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Abstract: Phosphofructokinase (PFK) is a key regulatory enzyme in the glycolytic pathway, functioning as the rate-limiting en-
zyme that controls the pace of intracellular glucose metabolism. In parallel, hexokinase not only serves as a sugar sensor initiating
downstream sugar signaling, but also integrates various external cues, thereby activating other signaling pathways and contribu-
ting to the regulation of plant responses to environmental stimuli. A systematic investigation of the gene structure, evolutionary
relationships, and expression patterns of PFK family members in maize is crucial for advancing our understanding of their bio-
logical functions. In this study, a genome-wide identification of PFK family members was conducted in the maize inbred line B73
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using bioinformatics approaches. The physicochemical properties, phylogenetic relationships, gene structures, cis-acting regula-
tory elements, and expression profiles were comprehensively analyzed. Twenty PFK genes were identified in B73, categorized
into ATP-dependent phosphofructokinases (PFKs) and pyrophosphate-dependent phosphotransferases (PFPs), and were found to
be unevenly distributed across different chromosomes. Collinearity analysis revealed multiple homologous genes between maize
and rice (Oryza sativa), but none with Arabidopsis thaliana. Promoter analysis indicated the presence of cis-regulatory elements
associated with growth, development, and stress responses. Transcriptome data and qRT-PCR analysis demonstrated differential
expression of ZmPFK genes across tissues and under various stress treatments. Several ZmPFK genes responded to abiotic
stresses (salt, drought, heat, and cold) as well as biotic stresses caused by Cochliobolus heterostrophus, Exserohilum turcicum, and
Fusarium graminearum, suggesting a potential role for the PFK family in stress adaptation. Moreover, the recombinant plasmid
ZmPFK10-pET32a was introduced into Escherichia coli BL21, and the resulting strain exhibited enhanced growth under 700
mmol L' NaCl and 45°C, compared to the control. Protein interaction network prediction and enrichment analysis further re-
vealed that three core proteins interacting with ZmPFK are involved in glycolysis. These findings provide a theoretical foundation

for future functional characterization of PFK family members in maize.
Keywords: maize; PFK; gene family; glycolysis; expression analysis
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Table 1 qRT-PCR primer information for ZmPFK genes
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BL21. ffi [l IPTG 431 5 ik & A & 4 F ke
ZmPFK10-pET32a %5 44 B0k pET32a (1) BL21, #%
V5 I PR B FE R B 100, 107", 1072 (e o
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1 LB [EASEFRHE T 37°CRE %, #EfrEihia i, 7
— Y ASCEEFRM AT E iR, AN
XFRRAL, 555 16 h Ja g AR KA Bt BEAH

FL N 4 FX Gene name 5|#¥) 4 FX Primer name

519 /751 Primer sequence (5'-3")

ZmPFKS5 ZmPFKS-F
ZmPFKS5-R
ZmPFK6 ZmPFK6-F
ZmPFK6-R
ZmPFK10 ZmPFK10-F
ZmPFK10-R
ZmPFK12 ZmPFK12-F
ZmPFKI12-R
ZmPFK19 ZmPFK19-F
ZmPFK19-R
ZmEF-1a ZmEF-1a-F
ZmEF-1a-R

CCGAACCCCCTCCAAGACAA
GCTGGTCTTGTGAACAACGATCT
GGGGAGGGTGGACTATTTGA
GCTTGGAATAGCACGGATCA
CAAGATCGGCGTTGTGCTCTC
AGCTGGGCCTCCCTTAAATCC
CCAGCCTATTCAACTGTCAAG
CCACACACCAGTTCCCTGATAA
TGGTTGAGACCGAAATGGAC
CCCAGGGTTTCGGTAGATGT
TGGGCCTACTGGTCTTACTACTGA
ACATACCCACGCTTCAGATCCT

&x2 ZmPFK10 EHE3IMER
Table 2 Primer information for ZmPFKI10
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ZmPFK10 ZmPFK10-F
ZmPFK10-R

gecatggetgatatcggatcc ATGGCGGCGGCGGCGGTG
acggagctcgaattcggatccTAGCGCAGCACCGAGTTCC
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Table 3 Basic information of the maize PFK gene family
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Ry FE BRI A 1 M - 6- i R 5 RS I (PFP) o AR 41 2 11
FEABURE FE X285 51, 4% B Bt )t 2 B B Y 5
ANKBE, 5 AKBEZIE] PFK KRR BOR A5,
Hrp KB 1A 34 PFK KR 5 (ZmPFK 1 . ZmPFK3
ZmPFK4), 2588 4355 2 4 PFK SR 5L (ZmPFK10
ZmPFK17), W28 IV ZEW B (ZmPFKI14 .

