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Abstract: [Objective] Plastid glyceraldehyde-3-phosphate dehydrogenase (GAPCp) is a key enzyme
in glycolysis. Besides its catalytic function, GAPCp participates in the regulation of plant stress re-
sponse, growth and development. However, its role in strawberry fruit ripening has been rarely men-
tioned. Through overexpression of FaGAPCpl gene in the fruits, combined with metabonomics, the ef-
fect of FaGAPCpl gene on fruit ripening and metaboconlites of strawberry was studied. [Methods]
The strawberry (Fragaria % ananassa ‘Benihoppe’) plants were grown in greenhouse in Chengdu, Chi-
na. Fruits at de-greening (DG, 18 d after anthesis) stage were chosen for RNA extraction and FaGAP-
Cpl transient gene expression. Total RNA was extracted using a modified CTAB protocol. Approxi-
mately 1 pg of total RNA was reverse-transcribed to cDNA cloning using a SMART ™ RACE ¢cDNA
Synthesis Kit (TaKaRa), and primers were designed for FaGAPCpl cloning. For transient overexpres-
sion, the cDNA fragments of FaGAPCp1 were inserted into the vector EcoR I -Xba I -cutpCAMBIA1301,
and the recombinant plasmid was transformed into Agrobacterium tumefaciens strain GV3101 by the
freeze-thaw method. A 5 mL culture of a single Agrobacterium colony was inoculated on LB medium
(containing 20 pg-mL" Rif, 40 ug-mL" Gen and 50 ug-mL" Kan) and cultured overnight at 28 ‘C. The
product was then transferred to 50 mL LB medium (containing 20 pg-mL" Rif, 40 ug-mL" Gen and 50
pg - mL" Kan) and cultured at 28 °C. After the culture medium was turbid, the cells were collected by
centrifugation (5 000 % g, 5 min, 20 ‘C), and then resuspended in infiltration buffer (containing 10
mmol - L' MgCl,, 10 mmol-L"' MES, 200 mmol - L' acetosyringone), the ODqy of cells reached 1.0-2.0.

