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Expression Analysis of Apple Sucrose Phosphate Synthase Gene Families

and Their Relationship with Sucrose Accumulation in Apple

LI Huixia,ZHU Lingcheng,ZHANG Zhao,MA Fengwang,.I Mingjun”
(College of Horticulture, Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract; Sucrose phosphate synthase (SPS) is a major rate-limiting enzyme to sucrose synthesis in plant,
which affects the growth of plants and sucrose content of fruits. To know the features of SPS family gene
and their role in sucrose synthesis, we isolated MdSPS family genes from apple genome, analyzed the rela-
tionship between their evolutionary relationships, profiled the mRNA expression characteristics, measured
the enzyme activity and sucrose content. The results showed that: (1) there were 8 genes of the SPS gene
family expressing in the apple, they belong to three dicot SPS subfamilies. (2) Quantitative real time PCR
analysis showed that C type MdSPS6 and A type MdSPS1la/b had the highest expression in apple. Espe-
cially, MdSPS6 expression levels are the highest in mature fruit, followed by those in mature leaves,
meanwhile MdSPS1la/b was primarily expressed in young fruit which had no sucrose accumulation. (3) A-
part from MdSPSla/b, expression levels of other 5 MdSPS family genes had a significant positive correla-
tion with SPS activity and sucrose concentration, and increased with fruit development. These results sug-

gest that the class C of the SPS gene family is main genes related with sucrose syntheses in the develop-
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ment of apple leaves and fruits.

Key words: Malus domestica ; sucrose phosphate synthase;expression;enzyme activity; sucrose
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crose phosphate synthase, SPS){# 4k, UDP-%i 44 #¥#
(5-diphosphoglucose disodium, UDPG) 1 5 ##-6-
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AR RERE . ST FE B, SPS 2 A W v RS S i FR
A R B S AR Y R S,
SPS 1& & S A Y AR AE 2 A BE KR A TR Kk 2
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A5 6 R AR i K R 8 0 A G, g2 R LS &
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B R oA R BR T 20 D0 26 A Y T
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TEWAENE L AR A S G B b L VI R
(A B 2R S RO T S S P g A L B 223 SPS i
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B E R R 6 AR AR IR SE R (Malus domes-
tica Borkch. cv. ‘Gala’), i &R b 37 55 57 32 5 (M.

sieversii) . PEHR 12 BRAC S BEEA — By W, 16 k4T
B AL (R RR A Y A SR AR — B, T Ak 50% 1k
e J5 it R B WAEE 0 d, Z 5 & 15 d
(22 d, BRIGEZENG O RAE 1, B3R 58 i (2
PEJ5 122 & o BUCRFERF] N T 16:00~17:00
] BE SR ARG 7 BB 3 B B SR S (=D 9 )
PEATARE VIR S R A SR S — DB
T —80 Cukfa(dL 4 MEE), [N 7E/SG 30 d K
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1.2.1 MdSPS EEpFHEIE 730 05 N 4 8 %
(https://www. rosaceae. org) 1,735 L1 4 L5
IF SPS W) R IR Y 8 WA IE AT Blastp, 3813 E-
Value X F 1. 00E-4 H ¢cDNA X F 800 bp (filFg I
SPS J¥ 4 i) A K H KT 3 000 bp) (1 12 4> i K&
PR . 3 R 56 D] 2 0 e vl 0 56 DAL A R
PUEL G Syl — 2 0 2 7 30 1) T S o DA 35 PR 4 90
Wy 12 A7 50 AR TE GenBank 1 #£47 Blastn,
AT IE R SPS #7413 8 A, IR &5 R EST 4%
i RS UE A IO 8 /i 1B SR PRI AE S SR e s i v B R
JK R SPS K,

