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WE N TFRME-1,6- —BEFRIESE I (fructose-1,6-bisphosphate aldolase, FBA) 7EJMZEPTHH BIMEH , /R T2 Mia T FBA
FHEE TR E AR RS Z LR, NS EEY LR L MR e R AR AR . DABC SR SR Y H i A 35
94005 AR, FERIAEIIE T S0 AL B | DL IE B DK AR A X BRI R i 6 S 80R FBA g M, 8 52 96 % 2 i PCR
(RT-qPCR) 43HT FBA £ (1) ik 1 2R RACE kXt FBA BRI AT 44 ik, I 0l e 45 Rt AT 4 W15 B &K e 4=
K F R E P i, TP DG AR R FBA N R B EZ RIS R, S5REW BEE T R AR, 3 B e Ak
R(Pn) SSALGIE(Gs) FERBHR(Tr) JERITRE, FBA IGIEM FBA JER AR BT, ERE PEMEETEPAT, il
et B IR CO,MREE (Ci) B3 NRE, KA FIHZE(WUE) LT B T, G FFF, WUE R R Imser=m 4otk GRS FBA I
PEFI FBA ik 2 0BG, FBA JEE 4K T4 1440bp, ORF (FF7 RIEHE ) 7 T 60—1172 X, 4 b 370 A5 1R B
1R 38.51 KDa, 55 6.92; [AR M L s, H i RN FBA BEIN SHIRGIT FBA BEN A —BUETE 87% DL I, 9451
TN ZE R F FBA A o-185E  ToAN % M ZE(PEE DS B-F ALK, 4 Fh Z R G5 K9 S04 o L) 43 310 ok 43.85% .31.28%
17.60% 7.26% , P, T2 W0 T S0 96 A R B 5 BEAR, RiCE W 30 i n g, AR B3 K, #BA B 5 T 2 ihn
UMK, TRIE T, FBA S 5 220 M o6& FRARIE S | 02 00 00 I e AR A S0P TR 558 2 A R 4 v AL ) T 22 a1 7 36
AR H S B T A -1, 6- BEIRIEJE B (FBA) 3N Su R kA

Cloning and expression analysis of FBA gene and its relationship with drought

resistance in Brassica napus L.

XIE Xiaoyu ", HE Qiaoli, HOU Shuang, ZHANG Xiaoduan, MA Zhonglian
College of Agronomy and Biotechnology, Southwest University, Chongging 400715, China

Abstract; This paper aims to understand the function of fructose-1, 6-bisphosphate aldolase ( FBA) in drought resistace of
apeseed ( Brassica napus 1..) , to reveal the relationship between gene expression and photosynthetic index and yield under
drought stress, and to provide a reference for the identification and improvement of drought resistance. The high drought-
tolerant rapeseed 94005 as experimental materials, were treated with drought stress during the flowering stage and with
normal irrigation as the control group. We measured the photosynthetic parameters and FBA enzyme activities of the leaves
and analyzed the expression of FBA through real-time fluorescence quantitative PCR ( RT-qPCR). The RACE method was
used to get the full-length clone of FBA gene. The sequencing results were analyzed with bioinformatics. After rehydration,
the plants growed until maturity and rapeseed yield was measured, meanwhile the relationship was analyzed between gene
expression, physiological parameters, yield and so on. The results showed that the rapeseed yield and net photosynthetic

rate (Pn), stomatal conductance ( Gs) , and transpiration rate (Tr) of the leaves were significantly decreased, fructose-1,
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6-bisphosphate aldolase activity and gene expression were increased with the drought stress level increasing. The
intercellular CO, concentration ( Ci) was decreased and water use efficiency ( WUE) was significantly increased under
lightly, moderate, and severe stress, while the Ci was increased and WUE was decreased under extreme stress. The
correlation analysis showed that the net photosynthetic rate and yield had a significantly negative correlation with FBA
activity and the expression of FBA. The full length of FBA was 1440bp, and the ORF was located in 60bp—1172bp,
encoding a protein of 370 amino acids with a predicted molecular weight of 38.51 kD and isoelectric point of 6.92. Homology
comparison indicated that FBA of rapeseed had a consistency over 87% with Arabidopsis FBA. The secondary structure
prediction showed that FBA protein consisted of a-helix, random coil, extending chain, and B-corner, as well as the
proportion of four kinds of secondary structural elements was 43.85% , 31.28% , 17.60% , and 7.26% , respectively. The net
photosynthetic rate and yield of rapeseed were decreased under drought stress, and the decrease was greater with the
enhancement of stress. FBA gene was closely related to drought stress. FBA gene mainly improved plant adaptability to
drought stress by inhibiting photosynthesis rate, reducing of transpiration rate, promoting effect of glycolysis, and aerobic

respiration under drought stress.

