  NtSSU ZEER M A W5 B2

ik CDD %u#E & (https://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsh.cgi) #1 SMART 7E £k A
(http://smart.emblheidelberg.de/) T4 % NtSSU
EAFIIR ST I Re L. R ExPASY 4
i (https://www.expasy.org/) Tiill NtSSU #& 114
gy F b, A ROCEKME AR, B
MEGA7.0 #EXH A NtSSU 25 [1)7 41 L H A e
HFhEy SSUs & FF A T X (% 1), IFR
FH4B4£E: (Neighbor-Joining method, NJ) #4 % %
GRTEM, AEKI{EEE A 1000 MEH.
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Table 1 The accession number of protein sequence
of SSU from 10 plant species

Species Proteins  Accession Nos.
Arabidopsis thaliana L. AtSSU NP_197423.1
Brassica napus L. BnSSU  XP_013681451.1
Capsicum baccatum Jacq. ChSSU  PHT44165.1
Glycine soja Sieb. et Zucc. GsSSU  KHN23805.1
Oryza sativa L. OsSSU  ACJ86329.1
Ricinus communis L. RcSSU  XP_002524583.1

Solanum lycopersicum L. SISSU NP_001234696.2
Solanum tuberosum L. StSSU ABA81851.1
Triticum aestivum L. TaSSU  ASV64067.1
Zea mays L. ZmSSU  NP_001105717.2

1.2.3 MAEERIE NtSSU Z[H kit #r

Sh 43 HE IR NESSU SE R A I 25 R HRAE, R
F qRT-PCR #ill iz 3L AR AN FEAR . 25, mF L JE L
11 238155 B 3 F A NtActin 3% 5 ol N 235
A, it Primer Premier 6 31 qRT-PCR 4551
519 (3% 2).qRT-PCR JZ WA % A7 : cDNA 1.0 pL,
2xRealStar Green Power Mixture 10.0 uL, ¥RE N
10 pmoL/L HyIE [ Sz [n] 5| ¥ 45 0.5 pL, RNase-free
H,0 8.0 uL. W FERF A : 94 °C 10 min, 95 C 15,
59 'C 1 min, 40 MEH. &E 3REY¥EL .
R 27 Co gk S A Y U NESSU 5 [H f HH X 26
ki, FH SPSS 25.0 b i E M2 5
1.2.4 pCAMBIA1303-NtSSU fE#13f ik B ik i
g

¥ # ik 84 pCAMBIA1303 F1 pMD18-T-
NtSSU 73 %Il Xba I #1 Kpn T 47 BUEEE) 527 , it
YWz mlaifb 5, FH T4 DNA M3 id 8,

% 2 qRT-PCR FTRA%F R34
Table 2 Primers used for gRT-PCR analysis

Primer . ) o Size
names Primer sequences (5'-3") (bp)
NtActin-F CAGTGGCCGTACAACAGGTA 20
NtActin-R AACCGAAGAATTGCATGAGG 20

gNtSSU-F  AAGAGCAAAGCCAGCAGTTCCT 22
gNtSSU-R TGAGCAGCAAGAACCTCCACAA 22

http://journals.im.ac.cn/cjbcn

153 FH FKIK IR pCAMBIAL303-NtSSU ., K4
TR HH FRIB BUAE ARG DHS5 0 J&S2 2521 Y
J& , LR PCR ARG R0 4 e IV 2H 1
1.2.5 JHEBEHEL

R 3 VR R R T A A ) e R A AR AT
P GV3101 Fifk, HE T LB AR FREL (7% 50 mg/L
FAEE-F1 50 mg/L RAREER) 1557 % ODeoo 2 0.4,
FFRY . B 6 JEE TR Fr L PIA
0.5 cm? i Btk FARKFF I W H IR 8 min, X
KPR 1 min, JEAIEAR 2R MK S B
R E M R TR R R R (MS+1.0 mg/L
6-F &L +0.1 mg/L XL MR, pH5.8), T RME
ST R 48 ho BlJE, Bt R 2k
3 (MS+1.0 mg/L 6-"F& LS +0.1 mg/L K4
2 +50 mg/L 1175 & +500 mg/L MEfIF5 %, pH 5.8)
B HAEGHS . ShES KB MEER, K
12 B AR IR (12 MS+500 mg/L e 7
%, pH5.8) PITAMRKETE, FARARKEE, X
HEATIR RS R
1.2.6  PHHEFECIRHE 5T ik

