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The evolutionary analysis showed that the GF14 family was conserved, however,

there was limited evidence linking GF14s to plant height. In our investigations, we

discovered a co-expression relationship between ZmGF14s and functionally

characterized genes linked to plant height. In the co-expression network, we

identified ZmGF14-3, a gene expression exhibiting a positive correlation with

plant height in three maize varieties, we postulated that this gene could be

intimately linked to plant height development. Subsequently, we cloned

ZmGF14-3 from the maize B73 inbred line and overexpressed it in Arabidopsis,

resulting in markedly dwarfed transgenic phenotypes. Measurements of

endogenous phytohormones disclosed a significant reduction in concentrations

of Gibberellic Acid 7 (GA7) and Indole-3-Acetic Acid (IAA) in the overexpressed

Arabidopsis, furthermore, qPCR results highlighted a pronounced decrease in the

expression levels of plant height-related genes when compared to the wild type,

therefore, it is plausible to posit that ZmGF14-3 plays a pivotal role in regulating the

growth and development of maize through interactions with various

phytohormone-related genes. Thus, delving into the potential interactions

between ZmGF14-3 and these genes holds the promise of yielding valuable

insights into the molecular mechanisms underpinning plant height development

in maize.
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1 Introduction

In the past few decades, the increase in maize yield per unit area

has primarily been attributed to higher planting density, rather than

an enhancement in yield potential per plant (Sun et al., 2023). Maize

have been adapted for high-density planting, however, high-density

planting often makes plants susceptible to lodging, and reduce the

yield. To counteract this issue, one cultivation strategy has been to

adjust the plant height of maize within a suitable range, plant height

is also an important grain yield-associated trait and a close

correlation was confirmed between plant height and grain yield in

maize (r2 > 0.73) (Adel et al., 2016). Hence, plant height is an

important trait for maize breeding.

There were two main biological factors that mainly influence

height of maize plant, internode number and internode length, and

expand in maize plant height are mainly attributable to increased

internode elongation instead of enhance in internode number.

Previous studies have established that the regulation of plant

height is intricately governed by phytohormones and influenced

by a multitude of associated Quantitative Trait Loci (QTLs).

Currently, the molecular landscape of plant height in maize has

been illuminated by the cloning and characterization of just over 60

genes associated with this trait. These genes span a spectrum of

functions, encompassing signaling, transport, and phytohormone

synthesis. Notable among them are genes such as an1, br2, d1, d2,

d3, d5, d8, d9, qPH3.1, DWF1, and DWF4, each contributing to the

complex regulatory network orchestrating maize plant height

(Shang et al., 2020), Specifically, Nana Plant 1 (na1) and Nana

Plant 2 (na2) are distinctively marked by severe dwarfism,

signifying their significant contributions to the brassinosteroid

(BR) biosynthesis pathway. Their pivotal role in this pathway

suggests a potential correlation with reductions in stem internode

length (Zhao et al., 2022). D3, identified as a maize gene through

transposon tagging, plays a crucial role in regulating gibberellin

synthesis. The encoded protein exhibits activity at an early stage in

the Gibberellin (GA) biosynthesis pathway (Winkler, 1995). d8 and

d9 are key elements of the GA signal transduction channel that

negatively regulate the GA response, which is involved in GA signal

transduction pathways via DELLA proteins (Lawit et al., 2010).

Genes involved in the expression of polar auxin transport, such as

ZmPIN1a and Brachytic2 (br2), are also regulated in the genetic

control of plant height in maize (Pilu et al., 2007; Li et al., 2018).

ZmACS7 encodes ACC synthase 7 in the ethylene biosynthesis

pathway of maize, resulting in dwarf phenotypes in the zmacs7

mutant. The observed dwarfism emphasizes the pivotal role played

by ZmACS7 in plant growth, deepening our understanding of

ethylene synthesis regulation and offering insights into the genetic

factors that impact plant architecture (Li et al., 2020).

The GF14 (14–3-3) gene family is widely preserved in

eukaryotes, spanning diverse organisms. GF14s proteins, crucial

for cellular processes, have a unique structural composition with

nine antiparallel a-helices. The persistent structural uniformity in

GF14 proteins underscores their significance across various

biological contexts. The widespread distribution and conservation

of the GF14 genes family emphasize its foundational role in diverse

eukaryotic organisms, making it intriguing for further exploration
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in understanding cellular processes and signaling pathways (Roy

et al., 2023). GF14s frequently participate in the creation of

heterodimers or homodimers, highlighting their dynamic

inclination for molecular associations. Within these dimers, each

GF14 protein exhibits an impressive proficiency to interact with

distinct partners, unveiling the intricate versatility of GF14 proteins

in coordinating diverse cellular interactions (Joshi et al., 2022).

Hitherto, GF14–3s have been identified in plants such as rice,

tobacco, Brachypodium distachyon, soybean, barley, cotton,

Arabidopsis and maize, but only few have been phylogenetically

and functionally characterized (Niti et al., 2017). In recent studies,

the significance of GF14s has been increasingly emphasized,

particularly in their involvement in carbon and nitrogen

metabolism, as well as their crucial roles in responding to both

biotic and abiotic stresses. These proteins serve as key regulatory

factors within diverse stress signal transduction pathways,

influencing the cellular responses to environmental challenges.

Furthermore, GF14s play a pivotal role in the signal transduction

processes associated with various phytohormones, including but

not limited to GA, Brassinosterol (BR), Abscisic acid (ABA), and

Ethylene (ET). This multifaceted involvement underscores the

broad impact of GF14s in orchestrating intricate signaling

networks critical for plant growth, development, and adaptation

to changing environmental conditions (Qin et al., 2016). Despite

limited evidence linking GF14s to plant height, ongoing

investigations are progressively revealing the intricate roles these

proteins play in regulating various aspects of plant morphology.

This expanding body of research underscores the complexity of

GF14 involvement in shaping the overall form and architecture of

plants (Liu et al., 2016).

In this research, to further explore the relationship between

ZmGF14s and plant height development, we employed weighted

gene co-expression network analysis (WGCNA) on a previously

published high-throughput RNA-seq dataset. The results showed

that ZmGF14s exhibited a significant co-expression pattern with

functionally characterized plant height-related genes in maize. Gene

expression analysis suggested that only the expression value of

ZmGF14–3 increased with the development of maize, indicating

that ZmGF14–3 may play a crucial role in plant height regulation.

