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PRI T 5 B2 4E ( open reading frame, ORF ) 9 1026 bp, 4w 341 & KR . HpFRK2 & FA X 207 Fi it K 36.95 kDa,
PRIS S5 0 5.94, RS HpFRK2 5 K% MeFRK2, i SIFRK1. 3EH MAFRK1 IR I+ AtFRK1 B
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Abstract: Plant fructokinase (FRK) specifically catalyzes fructose phosphorylation into glycolysis pathway, which is a
key enzyme for fructose metabolism and soluble sugar accumulation. This study elucidated the expression pattern and
enzyme characteristics of red pitaya HpFRK2 gene, which would provide a theoretical basis for understanding the mo-
lecular mechanism of fruit soluble sugar accumulation and improving fruit quality. HpFRK2 was cloned from red pitaya
‘Zihonglong’, and its expression pattern was analyzed by real-time fluorescence quantitative PCR. Subcellular localiza-
tion was performed by transiently expressing in tobacco mesophyll cells, and the recombinant protein was obtained by
prokaryotic expression and its enzyme activity was detected. The open reading frame (ORF) was 1026 bp, encoding 341
amino acids. The relative molecular weight of HpFRK2 was 36.95 kDa, and the theoretical isoelectric point was 5.94.
Phylogenetic analysis showed that HpFRK?2 was closely related to cassava MeFRK2, tomato SIFRK1, apple MdFRK1
and Arabidopsis AtFRK1. HpFRK?2 contained a conserved domain of the phosphofructokinase type B (pfkB) family. The
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expression level of HpFRK2 was the highest at 20 days of fruit development, gradually decreased with fruit develop-
ment, and the expression level was the lowest at 30 days. In addition, the expression of HpFRK?2 in stems was signifi-
cantly lower than that in fruits. Subcellular localization results showed that HpFRK2 was mainly located in the cyto-
plasm. A prokaryotic expression vector was constructed and expressed in Escherichia coli, and recombinant protein was
successfully induced. The results of enzyme activity characteristics showed that HpFRK?2 specifically catalyzed fructose
phosphorylation, fructose did not have the substrate inhibition on its enzyme activity, and the Km value for fructose
phosphorylation was 1.84 mmol/L. The results showed that HpFRK2 was located in the cytoplasm, specifically cata-
lyzed fructose phosphorylation, was mainly expressed during the veraison period (20-23 d after flowering) of red pitaya

fruit, and may negatively regulate fructose accumulation in fruit.
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Rk H ( Hylocereus polyrhizus ) J& Tl
NEF} (Cactaceae ) 1 K RUE ( Hylocereus ) 54,
HIRWER 2T, BlhEdEs. R ER
AR SRR B T A A A A A SR,
B T2 B SR S A PR P R T
(G RANCPS 2 S e U1 R d A P
FHLHI, 8 A e A A TR S AR

WA ( fructokinase, FRK ) J& T pfkB Bk
KA W 5, S R A BTy
oG S BLIEZ FRK 8 OB Ak A i
i-6- T R E AR IE A 4, R AR K 8 7 R
Y. feRAUS M, FRK GBI LA 3E K
TR, DA I i SR e A 10 O S il
FRK A A S sz 2, s il SR %) 1 A
PO, 2S5BS R AT, MY FRK %
AL RN FIEHIE A, FEmlrar ., Ft,
U0 RIS RIS e R AR 4k 4 8 L 4
FJT AtFRK1 T AtFRK 3 W5 78 R 3 B ™ 5 (1) Fil 7
KA GG, BRI TR R, RN HE SR,
Wil AtFRK1 1 AtFRK3 TE [ R R &1, K
F&i OsFRK3 BEmiR e Fh R T, IRFLAER R
FITE R A B RAG, HERE AR B & BT, KW
OsFRK3 T g 1< 4 Qg I i 3 5 g A 214
F i SIFRK1 .SIFRK2 F1 SIFRK3 2 545 R/ EH ,
¥ SIFRK1 1 SIFRK2 223K ™ AN B [ Bk B
MRk AE K, T80 SIFRK2 T SIFRK3 i S50 A
HiZs , S Ak AN LS 9210 G kR MdFRK2
FEEAR 2 i R AR 1 REWE AN SR i, B g1l
BRI, (S e R RIS T AR bR
Hi4E 45 4% 11 MdCacyBP 5 MAFRK2 H.AE, i
MAFRK2 {Z 24614 8 R R A, %A% FRK T
PSR B2 R, FRK 8 i 5 s it
Z 5Pt 25 Mr AR E 2R 2N A

KEkH.

