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RiRFRIE A FESaPEPC2E AR SR EM R4 EFHE

BEEE" 44T Z2XR, MEhBn EDLR, THEE-FAHT AR
RPRBHETW-HER, Lk, EF

MR AR HHEOR R, WA SRR TR e =

B E R A RTE L, BEARTT 830017

RE RGN IR (PEPC)ECOL & RN, A B T WAV E N RAYEE. 7 7% (Suaeda aralo-
caspica)/e — Fl Jo it Kranz 45 1) Rl AT #5 S 40 i o i 2 AT Codl B A AT s AE R, (£ CafE W Ist A% o R 5 T R A R AR

W, DUFE R T % SaPEPC2 5 K i 2 (Nicotiana tabacum) g 41 kL, 45T 7 H T RO RER L& MEfE .

GURERW, MRIK

SaPEPC2i& i 1 MHE A /K BE ), Wl RFFIaxaAenE; MERE L MBE RV, W98 7 Hra AR e, B PR 7
PR BRSSO, SRR A O R ;R I SR 1 1 R S R A OGN O 5 JE R I R0E, B 1 PEPCIE PR AN
TR, ARG ITHE AR N “RCAIEIR” @A WFAAIR Iyt — DR ] R T B A Caik AR PEPCIE [K] 1

B ORGSR A S P BE T A

XA RARCLHEY, T3, PEPC, HLRE, JeafEH

BEZ 4%, MR, MEtEl BEBH, IHSE ISR, AKRLEHEW HE/R, ZEE BF (2024). &
PR IE R 7% SaPEPC2JE [A 42 m M fi B M As A e ik, M4 59, 585-599.

CaH W) 3= BEAK 52 1,5~ Tk 1 A% T i 722 A g/ o 41
1 (Ribulose-1,5-bisphosphate carboxylase/oxyge-
nase, Rubisco)lil & K HHICO,, H TIPS 2
H1 O, fICO, 3% 4+ Rubiscoiif 447 £1, T £ 2 11CO,
ik, HBRFEIL50%, M™HE 0 T CO, R
(Ogren, 1984; Chen and Spreitzer, 1992). #Xifi, X
Z RO R/ (Triticum aestivum). /K F&(Ory-
za sativa). K (Glycine max)#l 54 % (Solanum
tuberosum)#R j& CotE 4, & i FAK 2 H 35 m F
MirEeE., M2 T, 2HBFCHEY W T K (Zea ma-
ys). H%(Sorghum bicolor). HJj#(Saccharum offi-
cinarum) 14 1-(Setaria italica), 43K A& N 1%
HEAL, TR AL IR Kranz i@ 454 . BRI i =X
74 i % ¥4 1L, B (phosphoenolpyruvate carboxylase,
PEPC) 4 il T it P 4 i, 2 31 v 24 i € COL 11 H
(CO,7%); Rubiscody#i T 4E 5 W #E 4 i, 1T PEPC
BEVE R T B COME, FERubiscol
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O M2 I, JErFIR AL FE FE 1K (Bowes, 2010).
UbAh, YR E S EL, AR TR E T MEN
Fhamfu i, WM ECHEME SR ot T 5%
R B 4E R 1) 6 B R K 43 1) FH %6 (Sharpe
and Offermann, 2014). T TS #Hd ™ E W iEY)
MEKKE, FBOCERBEEEACAED RS, &
b A= 77 3 R A R AN IR T S (HR R 28 55, 2016;
FRIESE, 2016). [AIth, KIHRLR AT B Cot &
EAL G NCaEYI R s G Y Re M ae /y, LA
AR EEYI = . Sl A A B A S N A
KranzZ5 fAH L, B3 Ll E U [R) 4% A Colt & S Bk Nl
FPR BAR IR S AT o JUHRAE R IK A ) 2
(Hydrilla verticillate). 7KZi%i(Egeria densa). 1t
VK% (Sagittaria subulata). AAEHE4Orcuttia vis-
cida L J Ti BHE ¥ 7+ T 3% (Suaeda aralocaspica).
Bienertia cycloptera. B. sinuspersicifiB. kavirens
HA B Y10 C, A #8142 2 J5 (Holaday and Bowes,
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1980; Magnin et al., 1997; Keeley, 1998; Casati et
al., 2000; Voznesenskaya et al., 2001, 2002; Bow-
es, 2010), A5 IR AT LALE Te A Kranz 45 44 (1) 15
BT, ECs W dariie” 25Cot & i 42 " (Taniguchi
et al., 2008).