Subsequently, we isolated ZmGF14–3 from the B73 maize inbred

line and obtained Arabidopsis lines overexpressing ZmGF14–3 with

a 35S promoter. Our results demonstrated that overexpression of

ZmGF14–3 in Arabidopsis led to a reduction in plant height.
2 Materials and methods

2.1 Maize materials for co-expression
network construction and high-throughput
transcriptome sequencing data

In order to accurately and comprehensively depict the dynamic

changes in gene expression during maize plant height development,

in our previous research, three hybrids were chosen, which were

defined as high (H, Dan 598×ES40), middle (M, Dan 598 ×

CML444) and low (L, Dan 598 × FAPW) group, and RNA
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samples were collected at the jointing stage, big flare period and

tasseling stage. Then, RNA-Seq was used to identify and

characterize the expression of large quantities of genes, and

develop a genome-wide co-expression network providing a gene

expression overview for biological process analysis by combining

algorithms (Wang et al., 2021). The RNA-seq datasets can available

from Gene Expression Omnibus (GEO) in NCBI under accession

number GSE115796.
2.2 Gene network construction

The weighted gene co-expression network analysis (WGCNA)

R package (Version: 4.2.2) was used to construct a gene co-

expression network. The expressed genes in the transcriptome

data were cluster analyzed, and the soft threshold was calculated

using the pick soft threshold function provided by WGCNA. To

make the network show an approximate scale-free topology, a

power of nine was chosen (model fitting index R2 = 0.8). In order

to ensure that the network was biologically relevant, the scale-free

topology model and the mean connectivity of the network fit were

estimated over a series of the soft threshold power b. All the coding
sequences were hierarchical clustered by using topological overlap-

based dissimilarity measure. Then, the resulting gene dendrogram

was used for module detection based on the dynamic tree cut

method (minModuleSize = 100 and mergeCutHeight = 0.25). If any

two genes were connected in the weighted gene co-expression

network, the topology overlap measure provided in WGCNA was

used to determine edge weight. The weights ranged from 0 to 1, and

reflected the strength of communication between the two genes.

Only weights above 0.2 between any two genes were considered to

stand for a strong co-expression relationship in our network.

Finally, all expressed ZmGF14s and genes related to plant height

were used as guide genes for the co-expression network

construction, the Cytoscape_v 3.6.1 software was used to display

the co-expression network (Hsieh et al., 2023).
2.3 RNA isolation and quantitative reverse
transcription PCR

The primer Primier 5 software was used to design gene-specific

qRT-PCR primers. A Spectrum™ Plant Total RNA Kit (SIGMA,

Beijing, China) was used to extract total RNA from Arabidopsis

stems, all RNA samples were treated with DNase to eliminate any

potential trace contaminants of genomic DNA. A reverse

transcription kit (Roche) was then used to synthesize first-strand

cDNA (templates for qRT-PCR) using 1 mg of RNA, and the cDNA

were transcripted by using PrimeScript™ RT Reagent Kit (Takara,

Dalian, China). TransStart Top Green qPCR SuperMix kit

(TANSGEN, Beijing China) were used for qRT-PCR, and

performed in a CFX96 Real Time PCR Detection System (Bio-

Rad). The thermal cycling conditions were as follows: an initial

denaturation step of 5 min at 95°C, followed by 40 cycles of 10 s at

95°C for denaturation, 15 s at 60°C for annealing and 30 s at 72°C

for extension (Wang et al., 2019). The primer pairs employed for
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qRT-PCR of cloned genes in this study are detailed in

Supplementary Table S1, with the housekeeping gene ACTIN

serving as a designated internal control, and formula 2-DDCt were

used for calculating the expression level. The experiment was

conducted in triplicate, a described method was used to calculate

the relative expression level of the target gene.
2.4 Isolation of ZmGF14–3 cDNA

ZmGF14–3 was isolated from a cDNA library of B73 maize

inbred line, and cloned into the 1301a vector, which contains the

modified 35S promoter of Escherichia coli receptors. 5’-

GGATCCATGGCTAAGTTTGTT-3’ (Sense) and 5’-CCTAGG

TACCGATTCAAACAA-3’ (Antisense), containing the BamHI and

PstI cloning sites, were used as primers to amplify ZmGF14–3 cDNA

and subcloned in the corresponding sites of the 1301a vector. The

1301a-ZmGF14–3 construct was introduced into Agrobacterium

tumefaciens C58C1 by heat shock. The floral-dip method were

used in transforming Col-0 Arabidopsis plants, transgenic seedlings

were selected on kanamycin medium (50 ug mL-1). T2 plants that

produced 100% kanamycin-resistant plants in the T3 generation were

considered homozygous for the selection marker and arranged for

further researches. Other experiments were performed using

homozygous transgenic plants of T3 generation.
2.5 GA, ABA, and IAA quantification

Phytohormone were analyzed by using HPLC-MS/MS system

(HPLC ExionLC™AC; MS Sciex Triple Quadrupole 4500) (Liu et al.,

2023). Prior to extraction, samples were fortified with deuterated

standards for each compound. Following centrifugation and

extraction, the pH of the supernatant was adjusted to 3.0 and

partitioned twice with diethyl ether. The organic layers were then

consolidated and evaporated using a centrifuge vacuum evaporator.

The dry residue was thereafter resuspended in a water: methanol (9:1)

solution, filtered, and injected in a HPLC system. The HPLC

analytical conditions were as follows: column was HYPERSIL

GOLD C18 column (3mm, 2.1mm*100 mm); solvent A was H2O

(0.1% FA); solvent B was MeOH; gradient program, 90% A from 0 to

0.2 min, 90% A at 3 min and kept to 8min, 10%A at 8.1 min and kept

to 10 min; flow rate, 0.3 mL/min; temperature, 35°C; injection

volume: 5mL. The mass spectrometer were adopted in negative

ionization electrospray mode for different phytohormone

measuring. Further method on the determination procedure are

given by Jon et al (Jon et al., 2020). Accurate quantification of GA,

ABA, and (Indole-3-Acetic Acid) IAA in A. thaliana stems was

performed by Guocangjian Biotech (targetcrop.com) on UPLC-MS/

MS platform.
2.6 Subcellular localization analysis

The ZmGF14–3 coding region, excluding the terminator, was

cloned and subsequently fused with the subcellular localization
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vector pCAMBIA1305, incorporating green fluorescent protein

(GFP) tags (Abcam, ShangHai, China, ab275766) driven by the

CaMV35S promoter. The ClonExpress MultiS One Step Cloning

Kit (Vazyme, Najing, C113–01/02) were used to obtain the

pCAMBIA1305-ZmGF14–3 vector through homologous

recombination method, and the N. benthamiana epidermal cells

were used as receptor cell for transforming recombinant plasmid

pCAMBIA1305-ZmGF14–3 by Agrobacterium tumefaciformis

infection. Then, the 13-day-old maize B73 etiolated seedlings

were used as materials for preparing maize protoplasts.