W R, MY FRK S5 LB AR Y
FiamiA, WNSER MAFRKI FEAERLFIK,
MAFRK2 FEARZERFGEM . K% MeFRKS {UAFAE
¥k, MeFRKI. MeFRK3 Fl MeFRK4 {EM: .
25 HUR | JERUR SR R B 25 5 i A
MeFRK3 I MeFRK4 FEHAR (1) 3 1842 & T Hifth
FRKs, HAEBURZ B RWIFRL, Mg,
Wt MrFRK2 . ¥ikC LbFRK7 1AL PpyFRKS ¥I7E 5
TR RWIFGE, R SR T BB,
FRK  Z 5 0 W40 i 5 (i A7 AE 22 5%, Wbl g oF
AtFRK3 FIZ i SIFRK3 £ 12 T AR, HA
B E AT AR 2, FRK B A AL P
TEfE#£ 5, W MdFRK1, MdFRK2 F1 AtFRK2-6
it 7% 1 359 SR VR 3 A e e B S o, AtFRKCL
it P DU A 2 SR e BE > 2, T L, T
FRKs (&R 740 A 2 0 R AR A7 78 I
£, FHHEHEN AR ER.

LI AT PR 2l SR R S 7 S 0 e 5040 v 43
B HpFRKI, UFEWHAESR SR W6 784 ml i
PR R[] e 5 2 D S th 3 A5 A
FRK MHGSA (f5#4°8 HpFRK2), 5 HpFRKI
FFIFAE R RN ZE S . AWFSE ve ke HpFRK2 3L A
SR, ArMrHEGAE | A e O AR TE
WS HpFRKI 255, i#t—4R1t FRKs TE4L
PRI IR R SRS ] AR SR R v ) AR BRI RE

1 #MRER=E
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1548 o AE A F AR

% 46 &

16)5 20, 23, 25, 27, 30d it 5 EHYRE R
S FRETIIBEE 3 MY ER, BT ER
SR IS SO | B SR SRR
WA RIS OB R, F-80 CHEFAE# H .
12 FHik
1.2.1 HpFRK2 AR SRHALE RNA Pl
P E (RS YRR IR AR ) $2H
LK R R AR ZERNE IS 5 I 0 SR s
AL RNA, i Hf s 6t (#8E Implen 28
F) ) RN LR B RN AE R, By BEORE B A HE kR H:
SERNE i S FE 5 PCR 57 & ( TaKaRa 23 7] )
PA R0 E RNA A % sl cDNA, B T4r
TR K OB SR SR 21 R e S AL 7 55 4 4R 15 19 FRK Ty
511251 fifi il Primer Premier 5.0 X582 K 51
HpFRK2-F/R( 5% 1), PCR JZJW{KZ A : cDNA 2 uL,
HpFRK2-F/R 31#) (10 umol/L ) % 1 uL, EffE
DNA RE W (7 i 4E 7 A WP R A IR A
Al ) 12.5 uL, ddH,O #h55% 25 uL, PCR 4%
. 95 CHIAEME 3 min; 95 ‘CZ8M: 1555, 56 ‘CiB
K 15s, 72 CHEMH 1.5 min, 35 PMEH; 72 CHE
fil 5 min, PCR F=#fifi F DNA 4ifbidH & ( KR
AL B A R F) gl B, B 8
pMDTMI19-T 5[z ( TaKaRa 23 F] ) P60 ik
17T #ikiE s, HALE R DHSo B2 540
i, 2P PCR % FHME ik, B AETAY T
2 (i) RO R /I
1.22 AWz 8 F 5%  #iH ProtParam ( https://
web.expasy.org/protparam/ ) £ £& K {4 T £ H R
Shk . EFERRYLR . B X B S
ZEH, A5, Al PSORT Prediction ( http://psortl.hgc.
jp/form.html ) 7E 2 F A i 8 F 50 40 1 A 1
M, #|H TMHMM( http://www.cbs.dtu.dk/services/
TMHMM2.0/ ) 7 25 T 28 1 285 o IX 2544 Al
JH Clustal W #R{F 34T 2 HE 1R )7 91 Hoxd, R
MEGA 7.0 {43 T 4B 4 i i 8 R g LT,
Bootstrap # & AN 1000 1K .
123 AREZSH BT HpFRK2 P58
JtiEH: PCR 5|4 HpFRK2-qRT-F/R (£ 1) , If
TE K g SR FE D 241 %088 & ( http:/www.pitayageno-
mic.com/index.php ) L X8 R 45 S PP 1, LU
B-ACT-FR fENHNSEK (% 1), HHTOLE
i PCR 1Y ( 32[ BIO-RAD A #] ) A7, J
MAKZ K : ¢cDNA 1 pL, HpFRK2-gRT-F/R 3|¥)
(10 umol/L ) 4% 1 uL, 2xSYBR Green Fast qPCR