1.2.2 FIREEEMHIFMLKTH  FH Laser-
gene B4 (DNASTAR, USA)  Clustal V £ It
By Hr & L2 51) 1) 6] 5 5 3 ) MdSPS 5 U
I+ SPS LA iy #E 4k 43 #7 SR ] d5 K AT RE A kL R ]
http://www. phylogeny. fr [ # 2 LA
1.2.3 SPSEREERIENM RN Gasic F
gt R CTAB-LICL ¥ 42 B3 2R OR [6] A i i 8
RNA, & RNA £ DNase ji % DNA J5 , #] J Prime-
script™ RT reagent Kit(TaKaRa) 47 & 5% . &
JR) cDNA 55 — 55 H] T 92 i 52 5t € i PCR 73 #r
MdSPS BNHFRBWE L. MRiE 8 4> MdSPS K)[d]
PRI Primers 8RR ECTHE A 514 (R D, H
MdSPSla flMdSPS1b ¥ MdSPS5a M1 MdSPS5b
J7 4 e BEARARL, 43 53T T s 51 %) MdSPS1a/b
FIMdSPS5a/b. 514y 1 5 4k 28 00 7 R g h 26
SrHr gk, & 7 PCR XA Roche 24 ] LightCy-
cle96 I, iX 5] & SYBR Premix Ex Tag™ (TaKa-
Ra), UL MdActin HNSEEN @ 27> %t &
HF AR 0 5 DR AR X 3R GA o
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Table 1

Primers and sequences of MdSPS and MdActin required in qRT-PCR

H:H Gene

18 814 7 %1 Forward primer sequence (5'—>3")

S B ¥ 5% Reverse primer sequence (5'—3")

MdSPSla/b AGTGTAGTACTCAAGGGAGTTGG
MdSPS2 GTGTAGTGCTGAAAGGAGTTGC
MdSPS3 TCATTGAGAAGGTTACTGAGGCAG
MdSPS4 GCTATGCCAATGTTAGAAACTGTAG

MdSPS5a/b TGTTACTGCCCATGATTCCGA
MdSPS6 AGGTTCTGTTGAGTATGGCAGTGAG
MdActin GGACAGCGAGGACATTCAGC

TGCTCATGGGGAAGGCTTTAC
CTAGTTTCTCCAAGGAAGCACG
ACCACCACTGTTACAGATAAAAGC
ACAACCCCAACGGTAGTCAATAT
TGCAAGTATAGTGGGCTTGTGAG
GTGCTTCAAGTGCCGCTGAGA
CTGACCCATTCCAACCATAACA

07 V4R WU VR SR SR 2D I E SPS iy s . T
SPS it 5l 77 27 ¢ 14 AT B8 32 ) 48 1 B Al 30w 1 1 1)
FE SPS 1 1 2z S N 2 3k RN OREL 1A B Y X E R
P DR SPS TR M I A 4k R R W 4 R
I KIS £ (SPS Amax) F1 LA JCHLEE Ry 410 1 85 141 5T
AT IR A T B W BR ) A5 R R B BRI O
(SPS Alim), SPS Amax & Wt3%2 SPS & H i3
Wi 4 5 K 3G 1 i SPS Alim [z i i 248 b
Z /b SPS & HEAL T AIRAS . SPS Amax Il € 2
REFE % (200 uL) i % 4 50 mmol/L Hepes-KOH
(pH 7. 4),4 mmol/L MgCl,,1 mmol/LL. EDTA, 4
mmol/L F6P, 20 mmol/L G6P, 3 mmol/L UDPG
1100 pL $2HUE . 27 CROBE 30 min, WK 3
min 28 kR SE A AR A 2S FO AR, 12 000X
g ® > 1 min, 75 pL &N ¥ 0 A 50 mmol/L
Hepess-KOH (pH 7. 0), 5 mmol/L. MgCl,, 0. 3
mmol/L NADH, 0. 8 mmol/L #§ & % = = 14 i 18
14 U FLRR UG . SR Jm A 4 U 1N i R 3t 7R
BN, B AR 1.0 mL, 340 nm T W &
NADH 8 /> & 3k 78 SPS Amax [ 1§ 4. [6 8,
SPS Alim &£ 5 Amax [ AR [R]J& & B & & F6P
1 G6P 43 #4922 mmol/L F1 10 mmol/L, [ i} & &
10 mmol/L Pi A 8 1 5w 300 g 12 Ak 1 40 11 571