Additionally, the plasmid pCAMBIA1305 with 35S::ZmGF14–3-

GFP fusion proteins was transformed to maize protoplasts using the

PEG-mediated transformation method and the pCAMBIA1305

vector were also transformed as control, the DAPI (1 µg/mL)

staining solution was used to nuclei stain. After incubation in

darkness at 22°C for 16 h, the confocal laser scanning microscope

(Zeiss LSM 800, Jena, Germany) were used for observing

fluorescence signals. The confocal microscope were used to obtain

microscopy images and analyzed by using the ZEN 3.1 software

(https://www.zeiss.com.cn/microscopy/products/microscope-

software/zen.html accessed on 18 September 2022). The DAPI and

GFP were detected at excitation of 461 nm and 488 nm (Li

et al., 2022).
2.7 Transformation of Arabidopsis

The coding sequence of ZmGF14–3 was cloned and inserted

into the pMD18-T simple vector (TAKARA, Shanghai, China, Code

No. 6011) for sequencing. The gene product was then placed under

the control of the CAMV35S promoter and subcloned into the
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ab275753). The construct was introduced into Agrobacterium

tumefaciens strain LBA4404 by the infection method and

transformed into Arabidopsis thaliana (Lu et al., 2017).The seeds

of transformed Arabidopsis thaliana were selected after being

broadcast on MS culture plates with spectinomycin (2 mg/ml)

and vernalization for 3 days. Resistant seedlings were planted in

the soil, the specific primer PCR were used for identification of

transformed plants. Their seeds were harvested separately. T3

homozygous seeds were identified by BASTA resistance and used

for further experiments.
3 Results

3.1 Co−expression network of plant
height−specific and ZmGF14s

Currently, a total of 28 ZmGF14s have been reported in maize

(Wang et al., 2023). In our previous weighted gene co-expression

network analyses (Wang et al., 2018), a total of 12 ZmGF14s were

identified (Supplementary Table S2). We used these 12 ZmGF14s

and all reported maize genes related to plant height as guide genes

to construct a co-expression network. As a result, 10 ZmGF14s were

identified in the new network, these genes are ZmGF14–1,

ZmGF14–2, ZmGF14–3, ZmGF14–5, ZmGF14–6, ZmGF14–7,

ZmGF14–8, ZmGF14–9, ZmGF14–10 and ZmGF14–11, and 30

functionally characterized plant height-related genes exhibited a co-

expression relationship with these ZmGF14s (Figure 1;

Supplementary Tables S3, S4). Among them some key hub

ZmGF14s were identified, such as ZmGF14–7 (Co-expressed with
FIGURE 1

Weighted gene co-expression network of ZmGF14 genes and plant height related genes in maize. Black nodes represent reported plant height-
related genes, grey nodes denote ZmGF14 genes, all other genes are depicted as small black nodes. Node size represents total connectivity. An
edge indicates significant co-expression between two connected genes.
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4080 genes), ZmGF14–6 (Co-expressed with 3066 genes), and

ZmGF14–3 (Co-expressed with 2028 genes), showed co-

expression with DWF1, ZmGRF10, rte, ZmCNR01, D8, and bv1.

These results suggest that the 10 ZmGF14s may be potential

candidates for regulating plant height.
3.2 Phylogenetic analysis of GF14s in
different studied species and structural
analyses of maize GF14 genes

For a deeper exploration into the evolutionary trajectory of

ZmGF14s across maize and other species, we meticulously crafted a

maximum likelihood tree encompassing all 155 GF14s identified

from 12 meticulously surveyed species (Figure 2; Supplementary

Table S5, Supplementary File S1). Based on the topology and

bootstrap values of clade nodes, the tree can be categorized into

four distinct clades, denoted as Clade I through IV. Within the four
Frontiers in Plant Science 05
clades, 40, 19, 31 and 65 GF14s were clustered, respectively. Clade

IV harbored the most GF14s members and Clade II the least, and

Clade IV contained GF14s from 8 plant genomes, suggesting the

evolutionary conservation and ancient origination of GF14s in these

clades. Clade II exclusively comprised GF14s from animals and

prokaryotes, suggesting a potentially unique evolutionary trajectory

of GF14s across various clades.

We concentrated on GF14s within maize and additionally

constructed a neighbor-joining (NJ) phylogenetic tree specifically

comprising maize GF14s (Supplementary Figure S1). Our findings

revealed that the topology of the neighbor-joining phylogenetic

tree closely mirrored that of the maximum likelihood phylogenetic

tree for GF14s, thereby underscoring the precision of phylogenetic

reconstruction. Upon further analysis of maize GF14 gene

structures, it was observed that only ZmGF14–5 lacked introns,

while the others did not. Additionally, during the investigation of

conserved motifs in GF14s, it was discovered that ZmGF14s with

close phylogenetic relationships exhibited analogous motif
FIGURE 2

The maximum likelihood evolutionary tree was established for the selected GF14s, which contains 12 selected species and 4 outgroup species and
their protein domains. Abbreviation of the species name can be found in Supplementary Table S5. The Figure can be divided into four clades, and
different clades are shown in different colors. Green, purple, dark green, and orange represent clades I to V, respectively, while the topological
structures on the domains are also marked, with red cuboids representing the GF14 (14–3-3) domain.
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compositions, suggests that these genes may have similar

biological functions.
3.3 Correlation analysis between ZmGF14s
expression and genes associated with
plant height

To delve deeper into the regulatory interplay between ZmGF14s

and genes associated with plant height, we conducted an analysis to

evaluate the correlation of gene expression levels across different

developmental stages and maize varieties. This assessment was

performed through the calculation of the Pearson correlation

coefficient. All of the ZmGF14s genes, when compared with

functionally characterized plant height-related genes, demonstrated

varying degrees of significant correlation (Figure 3A; Supplementary

Table S6). For example, the expression level of ZmGF14–1 exhibited a

negative correlation with GA20ox3 (r = -0.775, p -Value = 0.014) and a

positive correlation with DWF1 (r = 0.87, p-Value = 0.002). The

expression levels of ZmGF14–3 showed positively correlated with

ZmMADS3, DWF1, D4 and ZmCNR01 (p-Value < 0.05), and

negatively correlated with D11, D14, ct1 and BHL14 (p-Value < 0.05).
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Prior investigations have revealed a heightened expression of

ZmMADS3 in stem nodes. Ectopically expressing ZmMADS3 led to

reduced plant height, primarily attributed to a decrease in the number

of nodes (Heuer et al., 2001). ZmDWF1 is involved in BRs signal

transduction, zmdwf1 mutant exhibited severity dwarfed phenotype

(Tao et al., 2004). D11 is involved in GA biosynthesis, d11 mutant

exhibited severely developmental abnormalities and showed dwarfed

phenotype (Wang et al., 2013). The obtained results posit that

ZmGF14s may assume an indirect role within the regulatory

framework governing the development of maize plant height. This

can be attributed to their extensive involvement across a spectrum of

phytohormone metabolic pathways, thereby exerting a discernible

influence on the intricacies of plant height modulation.
3.4 Expression profiles of ZmGF14s
across three developmental stages in
three maize hybrids