Key Words: Brassica napus L. ; drought stress; photosynthetic characteristics ; fructose-1,6-bisphosphate aldolase ( FBA) ;

gene clone; gene expression analysis

ZE T RIS P I B AR K HE 2 — IO B TR R VL T U DX T ST 0™ 20% LA
BT WFIE R, TR R IS A 3 F (the net photosynthetic rate, Pn) FEAK™, BT 5206 st a] (1)
FEK: R RN, R R S R A O S S B I R A R R R B R
WEIEAE B SR PR BT I T R A RIS AL SRR, - 1, 6- B R I 4
(fructose-1,6-bisphosphate aldolase, FBA)BEZ 5 T WEBEMF AR 5 AE 1L 18, RIBT X2 5 T 8 0R SOB & 2 AR R
SCHEIR A A A TG sh e % BB AVE . XSRS R B FBA R 25T S a2, it vt
FBA FEN R ek FRak ot S5 0hia 3N R B 5EOL A H R 77\ S Z B R a8, % TH 7R FBA
FEITEIM DT P AR FH SO S pt S 2 bt R R B S X,

HTABFFERI FE B R AAAE 28 FBA, A AR 4 8 25 1 1955 T 28 M AR 6 8 25 7 0 5 11 28
Mt A Y FBA X T A UAFAE 2 FhE AL BIRE R A FBA FUSRAASY FBA'S | Rif & AEAE T 20 o o 3
i, 2 SRR AR R AR R A AR 1, 6- B RR AV M 0 S5 B A T akA R, B 5 KR SR
1,5- B FRAZERE A AR ST LAERFGE R 0, L A SR B 1, 6- B RRIE AR AU S 5 T AR Z2 19 A4 AN
A R Y WS TR R AR RN RO R O A L Al b A R RN S
St AR, Lu 5 LB T RIR T 09 FBA SRR P B AtFBA3 AtFBA4 AtFBA6 Fl AtFBA8 ikt
) B Fan 2O ST R TG S U5 A9 FBA JERIFEER A J5 5 ZNF IR 15 AT LA W (b 45 v A R 1 R
5 200 R0 P A0 SR - 1, 6~ 0 T T 0 3 o R AR R A A IO O R 4R s e A ke R g 3 oy
Larkindale %52 BF5 3B 37°C (4 5 6 355 S LR IF ALFBAG6 LR YR AL R L IMIERESE 2 B8 , FBA
TGRS B R IR 1 52 s, 5 80 5 T v Wk 32 R e YR AR B P TR A G il R A 0B Sk RLES e A
B, e R TH AR BOE 1 28 A8 M rfr ) FBA S B 338 B &L TR A EJEPY ) TR M T, BRI
AtFBA1,6,8 Fik i B 8 5 LA B BRI SR M FE 3 W, FBA 3[R n] fi6 2 5 48 A X v 6 A0 1 52 kit 19
WP, HRTFE BN E e TR E T i LRI FBA 351, Uematsu 45" 38
ARG T A BT FBA AR R b AT S IR SR A | {7 S DR R () 5 15 388 o, (2 1 2 S R e 1 2
KAAEYRME (HEARIWC TS FBA ZER MR HRE

AR5 8 3 ) A B B2 T T R a N H AN SSH SCE Y BN R AT, KB FBA RS 5 T2
JolE 55, FEREEERE b, R RACE J7 3 6 358 PR E A7 44K v [ I AR 05 822 434 5 R S B 9l o
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PCR(RT-qPCR) MIE FBA FENZRIK & bk kit 5 T R TilSOL G e G 1E 7 S Z AR,
B FBA JED Sl SR C B, 0 ilsE FBA JE K T REAIT 5 LA KA T FBA K& DR ok R AR W 470 54 1 4 it
2%

1 #Em7EE

1.1 MRS ab s

PR R 22 S P S RE S A H 5 7 =% 94005 (B R THIMSE TRRBF S DR ML) o Pk krhr it i |
KN — B ISR 1, 15% B9 G R 9N T4 75 20 min, SRJ5 FHICHE K IEUE 5 Uk, #& A0 T8 9 LLIE 7 R o
(1:1) A AR E FRR 78 IR T 3595 2 4000 DU i — 0 e LA A B3 W9 N T 9 = P9 1) 2k v (s
40 cm, HAZ 30 em, 2 TS O FOR £ A SR IR A 1231 FUBRR A MR IR &9, R H £
B R RN BB K A T 15.0 kg, flHGK 9 B, AN 2 ST 30 o) , BREUEAE 2 Bk, W E T
T 1) T [B) 452

WSRAE K B, KIS R A HAE K — SRR T T 5 A0 38, 538 5 41 1E# fE7K (control , CK) |
5 (lightly drought, LD) A EE T (moderate drought, MD) (55 52 (severe drought, SD) Fl &+ 3
(extreme drought, ED) , H: 4= 3 AH XF 5 K243 5 K 65%—75% . 50%—55% . 40%—45% ,20%—30% , 10%—
15% ., A0 PERANAE 8 7, 3k 16 #k . AR T2 E e XS S /K bR EE B, 22K 8.00 F1 1800 >R FHAK
AR IE K, A B ] B 3 P 8 K o 2 S A LA A — 350, AR K R B T R i A R R RS
7d BUREI 22 | 22 Ji5 B2 /KA 38 Bk ek & 206 BEOK S | I 18 H 7K 4048 BRES 7 2 s b 5 7=t
1.2 Wk
1.2.1  #P5HIH 842 3E ( Suppression subtractive hybridization, SSH) SCJZE#4)