The sterilized 1 mL syringe was used to inject bacterial liquid into the fruits of DG stage. Ten similar-
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sized fruits were used for the infiltration experiment. The fruits injected with empty vector were used as
control. Each fruit was a biological repeat. The fruits were collected on the 3™ day after transformation,
and the phenotype was photographed. Then, the fruits were quickly frozen with liquid nitrogen. The ex-
pression of FaGAPCpl gene was detected by real-time PCR using synthesized cDNA as template and
FaActin as the reference gene. Next, metabolite profiling was performed using a widely targeted metab-
olome method by Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China). The freeze-dried FaGAP-
Cpl overexpressing fruits were crushed using a mixer mill (MM 400, Retsch) with a zirconia bead for
1.5 min at 30 Hz. 100 mg powder was weighted and extracted overnight at 4 ‘C with 1.0 mL 70% aque-
ous methanol. After centrifugation at 10 000% g for 10 min, the extracts were absorbed and filtered and
then were analyzed using an LC-electrospray ionization (ESI)-MS/MS system. The metabolites were
quantified using the multiple reactions monitoring (MRM) method. The results were obtained from Wu-
han Metware Biotechnology Co., Ltd. (Wuhan, China) and the metabolites related to fruit ripening were
visualized as heat maps by Tbtools (1.6.1) software. [Results] The qRT-PCR results showed that the
FaGAPCpl had higher expression in the FaGAPCpl overexpression fruits compared with that of the
control. In addition, overexpressed FaGAPCpl delayed the coloring of strawberry fruits on the 3 d after
Agrobacterium injection. Furthermore, metabonomics analysis showed that 108 differential metabolites
were detected in the FaGAPCpl overexpressed fruits compared with those of the control. 50 up-regulat-
ed differential metabolites mainly belonged to nucleotide and their derivates, proanthocyanidins, vita-
mins and hydroxycinnamoyl derivatives, and 58 down- regulatded differential metabolites contained
amino acids and their derivatives, anthocyanins, flavonoids, organic acids and their derivatives. Among
the 12 detected amino acids and their derivatives, except for the relative contents of L-(+)-Lysine and D-
Alanyl-D-Alanine, the relative contents of S-(5-Adenosyl)-L-methionine and other amino acids were
significantly decreased in the FaGAPCpl-overexpression fruits. The relative contents of 9 anthocyanins
in the FaGAPCpl-overexpression fruits were significantly decreased, including the main anthocyanins
of strawberry fruits, that is, cyanidin 3-O-glucoside, pelargonidin 3- O -beta-D-glucoside and pelargoni-
din 3- O -malonylhexside. The relative content of procyanidin A3, which was closely related to anthocy-
anin, was significantly increased in the FaGAPCpl-overexpression fruits. Meanwhile, 9 organic acids
and their derivatives were detected, except for trans-Muconic acid, the relative contents of 7 organic ac-
ids such as 2-isopropylmalate, 3-hydroxybutyrate, 2-hydroxyisocaproic acid and rosmarinic acid were
significantly decreased compared with those of the control. Among the vitamins, the relative contents of
riboflavin and nicotinamide-N-oxide were up-regulated, while the relative content of methyl nicotinate
was down-regulated. Except for p-coumaraldehyde and cinnamic acid, the relative contents of 5 hy-
droxycinnamoyl derivatives were significantly up-regulated in the FaGAPCpl-overexpression fruits.
Furthermore, 23 flavonoids were detected, including 7 flavonoids, 5 flavonols, 4 flavone C-glycosides,
4 flavanones and 3 isoflavones. Flavonols accounted for a large proportion of the detected flavonoids,
among them the relative contents of methylquercetin O-hexoside, isorhamnetin O-hexoside and isorh-
amnetin 5-O-hexoside were significantly increased compared with those of the control. The relative con-
tents of flavone, flavone C- glycosides, flavanone and isoflavone were significantly decreased in the
FaGAPCpl-overexpression fruits. [Conclusion] The GAPCpl was a negative regulator for fruit ripen-
ing in strawberry, which is regulated by affecting the metabolic process of fruit ripening.
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Fig. 1 Phenotype of strawberry fruit on the 5 d after Agrobacterium injection
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Fig. 4 The heat map of all metabolite
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The green dot and the red dot in the volcanic plot represent the differential metabolite which content is declined or increased compared with the
control , respectively, and the black dot represents the metabolite which content is not significant difference compared with the control .
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Fig. 5 Differential metabolism volcano plot
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Table 1 Metabolites of significant difference
) L/ e e AL
Category Compound name Content change  Fold change
BB BT L-RJRE R L-Kynurenine "~ Down 0.43
Am.ino.acids and their L-(+)-BE R L-(+)-Lysine Fif Up 210
derivatives )
L-(-)-B& & 82 L-(-)-Tyrosine Nl Down 0.41
L-t4% % L-Tryptophan il Down 0.40
DL~ %% DL-homocysteine "~ Down 0.38
e JE UK L-Carnosine "~ Down 0.37
N6- £ B-L-H51 22 N6-Acetyl-L-lysine N1 Down 0.43
D-H&BE-D-TH & B D-Alanyl-D-Alanine FiA Up 2.36
N-LPE-L-A 2 Wil Na-Acetyl-L-glutamine T Down 0.47
5P 5-Hydroxy-L-tryptophan il Down 0.49
L-T#RFE R L-Saccharopine Nl Down 0.43
S-RRHF B R S-(5-Adenosyl)-L-methionine i Down 0.13
YA R JHIR FiE Nicotinic acid methyl ester "~ Down 0.14
Vitamins 3% Riboflavin L8 Up 3.06
N-SA A MHEEZ Nicotinamide-N-oxide 3 Up 2.56
HERMFER K3 3-0-H B CHEEF Cyanidin 3-O-malonylhexoside T Down 0.16
Anthocynians and procyanins RAEFEAOE-3-0-T3 Bt C 1T Pelargonidin 3-O-malonylhexoside R~ Down 0.05
JR1E T & A3 Procyanidin A3 i Up 4.66
REH % O-T %K Cyanidin O-syringic acid T 1l Down 0.09
REHE O-L K O FELF Cyanidin O-acetylhexoside 1l Down 0.08
KRR O- L1 O HEAF Pelargonidin O-acetylhexoside il Down 0.04
RIEH R 3-0-H % HEF Cyanidin 3-O-glucoside (Kuromanin) N Down 0.10
REHE 3-0-=FFEH Cyanidin 3-O-rutinoside (Keracyanin) N Down 0.06
17 R 1F Cyanidin 3,5-O-diglucoside (Cyanin) F1H Down 0.34
KA -3-0-F & BEH Pelargonidin 3-O-beta-D-glucoside 1l Down 0.09
gl F2 HBL SRR 5-O- OB T Selgin 5-O-hexoside T Down 0.27
Flavone FLFR R O-14 Mt CUBEHF Tricetin O-malonylhexoside il Down 0.22
A% O- Ik 2B Chrysin O-malonylhexoside Nl Down 0.33
&R R O-CEE-O- IR Chrysoeriol O-hexosyl-O-pentoside i Up 2.11
KBREZE O-CHiE-O-H Z HEIR Luteolin O-hexosyl-O-gluconic acid N i Down 0.21
KR Z O-BEHER-O-CFE 1 Luteolin O-eudesmic acid-O-hexoside 3 Up 2.04
I B & Tangeretin - Up 2.09
B F LM 22 O- U MethylQuercetin O-hexoside FiH Up 238
AL FRZ4EE O-CUHi T Isorhamnetin O-hexoside 3 Up 2.01
FERZER 5-0-CHEFF Isorhamnetin 5-O-hexoside i Up 246
Wit % O- T2k 2 B51F Quercetin O-acetylhexoside 1l Down 0.33
A MM & Dihydromyricetin T4 Down 0.44
T P2 C-CHE-O- O bl RE-O0- OBl Y T Down 0.02
Flavone C-glycosides Hesperetin C-hexosyl-O-hexosyl-O-hexoside
Sy C-CpEEE-O- U FEEF Eriodictiol C-hexosyl-O-hexoside T Down 0.15
8-C-CUWiH - R B F K O-C i 8-C-hexosyl-luteolin O-hexoside i Up 2.25
X H [ C-CHf Eriodictyol C-hexoside "~ Down 0.38
e 17 2 O-7 — ik © B4 1F Naringenin O-malonylhexoside 1l Down 0.38
Flavanone & 2R O-T i & C % Hesperetin O-malonylhexoside L1 Up 2.40
R % Phloretin T Down 0.37
P[4 7% Afzelechin (3,5,7,4 -Tetrahydroxyflavan) i Up 2.42
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#&1(45) Table 1(continued)