Mix (b ABEEEYRHE AR ) 10 pL,
ddH,0 #h5% % 20 uL, PCR W &4 95 CHi
A5 3 min, 95 ‘CZ8PE 5 s, 60 °C 30s, 40 M
o HAREREE 3 REAREL, KA 2%
TR LR A X R Gk

124 Tmipgiz {HfH5]4% HpFRK2-GFP-F/R
(R 1) PWAELIE BT HpFRK2 3EH
FIH R Beoss s bl R & (i slitr e e L et
B A PRA T ) #H#EZE 1300-GFP ik, &
PEYIEAL T K AT DHSo B2 A, Phikds
fbFBE 32 HEAT PCR 4856 A7 o P45 5 4
XFEIAER S, B h & ( B
AR A RAF ) $REEA Tk, K E 4T
$i HpFRK2-GFP FlZ A%}’ 1300-GFP 433l 41k
RATHE GV3101 Bz 54000 ( EigmEshE YER
ARRATD), RAES AL 55 5% 724,
R, EA O RSO B AU (f8E ZEISS
o] ) RSO BE S IF

x1 XHRSWFT

Tab. 1 Primer sequences used in this study
EIE7 BN SIPFE) (5-3") &
Primer name Primer sequence (5'-3") Usage
HpFRK2-F CTCCATATTCAAAGTTTCTC ORF 7%
HpFRK2-R AGACTTTGTTACTATTACAC

HpFRK2-qRT-F TTGATAGACGAACCCTGTAG L[k
HpFRK2-qRT-R CATTATGCCATCTCGAGCAG
B-ACT-F CTTCCATACCAATGAATGAGG 1% 3L
B-ACT-R AACCGCCAAGAGTAGTTCTG

HpFRK2-GFP-F GAACACGGGGGACGAGCTCGG i 4 fift 52 {7
TACCATGGCTCAGCCTCACAAT

HpFRK2-GFP-R CCTTGCTCACCATGTCGACTCT
AGAGCCAGAGGCCTTCTGC

125 REkiE SHERGFEEEFREZEE, A
T4 M. HpFRK2 1 ORF Jf4fi A% Rk 8k
pGEX-4T-1 4k, ¥ ELLFoRF; A BL21 ( DE3 ) J8&
ZAYNMIH, BEPCRTIRE T LB H5 93 37 CHiR R
B ODgoo=0.6~0.8, MIAZLHIE A 0.5 mmol/L [
SENI-D-FACE I (IPTG), 37 CHiFF 4 he
WA RS His ARS8 B4 16 F SDS-PAGE
HL VKA I T, SRS PR A AL F 20 AR 1
12,6 THEamERLEN 5% RENZ %00y
AT HpFRK2 E41ER (PR TERRME, ROk
ZEEF R 1 mL, A5 25 pL EZHE 1 .50 mmol/L
pH 8.0 [ Tris-HCl ZZ#f# . 4 mmol/L MgCl, .
2.5 mmol/L ATP, 0.33 mmol/L NAD", 1 U #5%jh¥-
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6 WL 1 U BERR A0 ARG, inA
200 pL AR E (0~80 mmol/L ) [H5RA4H, 30 C
FAF T O 5 ming ff FHEEPRAX ( 56 EIFE R KR
B ) K 340 nm ARG EE(E Asq00
WEPEE XK 1 U BI 1 min N 1.0 mg #2055 1)
Az [EI 1 0.01,