XS AR AR S BITESE 1 R 56 3 K 58 5 KA 7 K 9:00—9:30 SRAE X AL PRI 56 42 R T (1)
51 MRS WA TR, -80°C IR 1F ., #E1T RNA AYFEH A mRNA [ 2lifk , 06l PR IH I 24 2, SSH-cDNA S
HEL I 22 5 3R P 5T R 15 B i
1.2.2 SBESEMIE

FHZEE LI-COR 2~ wl A= 77y LI-6400 S AL, 75T R A M5 7 K (FEK) 10:00 s 2547, XX BEFT AL 3 AE
R B4 THUER AN 1) FH 56 4 R T () 34— A 58 2—3 Il 145 5175 % ( Net photosynthetic rate, Pn) (S ALR
J& (Stomatal conductance, Gs) Jfi[E] CO, ¥ (Intercellular CO, concentration, Ci) 7%/ 8 % ( Transpiration rate,
Tr) , R LI-6400-02B L Y668, B Y6 4 1600 wmol m™ ™' IR JE N 25°C , KX CO, # ¥ (Ca) 2y 400
pmol/mol , 25 SAHXHEEE Ky 50%—70% ; 1138 7K 53 K| FH % ( Water use efficiency, WUE) , /K4 F| 2% ( WUE ) =
AR (Pn) /78 ZE(Tr) o RS R /Y7, R A 3 7 3 #k .
1.2.3  FBA BTG PERINE

BYEGINE 52 A S E I R, —20°C PR A7, SR A R ULk AR W B A R W IR M- 1, 6- IR 45
At ) G (PR ) W FBA B3 HE I 5 20 SR B4 AR s v A 5 2017
1.2.4  FBA R Rk w1l

BN 2 52 A SERI T R AR, -80°C AR-AF , R RAR S F] Y RNA prep pure %) 5 RNA $#2HGR
FIEFEICE RNA R 1.0% 355 H5E Il TR DU B A B RNA 1 52381, AN SO BT HI e 4l i, fiff
FHl TAKARA A 7] PrimerScript® RT reagent Kit With gDNA Eraser i 7 £ 51T RNA 1% 4l fk 1 5 5 54 il
cDNA, H¥E SSH U FBA FEH Y EST( #ik 7 FhR%E , Expressed sequence tag) 741, F|FH Vector NTI /4
FI primer premier 5.0 #4559, IE M 514 8 5'-TACCTGGCATCAAAGTCGACAA- 3", JZ [1] 514 5'-TCG
TAGTACTTCTTGCAACGCT-3", LA ACT7 Fl UBC12 NP S HLN |, i i 5L R Fh R e MR 404 >, L ACTT
KNS | IE M54 TGCGCTTTGCTGGTGACGAT, I 18] 514 TGCCTAGGACGACCAACA ATACT, ffiF BIO-
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RAD A¥w]f% iTaq TM Universal SYBR® Green Supermix i 7l & # 17 5¢ B 2¢ Y6 % 7 PCR (RT—-qPCR) 473,
PCR 2% 4 :95°C 3min,95°C 10 s,60°C 30 s,72°C 30 s,45 ME#H ;72°C 10 min, RN 4 DEE R
PG LIS E STy TR
1.2.5 FBA MK ek

K Clontech 2\ 7] () SMARTer™ RACE ¢DNA Amplification Kit 3% 7 & 453 A 19 373 %41, LA RACE-
Ready ¢ DNA N, 763857 & 42 0L /038 F 51 4 UPM KRR R M54 GSP 51 % T, A Advantage 2
Polymerase Mix i 1k & B M 56 3£ X 19 cDNA K %, 514 5 51 K. FBA- 1. AGGAAGGAGGAGTCTTACCT
GGCATCA FBA-2; TCGACAAGGGCACCGTTTCTCTACC, %5 — % PCR ¥ 14, K2 )i 45 14 94°C 3 min; 94°C 30
sec,68°C 30 sec,72°C 3 min,25 f§#;72°C 10 min; F- U175 5 PCR §738 , 5O 4514 :94°C 3 min;94°C 30
sec,68°C 30 sec,72°C 3 min,25 ff#R;72°C 10 min; PCR §" B r= 8 25 1% B8 WGE I B 1k A6 J , #% TIANGEN
730 B AR WEEE A DNA [ WsiatR) G id W] P kA T eI (R, IR 240 fS 1Y PCR 7743k 2R Ty .
1.2.6 MFEERGAEDE B 250