1.2.5 EHSEMNNE TR Wei 1Y 1
J5 s S R B (GC-MS, gas chromatography-
mass spectrometry) # Rl €., FRE 0. 1 g ¥ 5,
1.4 mL 75% B B2 BB, JF A 60 L 2 mg/mL
Ribitol fE H W #5; 70 C, 950 r/min ¥R ¥ &5 5% 30
min,11 000X g B> 10 min; 5 M 3 38 535 55
LT A 750 pL S5 (—20 CHYFI 1 500 pL
ddH,O4 C) — g 10 s,2200 X g E.L> 15 min
J5 o B KA S BOR . B 2 p L 38 O 43 0 A 40
pL 5 mg/mL H 4 S M £ fR £k ( methoxyamine
hydrochloride) , F 37 ‘C,950 r/min #E{% &5 3% 2 h

JE A 60 pl N-F3E-N-= FF 3 ik o - = 960 £ R B
(N-methyl-N-trimethylsilyl-trifluoroace-tamide)
(MSTFA),37 CHkZEH 3% 30 min J5, B0 A b
B P B LRSI (Shimadzu GCMS-2010SE, H 7<) ,
1.2.6 #HEFEGITHSH FEHEERIRGSHIHLL MdAc
tin ER N Z BN LR ] 27 S BT AR X R A
PL 3 AN 2 o A2 0 7 34 5 4 bR o 22 (SD) KR K
JIN oM e A T B S ) SPSS 16. 0 8K (R HE1T 55
THFIAR 234 2 H] one-way ANOVA J5 ¥ X% 54>
AF B PE AT Duncan A5 56 (P<C0. 05) » LA 25 850+ f5 o
2 (SDYFRIR KA

2 RS0

2.1 ¥RSPSEEREHRBRMNFTEREEESH

DILRG I 4 > ArSPS B , 7830 I 4 rh
BILT 18 AT A [] 6 56 PR AE H e 4 A4S 3800 6 (R
) cDNA K BEA 800 bp ., H i g #I 5 P rh i1
5y cDNA R B, £ U8, 4815 1 12 4~ cDNA J¥ 4
KT 800 bp HE ArSPS J7 ¥ JE—BUW AR . F
2 Y5 GenBank W 1E A9 3 S 3 TR 20 T30 A9 AH AR 2
R 90 LA A3 AT s A X 12 A4 356 DX 24 s 4o i 1)
SPS #:[H 5 GenBank 1 8 /> il il 114 % 1E ¥ 51 A T
Bt (% 2), H# EST 43 b1 & 8L, X 8 447 IE 1Y J7 5]
¥IfE1E EST.,