2 HER55W

21 HpFRK2 ERFEZEREWMEBESH
PCR ¥ 4 A P 45 5 % W], HpFRK2 () ORF

J 1026 bp, Zifh 341 R IERR ., FUN HpFRK2

AR ARRT > T N 36.95 kDa, FHIEZEHL 5

5.94, HH BN LY HpFRK2 & HA S

*

HpFRK? :
AfFRK1
A{FRK? :
SIFRK1
SIFRK? :
H

Al

A EEREIX, Z0 A T % B HpFRK2 & H & A T
I .
HpFRK2 1Y % 5 MR J¥ % 5 ik mr i 18 /Y

HpFRK1 A 74.30%5’9#@(%0 AILRRIT 5 X}

st (Bl 1) KB . HpFRK2 S#IEIrT
AtFRK1 , AtFRK?2 ., 7 ifi SIFRK1 Fl SIFRK2 Z1L1,
Y EA YIS A7 5, L ATP 25507 /5 F1 pfkB K
BRI, ARG R HpFRK2 H5AKZE
MeFRK2 . % /i SIFRK1 ., 35 MdFRK1 FI4lFg 5+
AtFRK1 % A—3%, i HpFRK1 5 #{¢ BvFRK |
IR I AtFRK2. AtFRK4-7. K% MeFRK3. 4
FIFE A SIFRK2 2455 —JE (&l 2), )] HpFRK2
Y HpFRK1 J& T AR A5

aceclicccs o cae

B 1 HpFRK2 5HM FRKs B S EEF 5 L33 fn 4k
Fig. 1 Amino acid sequence alignment and motif analysis of HpFRK?2 and other FRKs
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Fig. 2 Phylogenetic analysis of HpFRK2 and other FRKs
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AR DA 200 i ) IV 200 5 A7 45 SR e B XT
M 1300-GFP WG5S 12 A T Az
J0 5 A 4 LA ; HpFRK2-GFP mﬁ%%lﬂwifﬂ'ﬁﬁ
FE AR B MR, FLR UL A T 40
Amagik (E 3), Kk, HpFRK2 EEEN T
21 o A AT
2.3 HPFRK2 EREHLARHIRIES

96 E f PCR kil 6 BH . HpFRK2 TEZ519 3R
N EIRT S ABHIRIRSE; HpFRK2 TEib)E
20 d e ih i, 23 d IRk R R RE
BRI EE MR E T, 30 dibRisE
ik (K 4),
2.4 HpFRK2 F#%&Ki%x

SDS-PAGE Hiik &5 F &1, & IPTG 75 T A 1E
L 66.2 kDa i B HEUH B 1 — 45, RiES:
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Bl 3 HpFRK2 & B K I 48 i 7E {iL
Fig. 3 Subcellular localization of HpFRK2
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52 % F B Fruit develpment time
AR/NEFRRR 257 B (P<0.05),

o

HEAETE T (& 6A ) LAAS[RIHR BE S M I ) 1)
PRI R, IRPHE Y 0.1~10 mmol/L Y,

HpFRK2 5 21 85 1 19 il 17 1 B v 2 348 fim 22 R Pkt
OIS T T B RS VR B 3 i 2%
3, YIEYHRE R T 20 mmol/L J& ARG P
Bt G A B 3 hn A3 2 B 3 i iy a3 (&1 6B ).