PEPC{E A C4 1 5t KL X (crassulacean acid
metabolism, CAM)HE ¥ >t & fik 7] A 3 15 1) 5% B i
SIS 5> 1 B BT B N AR SR R DASE = Co ROt
BN IR . SFEEMGT HM* I, PEPCHE
kR = 2 (HC Oy ) 5 B R i I =X 74 B % (phosphoe-
nolpyruvic acid, PEP)#H TR AL b, A= PUssfb &
W) Bl 2 B2 (oxalacetic acid, OAA) (Izui et al.,
2004). fEARCAEHLFCHEN i, PEPCH E it
kb 78 = R (tricarboxylic acid, TCA)JEFF ) i) 7=
¥)(Driever and Kromdijk, 2013). Itt4h, PEPCHE4E+;
% H B F (Huppe and Turpin, 1994; Shi et al.,
2015). -1 K5 8 & (Ruiz-Ballesta et al., 2016)-.
R E(O’'Leary et al., 2011) LA N S RHRR 1) 3t
A [ R A3 B2 2 (Suganuma et al., 1997; No-
mura et al., 2006)% /7 H K IE R EAEH . ITHER,
Kbk 2 FIE FCUESEPEPCIE & 5 4% & Fh A1) 5 R4
Yl i N (Wang et al., 2012; Qian et al., 2015; Qi
etal., 2017; Waseem and Ahmad, 2019). %572 1E
T2 e, PEPCTEVENG It aw AQu, 2k fe it
TCATEH, FAEE LRI, AR M LRSS
BV T DRSS WA (Liu et al., 2017b; £
TGS, 2022). HAFRRIEHIPEPCH: K ACstEY),
Ul Fg 7 (Arabidopsis thaliana) (Kandoi et al., 2016).
/KFE(Zhang et al., 2017; K&, 2020). /N (Qi
et al., 2017). KE (7%, 2015). ¥ (Populus x
euramericana) (F 5, 2009)#17i 2% (Brassica napus)
(A, 2011), K2 HUFH KM R LRI HPEPCTE
PERDGE G, AR H M= B G, Fal
FE R DGR AT Bl T IR S Ak,
e e R REL AR P 000 1P .45 B8 AS [ R B 1 42 v (Ol /s
%, 2015; Tang et al., 2018; Giuliani et al., 2019; 2=
RS, 2021). JRT, HAGKZ B R # 2 5H FoK.
BT R AL G C M I PEPCIE R # N CatE 4,
XT e 5 Co FE ) 0't B 2 DR 3 0 110 7 FH 6 DL 41 3

S T B R R TV R — o 0 g T ) — 4
A ERFEY), AE K A R R Z B A S R

CoOtAIEIE, TR 5> i P 2 i 4 5 s oz o == A
3T Sy 2 20 AN [R] R Dy REAR (X B DU SR A 4 A =B A1 24
(Voznesenskaya et al.,, 2001; Edwards et al.,
2004). HCotaaiMEMEGE, HEEHAZO,M
P, AAFLEIE, BEC MY A Fmie s
PR (Smith et al., 2009; Sharpe and Offermann,
2014; Liu et al., 2020). ¢ T2 Al i) A 40 X R
AR & T8 “KCUIEIR " 3N Co M1 o g 7.
Kranz W40 it 2 F T BEdE, X TEEE R MEY) = ek
WAL R PR T #ni& 4% (Edwards et al., 2008; Miyao
et al., 2011). ARBAFIAHE 7 RFZELEH
SaPEPC2 [ I g I #1125 i 5T (Cao et al., 2021),
RILH| FH CaMV35SH 2l J5 7)) 1 it 2 15 SaPEPC2
FER B MR B A R L PR R T,
PEPC b M 5 Al % 35 [N A Pk 131 1.3-2.6 fiF (R R K5
). WHREIR, £ T KPEPCH & 52 T IREh N 15
F K /K % PEPC 7% 14 38 11 14—60 1% (Suzuki et al.,
2006). F=T I, NHRFIMNEPEPCHEN R R F, &
HIF 52 00 FH ik 3635 SaPEPC 23 (Al [ & J5 5 7 3K 51 4
15 [X (Prosapepco:: SAPEPC2) [ i FE R I 25, 3 — 5
R 1 SaPEPC2 3k K % C 8 ¥t & ML Re BT 510 1 52
ma), DA 3 — 20 i) B B 0 il C oot & 1 T R 1) A 22
AR, HAFAR T ERMRC,EERF Y. I
JE v A 2K A i TR AR A ) it P B B R 4R

1 MH5ERE

1.1 EPHR

NC89E# it A #i i (Nicotiana tabacum L.)fh 1470
IK CEEF0% IR E BRI K B 5, F G BE %% s 4R 1E [
EMSH; 7R 5K 1, B TiRE25°C. A AN16/M
FEHE/8/IN R | e B 9396 pmol-m2-sT i 9
Farp s, 3RI345-60 K G . {4 FH Easy-
Genolrl J 5 41 7% B 157 £ (Tiangen, Cat No.V1201)
¥ SaPEPC2JA 814 K (GenBank: MW291560.1)i%
# ¥ pCAMBIA2300-SaPEPC2 (4 fi5 [X 5 %1 Gen-
Bank: KX009562.1) # & #1, 3k 1§ pCAMBIA2300-
Prosapepco:SAPEPC2 1 1A #4415 BH M o b % 1L,
RATFHEHA105, JE i i Sk B AL FE AL 5 . SR FERE
FE400 mg-mL RN R HilEH R B IEHAKKT,
PRI T DR B4y 1 e Jg R 5
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1.2 HEEESELEERTEME