¥ NCBI ™l ( http ://www.ncbi.nlm. nih.gov/) ) BLAST T =X Brill 45 a8 7 5 R 47 3 (R 7 271 ) A 4R
P % () U5 P A 4R, ) 3k 2 e 4 4 35 AT ] 914 1) L 388, B ORF Finder (http ://www.nebi.nlm. nih. gov/ ) 7E
2R M K P 5 B FF L EHE ( Open reading frame, ORF) , Kl DNAMAN ZXA4K 5 A9 ORF 337 B30 4
HPR , F| FH Protparam ( http://web. expasy. org/protparam/ ) ¥l Il & 1 i) B4k 14 BT, #] H PSORT II Prediction
(http ; //psort.hge.jp/form.html ) FE47 72t fifd & 43 BT 5 K H PredictProtein ( http ; //www. predictprotein. org/ ) il
DR A 45 32 SWISS-MODEL X 28 312 )7 41 3547 8 1 T — R ESE A T 34 , FH Raswin #0011 4R 1415
FZHE AT = 4E45H . ] Vector NTI Advancell.5 BJF #4779 LA 23047, FH MEGAS.2.2 R {4 g i AL, 7E
SOPMA F1 SWISS MODEL [ I #4785 11 4544 7347

2 ERES

2.1 SSH ZMr &I FBA R S5Hi 54 %

X TR0 SSH SCEH 646 A28 PCR %8 1 FH 4 e BT, 3R15 639 A~ 9. —1 EST, 28 K2
PHEMZEBRTUAY , 15 TS BE (contigs ) 89 55, FAEE DL ¥ 31 (singleton)97 &, Xl ¥ 3K 451 186 2% unigene I
7 Blastn il Blastx 40 B #9751 LL X, & B 166 25 BAT R R BE N, 20 Z5 AT EEC 0T, HLAT [] U5 2 X A
EST " 154 2 52 MTIREM & A WU ME, o JRE- 1, o- B RS 4 B 3L IR 11 4%, o5 HoA TR R 1 3 (L 1)
6.63% ., 7% 1 FH T #4)r ESTs,

2.2 FBA RERP 55 P51 08
2.2.1 FBA #HM) RACE wf%

TEC AT Y ORSF X LAl - DL 3'RACE 1 ¢DNA AR, 28 2 %8 PCR ZJ5 9714 K /N2 900bp 1Y H—
DNA R B, ¥55 4 PCR P=WydtA7 s Pk 3E X B 9 257t dE A7 U0 e DS 2lifk I 1, )3 45 SR 42 28 Genebank , fiiy
2K BnFBA1  FEPUE 550 MH316131, S B4 5307, A e v Be R /N R 975 bp, 5 ORSF IX PS4 368 bp
B B, 3K FBA ) mRNA3' Ui F51)

2.2.2  FBA RFEMFH) 5307

(1) 2% BnFBA1 JEH Gt 7=y ) JE A E S5 43 Bt

FH DNAMAN V6 ¥l 745 5 5 201 FBA IF 911 PH% , 1558 FBA 42K )75 1440bp , HU L K Y ORF £
T 60—1170 X4 (Ft 1107bp) , 4k 369 N E LA

£ ProtParam ZMT , FBA %5 F1F 54> 114 38.51 KDa, %501, 25 6.92 | iR PE S JEFR AR 55 ( Asp+Glu) S48 K 70
A B R SRR B BE (Arg+Lys) BBCH 47 4>, JRF B80R 5445, 53 T30 C 05 Hapss Nugs Osa6 S 10, 1 B AR 30h,
FasE 250 29.51, RREEEN ., BE BN EELRA Ala( NERE,10.6%) , Leu (52 &M, 10.1%) , A7 Pyl (K
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Table 1 Part results of Blast alignment in rapeseed leaves under drought stress
RiLFFH

s PERIE i st o
Clone No. No. of expressed Homology Species Identity/% Expectation value

sequence tags (E-value)

(ESTs)

CTE87 C3H4 type zinc finger protein Arabidopsis thaliana 66 7x107%
contig37 6 zinc finger family protein Arabidopsis lyrata subsp. lyrata 71 9x107%
contig39 14 NACS Brassica napus 91 9x107#!
CTE68 F-box protein 2 Arabidopsis thaliana 70 2x107%
contigl5 6 F-box family protein Arabidopsis lyrata subsp. lyrata 67 6x107%
CTE80 homeobox-leucine zipper protein ATHB-7 Arabidopsis thaliana 80 1x107%
contig20 7 probable calcium-binding protein CML20-like  Cucumis sativus 82 4x107%
contigl 11 fructose-1,6-bisphosphate aldolase Arabidopsis thaliana 92 3x107110
contigh 14 photosystem I reaction center subunit E Arabidopsis thaliana 82 4x107!
contigl6 8 malate dehydrogenase Brassica oleracea 100 8x1071»
CTE9 peroxisomal NAD-malate dehydrogenase 2 Arabidopsis thaliana 96 6x107143
CTE72 gamma carbonic anhydrase like 1 Arabidopsis thaliana 9 4x107%
CTE75 cytochrome bh6-f complex iron-sulfur subunit Arabidopsis thaliana 80 9x1073*
contigh8 4 chloroplast thylakoidal processing peptidase Arabidopsis lyrata subsp. lyrata 88 4x107°!
contig77 9 Photosystem II CP43 chlorophyll apoprotein Medicago truncatula 94 3x107™
Contig89 7 (1:1;;::;;1 +3-bisphosphate carbowylase/ Brassica rapa subsp. chinensis 100 3x107105
CTES9 chloroplast beta-carbonic anhydrase Brassica napus 99 3x1072
contigd2 15 ELIP Brassica rapa subsp. pekinensis 94 1x107°!