R, JEpEXT HpFRK2 P A HA P i vk
HpFRK2 {# AL S R 4k 1) Km {E 4 1.84 mmol/L.

1000 - A
Different lowercase letters indicate significant 2 900} *%
difference (P<0.05). %‘ 800 L
B4 HpFRK2ZELANERZNRIAFLZE g 700t
ARy RIEER o 600
Fig. 4 Expression patterns of HpFRK?2 in stem and g‘ 500
different period fruit of red pitaya m 400
300 |
\ - . 52200 |
RGN TE] B 25 (1 5). i TARgE gyl & 100l
27 kDa, HZHH H AP T2=IE/N T 39.2 kDa, 0 Py e '
PR - Wi, FRESER RS 1200 Hdih Sample
145 HpFRK2 H41E 1 . 2 ool
2
KDa \y | » g 800
116w E w00l
66.2 ww Y g
; 400
- 2
. o = 00
M: HES TR 1 RIESES; 2. BREHEM. 08 ' ' : : '
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M: Protein marker; 1: Uninduced sample; 2: Induced sample.

B 5 HpFRK2EZEHZEHRM SDS-PAGE #ill
Fig. 5 SDS-PAGE detection of HpFRK2 recombinant protein

25 HpFRK2 EAZEAMEBEFMER
AEJRYT WG MEA I 2B, HpFRK2
YR (O SRR A S AT, R A G

S8 Fructose/(mmol-L™)
A R T HEYIHOE A 100 mmol/L, **FR22 Rl B3 (P<0.01 ),

The substrate concentrations used in A were 100 mmol/L,
** indicates extremely significant difference (P<0.01).

B 6 HpFRK2 EHZEEREFEMESH

Fig. 6 Enzyme activity assay of HpFRK2
recombinant protein
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3 iTig

AT 53 e T SR S A S 4H I B0 I RT-PCR
Y1, PASLLN KRR HpFRK2 HEH . R IR F
G X g Atk Br 6 B, HpFRK2 5 HiAth FRK
FAel, HA ptkB fie /K Ak A 8 S5 1 DR ST AR AIE 45
#9385, HpFRK2 5 HpFRK1 MY ILHR T 51 —5
R, RE#Ho R HpFRK2 5
HpFRK1 73J& T AR50 . [ HpFRK2
)% T FRK %%, {55 HpFRK1 Y4 B fEfAAE
E5,

V200 i 5 v T HpFRK2 A& [ 5E 137 T 41 i
Br, BSRREEHITINNZE A GAEEX, NET
MR o IR B T A0 B o A, 5
JRI HpFRK2 F= 2156 o T 4 M o 2 e jss . 25
B TN 240 B A S e 25 SR UER] HpFRK2 &5
HpFRK1 KP4, B PR, SAamRE
B, AE% FRKs 85 A0 T 40 M5 A s A2, ok
B 4 B 5L Un L B§ JF AFRKI1 . AtFRK2 Al
AtFRK4-7"7 ) 35 MAFRK1 F1 MAFRK2! | At
EfFRKPSE 0 AN, 0 AtFRK3UVH1 % it
SIFRK3 % fif T fif& . HpFRK2 5 AtFRKI .
MdAFRK1 ARG KRR, WA B HE
20 B AR . PR HE T HpFRK?2 5 HpFRK1
P A0 M o % P SR B R AL 1 D) B