To gain insights into the evolutionary relationships among

maize GF14 proteins, we selectively chose ZmGF14s to construct

a neighbor-joining (NJ) phylogenetic tree. The outcomes revealed a
B

A

FIGURE 3

Correlation analysis of gene expression level between ZmGF14s and plant height-related genes and phylogenetic reconstruction. (A) Correlation
analysis of gene expression level between ZmGF14s and plant height related genes; Blue dots in the figure represent reported height-related genes
in maize, while green dots represent ZmGF14 family genes. (B) Phylogenetic reconstruction and expression profiles of ZmGFs genes in maize.
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distinct classification of all ZmGF14s into two groups: the ϵ group
and the non-ϵ group. Furthermore, we examined the relative

expression levels of ZmGF14 genes in three maize hybrids

(Low: L, Medium: M, High: H) across distinct developmental

stages (1: joint stage, 2: trumpet stage, 3: tasseling stage). The

analysis unveiled diverse expression patterns among the 12

ZmGF14 genes (Figure 3B; Supplementary Table S7). These

variations in expression patterns imply that specific genes might

play crucial roles in the developmental regulation of maize plant

height across different growth stages. Notably, ZmGF14–2, 3, 6, and

12 exhibited relatively high expression levels across all hybrids and

stages. Specifically, the expression of ZmGF14–3 consistently

upregulated throughout the three developmental stages in all

three hybrids, suggesting a gradual increase in ZmGF14–3

expression with maize growth and development.
3.5 Expression patterns and subcellular
localization analysis of ZmGF14–3

Building upon the aforementioned findings, we observed that

the ZmGF14–3 gene displayed a consistent upward trend in

expression across three developmental stages within three maize

hybrid lines, each distinguished by varying plant heights categorized

as low (L), medium (M), and high (H). Consequently, we infer that

ZmGF14–3 may play an important role in the plant height

development. Based on these observations, ZmGF14–3 was
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selected as the focal point for further in-depth functional

exploration. In general, gene expression profiles are indicative of

their functions (Heyduk et al., 2022). To delve into the expression

patterns of ZmGF14–3 throughout maize development, we

gathered data on gene expression across nine distinct maize

tissues using qRT-PCR. The results revealed that ZmGF14–3

displayed elevated expression levels in the stem (Figure 4A),

aligning with the data obtained from our previously published

transcriptome database.

To ascertain the subcellular localizations of ZmGF14–3,

ZmGF14–3-GFP plasmids were introduced into maize

protoplasts, with the empty protein (35S-GFP) GFP serving as the

control group, diffusing uniformly throughout the cell. The findings

revealed that ZmGF14–3 predominantly exhibited a punctate

pattern of localization in protoplasts, primarily concentrating in

the cytoplasm (Figure 4B).
3.6 Over-expression of ZmGF14–3 in
A. thaliana and quantitation of GA, ABA,
and IAA levels

To further explore the biological functions of ZmGF14–3, we

heterologously expressed it in Arabidopsis thaliana for

comprehensive functional research. This approach aims to

elucidate the intricate roles and mechanisms associated with

ZmGF14–3 in a different biological context, providing valuable
B

A

FIGURE 4

Expression patterns (A) and subcellular localization (B) analysis of ZmGF14–3.
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insights into its potential functions. Each independent transgenic

l ine underwent screening for hygromycin resistance.

Subsequently, three distinct homozygous transgenic lines from

the T3 generation (designated as OE#L1, OE#L2, and OE#L3),

exhibiting the overexpression of ZmGF14–3, were meticulously

chosen. At the flowering stage, we assessed the plant height of both

the transgenic lines and the wild-type. Through rigorous statistical

analysis, it became evident that transgenic plants manifested a
Frontiers in Plant Science 08
considerably reduced height compared to their wild-type

counterparts (p -Value < 0.05, as depicted in Figures 5A, B).

GF14s are essential genes that play a crucial role in regulating

various aspects of plant growth and development, they are also

involved in the metabolism of phytohormones, including GA, IAA

and ABA, which are important for processes such as seed

germination, root growth, and stress response (Qin et al., 2016).

The phytohormone signaling pathway has undergone extensive
B C D

E F

A

G

FIGURE 5

Over-expression of ZmGF14–3 in (A) thaliana and quantitation of GA, ABA, and IAA levels. (A) Over-Expression of ZmGF14–3 in (A) thaliana;
(B) Statistical analysis of transgenic Arabidopsis and wild type plant height phenotypes; (C–G) Quantitation of GA1, GA4, GA7, IAA and ABA levels in
transgenic Arabidopsis and wild type plant. The data represent means ± SD from three biological samples. Different letters indicate a significant
difference between WT plants and different transgenic lines by Student’s t-test, * P < 0.05, the same letters indicate non-significant differences
(P > 0.05).
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exploration in A. thaliana, playing crucial roles in seed germination,

stem elongation, flower transformation, and flowering. To

investigate the impact of transgenic lines on phytohormone

metabolism, we assessed the levels of GA, ABA, and IAA. The

results unveil subtle distinctions in GA1, GA4, and ABA content

between the overexpressing lines and the wild type (WT)

(Figures 5C, D, G), while notably, a significant reduction in GA7

and IAA levels is evident in the overexpressing lines compared to

WT (p < 0.05) (Figures 5E, F). This marked decline hints at the

potential involvement of ZmGF14–3 in the signaling pathways of

GA7 and IAA, thereby exerting a discernible influence on the

developmental trajectory of plant height in the overexpressing

Arabidopsis. These findings imply that ZmGF14–3 is putatively a

key regulator in the phytohormone signaling pathway of
Frontiers in Plant Science 09
Arabidopsis, thereby exerting an influence on the development of

plant height.
3.7 The impact of ZmGF14–3
overexpression in A. thaliana on
phytohormone responsE GENES

To further investigate the impact of ZmGF14–3 overexpression

on various endogenous phytohormone-responsive genes in

Arabidopsis, we assessed the expression levels of genes associated

with different phytohormones (Figure 6). For instance, within the

gibberellic acid (GA) biosynthetic pathway, GA20ox2 plays a

crucial role in converting GA12 to GA9, resulting in shortened
FIGURE 6

The expression levels of plant height related genes in transgenic Arabidopsis and wild type plants. ** indicates that the difference between OE and
WT has reached a highly significant level (p-Value < 0.01).
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internode length and pronounced dwarfism in the ga20ox2 mutant

of Arabidopsis. In Arabidopsis lines overexpressing ZmGF14–3, a

notable decrease in the expression of GA20ox2 was observed,

corresponding with the observed dwarf phenotype (Plackett et al.,

2012). DWF4 encodes a P450 protein responsible for catalyzing

multiple 22a-hydroxylation reactions in the biosynthesis of BR. It

serves as a key catalyst in a pivotal step that determines the overall

flux in the biosynthetic pathway of BR, the Arabidopsis dwf4mutant

exhibits a severely dwarfed phenotype accompanied by

developmental abnormalities (Guo et al., 2010). In the

biosynthetic pathway of plant growth phytohormones, the YUC

gene family plays a pivotal role in regulating plant height and

internode elongation. Research indicates that all YUC genes in

Arabidopsis have overlapping functions, and the overexpression of

each YUC gene results in excessive auxin production. Further

studies demonstrate that the Arabidopsis yuc1yuc4 double mutant

exhibits pronounced dwarfing. In our investigation, the

overexpression of ZmGF14–3 in Arabidopsis leads to a significant

reduction in the expression levels of both yuc1 and yuc4 (Cheng

et al., 2006). This result suggests that ZmGF14–3 may function as a

key gene, capable of modulating the expression levels of associated

genes within various phytohormones pathways, consequently

impacting the developmental regulation of plant height.
4 Discussion

GF14s, serving as ubiquitous regulators, have been identified in

a diverse array of plant species, including Arabidopsis, rice, wheat,

soybean, cotton, rubber tree, alfalfa, and populus. This recognition

began with the isolation of the first plant GF14 isoform from maize

(Lu et al., 2022). The present study identified GF14s from 12

species, emphasizing the evolutionary patterns of ZmGF14s.