M EY R IR B 2R O 0 B 95 B R A 28R BE MR R BR, R
H3-4 5 7 51 . $2EUH FrDNA, FiSaPEPC2JH
BT R G A5 X PR R S 5 kAT PCRAS I (9738 BL K
£ RT707 bp), HiAProsspepcs::SaPEPC2 2L AL A\
JH L . 3% B3 Bk FH 14 A #k (OES5. OE7 #1OE13), LA
NtActin A 1 2 % [X # /T RT-PCR % &, K il Go-
Tag® gPCR Master Mix»¢ % & & iR 77 £ (Promega,
Cat No.CQP-TM318)# Il % 4 K K & SaPEPC 24
({215 & . 2B %L [ (non-transgenic, NT) A1
PERIPR(OES.OE7HIOE13)iH i s 1, HSaPEPC2
FEPE—HIAHRP 1 (BOSTER, Cat No.BST18K-
21C19A54)it 1T Western blotfa il .

PR AL S AT T R iE st [
SRTACER: 35 Pkt 4 7 R 5 5 DR RE A AN % 2k IR
F5-6M W4l B TR — e o EALFE AT 3R B 2 K
gy, TREPHARTE, DLEHGEKAE XTI,
W2 R B3R FERE Ty M), LBRIAPRAS, HZ I
EEMRUERE K, FITFEM A E, BRI
W BT R R AR ROKSE, H
200 mmol- L H @M L E N IREE W, HtE SR
H B R K G E T AR, LR
GeK A Jgxf R

1.3 FEERHEEREEEBIEFRANE

e AU 5 AL A8 /N I RS I AL AR Ak ) AH ) o7 B,
SR A7 5 30 TO s PR 7R JZ 0 i, S BRI NS T-80°C
UKFEIRAE . R 5 N B A PR 2 malsm &, 20 mlilsE
4k % (Cat No.CPL-2-G). H % (malondialdehyde,
MDA) (Cat No.MDA-2-Y). i % B & T O, (Cat
No.SAQ-2-G). H,0, (Cat No.H202-2-Y). fili% &
(Cat No.PRO-2-Y). =t (Cat No.TCJ-2-G)Fn] ¥
P B (Cat No.KT-2-Y) & & LA K S 4 ¥ B AL i
(superoxide dismutase, SOD) (Cat No.SOD-2-Y).

it S Ak Y (peroxidase, POD) (Cat No.POD-2-Y)All
it AL A i (catalase, CAT) (Cat No.CAT-2-Y)ifi .
R AR T4 B 7 IR0 et HE ZE A AR AH TR 467 B X i
FH 75 MR A R A R 5T &, W E PEPC (Cat
No.PEPC-2-Y)flRubisco (Cat No.RUBPS-2A-Y)
it i 1

1.4 HEFEIBEEM R SKEMENSKENE
BT MR, BYEUH 1RO B i S RIFR 46
e L (FW), 7E 530 N BR8N I B Fr 2 K R 1
= (DAW), #E Sl #6 /TN, BEET
150°CHEAR HE T Z4E 5 (DW).o T 5 S /K R AAH NS 257K
B KIKE (%)=(FW-DAW)FWx100, i xf 5 K&
RWC (%)=(DAW-DW)/(FW-DW)x100.

1.5 HEEMERSEMAEERAEIRNE

W 5 DR PR R RN R R 4 BRI 888 BITAS AT, 29 ok
(7-8M- 1) A (6-=7H). /NE-6MH- ) =FhA5H, 43
% PR 2 K A — B R AT T S T ARl e . H
EEWANI =7 NI a7 N o S 1 o P B B2 1 e N ANBY
SEZEHL, FImaged #4455 L ) ok Sk AL . R A
LI-6400XT f 4 =Xt & 1 H il & R 4 (LI-COR Bios-
ciences, USA)T _4-9:00-12:00, 43 5!l & A [&] i
BAERRI AL A E (Py) AL TEE(Gs) I
COL MK JZ (C) R 2 i3 26 (T,) . 1 R 48 B LED G A
PE 3891 000 pmol-m™2-s™", I35 H25°C.
PR N N2 2 D ReXT i, e 32 i kAT
WiE, MR RRBEANMEYEEL.

1.6 FRINETEEERENEEEREN
ERTRIETH

PANtActin Ay A 2 2[R, 43 ol o 00 0 2 P 95001 & 68 A
NtPEPC. NtCA (%454 it i, Carbonic anhy-
drase). NtFBP (%3 R 4k -1,6- — B MR 1§, Fruc-
tose-1,6-bisphosphatase). NtTPT (£uhD kR 74 bl i
iz %%, Triose phosphate translocator); L& T 5 iy
18 B L RINtPSCS (4 B I i bE-5-F4 12 & g, Pyr-
roline-5-carboxylate synthase). NtERD (fii /K% 5
WM 2 FE K, Dehydrin of early response to dehy-
dration) FINtDREBL (s fith it 7K Wi |82 7¢ £ 45 & 8 A,
Dehydration responsive element binding protein)ft
B K TR, T 2 i 48 /N (R ZRIA B