FE ) FRK ZR 5 A [ 1853 10 A AR08 P A7 A IS
Yl 22 5, WAES T AtFRK1, AtFRK7 #lI
F i SIFRK i 6 Pk AN 52 vk B SR 0 0 o
AtFRK2. SIFRK2. AtFRK3 il AtFRK4-6 #1% %]
W I > Tk ZmFRK 1 Al ZmFRK2 Fi
P28 52 e SR, ZmFRK %R E R 4
J&, ZmFRK2 %50 8 fUsCY s 3E5E MAFRK 1 Al
MAFRK2 JE RS BA Y &IE, H MJIFRK2
Xt SFOBE BRI Bt M (3 N, HpFRK2
FiE R Z BB AHH], 5 AtFRKIL. AtFRK7.
SIFRK1 F1 HpFRK1 FY I H:—3 . FRK K5 AA]
B B3 X SRBE G 2R R AF AE 22 5%, I AtFRK7
(0.012 mmol/L ) "', SIFRK2 ( 0.054 mmol/L ) **!
F1 MdFRK2 (0.1 mmol/L ) M35 H 1 ; AtFRKI
(0.47 mmol/L ) ' AtFRK3 ( 0.48 mmol/L ) "},
MdFRK! ( 0.62mmol/L ) [ F1 SIFRKI
( 1.3mmol/L ) ™ 3% F1 J; %k Z ; HpFRKI
(11.01 mmol/L ) P¥3EF1 f1 4% . HpFRK2 fitfk
HUBE) Km {0 1.84 mmol/L, H3E 1 /1 5 SIFRK 1
FL, #ERF HpFRK1, [t HpFRK1 %

FERE R A R A S 5 AR, HpFRK2
W) S BEAEARUR B 45 T 2 5 ST

W e nig i . AR . AL MIALHY FRKs
FEAERLEF R FRE, PEREE A A
AR BEFL R FRKs 235 bt S 52 il 20z i
fi%, PEBREE S RUNE SR, A FFRuEE
VETERERL R0 28 SR IR R HpFRK 2
FEAELA RN KRR TLE 20~23 d £ik, %0
J ok SR TR R (e 0925 T € B SR P R R 1Y
B R, B RE A, N HpFRK2 51
BEARU A AR 6 R G AR AT AR FIRE i . Bl R
SR B MG, S B PO I AE 30 d (g
) AR, T HpFRK2 ikt AR 16
30d () BhiA# F i, MMt Al UL, HpFRK2
5 HpFRK1PM2E4pL, RFAT A T S L 52 0 S AR
B EA AR ZEEGEM I B 225,
e HpFRK2 5 HpFRK 1 43 1 4 5 41 N K g 1 51
I B e, AT e R R U B 1 SR A

4 g

AW I 5 B TR LT I K B R HpFRK2 3
HEAENM TN, HpFRK2 & A5 Sl
TBE B R AL, R BE X S MR 2L B
HpFRK2 & [ fi £k 5 0 8% R 1k 19 Km {H b
1.84 mmol/L, Xf S0 ELA 8= W M1 ) o HpFRK 2
FEAESG 20~23 d RLFRIK, IR LG
WFER IR, TTRES S s RS R R

Sk

[1] MOUZL,ZENG R X, CHEN N H, LIU Z L, ZENG Z X,
QIN Y H, SHAN W, KUANG J F, LU W J, CHEN ] Y,
ZHAO Y T. The association of HpDofl.7 and HpDof5.4
with soluble sugar accumulation in pitaya fruit by transcrip-
tionally activating sugar metabolic genes[J]. Food Quality
and Safety, 2022, 6: 1-10.

[2] WEIW,CHENGMN,BALJ,ZENGR X, LUO D L, QIN
Y H,LIUZL, KUANGJF, LU W J, CHENJ Y, SU X G,
SHAN W. Pitaya HpWRKY?3 is associated with fruit sugar
accumulation by transcriptionally modulating sucrose meta-
bolic genes HpINV2 and HpSuSy1[J]. International Journal
of Molecular Sciences, 2019, 20(8): 1890.

[3] ROLLAND F, BAENA-GONZALEZ E, SHEEN J. Sugar
sensing and signaling in plants: conserved and novel mecha-
nisms[J]. Annual Review of Plant Biology, 2006, 57(1):
675-709.



1552

Fics o 46 %

(4]

(3]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

GRANOT D. Role of tomato hexose kinases[J]. Functional
Plant Biology, 2007, 34(6): 564-570.

GRANOT D, DAVID-SCHWARTZ R, KELLY G. Hexose
kinases and their role in sugar-sensing and plant develop-
ment[J]. Frontiers in Plant Science, 2013, 4: 44.

PEGO J V, SMEEKENS S. Plant fructokinases: a sweet
family get-together[J]. Trends in Plant Science, 2000, 5(12):
531-536.