ZmPFK20), YJ7& o180 i /D 26, e 11
LV B oA 5 S F 8 A PFK KR o il i )
PEALR 25 S & B, ARG ST PFK 3£ 57K A% PFK
FEPUBAE M 11 ASFD 13 A, 2050 R B BB

Eeiﬁ( HEA D ;ﬁéﬁﬁxﬁﬁ, . Amﬁ%ﬁicﬁigth Mole?uirf/eight %EE‘E‘ . Kﬁxfﬁ?’é’ﬁﬂl xE

name Gene ID Chromosome localization (aa) D) Isoelectric point Instability index Group
ZmPFKI Zm00001d032172_T004 Chr.1 527 58,192.72 8.23 37.93 PFK
ZmPFK2 Zm00001d032386_T003 Chr.1 618 67,282.41 6.79 43.40 PFP
ZmPFK3 Zm00001d033002_T001 Chr.1 525 57,475.48 7.04 30.57 PFK
ZmPFK4 Zm00001d005756 _T002 Chr.2 567 62,602.72 8.16 36.79 PFK
ZmPFK5 Zm00001d039499 T002 Chr.3 528 57,293.35 7.94 33.10 PFK
ZmPFK6 Zm00001d043563_T002 Chr.3 764 83,089.25 6.00 42.66 PFK
ZmPFK7 Zm00001d051629_T003 Chr.4 624 67,945.26 7.24 40.27 PFP
ZmPFK8 Zm00001d017830_T001 Chr.5 618 67,473.40 7.85 38.79 PFP
ZmPFK9 Zm00001d036206_T004 Chr.6 552 60,828.26 8.22 36.37 PFK
ZmPFK10 Zm00001d037278 T001 Chr.6 564 61,051.75 6.30 32.83 PFP
ZmPFK11 Zm00001d037910_T001 Chr.6 526 57,323.34 7.64 35.38 PFK
ZmPFK12 Zm00001d038775_T001 Chr.6 575 63,221.28 6.00 40.19 PFK
ZmPFKI13 Zm00001d020006_T001 Chr.7 544 59,642.11 5.69 47.32 PFP
ZmPFK14 Zm00001d020866_T001 Chr.7 147 15,528.91 9.10 21.54 PFK
ZmPFK15 Zm00001d008816_T002 Chr.8 531 57,650.68 7.92 34.33 PFK
ZmPFK16 Zm00001d010375 T001 Chr.8 538 58,039.24 7.60 33.38 PFK
ZmPFK17 Zm00001d044754_T001 Chr.9 580 62,806.72 5.96 31.91 PFP
ZmPFKI18 Zm00001d045326_T004 Chr.9 542 59,506.65 8.22 35.55 PFK
ZmPFK19 Zm00001d045919 _T001 Chr.9 476 52,076.02 6.64 40.21 PFP
ZmPFK20 Zm00001d025659_T001 Chr.10 477 51,231.13 6.21 34.54 PFK

PFK: ATP MRt 14 5 B2 SR W 8 ity PEP: il A bt 4 (0 2 SR A Ui
PFK: ATP-dependent phosphofructokinase; PFP: pyrophosphate-fructose-6-phosphate phosphotransferase.
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Fig. 1 ZmPFKs protein subcellular localization

PFK 3 1 M0 4N 5 r 25 58, (e SR W LR R . cyske
AIEHE; cyto: AMHERE; chlo: M-244K; nucl: 4Hfi4%; mito: AL
A; vacu: Wi; plas: 0N extr: 4HIANIE T,

Subcellular localization prediction of PFK proteins, the higher
values the indicate greater localization. cysk: cytoskeleton; cyto:
cytoplasm; chlo: chloroplast; nucl: nucleus; mito: mitochondrion;
vacu: vacuole; plas: plasma membrane; extr: extracellular matrix.
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Fig. 2 Phylogenetic tree of PFK genes in maize, Arabidopsis, and rice
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A: phylogenetic tree of PFK proteins, AtPFK (4rabidopsis thaliana), OsPFK (Oryza sativa), and ZmPFK (Zea mays). Red, yellow, blue,

green, and purple represent groups I-V; B: multiple sequence alignment of PFK protein sequences, darker colors in the heatmap indicate

higher sequence similarity.
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Fig. 5 Synteny analysis of PFK genes in Arabidopsis thaliana (At), Oryza sativa (Os), and Zea mays (Zm)