1.7 BEGIT S

43 W SPSS 20.0#1Graphad Prism 9.0% 41474k
AT AER . SRR 24T T 5 0 J5 P A7
K, NFE/NGFREROR A B3 % 5 (P<0.05). F
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FHH. E Student’s  th 56 7 A 25 F6 2 AR R 5NT 2 (7]
) 2 S5 S5 B KT

2 ZR51Te

2.1 %%SaPEPC2EREMETRIEKREE

124k L % ik SaPEPC2 M Fi bk &, 3k K 41 DNA
PCRZE R IR, AIMRRY W 707 bpskit, S5k
P f 2517 K/ NFE ], NTHREMR R 3386 8 A 2578
I E ] SaPEPC2 4 [F T s Th 6 N (1A). ik
PEPCRS M B s ¥ PHPE HE #% (OE5. OE7MIOE13)#2
UM RNA, [R5 8cDNA, BANtActintf A 2 3 ]
HTRT-PCRAQRT-PCREGMI, 455 BIR4MESaPEP-
C2E: RI/EMRNAKF bR AE T 5%, HRIEBAFAE
Z 53 (K1B, C). XJHSaPEPC2H;F MUk xS &4k &
BT Western blothrill, 25 5 27 3L R Ak &
HMIESaPEPC24 1 2 5 AU S, 7ENTAE MR Hh A Ao il 1]
FINAS S, 8] SaPEPC23E K £ &K 1 /K 7 _Eah %
% (E1D).

22 #EFEMERRTEHBRE
Xt #ikSaPEPC2 (OE5. OE7AIOE13)%% % A fH %L

M—NT+123456789101112

Tkkk

w
?

dedekk

SaPEPC2
relative expression
= N
e 2

NT OE5 OE7 OE13

SR T AR TS a A B . G5 EOR, K%
T, X RRAANTHRE AR 55 5 4% Jk DR bR R AR ORI — 3G
T-RAH22K 5, SRR ETELS, RS
Gk BIKI0RJG, HehkDRbk R E A K ARG LB,
A 3R 2 TNT, B R iASaPEPC2fE 1
SRSZARAE I T T (EI2A, B). WIE IE 3 B K Ab 3 R
(1) &bk JR B AR I oK S AN B K &, 45 R BBl
I B] PR A SR K ZRB W3 vy, AH 5 B B DRI PR R O K 36
MRS TNT, XS /KERZE S TNT, Wit
FIESaPEPC2# 1 = it Fr #EoK e /1, S 32T
Fia(&2C, D).

2.3 EHTRETEEEREEL BIERR BN
ERNTRIETL
EH KM T, HERKRAMNTHEE MDA,
HoO, il 20 R A 20 & & DA ) SODYE M TC 12 35 2%
, BEREAR RO, & i R E N TNTREAK, WV PENE
(soluble sugar, SS)& & . PODFCATIEMEE & T
NTH#k. fEHBREEMT2E T, BENKR
SOD. PODFICAT &M LA K R « 1T 45 1A bl A0 i
SRR SRR E TR, MDA HyOf10, 4 B 35 PR
(K13), Wit ik SaPEPC2n] i3 4 5 [ 1 45 £ 5)

NT OE5 OE7 OE13

NtActin

D
NT OE5 OE7 OE13

" e e | 110kDa

SaPEPC2

— 50 kDa
RbcL

Bl SaPEPC2iLHL M 5 FZ4IDNA PCR (A). RT-PCR (B). gRT-PCR (C)fIWestern blot (D)%

M: DL20007 T AnifE; — BIPEXSIE; +: BHYEXTHE; NT: NC8QARFLBEAIMAR; 1-12: HIEFIMR AR

(Student’s t test)

*** P<0.001; **** P<0.0001

Figure 1 Identification of SaPEPC2 in transgenic tobacco by genomic DNA PCR (A), RT-PCR (B), gRT-PCR (C) and Western

blot (D)

M: DL2000 marker; — Negative control; +: Positive control; NT: NC89 non-transgenic tobacco; 1-12: Transgenic lines.

P<0.001; **** P<0.0001 (Student’s t test)

*kk
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A NT OE5 OE7 OE13

Normal

Drought
22d

Re-watered
30d

N
o
J

ab

154
ab

104

Number of survival leaves 00

NT OE5 OE7 OE13

(g)

107 - NT
-= OE5
8 OE7
OE13

Water loss (% FW)

0 T T T T T T 1
1 2 3 4 5 6 7

Time after dehydration (h)

120

90 +

60 4

30+

Relative water content (%) ©

0

NT OE5 OE7 OE13

B2 BATREZMHTIRAESAPEPC2EZEFMAFRI(A). A THEE(B). J/KFK(C)FAHNT & /KE(D)
NR/NE ZRFRA R REP<0.05/K P2 73 8%, * P<0.05; ** P<0.01 (Student’s tFii%). NT: Jk#:#H. OE5. OE7. OE13