RIGGS J W, CAVALES P C, CHAPIRO S M, CALLIS J.
Identification and biochemical characterization of the fructo-
kinase gene family in Arabidopsis thaliana[J]. BMC Plant
Biology, 2017, 17(1): 83.

MARTINEZ-BARAJAS E, LUETHY M H, RANDALL D
D. Molecular cloning and analysis of fructokinase expression
in tomato (Lycopersicon esculentum Mill.)[J]. Plant Science,
1997, 125(1): 13-20.

GERMAN M A, ASHER I, PETREIKOV M, DAI N,
SCHAFFER A A, GRANOT D. Cloning, expression and
characterization of LeFRK3, the fourth tomato (Lycopersicon
esculentum Mill.) gene encoding fructokinase[J]. Plant Sci-
ence, 2004, 166(2): 285-291.

TAYLOR M A, ROSS H A, GARDNER A, DAVIES H V.
Characterisation of a cDNA encoding fructokinase from po-
tato (Solanum tuberosum)[J]. Journal of Plant Physiology,
1995, 145(3): 253-256.

JIANG H W, DIAN W M, LIU F Y, WU P. Isolation and
characterization of two fructokinase cDNA clones from
rice[J]. Phytochemistry, 2003, 62(1): 47-52.
YANGJJ,ZHUL C, CUI W F, ZHANG C, LI D X, MA B
Q, CHENG L L, RUAN Y L, MA F W, LI M J. Increased
activity of MdFRK?2, a high-affinity fructokinase, leads to
upregulation of sorbitol metabolism and downregulation of
sucrose metabolism in apple leaves[J]. Horticulture Research,
2018, 5: 71.

STEIN O, AVIN-WITTENBERG T, KRAHNERT I,
ZEMACH H, BOGOL V, DARON O, ALONI R, FERNIE
AR, GRANOT D. Arabidopsis fructokinases are important
for seed oil accumulation and vascular development[J].
Frontiers in Plant Science, 2017, 7: 2047.

ZHANG Z, TAN J, CHEN Y, SUN Z, YAN X, OUYANG J,
LI S, WANG X. New fructokinase, OsFRK3, regulates
starch accumulation and grain filling in rice[J]. Journal of
Agricultural and Food Chemistry, 2023, 71(2): 1056-1066.
STEIN O, DAMARI-WEISSLER H, SECCHI F,
RACHMILEVITCH S, GERMAN M A, YESELSON Y,
AMIR R, SCHAFFER A, HOLBROOK N M, ALONI R,
ZWIENIECKI M A, GRANOT D. The tomato plastidic
fructokinase SIFRK3 plays a role in xylem development[J].

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

New Phytologist, 2016, 209(4): 1484-1495.

STEIN O, SECCHI F, GERMAN M A, DAMARI-
WEISSLER H., ALONI R., HOLBROOK N M,
ZWIENIECKY M A, GRANOT D. The tomato cytosolic
fructokinase FRK1 is important for phloem fiber develop-
ment[J]. Biologia Plantarum, 2018, 62(2): 353-361.

SU J, ZHANG C X, ZHU L C, YANG N X, YANG ] J, MA
B Q, MA F W, LI M J. MdFRK2-mediated sugar metabo-
lism accelerates cellulose accumulation in apple and pop-
lar[J]. Biotechnology for Biofuels, 2021: 14(1): 137.
SUJLJAOTT,LIUX,ZHULC,MABQ,MAF W, LIM
J. Calcyclin-binding protein-promoted degradation of
MdJFRUCTOKINASE?2 regulates sugar homeostasis in ap-
ple[J]. Plant Physiology, 2023, 191(2): 1052-1065.
YAOY,GENGM T, WU X H, SUN C, WANG Y L, CHEN
X,SHANG L, LU X H, LI Z,LIR M, FU S P, DUAN R J,
LIU J, HU X W, GUO J C. Identification, expression, and
functional analysis of the fructokinase gene family in Cas-
sava[J]. International Journal of Molecular Sciences, 2017,
18(11): 2398.