Results found that in these GF14s, evolutionary pattern is

conserved and could be identified in different surveyed

eukaryotes, such as mice, Micromonas pusilla, and Caenorhabditis

elegans, this suggests the ancient origin of GF14s. Generally

speaking, conserved motifs and domains were generally regarded

as important functional or regulatory elements (Zhu et al., 2022). In

our results, 12 GF14s with similar conserved sequences were

identified in a co-expression network associated with plant height

in maize. Among them some key hub ZmGF14s exhibited co-

expression with functionally validated genes associated with plant

height, this results suggest that these genes may interact with plant

height-related genes to regulate plant height development.

Presently, GF14s exhibit interactions with a spectrum of genes

related to energy metabolism, phytohormone signal transduction,

redox homeostasis, stress response, and plant development. Recent

studies have elucidated the additional involvement of GF14s and

their binding proteins in the process of starch accumulation during

cassava tuberization (Zhao et al., 2021). Currently, investigations

into the GF14 gene family in plants are primarily focused on its

pivotal role in regulating ion channels, hormone signaling

pathways, and responses to diverse stresses, including but not

limited to low temperature, salt, drought, osmotic stress, and
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mechanical stress (Gupta et al., 2023). While there is limited

research on the regulation of plant height development by the

GF14 gene family, sporadic literature reports suggest its potential

key role in this aspect. Further investigations are warranted to

deepen our understanding of the gene family’s influence on plant

height development. As an illustration, the dephosphorylation of

the shade-induced transcription factor PIF7 plays a crucial role in

light signal perception and stem elongation. Mutations in the

phosphorylation-resistant sites of PIF7 enhance its interaction

with GF14 proteins, thereby facilitating the elongation of the

hypocotyl stem. This study unveils a novel mechanism wherein

GF14s regulate stem elongation in shaded conditions by

sequestering PIF7 in the cytoplasm (Xu et al., 2018). In another

research, it was demonstrated that the expression of GF14s in rice

significantly influences internode elongation. This is attributed to

the role of GF14, which encodes a signaling protein capable of

binding and inhibiting the function of the RSG (repression of shoot

growth) protein. The RSG protein acts as a transcriptional repressor

of the kaurene oxidase (KO) gene in the gibberellic acid (GA)

biosynthetic pathway (Phanchaisri et al., 2012). Therefore, stem

elongation is a crucial agronomic trait that significantly influences

plant height. Moreover, the increase in maize plant height primarily

results from enhanced internode elongation rather than an increase

in the number of internodes (Gao et al., 2023). To research the

possible functions of ZmGF14s in plant height development, the

mRNA levels of all 12 ZmGF14s in stems were surveyed in three

hybrids at three different developmental stages, all ZmGF14s

exhibited different expression patterns, from the results of

phylogenetic relationships and the expression pattern of the

ZmGF14s, we speculated regarding the possible functions of

certain genes in certain developmental processes. During maize

development, out of these ZmGF14s, the expression level of the

ZmGF14–3 may demonstrate an increasing trend. Furthermore, it

has been observed that this gene is notably expressed at high levels

in the stem, this compelling evidence strongly suggests that

ZmGF14–3 plays a pivotal role in orchestrating the process of

stem elongation, thereby exerting a profound influence on the

overall development of plant height. Thus, research on the growth

and development of plant height in maize should primarily

concentrate on ZmGF14–3, a specific gene of ZmGF14s.

Moreover, additional studies indicate that GF14 gene family can

indirectly influence plant height development by regulating

phytohormone metabolic pagibberellinthways. GF14 genes are

crucial regulatory factors involved in multiple stress signaling

pathways, participating in the signal transduction pathways of

various phytohormone such as s, brassinosteroids, ABA, and ET

(Zhao et al., 2021). For instance, In the GA synthesis pathway, a class

of RSG transcription factors can regulate the expression of genes

involved in gibberellin biosynthesis. Previous studies have shown that

using RSG as bait protein can screen for target proteins of GF14 and

identified the interacting site RSGSer114. Additionally, GF14 protein

can acts as a negative regulatory factor by binding to RSG through

phosphorylation of Ser-114 in RSG. Exogenous application of

gibberellin can phosphorylate RSG, altering its cellular localization

and preventing it from entering the nucleus to regulate the expression
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of target genes, thereby affecting gibberellin biosynthesis (Ito et al.,

2014). BZR1 and BES1 play crucial roles as transcription factors in the

brassinosteroid (BR) signaling pathway. When phosphorylated,

BES1/BZR1 undergo structural changes that render them unstable

and unable to bind to cis-elements, such as CPD, in downstream gene

promoters. Instead, they are sequestered by GF14 proteins, leading to

their degradation or retention in the cytoplasm (Nolan et al., 2017).

GF14 proteins have the ability to recognize and interact with target

proteins through specific amino acid sequences and phosphorylation

forms. OsBZR1, AtBZR1, and AtBES1 all possess a conserved GF14

binding domain. The study reveals that, via yeast two-hybrid

experiments, five genes capable of interacting with AtBZR1 were

identified within the Arabidopsis GF14 family. In the case of rice, 8

GF14 proteins exhibiting interactions with OsBZR1 were screened.

However, BES1/BZR1 complexed with GF14 proteins are unable to

translocate into the nucleus to regulate downstream gene expression,

thereby hindering the transduction of BR signals and impacting plant

height development (Lu et al., 2022). In Arabidopsis, some plant

height-related genes involved in the GA pathway, such as SPY,

GA20ox4, KAO2, GA20ox2, and GA20ox5, all exhibit significantly

reduced expression levels in overexpression lines compared to the

wild type (WT). After overexpression of ZmGF14–3 in Arabidopsis,

genes involved in the Br metabolism pathway, such as BES1, DWF5,

DWF1, DWARF4, and BRI1, as well as the IAA metabolism pathway

gene YUC1 and YUC2, all exhibited significantly reduced expression

pattern. In summary, ZmGF14–3 may affect plant height

development by regulating the expression levels of different

phytohormone-related genes.