eS| LUl RN AL
Category Compound name Content change  Fold change
ST KEF Daidzein 7-O-glucoside (Daidzin) T Down 0.14
Isoflavone # T #Z Glycitein 3 Up 223
JEEWE G2 7-O-76 &FE T (B 3R ET) Sissotrin T Down 0.28
FIWLIR B H AT A4 2-5 N EEERR 2-Tsopropylmalate i Down 0.34
gﬁiﬁi?vz?ds L KR Rosmarinic acid T Down 0.42
3-$23E TR 3-Hydroxybutyrate 1 Down 0.34
2-$2FE-4-H B LR 2-Hydroxyisocaproic acid T Down 0.24
X-F2 5K B2 p-Hydroxyphenyl acetic acid T Down 0.43
J 5 Ski@ Trans-citridic acid T Down 0.24
2-( A& ) K iR 2-(formylamino) benzoic acid N Down 0.50
J%, -5 % Trans, trans-Muconic acid 1 Up 2.15
5-#23%E CUFR 5-hydroxyhexanoic acid T Down 0.41
B Ik TR AT A4 IERE Caffeic aldehyde i Up 2.60
Hydroxycinnamy! derivatives ¥ F BRI 4] 4 9% 1-O-beta-D-Glucopyranosyl sinapate i Up 3.80
R Cinnamic acid "~ Down 0.38
S AHERR Hydrocinnamic acid i Up 2.88
F+FH% Sinapyl alcohol i Up 6.29
J+F B Sinapinaldehyde -9 Up 2.24
% H B p-Coumaraldehyde i Down 0.24
A B