WRER, JEmm i, AREEZE, BRfh, AoKkte, Mkl ek
WEB LR MrFRK2 1) 5a b SAE BB SR S (1 3K 41
B[], FE 252440, 2016, 43(8): 1585-1592.

CHEN X, SHI L Y, SHAO J R, CHEN W, ZHNEG Y H,
YANG Z F. Molecular cloning and expression analysis of
MrFRK2 in Chinese bayberry during fruit ripening[J]. Acta
Horticulturae Sinica, 2016, 43(8): 1585-1592. (in Chinese)
BEte, TR, EE, TWE, 0, L8 MR
WAL LOFRK7 (4 5e i 3k 0], LAY =A11E,
2018, 38(5): 816-822.

ZHAOJH, YINY,LIHX, WANG Y J,LIY L, AN W.
Cloning and expression analysis of fructokinase gene
(LbFRK7) from wolfberry (Lycium barbarum Lin.)[J]. Acta
Botanica Boreali-Occidentalia Sinica, 2018, 38(5): 816-822.
(in Chinese)

Vg, RoRd, TidE, R4, TRAR, AR, BT &
SEMAGREN PpyFRKS eSS R R[], 1
2R, 2022, 49(7): 1429-1440.

TAO X, ZHU R X, GONG X, WU L, ZHANG S L, ZHAO
J R, ZHANG H P. Fructokinase gene PpyFRK5 plays an
important role in sucrose accumulation of pear fruit[J].
Acta Horticulturae Sinica, 2022, 49(7): 1429-1440. (in
Chinese)

DAMARI-WEISSLER H, KANDEL-KFIR M, GIDONI D,
METT A, BELAUSOV E, GRANOT D. Evidence for intra-
cellular spatial separation of hexokinases and fructokinases
in tomato plants[J]. Planta, 2006, 224: 1495-1502.

FEE, ZeFE, ELIAR, ARRCH. 20 P KO R AR AL A



578

WA LN KO R WE G K] HpFRK2 (R vg b | R385 WG V2 #r

1553

[25]

[26]

[27]

HpFRK1 Jil. FRIKGEFEIGMEIIHI]. PUILEY =R,
2024, 44(10): 1589-1596.

XIE P, YAN S, WANG H L, ZHENG Q M. Cloning, ex-
pression and enzymatic activity analysis of the fructokinase
gene HpFRK]I in red pitaya (Hylocereus polyrhizus)[J]. Acta
Boreali-occidentalia 2024, 44(10):
1589-1596. (in Chinese)

ZHENG Q M, WANG X K, QI Y, MA Y H. Selection and

validation of reference genes for qRT-PCR analysis during

Botanica Sinica,

fruit ripening of red pitaya (Hylocereus polyrhizus)[J]. FEBS
Open Bio, 2021, 11(11): 3142-3152.

RENZ A, STITT M. Substrate specificity and product inhibi-
tion of different forms of fructokinases and hexokinases in
developing potato tubers[J]. Planta, 1993, 190(2): 166-175.
WA, A SCH. R R EERT SRR (). FHeEiE R,

[28]

[29]

[30]

2021, 66(22): 2820-2831.

YE X Y, ZHOU W B. Research advances in plant fructo-
kinases[J]. Chinese Science Bulletin, 2021, 66(22): 2820-2831.
(in Chinese)

QINQP,CULY Y, ZHANGL L, LIN F F, LAI Q X. Isola-
tion and induced expression of a fructokinase gene from lo-
quat[J]. Russian Journal of Plant Physiology, 2014, 61(3):
289-297.

KANAYAMA Y, GRANOT D, DAI N, PETREIKOV M,
SCHAFFER A, POWELL A, BENNETT A B. Tomato fruc-
tokinases exhibit differential expression and substrate regu-
lation[J]. Plant Physiology, 1998, 117(1): 85-90.

ZHANG S R, NICHOLS S E, DONG J G. Cloning and
characterization of two fructokinases from maize[J]. Plant
Science, 2003, 165(5): 1051-1058.