(2) 3% BnFBA1 2K 1 & 4540 B T

BnFBA1 PR it i 85 1 1) R A5 M B 24 2R (181 1) 3RBH 2B R i i B LR )7 51 i 43.85% 11 o i
(alpha helix) .31.28% ) JCHLE: I (random coil ) (17.60% FJIEfH£% ( extended strand) .7.26% ) B %% ffi (beta
turn ) F4

ik

[T T

0 200 250 300

B 1 BnFBA1 &8 R &M

Fig.1 The predicted secondary structure of BnFBA1 protein
Wifh o MRUIE; K ORI G L06 TR 6.8 M

BnFBA1 5 B = S5 R Fm ( & 2) 580 i b Mo 7 3] o BBUREAN B Z S5, 5 T g R T
_‘ﬁo
(3) A[EIYFhE] BnFBA1 K& R gt & (5 [R) A% 20 A
S EH) AT R T W SR 94005 11 BnFBA1 SIS 64 B AR KT
Jii FBA 5 69.8% 1 s AR [F R (& 3) s WA I R Ge kA (1] 4) nT & Y, H i Y3
SR IR FBA [RIEYEFe i

GERHEAR

CEAESE T RO R AR
3¢ 94005 A 40 it JF FBA
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2.3 FBA WRIE T M SHREMCER
231 TEREXNWSEM T FBA kR

B SRR 5 RNA 83t 1.09% B8 0 5 i
PR 5 A 25 SR 0 18S 15 28S AT I M L B 5, 288
AT 18S SR AL A Z R T 1, M E A&
DUASCRI , $E B L RNA 11 0D,/ OD g fE I TE 2.0—
2.2 08, MR ELH B RNA 528 i i 4l 4, ik
BT R M RT-qPCR IESR (K 5) .

SE PG E i PCR 4528 (% 2) KU 72T B hia
T, FBA SEIR (¥ 2 35 5 B 4 T 5 I 160 2 8 140 184 Jon g 4
D1 N S R E 119 i S oA Y-
1.73% ,3.97% ,6.48% ,7.23%
2.3.2 FBA WA SPIRMENCR

(1) T 5 WA e & GG M FBA W TERY

£ 3 KM BEE TS m R e i A E2 BnFBA1 EA=REHTINRE
Pn Gs DI & Tr ‘FI;% mg F’F j][] j( #? Fﬁ; 'ﬁh Fﬁ; E Fﬁ; %H 1:& Fig.2 Predicted 3-D dimensional structure of BnFBA1 protein
N e o B B i b/ EEN BIEEN >
BET S HE T, 77 5 i 30 B AIK 40.78% .45.55% |
53.69% .62.90% , Pn 43 5% BRI 17.96% 45.42% 65.43% 82.71% , Gs 43 S5 %} FRF#A 34.02% 65.98% .
83.50% .84.87% , Tr 435l 5%} HR %A 26.55% (47.57% .78.13% .80.54% |,

®2 TEMET BnFBA1l ERMKRIXER
Table 2 The relative Expression value of BnFBA1 under drought stress

AbFE Treatment CK LD MD SD ED

BnFBA1 R Ay Rk

. 24.686+0.371cC 25.114£0.206bBC  25.667+0.229bAB 26.286+0.143aA 26.471+0.229aA
Expression value of BnFBA1

F B 5 A AR E /NG FEERIRTE 0.01/0.05 K28 5 B35 CK:IE W BE/K Control; LD #2215 Llightly drought; MD: H1JE - 5
Mmoderate drought; SD . T &+ 5 Severe drought; ED:#% & 5 Extreme drought

FBA JGYEREE T2 W38 (0 36 i 36, 52 58 op 3 5 R AU T R e R, 4 00 Eb G BR R 18.45%
31.69% .32.35% .35.66% ., i Ci BEZE T 5 Wi i 0 el BEA%, 21 &3+ 52 T B 2K, mk g+ 521 X BT
WUE BfiZ5 T 5 Waa a9 i m AW 7, 208 5 T2 b ks Eok, 8 5 0a ~ R,

F3 TEPEMHEFTE EGHEER FBA EENRM
Table 3 Effects of drought stress on yield, photosynthetic parameters and FBA activity of rapeseed