RIEH @ 3-O-TH Bk OBl 26
Cyanidin 3-O-malonylhexoside

L-(+)-Lysine

' L-(-)-FRA R N 24
B - e KHATE O TN
L85 Cyanidin O-syringic acid 22
L-Tryptophan REHER O-LBIECHEH 20
DL-&52 B Cyanidin O-acetylhexoside
DL-homocysteine RIEZGER 3-O-% E Wi 18
L-RJRE R Cyanidin 3-O-glucoside (Kuromanin) 16
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e IR MESER 3 -3-O- T Ik U
DR BE-D- A - Pelargonidin 3-O-malonylhexoside
D-Alanyl-D-Alanine

Ay KRR O-Z LR COp
N-Z-L-4% g%lﬁi‘ﬁﬂ;(. - Pelargonidin O-acetylhexoside
Na-Acetyl-L-glutamine 1 e o
S-FRAE (AR REESER-3-O- M mIE

5-Hydroxy-L-tryptophan Pelargonidin 3-O-beta-D-glucoside

L- S WHELD

L—Eiit}ihr%inc -- Cyanidin 3,5-O-diglucoside (Cyanin)
S-HH AR JRAIETE 2 A3
S-(5’-Adenosyl)-L-methionine Procyanidin A3

CK 0X CK 00X
IR N IATED M VU VA
Amino acids and their derivatives Anthocynians and procyanins

AEFoRmE R, EERRNEE . BN, FR logoFPKM+ DMK E) N B g SACHYIRT B SCA LR 1.
Red color indicates high relative content and blue color indicates low relative content. Color from red to blue indicates the value of log,, (FPKM +
1) is from high to low. Check Table 1 for the Chinese names of each metabolite.
6 FaGAPCpl BFRIZEFH RIS HMAHEXKIGIRBLERE

Fig. 6 The cluster heat map of ripening related metabolites in FaGAPCpl overespression strawberry fruit
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2 k-4 B TR 14 14
2-Hydroxyisocaproic acid 12 12
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| i sinapate 18 27.00
. 16 A Flavonol 26.50
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: z.; H 5t Flavanone
FFFI#% Sinapinaldehyde
_ St Isoflavone
-- ¥ /% p-Coumaraldehyde
CK 0X CK (00,4
I EEBE AT AE Y Hydroxycinnamyl derivatives ST (2 Flavonoids
G FEHIEETE R 5-O-C BT Selgin 5-O-hexoside 26
TLFR T O-T5 [k M Tricetin O-malonylhexoside 24
- B O =B CHEFE Chrysin O-malonylhexoside 22
| | BXEIE R O-CEE-O- I Chrysoeriol O-hexosyl-O-pentoside 20
| AREEER O-CHEHE- O & BEIR Luteolin O-hexosyl-O-gluconic acid 18
AREZ O-PEHIER-O-CHETT Luteolin O-eudesmic acid-O-hexoside 16
] 1 B¢ 3 Tangeretin 14
T R & O-CUBFEF MethylQuercetin O-hexoside 12
s R R O-4 S 2B Quercetin O-acetylhexoside 10

P A% O- OB Tsorhamnetin O-hexoside
N 5 ZEE 5-O-CEF Isorhamnetin 5-O-hexoside
I A H % Dihydromyricetin
I 55 % C-CUWiIE- O- O - O- U Hesperetin C-hexosyl-O-hexosyl-O-hexoside
[ ey C- CUESE-O- B Eriodictiol C-hexosyl-O-hexoside
I N < E) C- LU Eriodictyol C-hexoside
8-C-CUfl - AR B H 2 O-CBEH 8-C-hexosyl-luteolin O-hexoside

_ Mz 2% O-TH Bt .+ Naringenin O-malonylhexoside
| T8 5 % O-TH Tt 3 COBE 1 Hesperetin O-malonylhexoside
HLFZ % Phloretin
[T 4 5 2 Afzelechin (3,5,7,4  -Tetrahydroxyflavan)

I ) #F Daidzein 7-O-glucoside (Daidzin)
I Glycitein
PO I v % 7-O- W BB (F M) Sissotrin

o ox HFHAHIR (A1) Flavonoids
[ 6(4Z) Fig. 6 (Continaed)
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