ZmGF14–3 demonstrated a co-expression relationship with

pivotal genes associated with maize plant height, including bv1,

DWFI, ZmMADS3, BRI1, ZmCNR1, DWF4 and ZmPGP1. Among

them, bv1 plays a crucial role in auxin transport and exerts an

influence on internode development. Maize mutants with bv1

deficiencies exhibit a dwarf phenotype, underscoring the

significance of bv1 in the regulation of plant height (Avila et al.,

2016). DWF1 and BRI1 play crucial roles in the signal transduction

of brassinosteroids (BRs). The presence of mutations in zmdwf1 and

bri1 genes resulted in a distinctive dwarfed phenotype. This

highlights the significance of these genes in regulating plant

growth and development through the BR signaling pathway (Jia

et al., 2020). The DWF4 gene encodes a C-22 hydroxylase, a pivotal

enzyme in the brassinosteroid (BR) biosynthesis pathway. The

overexpression of ZmDWF4 in maize lines demonstrated a

significant increase in BR levels, resulting in a remarkable

enhancement in both grain yield and plant height (Liu et al.,

2020). ZmPGP1, identified as an adenosine triphosphate (ATP)

binding cassette (ABC) transporter, plays a pivotal role in

facilitating polar auxin transport. Recent studies have

compellingly demonstrated a significant correlation between the

expression of ZmPGP1 and the modulation of maize plant height,

thereby emphasizing its key involvement in the intricate regulatory

pathways governing plant growth (Li et al., 2019). As these genes

have distinct functions in phytohormone metabolic pathways, it is

plausible that ZmGF14–3 plays a crucial role in regulating the

growth and development of maize by interacting with various
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phytohormone-related genes. Therefore, investigating the

potential interactions between ZmGF14–3 and these genes could

provide valuable insights into the molecular mechanisms

underlying plant height development in maize. This exploration

underscores the potential significance of GF14s in influencing

pivotal factors for plant height, including cell elongation and

internode development. Despite the current constraints in

research, these insights lay the groundwork for delving into how

GF14s contribute to overall plant growth, with a specific focus on

height regulation. Subsequent inquiries in this domain hold the

promise of revealing the nuanced roles of GF14s in shaping the

architectural aspects of plants. This study is of great significance to

the breeding of excellent maize varieties.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Author contributions

HW: Writing – original draft, Writing – review & editing,

Funding acquisition. BW: Visualization, Writing – review & editing.

LQ: Data curation, Writing – review & editing. YC: Formal analysis,

Writing – review & editing. KC: Project administration, Writing –

review & editing. DL: Software, Writing – review & editing. XS:

Funding acquisition, Resources, Validation, Writing – review &

editing. YZ: Data curation, Methodology, Writing – original draft.

LL: Data curation, Funding acquisition, Project administration,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research was supported by grants from the Natural Science

Research Project of Colleges and Universities of Anhui Province

(Grant No. KJ2021A0924 and 2022AH051780); The 2020

Provincial Quality Engineering Project of Higher Education

(2020szsfkc0747); Talent Fund of Hefei University (Project No.

21–22RC32). Major Natural Science Research Project of Colleges

and Universities of Anhui Province (Grant No.KJ2021ZD0113

and KJ2021ZD0164); Anqing Science and Technology Project

(Grant No. 2022Z0003 and 2021Z0004). Natural Science

Foundation of Anhui Province, China, grant number (NO.

2008085QC103), Hefei Normal University High-level Talents

Research Start-up Fund, grant number (NO. 2020rcjj49 and

2020rcjj50). Anhui University Outstanding Top-of-the-line

Talent Cultivation Project (grant No. gxbjZD2021073) and

National Engineering Laboratory of Crop Stress Resistance

Breeding (NELCOF20210104).
frontiersin.org

https://doi.org/10.3389/fpls.2024.1397058
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2024.1397058
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Plant Science 12
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1397058/

full#supplementary-material
References
Adel, H. A. G., Hu, S., Chen, Y., Brenner, E. A., Kumar, B., Blanco, M., et al. (2016).
Genetic architecture of plant height in maize phenotype-selected introgression families.
Plant Breed. 135, 429–438. doi: 10.1111/pbr.12387

Avila, L. M., Cerrudo, D., Swanton, C., and Lukens, L. (2016). Brevis plant1, a
putative inositol polyphosphate 5-phosphatase, is required for internode elongation in
maize. J. Exp. Bot. 67, 1577–1588. doi: 10.1093/jxb/erv554

Cheng, Y. F., Dai, X. H., and Zhao, Y. D. (2006). Auxin biosynthesis by the yucca
flavin monooxygenases controls the formation of floral organs and vascular tissues in
Arabidopsis. Gene. Dev. 20, 1790–1799. doi: 10.1101/gad.1415106

Gao, J., Zhang, Y., Xu, C., Wang, X., Wang, P., and Huang, S. (2023). Abscisic acid
collaborates with lignin and flavonoid to improve pre-silking drought tolerance by
tuning stem elongation and ear development in maize (Zea mays L.). Plant J. 114, 437–
454. doi: 10.1111/tpj.16147

Guo, Z., Fujioka, S., Blancaflor, E., Miao, S., Gou, X., and Li, J. (2010). TCP1
modulates brassinosteroid biosynthesis by regulating the expression of the key
biosynthetic gene DWARF4 in Arabidopsis Thaliana. Plant Cell 22, 1161–1173.
doi: 10.1105/tpc.109.069203

Gupta, S., Misra, S., Kumar, M., Mishra, S. K., Tiwari, S., Narayan, S., et al. (2023).
Enhancement of drought tolerance in transgenic Arabidopsis thaliana plants
overexpressing chickpea Ca14–3-3 gene. J. Plant Growth Regul. 42, 1544–1557.
doi: 10.1007/s00344–022-10639–9

Heuer, S., Hansen, S., Bantin, J., Brettschneider, R., Kranz, E., and Lorz, H. (2001).
The maize mads box gene ZmMADS3 affects node number and spikelet development
and is co-expressed with ZmMADS1 during flower development, in egg cells, and early
embryogenesis. Plant Physiol. 127, 33–45. doi: 10.1104/pp.127.1.33

Heyduk, K., Mcassey, E. V., and Leebens-Mack, J. (2022). Differential timing of gene
expression and recruitment in independent origins of CAM in the Agavoideae
(Asparagaceae). New Phytol. 235, 2111–2126. doi: 10.1111/nph.18267

Hsieh, P., Lopes-Ramos, G. M., Zucknick, M., Sandve, G. K., and Kuijje, M. L. (2023).
Adjustment of spurious correlations in co-expression measurements from RNA-
sequencing data. Bioinformatics 39, 10. doi: 10.1093/bioinformatics/btad610

Ito, T., Nakata, M., Fukazawa, J., Ishida, S., and Takahashi, Y. (2014). Scaffold
function of Ca2+-dependent protein kinase: NtCDPK1 transfers 14–3-3 to the substrate
RSG after phosphorylation. Plant Physiol. 165, 1737–1750. doi: 10.1104/pp.114.236448

Jia, Z., Giehl, R. F. H., and Von Wiren, N. (2020). The root foraging response under
low nitrogen depends on DWARF1-mediated brassinosteroid biosynthesis. Plant
Physiol. 183, 998–1010. doi: 10.1104/pp.20.00440

Jon, C. S., Zou, Y. L., Zhao, J. H., Ri, H. C., Wang, L. Y., Kaw, H. Y., et al. (2020).
Simultaneous determination of multiple phytohormones in tomato by ionic liquid-
functionalized carbon fibers-based solid-phase microextraction coupled with liquid
chromatography-mass spectrometry. Anal. Chim. Acta 1137, 143–155. doi: 10.1016/
j.aca.2020.09.050