A3 Treatment CK LD MD SD ED

Fedt Yield/ (g/ k) 13.02+1.23aA 7.71x0.58bB 7.09+0.72bB 6.03+0.69¢B 4.83+0.48dC
Pn/(umol m™2s7!) 8.194:+1.056aA 6.722+1.639hB 4.472+0.431¢C 2.833+0.411dD 1.417+0.153¢E
Ci/ ( pmol/mol ) 306.482+23.6116aA 300.926+28.704bB  227.074+17.593 ¢C  193.519+22.222 dD  287.963+28.704 bB
Gs/(mmol m™2s7!) 95.4+13.44aA 62.95+12.46hB 32.46+4.92¢C 15.743+3.61dD 14.43+2.62 dD
Tr/(mmol m™2s7") 0.663+0.092aA 0.487+0.084hB 0.3476+0.034¢C 0.145+0.032dD 0.129+0.021 dD
WUE/ (g/kg) 0.31:0.049dD 0.353+0.058¢C 0.498+0.033bB 0.563+0.047aA 0.365+0.057¢C
FBA Ttk FBA activity/ (U/L) 10.99+0.727bB 13.018+2.000abA  14.473+1.018aA 14.545+1.164 aA 14.909+2.218aA

FH B G AFRE /NG FHEFRIRTE 0.01/0.05 /KFE2 7 B3 Pn 5653 % Net photosynthetic rate; Ci: i8] S fLHkHE E Intercellular
CO, concentration Gs: S AL'5 B Stomatal conductance; Tr. 78 3R Transpiration rate; WUE ;. 7K 23 F| R Water use efficiency; FBA . k-1 ,6—:@%
PRI 45 Wi Fructose-1,6-bisphosphate aldolase
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1 10 20 30 40 50 60
BnFBA MASET KYADELIANAAYIGTPGKGILAADESTGTIGKRLSSINVENVEEWRRALRELLF
AtFBA MPIAF TRRK' ADELJ@ANAAY I GIMPG KGI LAADE STGTI GK RIBMASIMNMVENME T NRRENLRELLF
AhFBA MB] N F KYHD ELJWANAAY I GIMPG KGI LAADE STGTI GK RIS SIMNMVENNME T NRRSNLRELLF
GsFBA MBI F SKYHDELIANAAYIGTPGKGILAADESTGTIGKRLASISVENVEEWRRALRELLF
GaFBA MB] ( F KYADELAKNAAYI GYMPG KGI LAADE STGTI GK RIS SIBNMVEN I E NRRWNLRELLF
MtFBA MBS E KYEDELJWANAAYI GS PG KGILAADE STGTI GKR_ASIPpNMVENME A NRERST LRELLF
MnFBA MB] AF KYQDELJWANAAY I GYWPG KGI LAADE STGTI GK RIS SIBNIVENRMEBEN RRWNLR ELLF
PaFBA MPAFCGKYQDELJWANAAY I GYWPG KGI LAADE STGTI GK RIMASIPNVENRMEBREN R QBESLRELLF
CS MSAFKSKY DELIANAAYI GT PG KGILAADESTGTI GK RLASINVENVES NRRALRELLF
61 70 100 110 120
BnFBAI BW TP GEA\L LS GVILFEETL LPGI KVDKGTVS LPGT
AtFBA §§ P GPAL LS GVILFEETL LPGI KVDKG T V3
AhFBA B TP GPNL OYILS GVILF EET L LPGI KVDKG T V3
GsFBA §% PGPNL YLS GVILFEETL LPGI KVDKG T V3
GaFBA g PGPNL 'YLS GVILFEETL LPGI KVDKGTVISEL NGTWNGEMFT
MtFBA §¥ P GCL LS GVILFEETL LPGI KVDKG T VISRLENG T NG Egsy T
MnFBA TP GPNL OYLS GVI LF EET L LPGI KVDKG T VISRLENG T NG Egsy T
PaFBA TP GEAL LS GVILFEETL LPGI KVDKGTVEELENGT NGE N\ T
CS TTPGALQYLS GVILFEETL LPGI KVDKGTVE LAGT NGETTT

170
INY A A1

180
c QNGL v

121 130
BnFBAI|Q GLD[ELIE RC

160
I RENAPNEGLA

AtFBA Q GLDIEL[€ RC KINYYJAAGA R FA KWRA VL NI TERIE NANGGLANY A 41 C QE3NGL VP
AhFBA Q GLD{EL[EXJR C \JNYYPJAGA R FA KWRA VL NI TRSIE NARGGLARIYA AT C QISNGL VP
GsFBA Q GLDIS/L{EIO]JR C "JY YPHAGA R F A KW RA VLI IHENAYGLARYAMICQENGLVF
GaFBA Q GL DES|L A[®JR C OINY YIJAGA R F A KW R A VL I I QENANGLA MYA AT CQQCGLVP
MtFBA Q GLDDL[EJOJR C KJNY YPJAGA R FA KWRA VL NI IEENAEGLARYAfVICQENGLVP
MnFBA Q GL DEE]L[EXOJR C HJNY YPIJFAGA R FA KWRA VL NI INENANGLARYA NI CQEBIGL VP
PaFBA Q GL DEE|L A[®]JR C YYSAGARFAKWRAVLI INENANGLARNYA I 1T COQERIGL VP