AR EFER R R . Bars=2 cm

Figure 2 Phenotype (A), leaf survival number (B), water loss rate (C) and relative water content (D) in SaPEPC2 overexpres-

sion transgenic tobacco lines under natural drought conditions

Different lowercase letters indicate significant differences among different lines at P<0.05 level. * P<0.05; ** P<0.01 (Student’s t
test). NT: Non-transgenic. OE5, OE7 and OE13 are different transgenic individuals. Bars=2 cm

RBFERTYI, REFES IPUEA RS, ik
IR % A )IE M (reactive oxygen species, ROS),
FRAR AN G FERE . IEH 25 1FF, OESMIOET /K
75 F R & I NtERD 54 B 5 2% = T NTHFE;
F-EWIET, BT R R B e e S R ) R A s 2 L
FH&Ss, (H I RIPR F00 T 52 i o 52 58 AR, 45
Sl R T IR B o R T g L J2E [RINtPSC SR TA & 7 1
2)2-3f%(1&14), Vi1t F ik SaPEPC2 AT i i i 5
74 e 1 35 [R] F 2 08 38 i AR ) B )

24 TEWETHERBEXSHHETL
IEHFMT, BRI A RN E RS &

J PEPCAHIRubiscofityiif 34 i 2 = TNTH M, T 5
AT, MRS BEANDCEERE SRR, (AR
RERRA 52 & TNTHIkK, PEPCHIRubiscofi#i 47>
A 1.5-3f% M2.5-31% (EI5A-E), R EKIL
SaPEPC2fe i molt & KRBl M, 2T 5 il i
PR SRR B AR . IR RAF T, AR bR R NECA
MINtFBPE X & 2 3% M TNTHEM, TREia)E, ¥
B FLC IR AH BRI B35 BRIk, Rik&E
L) ANTHE K245 (B6A-D), K HIE
SaPEPC2f] 3 N\ 1 # /& 52 AR K 0 (R5 0 2 T 5 e
TN ERRIE, HENFAIIESaPEPC2
A BE AR I RLAR A AL T R C R AR G #E o £E 1E
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A 60 B o C 800
5% 40 \ 5% & =600 -
[=g. - i
E) Ic) i 8 Ig’ § I'°,400 i *% I
S 20 3¢ 3 r, O wn XX
[m) w dedek Q *kk
L TN | TN | EEd] il
0 0 0
Control Drought Control Drought Control Drought
D% E 1000 F 500
c ~ — c x
[0] *k = L 400 -
£3 15 §3 °° - =3
s R 10 * g T 600 ok (5] - 300 - *%
23 o & 400 £ 3 20-
eE 5 ﬂ L 00 LB 2 100
o m .
0 |l| Ill 0 |‘| |1| 0
Control Drought Control Drought Control Drought
G H |
= < 300 < 15
%‘% 10 » T3 %‘% " *kk g% sk
T - S 200 * Eo 10 r L,z
T 1 [S 1)
g2 s o c g
35 g3 82 ° ﬂ ﬂ
- - m| T 0
0 0
Control Drought Control Drought Control Drought

= NT == OE5 = OE7 = OE13

B3 TEMhl FidRiASaPEPC2H 5 R4 1 AE B b

(A) W (MDA)% &; (B) H.0.% &; (C) O & &; (D) MEM & &; (BE) FIVEMEN(SS)S &; (F) MZms&; (G) WAyt
(SOD)EM; (H) i H A EF(POD)EE; (1) I HAABF(CAT)E o * A 43 7 R 5L B [RUAE MR -5 FEFE B K (NT)FE /£ 7£0.05. 0.01
#10.001 7K FA77E 2. 3% % 5 (Student's thi%:). OE5. OE7AIOE13[d[E2.

Figure 3 Physiological indicators in SaPEPC2 overexpression transgenic tobacco lines under drought stress

(A) Malondialdehyde (MDA) content; (B) H,O, content; (C) O, content; (D) Proline content; (E) Soluble sugar (SS) content; (F)
Betaine content; (G) Superoxide dismutase (SOD) activity; (H) Peroxidase (POD) activity; (I) Catalase (CAT) activity. *, **, and ***
indicate significant differences existing between the transgenic line and non-transgenic (NT) plant at 0.05, 0.01, and 0.001 levels,
respectively (Student’s t test). OE5, OE7 and OE13 are the same as shownin Figure 2.

A B C
- 20 c 15 c 6
o) kel K=l .
[7] [7] [7]
g 1 8 10 8 4
o o o
é 1 O dkkk 6 * 5
g 1 02) 5 wx FE* x g 2
5 S : ﬁ 5 i ] 5 ﬁ
& 0 |l| [l &J 0 I:-I & 0
Control Drought Control Drought Control Drought

= NT = OE7 = OE5 = OE13

B4 F5HE T I ARIE SaPEPC2 e PRI B 5 iy aa i )37 35 A () 2R ik A 2
(A) NtP5CS (Zifgmtng bi-5-3R 1R 5 ); (B) NIERD (/K753 HL 1M 2L K ); (C) NIDREBL (Zm i KMa S TAF4 8 H). *y ™,
R o Bl R T B B DR AR AR S Sl B DR (NT)RE AR 7E0.05. 0.01. 0.001710.0001 7K A77E 2 2 % 5 (Student's thir3).

