o-Ho
o>0
>0 >
—o-

genes

Article

Genome-Wide Identification of the Zinc Finger-Homeodomain
(ZF-HD) Gene Family and Their Response to Cold Stress in

Rosa chinensis

Xiaona Su !, Yiting Dong 2, Yuan Liao !, Weijian Li !, Zheng Chen 3, Chao Xu 1'* and Shaomei Jiang 4*

W) Check for updates

Academic Editor: Guirong Qiao

Received: 10 December 2025
Revised: 10 January 2026

Accepted: 13 January 2026
Published: 15 January 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Nanchang Business College, Jiangxi Agricultural University, Jiujiang 332020, China

College of Agriculture, Jiangxi Agricultural University, Nanchang 330045, China

School of Life Sciences, Jiangxi Normal University, Nanchang 330022, China

School of Statistics and Data Science, Jiangxi University of Finance and Economics, Nanchang 330013, China
*  Correspondence: 15170488808@163.com (C.X.); 13870621151@163.com (S.].)

W N e

Abstract

Background: The zinc finger-homeodomain (ZF-HD) transcription factor family exerts
pivotal regulatory functions in plant development and stress responses, yet a systematic
genome-wide survey is lacking for Rosa chinensis. Methods: In this study, we performed
a comprehensive genome-wide identification and analysis of ReZF-HD genes in R. chi-
nensis using bioinformatics approaches. Nine RcZF-HD loci were mined from the rose
genome and comprehensively profiled for physicochemical parameters, phylogenetic
affiliations, chromosomal positions, exon-intron architectures, conserved motifs, and spa-
tiotemporal expression landscapes. Results: The results showed that RcZF-HD genes were
unevenly distributed across four chromosomes (Chr2, Chr4, Chr6, and Chr7), with tandem
duplication events detected on chromosomes 2 and 7, suggesting their contribution to
gene family expansion. Maximum-likelihood phylogeny placed RcZF-HD proteins within
nine well-supported sub-clades alongside Arabidopsis orthologs, implying both evolution-
ary conservation and lineage-specific divergence. All members retain canonical zinc-finger
domains, yet acquire unique motif signatures predictive of functional specialization. Gene
structure analysis revealed considerable diversity in exon—intron organization. Expression
profiling across six different tissues (root, stem, leaf, bud, flower, and fruit) demonstrated
remarkable tissue-specific expression patterns. Notably, RchiOBHm_Chr2g0168531 exhib-
ited extremely high expression in stem tissue, while RchiOBHm_Chr7g0181371 showed
preferential expression in flower tissue, suggesting specialized roles in stem development
and floral organ formation, respectively. The cold-stress challenge of ‘Old Blush’ petals
further disclosed pronounced up-regulation of seven RcZF-HD genes, attesting to their
critical contribution to low-temperature tolerance. Conclusions: Integrative analyses fur-
nish a multidimensional blueprint of the rose RcZF-HD repertoire, providing molecular
landmarks for future functional dissection and ornamental trait engineering.

Keywords: Rosa chinensis; ZF-HD transcription factor; gene expression; phylogenetic
analysis; tissue-specific expression

1. Introduction

Transcription factors (TFs) are proteins that recognize specific DNA sequences and
bind to them, thereby regulating downstream gene transcription initiation through acti-
vation or repression. In plants, TFs are deeply involved in the precise control of growth,
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development, and stress responses, and serve as a central entry point for dissecting gene-
regulatory networks. Also, it has been reported that master regulatory TFs exist in plants to
regulate the biosynthesis and signaling of these phytohormones [1]. Screening co-binding
sites in the promoter region of transcription factors, Virag et al. (2025) found that TF families
often share conserved cis-regulatory structures, allowing for coordinated or hierarchical
control of gene expression through shared binding motifs [2]. Systematic identification
and functional characterization of plant TFs are therefore crucial for elucidating plant life
processes and mechanisms of environmental adaptation [3].