X 35 SR R IF AeSPS 3R (1 4L 4 2 B
SEAR 8 A~ MdSPSs 435l J& TR I AB 1 C
2 SPSY ., Hoep, 4 8508 (1 MdSPS16 5 Md-
SPSla Z SR 7 A AU =ik 99% . MdSPS1b ]
e /& MdSPS1la By # 53 8 & )7 41, [ B, MdSPS5b
W& MdSPS5a (¥ 5r EE T4, MdSPS1~3 &
Fli—4l, 5 m I AtSPS1F (At5g20280) Fl
AtSPS2F (At5gl1110) [/ J& F A W %K k. Md-
SPSla/b il MdSPS2 4 1R & &9 A0 1 B, 1 Az-
SPS1F HA %5 —5hE s MdSPS3 fl AtSPS2F
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Table 2 Information of sucrose-phosphate synthase (SPS) genes identified in apple
SR A L ¥ () I 2 (A
cDNA/bp GenBank Malus domestica genome Homologous genes in Arabidopsis
BRAK R B G HIF EST ¥kt A
Gene name CDNA/ bg i 1D in Q%@,ﬁi [ 41 EST number Locus in ﬁgm&)pﬁ{wg
/Amino acid GenBank Position 3 Similarity of
~ Gene ID TAIR . R
on Chr. amino acid/ %
i . ) - PR chr2 MDP0000855287 At5g20280 )
MdSPS1a 3168/1055 XM_008356139 chr? MDP0000288876 19 (AtSPS1F) 77.4
e ) / chr2 MDP0000215182 ,, At5g20280
MdSPSS1b 939/312 XM_008364778 chr2 MDP0000185404 ) (AtSPS1F) 77.6
_ _ At5g20280
/1064 3 .
MdSPS2 3195/1064 XM_008338757 chrl5 MDP0000213919 5 (AtSPS1F) 77.1
e . ) chrl5 MDP0000414968 7 At5g11110
MdSPS3 3174/1057 XM_001294100 chrs MDP0000137330 (AtSPS2F) 71.7
s , . At1g04920
MdSPS4 3198/1065 XM_008382294 chr9 MDP0000783676 6 (AtSPS3F) 76.0
. Atdgl0120
MdSPS5a 3075/1024 XM_008350490 chr10 MDP0000147573 2 (AtSPSLF) 68.9
r . . Atdgl0120
MdSPS5b 1338/445 XM_008367577 chr10 MDP0000570741 2 (AtSPS4F) 68.2
e ) . chrl0 MDP0000288684 Atdgl0120 Y
MdSPS6 3075/1024 XM_008383448 chrl6 MDP0000311125 15 (AtSPSIF) 73.3
=1 3 MdSPS5b
Rl (1), MdSPSA fil AtSPS3F (At1g04920) IS o
— > MdSPS6
IE]ET B E[E%j(‘ﬁé_éo MdSPS5a/b\ MdSPS6 *ﬂ Al" At4g10120 SPS4F Ctype

SPSAF (Atdglol20) [FJg T C Wk (& 2, Kl 1),
2.2 MdSPS mRNA RiZKEEBRERARA
ARRIZELEPHTR

MdSPSs ¢ 675 5 4y i g2 i &l L AR
BRI AR R BB, o MdSPS6 1) Sk
FEFEREE T HE MdSPSs, -k & MdSPSla/b,
MdSPSla/b TE4 % h mRNA A8 % %5 =F B & 5
LR R AR s B rh S AR A 4 SR v 3R G Y
1/19, MdSPS2 5 MdSPSla/b 75 5 52 b i) % 15
LA B2 s 7 AR v 83k R B e JLIRE SR
B T 2520 v 3R K WA I I 22 0, A 2
F R Y 1/27, MdSPS3.MdSPS4 #l Md-
SPS6 By R ik = B ¥ 78 W 2R o fevm s JU H Md-
SPS6 7F s i 22 3K 35 B S o LU A
o AE L) i R4 SR 0 38 = X BRI, T Md-
SPS5a/b TE Bt 3k 3= B fe o O BUACR
(% 3),

FE R SRR S R F ok B h, MdSPSla/b
FREAIE 34 d R B R g, 2 5 2 TR
FOIFFEARIG 122 d B B Ik B AR R A KO
JRE XA HE 5 4> MdSPSs RikHRM T EIHE
o, Hd MdSPS2 748 J5 98 d ik 3] & 16, Md-
SPS3 1 MdSPS4 fE46 )5 55 d J5 HF ih W 5 3% i, i
MdSPS5a/b fl MdSPS6 7E4E)5 98 d Z J5 & 35 14

AT1G04920_SPS3F
MdSPs4
MdSPS3

MdSPSIZA‘tsg202807$PSIF Ak
MdSPSla A e
0.2 E&?S%HMOSPSZF *
B 1 3HE MdSPS f R I+ AtSPS Kk
LR Y5 10 2 G HE AT
Phylogenetic tree analysis of deduced amino acid
sequences of MdSPS with Arabidopsis’st®
I R H MdSPS6 AL 98 d %] 122 d 3% i i B
KA T 458 2),
2.3 SPSEAMEBNERARALARRZEZEL
BT K