Figure 4 Expression patterns of drought stress-responsible genes in SAPEPC2 overexpression transgenic tobacco lines under
drought stress

(A) NtP5CS (encoding pyrroline-5-carboxylate synthase); (B) NtERD (early responsive to dehydration); (C) NtDREB1 (encoding
dehydration responsive element binding protein). *, **, ***, and **** indicate significant differences existing between the trans-
genic line and non-transgenic (NT) plant at 0.05, 0.01, 0.001, and 0.0001 levels, respectively (Student’s t test).
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WK AR T, AN [R]85 TR bk & A AR
TEARRT I 45 SR R, R EERIMR RGO Al g . K IR
RIS S G 5w TNTAERE, $oe &R
1.0-2.5€%, (8] CO¥K % . 3 F# ik (KI7A-D), i W]
i #IESaPEPC2MH A A = I SFLFE . &G #
2 DL R 1) i (B CO R e 71, A FI Tt Jy kAT
HEMEH, M mda e sz,

2.5 HERMELCKTIER

W B B DR bk RAINTAE R 20 9 K (7-8H ). (6-71t
W) NGB ) = AN RAL, KRB L K HFEOE13
BIRR T & TR TR I = T NTAE R, T
FAMERA.36%,; DN LR B OET M T AR 2. 3 =y T
NTHIFR, 1 K1.50%(K8A-F). XE5HERGEL L
Ht A s 2 e 45 RAHAE, 3B Id R IE SaPEPC2 1]
REIE I 1 IR B AR R S A RE T . /N R A
BLOET fif H AT H B & TNTHERE, 2038 1.1 6%
11315 (E8G). it K IASaPEPC2fe M 4 RF R =

et g K E, AT SRR S GYNIR, £

ERRE B m R

26 it

YOG EAE X R OVEUR, 3K 5 oA
TKEW D, BT SALIT A A CO ML, FEOL
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(Zou et al., 2023). MC LA &FKHEMPEPCHE
Mtk Z 5 priv 4 2 e b (Bandyopadhyay et al.,
2007; Doubnerova and Ryslava, 2011; Ding et al.,
2013), Xf T & CatE T+ R ba NG R I B A
TEAEN N E . PEPCIE T 4l AN [F] 5 44 1 1) 2 B [
FR, AN EAHS S R 8 I A B D B AR G (Ku et
al., 1996). 1t i A ) rh #AFAE L R RE ) ARG &
PEPCIEA, BEFRA “EHKA” 8 “CL” |, FEC,HHE
Yl R M2 500 51EH, BN “Cy
#” (Chollet et al., 1996). iTFikE%C,APEPCH]
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Figure 5 Chlorophyll content and photosynthetic enzyme activity in SaPEPC2 overexpression transgenic tobacco lines under

drought stress

(A) Chlorophyll a content; (B) Chlorophyll b content; (C) Total chlorophyll content; (D) Phosphoenolpyruvate carboxylase (PEPC)
activity; (E) Rubisco activity. *, **, ***, and **** indicate significant differences existing between the transgenic line and non-
transgenic (NT) plant at 0.05, 0.01, 0.001, and 0.0001 levels, respectively (Student’s t test).
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Figure 6 Expression patterns of endogenous photosynthetic genes in SaPEPC2 overexpression transgenic tobacco lines un-
der drought stress

(A) NtPEPC; (B) NtCA (encoding carbonic anhydrase); (C) NtFBP (encoding fructose-1,6-bisphosphatase); (D) NtTPT (encoding
triose phosphate translocator). *, **, *** and **** indicate significant differences existing between the transgenic line and
non-transgenic (NT) plant at 0.05, 0.01, 0.001, and 0.0001 levels, respectively (Student’s t test).
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Figure 7 Photosynthetic indicators in SaPEPC2 overexpression transgenic tobacco lines

(A) Net photosynthetic rate (P,); (B) Stomatal conductance (Gs); (C) Transpiration rate (T;); (D) Intercellular CO, concentration
(Ci). L: Large (7-8 leaf stage) plants; M: Medium (6—7 leaf stage) plants; S: Small (5-6 leaf stage) plants. *, **, ***, and **** in-
dicate significant differences existing between the transgenic line and non-transgenic (NT) plant at 0.05, 0.01, 0.001, and 0.0001
levels, respectively (Student’s t test).
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Figure 8 Growth indexes of SaPEPC2 overexpression transgenic tobacco lines

(A) Plant height; (B) Stem diameter; (C) Number of leaves; (D) Leaf length; (E) Leaf width; (F) Leaf area; (G) Biomass. L, M, and
S are the same as shownin Figure 7. *, **, and *** indicate significant differences existing between the transgenic line and
non-transgenic (NT) plant at 0.05, 0.01, and 0.001 levels, respectively (Student’s t test).