CS Q GLDGLGQRC KYYEAGARFAKWRAVLKI GP NEPSELATHENAYGLARYA VI CQENGLVP
181 190 210 220 230 240
BnFBAI[L VEP EI LVDGHNHDI Q ER VLAA[Y KA LSDHHVMLEGTLL KPNMVT PGS (& AR
AtFBA'1 VEPEI LVDGHHDI Q ER VLAA[@Y KA LSDHHVJMLEGTLL KPNMVT PGS KVSP
ARFBA 1 VEPEI LVDGPHDI H ER VLAA[@Y KA LNDHHVJMLEGTLL KPNMVT PGS K VBP
GsFBA 1 VEPEI LVDGRHDI H ER VLAA[®MY KA LNDHHVIJMLEGTLL KPNMVT PGS KVSP
GaFBA 1 VEPEI LVDGRHDI Q ER VLAA[@Y KA LNDHHVMLEGTLL KPNMVT P GS K VIyP
MtFBA 1 VEPEI LVDG P HDI A ER VLAA[YKA LSDHHVlILEGTLL KPNMVT PGS K VRP
MnFBA1 VEPEI LVDG P HDI E ER VLAAVYKA LDHHVLEGTLL KPNMVT PGS K VIyP
PaFBA1 VEPEI LVDGEHDIDRCADVT ER VL AA[§Y KA LINDHHVILEGTLL KPNMVT P GS KVTP
CS 1 VEPEI LVDGSHDI KCAAVT ER VLAACYKALNDHHVL LEGTLLKPNMVT PGS KVAP
241 250 260 270 280 290 300
BnFBAI BV VAR YTVRA LIOR TIYPPNA VP A VV FLSGGQS E EE ARNRNL NARYN Q)8
AtFBA A V]I ATVRALRTPAVPA“V FLSGGQSE EEARRNL NANNQIMIATK KP W[ SIRIGRAL
AhFBA [V VARRS|I T VR A LIERTAMPSA VP A VV FLSGGQSE EEARINL NAT NQV K@K KP WHILEJF SEIGRAL
GsFBA Q VVARRSIT VR A LIGR TP A VP AV FLSGGQSE EEAS VNL NAT NQVN[§K KP WHILEJF siGRAL
GaFBA VA YT VR A LIGRTRYPPAA VP AV FLSGGQSE EEAREINL NAN (Mo TK KP WERJLEF SIIGRAL
MtFBA B VIS AQEIT VRALLRTRYPINA VP AV FLSGGQSE EEAS VNL NAWN KKPWTLTF SYGRAL
MnFBA BAVIlAEREI T VR A LR TAAPPNA VP AV FLSGGQSE EEAGEINL NAYN KKkP WEHLHEIF SEIGRAL
PaFBA BV AYTVRALRTTPAVPA ]V FLSGGQSE EEARRINL NARN KKPWT LF SGRAL
CS EVI AEHTVRALQRTVPAAVPAIVFLSGGQSE EEATLNL NAMNQLKGKKPWSLSF SFGRAL
301 310 320 330 340 350
BnFBAI[Q QS TL KT WGG K ENNESEA QfA 'fMAYR CKANSE ATL GV YREGDIN INBAINAES | 1 vl v k]
AFBA Q QS TLK T WG Kl ENNAY + A QA v YR CKAN S E AT L Gy YR Gy AES LHVEdDYKY
ARFBA Q QS TLK A WS G KJJE NVASAA QA "l TR AKANSE ATL G YE4G S [N SES LH DYKY
GsFBA Q QSTLK A WS G K E NNASYA QA [BMRYR AKANS E ATL G§ YE4G N s SES L DYKY
GaFBA Q QS TLKT WEAG KBEENVESYA Q DA |BMRYR CK AN S E AT L Gy Yid G AES L H DYKY
MtFBA Q QS TLK "WGG KDENI 'J4A Q A[WBRYR CKANSE ATLGRIY O G} SES LH DY KY
MnFBA Q QS TLK A WG KBENI RAKANSEATLGYG AES L H DYKY
PaFBA Q QS TLKT WG KIJENNESSA Q A FllSRCKANSE AT L Giij YEq GJN SES LH DYKY
¢S QQSTLKTWAGKEENVKKAQEALL VRCKANSE ATLGTYK GDA LGEGA AES L I DY KY

Fig.3 Alignment of the amino acids of BnFBA1 with other species

3

i#13 BnFBA1 5 E MY FBA SE L3

BnFBAL JMZE A NE-1, 6- WS R I 45 i 3L (5 Brassica napus FBA ; AtFBA . 356 37 S BH-1, 6- WS TRTE A7 Wi 5L A Arabidopsis thaliana FBA;
ARFBA A6 T -1, 6- —WETRFEARTILF Arachis hypogaea FBA ; GsFBA . BPAE R G FHE-1,6- “BERRREARTGIE H Glycine soja FBA; GaFBA:
TRARG N1, 6- " BEMREE AL Gossypium arborreum FBA ; MtFBA . 75 Ml -1, 6- BSR4 3% R Medicago truncatula FBA ; MnFBA
WS- 1, 6- " BEBR 45 3L [N Morus notabilis FBA ; PaFBA : Il AL -1, 6- W BR X 48 B FE K Persea americana FBA; CS. 3L45 J7 %)