B 3, A on . fERFEEH, SPS Amax il Al-
im I PEAE SR SE A b e YO0 W 2 L 4 R
t SPS Amax 3 A 2 AR 1) 1/2, SPS Alim 1
PEAN & BCR 1 1/8, 4l rp — 35 18 35 1k Je 1K, 43 5
h SR 910, 4 %5 F1 6. 3%« N SPS Amax/Alim [
FeROoR T 4 2R h ey HUOR 4 (& 3, A),

Kl 3.B Mo AR AT BT SPS Amax il
Alim IEWEERE 15 ~75 d R E Ty,
H SPS Alim & mBAR T R, LR 75
~98 d, ZH NG PESA — AP 3G 0 O 4R R s
WHEERLTRAE 3.B), R EFLET
SPS Amax/Alim F B H B B FEAUE R fEAE S 98 d

| B type

Fig. 1
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Table 3 mRNA relative expression level of MdSPS in different tissues of ‘Gala’

apple

H:H Gene

41 Young leaf

I Mature leafl

413 Young fruit

R Mature fruit

MdSPSla/b 10.040. 67 6.26+1.02 125+4.12 57.6+1.54
MdSPS2 1.6040. 26 1.3240.38 9.65+1.34 36.7+4.26
MdSPS3 2.33%£0. 30 5.31+0.63 1.0640.41 25.7+1.38
MdSPS4 1.1440.21 4.26+0. 32 0.96+0.11 45.9+3.57

MdSPS5a/b 5.47+0.56 57.8+3.22 3.62+0. 31 18.441.91
MdSPS6 12.341.05 86.8+6.55 11.640.79 39547.90

_ 180r —— MdSPSla/b BO0r _ e Mdsps4
© 1601 2 4001
5 140k —O— MdSPS2 B 350l —O— MdSPS5a/b
o LS
i § 1200 —&— MdSPS3 = & 00— MASPSS
ﬁgmm §§%m 5
s N 2 L
=% 80r 25 200
Eg 60 Ee
2 40 E
& 20t &
O & A 1 1 1 J
16 34 55 75 98 122 16 34 55 75 98 122
PPN 1o )i KA
Days after blooming Days after blooming
K2 SRRSO B R MdSPS Ax R A B R A2 A
Fig. 2 Changes of relative expression abundance of MdSPS during fruit development of ‘Gala’ apple
181 W SPS Amax l6r —&— SPS Amax
| [ SPS Alim 14 o SpS Alim
~ 147 ~ 12}
! o >l
wge 2 #Es0 P
w8~ 10f oS -
S < op % S 81
e Y ZESR
Ao 6f =)
~< 4_ ~ 4_
2t 2r
0 — — 0 1 1 1 1 il ]
4 A 2R i 16 34 55 75 98 122
Young Mature Young  Mature VAEPN
leaf leaf fruit fruit Days after blooming
B3 I h R F AR E (AR SR o # (B SPS i&H: iy 4E fk

Fig. 3 Changes of SPS enzyme activity in different tissues(A)and during fruit development of ‘Gala’ apple (B)

B Rsch S 16 d f9 7. 62 FE{EE] T 1. 75,
SPS Amax/Alim 25 fki#a #5 MdSPSla/b 1) 3
TR KOF 5 B G OE A G . ik PR3 Tk A G o b R B
R LR TRt MdSPS3 il MdSPS4 5 SPS 1%
PR AH PR e AR R S IE ARG (R D,
204 BEHNERIEBRESENTUREE MdSPS
RIEMEBFEENXR

FE RSP T, R S Y R e
TR S B AT 5 A% L (4l SR R R
HART AN gt i e R, FERILKRE
SRR AR 55 d Z S SR S b RE R T Uh L 2R
B AEdE s 122 d WU UR SE b MR S E A N T
U6 A5 4) . AHSCHE BT R B (R 4) 7R3 R R 58
KBRS RS MdSPS3 fil MdSPS4 M

Xof 23k HE B AH EPE B . - = 0. 985 1 0. 993 (P <
0.01) .t 5 MdSPS5a/b F1 MdSPS6 # %t 3 ik
BIEA G, M5 MdSPSla/b )3 k& 2 M 6,
[F A SR 52 % 7 ook 8 rh EBE & it 5 SPS Amax il
Alim Y76 P2 B3 EAHSC, H'S SPS Amax 1 4H ¢
P F SPS Alim 14,