A BRGURIIFEE N A B AR C R B TR GRS N AR AL R, C: FRFEPIHNILLNE R . IREACKR Y Fhia] S 4]
AT LM R, LR FR PFK SEHEY R A LR MR . Zm: oK, At URIT; Os: /KB #ids @ik R 3R e fk B4 10 kb

HER K

A: syntenic relationships between maize and Arabidopsis genomes; B: syntenic relationships between maize and rice genomes; C: in-
tra-genomic synteny within maize. Gray lines indicate all genomic syntenic relationships, red lines highlight PFK gene synteny. Zm: Zea
mays; At: Arabidopsis thaliana; Os: Oryza sativa. Gradient bars indicate the number of genes per 10 kb on chromosomes.
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Fig. 6 Prediction of cis-acting elements in the promoters of maize PFK genes

W-box: WRKY #3¢ [H FHE R 45 4 1 #1; ABRE: 74 AR AN JC1F; TGA-element: Az IR JC{F; CCAAT-box: PIA%.L T4 5'-CCAAT-
3'fi4; MBS, MBSI, MYB: MYB %% 3 [H 745 & {37 15 ; STRE: B I TC 1 MYC: MY C 4% 5 B 745 545 5137 25 WRE3: 47 i B 75
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W-box: the binding site for WRKY transcription factors; ABRE: abscisic acid responsive element; TGA-element: auxin-responsive element
(AuxRE); CCAAT-box: named for its core consensus sequence 5'-CCAAT-3'; MBS, MBSI, and MYB: recognized by MYB transcription
factors; STRE: stress response element; MYC: recognized by MYC transcription factors; WRE3: wound-responsive element 3; TCA: named
for its core sequence, which often contains “TCA”; CGTCA-motif: named for its core sequence 5'-CGTCA-3'; LTR: low-temperature respon-
sive element; P-box: gibberellin-responsive element (GARE); GARE-motif: gibberellin-responsive element motif; AuxRR-core: auxin re-
sponse region core; TATC-box: named for its core sequence S5'-TATC-3'; TC-rich repeats: DNA sequences characterized by
thymine-cytosine-rich repeats; CARE: C-box and G-box associated cis-acting element.
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Fig. 7 Tissue-specific expression of PFK genes in maize
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Fig. 8 Expression of ZmPFK gene under abiotic and biotic stresses
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A: abiotic stress. Salt indicates salt stress, Heat indicates heat stress, Drought indicates drought stress, Cold indicates cold stress; B: biotic
stress. C.h indicates Cochliobolus heterostrophus, E.t indicates Exserohilum turcicum, F.g indicates Fusarium graminearum.
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T ) o A 08 R R S A Y AT G 1 0 MR S
PR R T S AR, A 3 3 2 2 i L A 7 X 3 35 3 174
e NS, SE R A EAE ML TR, ZmPFK 5
WL O WH S 4 Bl (ZmPHIL/3) . 47 8 45 W4 C i ity B
BHAEXKR, #id KEGG /i1 & BLH & 4 THE i
ISR OIS AR, X7 T W8 B - W R OB R A2 R
AR Wi R PEK R _E AT ATP AR, X

A 30 1 B R IR A 2 $2 1 NADPH L4 5 1L 8 )
Fads, DhREIESRPT M, X5 E A FE LR I b & B
) PFK SRR O A B BAE—38PY, ik
AR T PFK D7 B e it ol 72 v A A% 0
YEATS

4 #ig

EoK B73 HXRERAPF L RN 20 4
ZmPFK Z 5, 23k 2 MRl ZmPFK JE 8 1h
B 2R S AR A Y i B R T, e sk
UG DL R w8 & B T 2 2 AN R e 5 S 1Y
ZmPFK W 61, H R H KW # &R % WUk T
ZmPFK 10 RS0 AR BL21 AR M 5 1 e iR B
J1o EHBEAEME M & B, ZmPFK 5 B
CL 4 57 44 T (ZmPHI1/3) . 18 4 il 55 A% 151 56 7T 1k
HAHAERR, HEAER NS G T IR
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