FIA CTAB LA HUGH E 11 i AT W 25 R bk
() TO M SR Rk JE R 2 DNA. AR NtSSU JE[H
JE 9 B BBAR T 9 R 5 9 (F: 5-GTAAAAC
GACGGCCAG-3'; R: 5-CAGGAAACAGCTAT
GAC-3'), ik PCR Jz 1 fifi 12 BH 14 i Sk R A
PR o BCRH M 5 Ak 0 B R 4R RNA, 8 2
qRT-PCR A H FSE PR (1) ik it 3% S kAR 200
FEXT T1-T3 AR BE DR 0 RAR MR 3% 2 T S e, 18
3] BA P 2 e KR DR B bk R DU T IS 2200 M
127 wEh. AEERAEARESENE

BT AE AR S SEA — B0, 57 F A0 [R] 4o 11 B8
A B AR B RN SR DR B R TR R TR L A
25 TS R JR AR o I I DE 3 2 s A D 3t
G R AT P  G A EUR  H 1 E
FIRT S, FLRERAE ™A e B UG 5 2k 47 A
EERE T K g 620 nm, 43I 5 vk FAT
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VoS W S NV P RO A . R P8 T i VA
FE MR R A, T 595 nm YR I ok
FEAE . AR A bR ZI T3 A SR E R . AT
VSRR SR R . R RS 1 R
KIEE 3IRER .,
1.2.8 MZESENWE

K 95% PN il - 2, 5 4 BB 0 0K i 2 25
T BT L BR KOS BT RE, HERRFREL 0.5 g,
FHE 3, HIA 25 mL 95%H fiid- 2. B3R Ok (#F
RRED 101 MRS JEK 2 BETR A e i Ak
95% /KR, BT 25 CREFEA BB IE AL PE 24 h,
DA EGR Ao iR, 3 510 % 645 nm A1 663 nm 4b
WEAE, A Arnon 28 ZUTHE IR I 2% 2k B
1.2.9  Hi b FBA Y8 AAE XA K 2

MR AR E 4 AR, SRR AU
etk . B# )5 15d, 30d,. 45d, 60d
PEATRERRIURE . B 3 WEKE, MRER K
3 MR E A KR . BEREMIEMZL 105 CRE
30 min, K5 ET 60 CHAM T = E, HA
Br R FRECH b T2, I LAHE b T 3 0 I 5 AH XF
AR R A 2B X A R R
RGR=(INW2-1nW1)/(D2-D1), H W1 #5172
55 15 KARNF M BB EFE (9), W2 #8511
FEH 60 KM E L FE T E M F-1E (9), D2-D1
FER YN RE AR E] B (d)o

2 ER5AW

2.1 NtSSU EF wmiZE B Ih el Rtk o4

AT NtSSU Zhfith i 28 11 2 75 EAA s
FATERE T NtSSU JE[H, FHEXF NtSSU i [H g bt (1)
AT BRSPS AT . A5 SR B, NtSSU
LR g% )8 T PLNO2241 B 5%, HoAy sy
i) NTP-transferase i1 PbH1 25443, & 13 {k
R & B, ZgmA SRl 520 P24 55 R (aa),
o 5 MBS IR AL A7 05, , B T AT K 1
HH. A MEGAT.0 2R XHIEE NtSSU A1 A
Fi¥) SSUs 47 £ 8l Lt K atb ik o dr (1) &

% : 010-64807509

7N, MHEL NtSSU 5 inRHain o448 25 StSSuU | F i
SISSU ., ##H CbSSU 253N B#il—7, KB
NtSSU n] ft 5 HAL s RHE YA IR A A 5

22 MRERIR NtSSU EEAARFHEHHR
o i)

Sk M 7 MR P R NESSU S RIFE M B AR K E T
AP ERDIEE , FATRH qRT-PCR 4347 TN
U5 NtSSU JERFEMREEMR . 25, nh | FE KR Frhi
FAEA L GERFEWT, IR NtSSU R 7E M F1)
AP ERE, BRBKEFEFER, W
Bl 2 fizs, TR NtSSU FEMRE AR . 25, nf | 7E
RIS, HEM Rk RS, MEFF
P ARSI, HEIAE R AR NtSSU A& (]
AREE LS SABMEMIER GRS R ESFE LS
AR
23 MHMEERBEENTFLLEE