BRI FORTE T 5 W38 R /K 2 R 2/ i AR R
w1 fn(Jeanneau et al., 2002); iTF* ik EKC,T
PEPC (ZmPEPC1)/K i i NOFI £ 45 5 L Bk & 45
B 5 W 541 (Qian et al., 2015; Liu et al., 2017a),
IR T 5 Pl A T 2 R KRR (1) Y 400 1) 5 2 v LT
JeRE (B E s, 2011; T E%, 2012); #
ZMPEPCL/NEAET R Wi T 1O & R A ik
F=HE(Qin et al., 2016). %A1, H #TKH R h i
RILZ M C MY ETIPEPC, W FECH LI K
“EER” PEPCRIERD.

H IR B R A M C, 2R AR FE ) T EPEPCHR it
TESRE A M b )iz o A, AR & Kranz i),
T A2 38 3 7 AN St £ 21 U4 D P TR AN 2 0 A 1A 2B
A4 DX B8 Sk (7] 6 15 2% 58 B Ca M Ca T FE, 3 I 45 44 73
A B L T i BE 3 A LE Ca 4 T R 454 H (Sharpe

and Offermann, 2014). AUREHFT G T 7 TE
271 SaPEPCH: KA, H i SaPEPCLIELR A 4
W IERE K B BRI 5, YOLHUR, raE2 5C00
Higfe, SaPEPC2H #ir k)t & PEPCIEA! (Cao et
al.,, 2021); “FEAEARE T R FRIE Y Z BT FEra
%S, PEPCIE M 5.3 7t =5 (Cao et al., 2015); 1£ K7
FFB Hh R Rk pe B 2 e ik A e 2R TR E MK
riE TR K, B R SaPEPCHBERRI S 5 &
Yt B (Cheng et al., 2016; F£KI, 2017).
FT I, AW A SaPEPC2 4 K B 3 T IRk 5 i% 3
[FIcDNA N5, #8107t 7Rt & M PEPC A A
OETRE AN OSSP e (oA R

XoF B S DR R R R SR e BT S, G B DR R R
BINTHRE bR S5 2 I B s ARV R 5K = (K2), &
B 3% 1k SaPEPC2 A8 4 #7501 FE/KBE 71, M
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117 PR 52 2 X5 A T A I 388z, 3 5 % ik A
kR4 K & & . PEPCHIRubisco i 1 75 T % b
B T NTAEAR I 45 R A & (B5). E—2 0
Frt R A EE R A B AR AR, B bR RMDA. H,0;
MO, & /AR, FiFILHE#5(SOD. PODAICAT)
TG VETE R, R B I T 0 R R R T VA R
D E mTNTHE MK, RO H ¥ & ROSE B it
(E3). HEMiXmT fE TRk & B SaPEPC2'F N2 it
TCATEH =T 2 R IR =4, 404 S8 (i 2 W2 i
), BEm 8 N R & = (Qin et al., 2016); TCATE
P74 (INADPH Sk N Calvin i 354 BiE F Al iE R,
B AT R A B NADPH B AE ] T-i23% W5 4 it
MIEDD A R, MH 5 A -6- 1% 1% & B iR 20 % (Doubne-
rova and Ryslava, 2011). 52 —8i&, T Fhia
J R DR R 3R I T 2R & g ik R NEPS C SR 15 B 3
NTHE b B 2 T 2-315 (E4A). THaekm, sk
&% (Agave americana) CAMZY PEPC{¢ i3t 3 K
BRI YA R, P T SR AT R (Liu et
al., 2021). T, FRATHEN T K35 SaPEPC2/H L
ARG RS AR, R 2B IE Y
JiR, [T I A3k P i P 1 35 R % 3k v M 3% 5 (E14B, C),
AT T 42 24 38 A2 AR ARl 5 P P i 52 92
AR, i ik SaPEPC2it 1 & 1+ i
NHHE A YENIPEPCUL e Coid A% AH R FE DR e e A =
FE, I BAE W AT, BIREEFE K RNPEPCE
KETEER, ENCAKIEE R Z m TNTH K
(KI6B). HRER AT (CA)LL T-PEPC L iiF, fisifiEfb s
SHCORAKE XM, FEHCO;™ (11, 2015).
HEM L 15 SaPEPC2 B AN e HL 4 ADE & 1 36, (H
A AR I8 g T R A, 1R NtCA bl R aE Sk e it
NtPEPCATAETh&E . WF IR, ¥ £ KZmPEPC1/KH
1E = 658 N CAMIPEPCYE PE 1) 42 = A R T CO & i
FEN Ak, AT A G L A H1 9 COL 9K i ML il (4 W AR,
2007). fEid ik KK ZmPEPC 1/ H R B T 2548
HLHI(FF 240, 2016; Qi et al., 2017). FECIEHF, ¢
A A F R 8] 52 1) B W07 4 3- e e H i R (3-P GA ) ik
JE BT TR A B (TP), Bl 2 1 B % 42 25 (TPT) # St i b
TP AT ML B2 (Pi) 75 I 2% 44 A0 5 2 18] 1) J 7] 38 i
(Fh4: H, 2003). HHE-1,6- R EF(FBP)AETPT I
SRR TP S, WIS RERE I & ik, A2 A
(R 2 7 S5 (BB AR, 2013)0 ASHF 5T, TS hid e %