Consensus sequence . #tORE PR WEREMRLSAIN , IR AT 5

BRI BIE 50% 1 &= 5875

ey

5y B

NHIBLE 100% B9 4 3 7R 5 471
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(2) TRMHAT FBA JEP IR 8 B0 MR 0 ™ 5 55 4

PR R 87 BnFBAI
. R N ] m— AtFBA
FH SPSS 17.0 B4 A7 T 5 i Kb 3R =2 FBA A 50 .
PYFRIA B SEHGTE 8 OGE BT (R 4) K], 26 .
FBA ikt 5 FBA WEM R B EIEM X, 5 Pn Gs Tr 2% A
WA, 5o BF ARG, FBA &S T2 ha MFBA

& P BRFETMSG, 575 G Tr AU ARG,

—|_ AhFBA
90

3 itig 001, oA
3.1 FBA FEH 5080 S5 DA ¢ 4 3% BnFBAL B RS AL A

FBA fESy— 2 SR 46 4b T 6C BT 5% b %% Fig.4  Phylogenctic relationship of amino acid sequences
17 3C B G 3R 7, Aok B 22 O IE 4 Fe WIS — SR ige . etween BnFBAL and ofher species

VEZACH RN & B i B i s mE AR DY AR bp M 1 2 3 4 56 78 9 10

K, FBA AHZEAERI AT Bt o | Y SR R A 4
PRI TS, KB FBA BHRT Z6IR R E b 2000

bR R Z I E AN, B2 5 TR KT S5 100 s
P AR F M T SSH AT R o <

100
FBA Z: 5 300 -+ 5030 59 REZ 5 S Ea R b3

BnFBA1 JE K 3% 35 5 FIEGTE P30, 31X 5 3008 Ir i 52

SR U FBA ST St i R A
TR SEONSEN B Gs [ Tr . Pn FIF= 58 R B 18 ES 2 RNA BKE

R JZ (Lightly drought, LD) . "' & ( Moderate drought, Fig.5 Electrophoresis profile of total RNA

) TR (e g, ) BT, @ T, S SISt

WUE #&5 , M AEHE T 5 (Extreme drought, ED) T, Ci 1 T-5 Mmoderate drought; SD . T T-5 Severe drought; ED:

T WUE F B, T AE T T S0 T - 1, 6- g JE T Bxtreme drought

PRI AR Ity 2 S5 M TR At , 53 Mok o e AR , o2 2400 L PR 2 I

KT, TALCH AR E T2 (ED) T FRALCHB RIS, Ci Th i, 4N pH (EREAIR, K S5 FE A, WUE

TR, Pn TR - 1, 6- RS RS S HERER O TG B R T AR MBS R DA R ST R

R4 HMETEEEARLIE BMEESEGEROEIME

Table 4 The relationship among gene expression, enzyme activity, Pn, yield

FBA Fik i
eIy Fe FBA FBAWEME  #obidix  KILSE MR KRR MEE COo,EE
Index Yield expression  FBA activity Pn Gs Tr WUE Ci
level
7= Yield 1
FBA Fik i .
FBA expression level ~0.897 !
FBA 151 «
FBA activity ~0.967 0.920 !
LA R Po 0.897* -0.995 ** -0.923" 1
SILFE Gs 0.945* -0.972** -0.981 ** 0.966 ** 1
ZEIE A Tr 0.921* -0.995 ** -0.935** 0.984 ** 0.983 ** 1
KA FIFHZ WUE -0.528 0.581 0.656 -0.525 -0.687 -0.623 1
Jila) CO,MIE Ci 0.471 -0.569 -0.614 0.513 0.66 0.604 -0.994** 1

w5 3 E 0.01 ZKF- OB | REFSE; = o #£ 0.05 KF(3UI) |- i 2405
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3.2 TERERYINISE BnFBA1 RN )& T MFE A FBA

TRAHN 7d J5  AAFERNE- 1, 6- ZBERR B4R BEAE N 1Y — RN S5 R IR SCIE I 1 il 2k R 3235 D[R]
P WA R, T 5200 BnFBAL 2L A LR, FBA 3L AT FBA BEIEE SR Po P
W EAAC, XTI vEFER) BnkBAL [R1VR 9 2 02 17 51 4 b i 7R H i = 94005 19 FBA 5 UmJT Ak
e R HTESE T R AT FBA 45 69.8% i SR [R] TR ; 5 40U R I 10 40 L 5 FBA H/J? P, X
B FBA AL R i ORIE T RS i st AL R M | SE MY BnFBA1 LR & TR FBA , 3X 5 30 40 A o7 Tt
giR—3,
3.3 iDL IR]

HABFIE E B, FBA JE DK — 5 T i A8 R s 2 o 0 AR5, 53 — O i ml 9 A 0 0 A B A KT AR 9
o R R AR A R T FBA R A A KR AT I R B T, AR i — Y, FE R
WS i — 2 R AR 2 0 FBA B2 i — 2040 B 86 1 0 =AM S PR R IRA BT ML AL FBA
PEFE AR AR A K 93 A B L R AR i S R aE AL

4 #ig
ISR S SERESAT 1 4% FBA BEIH i BE R 5 it SR B DA G JR T IS8 FBA
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