Joshi, R., Pohl, P., Strachotova, D., Herman, P., Obsil, T., and Obsilova, V. (2022).
Nedd4–2 binding to 14–3-3 modulates the accessibility of its catalytic site and WW
domains. Biophys. J. 7, 1299–1311. doi: 10.1016/j.bpj.2022.02.025

Lawit, S. J., Wych, H. M., Xu, D., Kundu, S., and Tomes, D. T. (2010). Maize DELLA
proteins dwarf plant8 and dwarf plant9 as modulators of plant development. Plant Cell
Physiol. 51, 1854–1868. doi: 10.1093/pcp/pcq153

Li, H., Guo, L., Yan, M., Hu, J., Lin, Q., Wang, P., et al. (2022). A rapid and efficient
transient expression system for gene function and subcellular localization studies in the
tea plant (Camellia sinensis) leaves. Sci. Hortic-Amsterdam 297, 110927. doi: 10.1016/
j.scienta.2022.110927

Li, H., Wang, L., Liu, M., Dong, Z., Li, Q., Fei, S., et al. (2020). Maize plant
architecture is regulated by the ethylene biosynthetic gene ZmACS7 1. Plant Physiol.
183, 1184–1199. doi: 10.1104/pp.19.01421
Li, P., Wei, J., Wang, H., Fang, Y., and Xu, C. (2019). Natural variation and
domestication selection of ZmPGP1 affects plant architecture and yield-related traits
in maize. Genes 10, 9. doi: 10.3390/genes10090664

Li, Z., Zhang, X., Zhao, Y., Li, Y., Zhang, G., Peng, Z., et al. (2018). Enhancing auxin
accumulation in maize root tips improves root growth and dwarfs plant height. Plant
Biotechnol. J. 16, 86–99. doi: 10.1111/pbi.12751

Liu, N., Zhao, H., Hou, L., Zhang, C., Bo, W., Pang, X., et al. (2023). HPLC-MS/MS-
based and transcriptome analysis reveal the effects of ABA and MeJA on jujube
(Ziziphus jujuba Mill.) cracking. Food Chem. 421, 136155.1–136155.10. doi: 10.1016/
j.foodchem.2023.136155

Liu, N., Zhao, Y. J., Wu, J. W., Wei, Y. M., and Zhao, X. Y. (2020). Overexpression of
ZmDWF4 improves major agronomic traits and enhances yield in maize. Mol. Breed.
40, 8. doi: 10.1007/s11032–020-01152–6

Liu, Q., Zhang, S. H., and Bin., L. (2016). 14–3-3 proteins: Macro-regulators with
great potential for improving abiotic stress tolerance in plants. Biochem. Bioph. Res. Co.
477, 9–13. doi: 10.1016/j.bbrc.2016.05.120

Lu, L., Diao, Z., Yang, D., Wang, X., Zheng, X., Xiang, X., et al. (2022). The 14-3-3
protein GF14c positively regulates immunity by modulating the protein homoeostasis
of the GRAS protein OsSCL7 in rice. Plant Cell Environ. 4, 45. doi: 10.1111/pce.14278

Lu, X., Yang, L., Yu, M., Lai, J., Wang, C., Mcneil, D., et al. (2017). A novel Zea mays
ssp. mexicana L. MYC-type ICE-like transcription factor gene ZmmICE1, enhances
freezing tolerance in transgenic Arabidopsis thaliana. Plant Physiol. Bioch. 113, 78–88.
doi: 10.1016/j.plaphy.2017.02.002

Niti, Y., Saurav, B., Shubho, C., and Dibyendu, N. S. (2017). Molecular
characterization of the 14–3-3 gene family in rice and its expression studies under
abiotic stress. Planta 247, 229–253. doi: 10.1007/s00425–017-2779–4

Nolan, T., Chen, J., and Yin, Y. (2017). Cross-talk of brassinosteroid signaling in
controlling growth and stress responses. Biochem. J. 474, 2641–2661. doi: 10.1042/
bcj20160633

Phanchaisri, B., Samsang, N., Yu, L. D., Singkarat, S., and Anuntalabhochai, S.
(2012). Expression of OsSPY and 14–3-3 genes involved in plant height variations of
ion-beam-induced KDML 105 rice mutants. Mutat. Res-Fund. Mol. M. 734, 56–61.
doi: 10.1016/j.mrfmmm.2012.03.002

Pilu, R., Cassani, E., Villa, D., Curiale, S., Panzeri, D., Badone, F. C., et al. (2007).
Isolation and characterization of a new mutant allele of brachytic 2 maize gene. Mol.
Breed. 20, 83–91. doi: 10.1007/s11032–006-9073–7

Plackett, A. R. G., Powers, S. J., Fernandez-Garcia, N., Urbanova, T., Takebayashi, Y.,
Seo, M., et al. (2012). Analysis of the developmental roles of the Arabidopsis gibberellin
20-oxidases demonstrates that GA20ox1, -2, and -3 are the dominant paralogs. Plant
Cell 24, 941–960. doi: 10.1105/tpc.111.095109

Qin, C., Cheng, L., Shen, J., Zhang, Y., and Shen, C. (2016). Genome-wide
identification and expression analysis of the 14–3-3 family genes in medicago
truncatula. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00320

Roy, M. J., Surudoi, M. G., Kropp, A., Hou, J., Dai, W., Hardy, J. M., et al. (2023).
Structural mapping of PEAK pseudokinase interactions identifies 14–3-3 as a molecular
switch for PEAK3 signaling. Nat. Commun. 14, 1. doi: 10.1038/s41467–023-38869–9

Shang, Q., Zhang, D., Li, R., Wang, K., and Shi, L. (2020). Mapping quantitative trait
loci associated with stem-related traits in maize (Zea mays L). Plant Mol. Biol. 104, 583–
595. doi: 10.1007/s11103–020-01062–3

Sun, X., Xiang, Y., Dou, N., Zhang, H., Pei, S., and Franco, A. V. (2023). The role of
transposon inverted repeats in balancing drought tolerance and yield-related traits in
maize. Nat. Biotechnol. 41, 120–127. doi: 10.1038/s41587–022-01470–4