3 3
FESESR B A b, 1y 8 4~ ArSPS ]l 5L A
MdSPSs, Wei 203352 Jobl i iz 26 09 43 0t 1R
FHRENARKHER FHRELY, & R
F PR 21 B4k R Hp s i 3k R AEAE 2 A TU AR T A, HL
WA AN B UIBL S AR, R S % ol v B L R
T B Z T . FEHIA 8 4~ MdSPS w,Md-

i
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Fig. 4 Changes of sucrose concentration in different tissues(A)and during fruit development of ‘Gala’ apple (B)
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Table 4 Correlation coefficient between relative expression abundance of MdSPS with sucrose concentration and

SPS enzyme activity during fruit development of apple

i H Z2 ik Expression level T i SPS Amax ik SPS Alim 7% %
IJt\em Sucrose SPS Amax SPS Alim
MdSPS1 MdSPS2 MdSPS3 MdSPS4 MdSPS5 MdSPS6 concentration enzyme activity enzyme activity
g A L
< HEAE & . —0.886 * 0.806 0.985% % 0.993 % x 0.826 * 0.848 *
»SUCYOSE concentration
SPS Amax ik —0.843 %  0.840%  0.993x% x 0.991 % x  0.831 x 0.845 * 0.972 %
SPS Amax enzyme activity
 SPSAmBHE _e71. 09055 0.968%  0.981x x  0.721 0.745 0.969 0.978 x
SPS Alim enzyme activity
SPS Amax/Alim 0. 830 = —0.833 % —0.745 —0.757 —0.453 —0.501 —0.788 —0.728 0.835 *

e ox Flox % 4351378 0,05 Fl 0. 01 KT 4 %1k

Note: * and * * mean significant differences at 0. 05 and 0. 01 levels, respectively

SPS1b Fl MdSPS5b FUill i) )7 31 ¢ 55, 28 3 2 )3 57
AR 500 MR AR X 5 iRk A SPS AR T
1000 A4 3 8 R — B0, 3 T R e 7 3 SR 3L I 4
Hl TR RAEE=ANIERE R B EN Md-
SPSla 1 MdSPS5a &84 # 5 ¥ 51 47 76 3 R 1Y
SR h, H RS A DR B — P Rk,

8 AT MdSPS 43 5 J& T XL+ WA #) SPS
RIEW 3 AR, K MdSPSla/b, Md-
SPS2 fil MdSPS3 5 AtSPS1F fl AtSPS2F & i
[, J& FAR R R )5 Km {H ) A 28 SPS, 4R
FFh, AtSPS1F it F SPS 3% 1 BA de s 16 ] H
25| SPS Amax 1§ PEREAL T3 8020 i A4 K
ZA PR CmSPS1 (5 AtSPS1F fl Md-
SPS2 [FJE) kK5 SPS I P A ME 9 &
A DT, SERh MdSPSla/b {E k335 F B
0 A MdSPS, g R Rk i i, b Rk
AR, XS T HE MdSPS, 163 R 0 fr i 4] XF
FkFEE R B R MdSPS5a/b #1 MdSPS6., — % )&
F C 25 SPS, 1 KR 7 g ah 3 R h X ok | op C
%5 SPS Wy T HeAfF 5t & B, C 2 SPS i 4 & 3 P fiK
TAERN R A R A L R s gh R, SRR
R FEE C 28 SPS,

SPS il 2y Jj 27 R 1k 52 B 28 1 5T AT 390 1R Ak 1 3
Fst 0 HOTE M 2 R AR Ok RNOML IR s 0 L 9
#0U  Hir SPS Amax £# 52 A 2k SPS & 1 52,
I SPS Alim A DLz Weat v C 26 SPS 8 H 96
PR AESE R, C 2K SPS 7R M R AR S Y
Tk FE A E S A SPS Amax fil SPS Alim 7¢
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