I FH A FF B A 5 08 0 25 2 A0 1 P A 1Y
PCAMBIA1303-NtSSU #i ) # ik M A MR B
WP R, RS T HAWERENiEt
o BEBURAL LR ZH DNA, st PCR Fw 1
NtSSU A . KRB/, FH: pPCAMBIAL303-
NtSSU FE 3L AR E &7 1 623 bp (B — 45747, 4R
T 76 B A A 55 F %S pCAMBIAL303 55 #8844 ) 4
RN R H SR (K 3).
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A Nicotiana tabacum
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{Ricimrs comminis
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Fig. 1 Phylogenetic tree of SSU proteins from different
plant species.
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Fig. 2 Quantitative analysis on the expression of
endogenous NtSSU gene in different tissues of tobacco.
The significance of difference was assessed by Duncan’s
new multiple range test. * and ** indicate statistically
significant differences between samples at P<0.05 and
P<0.01, respectively.
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Fig. 3 PCR amplification of the target gene NtSSU in
the transgenic tobacco. M: marker; WT: wild type
tobacco; EV: tobacco transformed with pPCAMBIA1303;
L1-L9: transgenic tobacco with the target gene NtSSU.

PL NtActin JEPR N 2:, i ] qRT-PCR J3 47
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ZH NtSSU iRk R P v . JUHURTE L1,
L3 Fl L6 ¥k 2, NtSSU fy7eik /K - B £E 70 (1Y
2.04-2.26 1.,
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Fig. 4 Analysis on the expression of the target gene
NtSSU in transgenic tobacco leaves. WT: Wild type
tobacco; EV: Tobacco transformed with pPCAMBIA1303;
L1-L9: Transgenic tobacco with the target gene NtSSU.
The significance of difference was assessed by Duncan’s
new multiple range test. * and ** indicate statistically
significant differences between samples at P<0.05 and
P<0.01, respectively.
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Fig. 5 Contents of starch (A), soluble sugar (B) and
protein (C) in transgenic tobacco leaves. WT: wild type
tobacco; EV: tobacco transformed with pPCAMBIA1303;
L1, L3, and L6: transgenic tobacco with the target gene
NtSSU. The significance of difference was assessed by
Duncan’s new multiple range test. * and ** indicate
statistically significant differences between samples at
P<0.05 and P<0.01, respectively.
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Y22 BB (& 6). ARXS A KRAY 7>
Br (B 7) SR, Bk RO B g AR O A I R 1 2
o THF AR BUIH L, B NtSSU 1Y my 235 7] fid 4
A AR R K IR i M R AR R
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x3 HEEAREMRIMHERERE

Table 3  Chlorophyll content in the transgenic
tobacco leaves
. Chl a Chlb  Chla+Chlb
Strains Chl a/Chl b
(mg/g)  (mglg) (mg/g)
WT 1.11 0.42 1.53 2.64
EV 1.14 0.46 1.60 2.48
L1 1.57**  0.64* 221 2.45
L3 1.60**  0.68** 2.28 2.35
L6 1.53**  0.63* 2.16 2.43

WT: Wild type tobacco; EV: tobacco transformed with
pCAMBIA1303; L1, L3, and L6: transgenic tobacco lines of
the target gene NtSSU. The significance of difference was
assessed by Duncan’s new multiple range test. * and **
indicate statistically significant differences between samples
at P<0.05 and P<0.01, respectively.
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Fig. 6 The dry weight of transgenic tobacco aboveground
during development. WT: wild type tobacco; EV: tobacco
transformed with pCAMBIA1303; L1, L3, and LG6:
transgenic tobacco with the target gene NtSSU.
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Fig. 7 Relative growth rate of the transgenic tobacco
plants during development. WT: wild type tobacco; EV:
tobacco transformed with pCAMBIA1303; L1, L3, and
L6: transgenic tobacco with the target gene NtSSU. The
significance of difference was assessed by Duncan’s
new multiple range test. * and ** indicate statistically
significant differences between samples at P<0.05 and
P<0.01, respectively.
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