Tao, Y., Zheng, J., Xu, Z., Zhang, X., Zhang, K., and Wang, G. (2004). Functional
analysis of ZmDWF1, a maize homolog of the Arabidopsis brassinosteroids biosynthetic
DWF1/DIM gene. Plant Sci. 167, 743–751. doi: 10.1016/j.plantsci.2004.05.012
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1397058/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1397058/full#supplementary-material
https://doi.org/10.1111/pbr.12387
https://doi.org/10.1093/jxb/erv554
https://doi.org/10.1101/gad.1415106
https://doi.org/10.1111/tpj.16147
https://doi.org/10.1105/tpc.109.069203
https://doi.org/10.1007/s00344&ndash;022-10639&ndash;9
https://doi.org/10.1104/pp.127.1.33
https://doi.org/10.1111/nph.18267
https://doi.org/10.1093/bioinformatics/btad610
https://doi.org/10.1104/pp.114.236448
https://doi.org/10.1104/pp.20.00440
https://doi.org/10.1016/j.aca.2020.09.050
https://doi.org/10.1016/j.aca.2020.09.050
https://doi.org/10.1016/j.bpj.2022.02.025
https://doi.org/10.1093/pcp/pcq153
https://doi.org/10.1016/j.scienta.2022.110927
https://doi.org/10.1016/j.scienta.2022.110927
https://doi.org/10.1104/pp.19.01421
https://doi.org/10.3390/genes10090664
https://doi.org/10.1111/pbi.12751
https://doi.org/10.1016/j.foodchem.2023.136155
https://doi.org/10.1016/j.foodchem.2023.136155
https://doi.org/10.1007/s11032&ndash;020-01152&ndash;6
https://doi.org/10.1016/j.bbrc.2016.05.120
https://doi.org/10.1111/pce.14278
https://doi.org/10.1016/j.plaphy.2017.02.002
https://doi.org/10.1007/s00425&ndash;017-2779&ndash;4
https://doi.org/10.1042/bcj20160633
https://doi.org/10.1042/bcj20160633
https://doi.org/10.1016/j.mrfmmm.2012.03.002
https://doi.org/10.1007/s11032&ndash;006-9073&ndash;7
https://doi.org/10.1105/tpc.111.095109
https://doi.org/10.3389/fpls.2016.00320
https://doi.org/10.1038/s41467&ndash;023-38869&ndash;9
https://doi.org/10.1007/s11103&ndash;020-01062&ndash;3
https://doi.org/10.1038/s41587&ndash;022-01470&ndash;4
https://doi.org/10.1016/j.plantsci.2004.05.012
https://doi.org/10.3389/fpls.2024.1397058
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2024.1397058
Wang, H. S., Gu, L. J., Zhang, X. G., Liu, M. L., Jiang, H. Y., Cai, R. H., et al. (2018).
Global transcriptome and weighted gene co-expression network analyses reveal hybrid-
specific modules and candidate genes related to plant height development in maize.
Plant Mol. Biol. 98, 187–203. doi: 10.1007/s11103–018-0763–4

Wang, H. S., Zhang, X. G., Hu, F. X., Liu, M. L., Zhao, Y., Wang, Y., et al. (2019).
Systematic identification and characterization of candidate genes for the
regulation of plant height in maize. Euphytica 215, 2. doi: 10.1007/s10681–019-
2345–1

Wang, W., Tan, H., Sun, M., Han, Y., and Ni, T. (2021). Independent component
analysis based gene co-expression network inference (ICAnet) to decipher functional
modules for better single-cell clustering and batch integration. Nucleic Acids Res. 49,
e54. doi: 10.1093/nar/gkab089

Wang, Y. J., Deng, D. X., Ding, H. D., Xu, X. M., Zhang, R., Wang, S. X., et al. (2013).
Gibberellin biosynthetic deficiency is responsible for maize dominant Dwarf11 (d11)
mutant phenotype: physiological and transcriptomic evidence. PloS One 8, e66466.
doi: 10.1371/journal.pone.0066466

Wang, Y. P., Xu, Q., Shan, H. C., Ni, Y., Xu, M. Y., Cheng, B. J., et al. (2023).
Genome-wide analysis of 14–3-3 gene family in four gramineae and its response to
Frontiers in Plant Science 13
mycorrhizal symbiosis in maize. Front . Plant Sci . 14. doi : 10.3389/
fpls.2023.1117879

Winkler, R. G. (1995). The maize Dwarf3 gene encodes a cytochrome P450-mediated
early step in Gibberellin biosynthesis. Plant Cell 7 8, 1307–1317. doi: 10.1105/
tpc.7.8.1307

Xu, H., Qian, Z., Yupei, J., Chuanwei, Y., Qianyue, W., and Lin, L. (2018). Shade-
induced nuclear localization of PIF7 is regulated by phosphorylation and 14–3-3
proteins in Arabidopsis. Elife 7, e31636. doi: 10.7554/eLife.31636

Zhao, X., Li, F., Li, K., and Wicke, S. (2021). The 14-3-3 proteins: regulators of plant
metabolism and stress responses. Plant Biol. 23, 531–539. doi: 10.1111/plb.13268

Zhao, Y., Zhang, S., Lv, Y., Ning, F., Cao, Y., Liao, S., et al. (2022). Optimizing
ear-plant height ratio to improve kernel number and lodging resistance in maize
(Zea mays L. ) . Fie ld Crop Res . 276, 108376–108388. doi : 10 .1016/
j.fcr.2021.108376

Zhu, J. W., He, X. H., Li, Y. Z., Zhang, Y. L., Yu, H. X., Xia, L. M., et al. (2022).
Genome-wide analysis of the mango SPL family and overexpression of MiSPL13
confers early flowering and stress tolerance in transgenic Arabidopsis. Sci. Horti-
Amsterdam 305, 1–15. doi: 10.1016/j.scienta.2022.111363
frontiersin.org

https://doi.org/10.1007/s11103&ndash;018-0763&ndash;4
https://doi.org/10.1007/s10681&ndash;019-2345&ndash;1
https://doi.org/10.1007/s10681&ndash;019-2345&ndash;1
https://doi.org/10.1093/nar/gkab089
https://doi.org/10.1371/journal.pone.0066466
https://doi.org/10.3389/fpls.2023.1117879
https://doi.org/10.3389/fpls.2023.1117879
https://doi.org/10.1105/tpc.7.8.1307
https://doi.org/10.1105/tpc.7.8.1307
https://doi.org/10.7554/eLife.31636
https://doi.org/10.1111/plb.13268
https://doi.org/10.1016/j.fcr.2021.108376
https://doi.org/10.1016/j.fcr.2021.108376
https://doi.org/10.1016/j.scienta.2022.111363
https://doi.org/10.3389/fpls.2024.1397058
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Deciphering the maize gene ZmGF14–3: implications for plant height based on co-expression networks
	1 Introduction
	2 Materials and methods
	2.1 Maize materials for co-expression network construction and high-throughput transcriptome sequencing data
	2.2 Gene network construction
	2.3 RNA isolation and quantitative reverse transcription PCR
	2.4 Isolation of ZmGF14–3 cDNA
	2.5 GA, ABA, and IAA quantification
	2.6 Subcellular localization analysis
	2.7 Transformation of Arabidopsis

	3 Results
	3.1 Co&minus;expression network of plant height&minus;specific and ZmGF14s
	3.2 Phylogenetic analysis of GF14s in different studied species and structural analyses of maize GF14 genes
	3.3 Correlation analysis between ZmGF14s expression and genes associated with plant height
	3.4 Expression profiles of ZmGF14s across three developmental stages in three maize hybrids
	3.5 Expression patterns and subcellular localization analysis of ZmGF14–3
	3.6 Over-expression of ZmGF14–3 in A. thaliana and quantitation of GA, ABA, and IAA levels
	3.7 The impact of ZmGF14–3 overexpression in A. thaliana on phytohormone responsE GENES

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