FE R #k R NETPTHINtFBPE [R 3 ik 8 5 NT A Ak 2 3
W =2-61%(K16C, D), ¥ HH LRIk SaPEPC21E— &
PR FARREHESN CoE IR, BNTAREMR ™2 B Z TP
AR, X 5t RIA R R T RS A RS
VI (KIBE). Bt &R SaPEPC2 B ANRETE #E %/K
P B TR RIS, (AR RG]
AR AC IR AS 2, 5 00 B pAy Y058 428 9 5% 114 BB i
B, BETREEN “RCHIEIL” , ARt
ThHE3R15 A0 Th e 32 2 7 SaPEPC 298 A8 1K 1) 5 s AR
WO T RIGAE . BT R, I RIEZMPEPC1/KAEE
i AR AL B GR K o haE ()N 85, 2015). A
WAL, B &M T, T RiESaPEPC2JH & (1)< AL
FHEBNTREERER R, H— 5 R R R
W= (K78, C), XA FIT/KSTEM o PR iz 5,
R EAE HFR AL R 0% 1 SR AN BE 2 I i s 2 (F
HAE, 2008), fli %I bR R AL G R B E T
1.0-2.5f% (KEI7A), AP a8 IN1.345 (K 8G); Ml
COKIE WK T NTHIMK, U0 SaPEPC2JH %L 4
H AR R S A E AL R ER KRG K, ErRe
55 M 1] CO R I e 77 1 5 2% D) AH %

gx Bk, AR U 5 1% SaPEPC2%k
K2 5 8 35 Co PR A A M RE L, @ it
2 5 8 45 20 B A 10X % R i e 70 57 S R DR AN P VR
JeEFEFPIRIA, WG R EPEPCEREME . R
FErFaR R E . AR 2B IE T DL SRR
AR E TS 73X, I 2B v e ik DR 5 1) 01 & R e A
PURBEST . WG BN G SR H 7 7 A C i 12
6 SaPEPCHE R et R CoE W BEE | B Al

& STak = A

Wi, BEZNEA BRI, e AL i ]
Ry ZXCRAMBT or AT )-SR IR A SE SRR, KA
I B - AN 50 JE AR BL JE Il B - A R /R B 58

W, RPEARSFF . PrafEH 1 ORI R
{1 HRRRELAS
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Heterologous Expression of Suaeda aralocaspica SaPEPC2 Gene
Improves Drought Resistance and Photosynthesis in
Transgenic Tobacco

Xingxin Liao", Yi Niu', Xingwu Duo, Akeyedeli Jumahazi, Marhaba Abdukuyum
Rizwangul Hufur, Haiyan Lan, Jing Cao

National Demonstration Center for Experimental Biology Education, Xinjiang Key Laboratory of Biological Resources and
Genetic Engineering, College of Life Sciences and Technology, Xinjiang University, Urumqi 830017, China

INTRODUCTION: Phosphoenolpyruvate carboxylase (PEPC) is a key enzyme for C4 photosynthesis that help plants to
resist adversity under abiotic stress. Suaeda aralocaspica, an annual halophyte, has gradually developed a single-cell C4
photosynthetic pathway by compartmentalizing a chlorenchyma cell into distal and proximal ends to delineate and form
the four-carbon (C4) and three-carbon (Cs) cycles through long term of evolution. This unique biochemical compartment-
ation pattern holds promise for introducing “Cs-like microcirculation” into C3 plants without establishing Kranz anatomy.

RATIONALE: The PEPC gene act as an essential component of C4 photosynthesis, but few studies have reported on the
PEPC gene in single cell C4-pathway species. To reveal the impact of the SaPEPC2 gene from S. aralocaspica on the
photosynthetic performance and drought resistance of C;3 plants, we evaluated the drought resistance function and pho-
tosynthetic performance of transgenic tobacco (Nicotiana tabacum) overexpressing the SaPEPC2 gene driven by its own
promoter (Prosapepc2::SaPEPC2) through physiological measurements and gene expression analysis methods.

RESULTS: Our findings demonstrated that overexpressing the SaPEPC2 gene in tobacco improved leaf water retention,
maintained chlorophyll stability, promoted the accumulation of osmotic adjustment substance, enhanced antioxidant en-
zyme activities, reduced ROS levels, mitigated the extent of membrane damage, upregulated the expression of drou-
ght-related and endogenous photosynthesis genes, and increased PEPC enzyme activity and net photosynthetic rate.
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CONCLUSION: In conclusion, overexpressing the SaPEPC2 gene likely facilitates the formation of a “Cs-like microcircula-
tion” pathway in tobacco. These results may provide the theoretical foundation for the potential utilization of the single-cell
C4 pathway PEPC genes from S. aralocaspica to breed high light-efficiency and stress-resistant crop varieties.
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Overexpression of SAPEPC2 in tobacco results in stronger drought resistance and higher photosynthesis effi-
ciency compared to non-transgenic plants.

Key words single-cell C4 plant, Suaeda aralocaspica, PEPC, drought resistance, photosynthesis
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