ZF-HD (zinc finger-homeodomain) is a plant-specific TF family named after its
two core domains: one is the zinc-finger (ZF) domain, usually located at the N-terminus,
adopts a C2H2-type zinc-finger fold that mediates DNA binding or protein—protein interac-
tions; the other is the homeodomain (HD) at the C-terminus, ~60 amino acids long, that
forms a three-helix structure that binds DNA in a sequence-specific manner and modulates
downstream gene expression [4]. ZF-HD proteins are typically divided into two subfami-
lies: ZHD, which contains both ZF and HD domains; and MIF (mini zinc finger), which
possesses only the ZF domain [5,6].

The ZF-HD gene family was first identified in Arabidopsis thaliana, where initial studies
revealed its involvement in floral development and leaf morphogenesis [4,7]. Subsequent
genome-wide identification studies have expanded our understanding of this gene family
across various plant species, including rice (Oryza sativa), maize (Zea mays), and wheat
(Triticum aestivum) [8—10]. These comparative genomic analyses have demonstrated that
ZF-HD genes exhibit considerable variation in copy number and structural organization
across different plant lineages, suggesting lineage-specific expansion and functional diver-
sification [5,11].

ZF-HD genes have been identified in numerous plant species. Model plants such as
Arabidopsis and rice (Oryza Sativa L.) each contain 14-17 members that fall into the ZHD
and MIF subgroups [8,12]. In other plants, like Malus pumila, Prunus persica, Brassica rapa,
Camelllia sinensis, Zea mays, Gossypium hirsutum, Triticum aestivum, and Rosa chinensis, their
genome-wide surveys have 20, 8, 24, 18, 26, 37, 28, and 9 members, respectively [8,13-16].
Functional studies show that ZF-HD proteins participate in multiple aspects of plant
development and abiotic stress responses: (1) growth and development, e.g., leaf, floral
organ, and embryo formation. When the AtZHD5 in Arabidopsis is overexpressed, the cell
size significantly is enlarged, the stem regeneration capacity and the callus proliferation are
enhanced, but the root growth is inhibited [17,18]. The GO analysis suggests that the ZHD
family may be involved in various metabolic networks within plants, regulating various
biological processes and pathways [15]. (2) Abiotic stress tolerance: AtZHDI1 can bind to
the promoter of the early-response gene ERD1 during plant drought stress, synergistically
enhancing plant drought resistance. Plants overexpressing ZHD1 exhibit significantly
enhanced drought resistance. In addition, the expression of AtZHD1 can also be induced by
high salt and abscisic acid (ABA) [19]. Figueiredo et al. found that four OsZHDs can bind
to the promoter of OsDREB1B (DROUGHT RESPONSE ITEM BINDING 1B), inhibiting its
transcription and regulating rice’s stress response to drought [20]. In peaches, PpZHD1
interacts with PpOFP1 (OVATE family protein 1) to enhance plant salt tolerance [21]. In
wheat, TaZHD is induced to express after salt stress, low temperature, and polyethylene
glycol treatment [22]. In chili peppers, CaZHD is induced to express under conditions of
high temperature, frost damage, salt stress, and drought [15].

Rose belongs to the species Rosa rugosa within the genus Rosa, family Rosaceae, and
order Rosales. It is a deciduous shrub with thorny stems and odd-pinnate compound
leaves bearing 5-9 oval leaflets with marginal spines. Rose is an important economic crop;
its flowers are primarily used for extracting rose essential oil, which is widely employed in
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cosmetics, food and fine-chemical industries [23]. The optimal temperature for the growth
and development of roses is 16-26 °C; when the temperature is below 5 °C, they will enter
dormancy [24]. Many studies have reported on plants’ responses to cold stress, including
Arabidopsis, rice, wheat, and tomatoes [25-28]. However, the effects of cold stress on rose
plant remain unclear. Furthermore, the lack of a rose genome has kept rose research and
industrial application at an early stage, severely constraining their breeding progress. With
the rapid development of genomic sequencing and bioinformatics, the first genome of wild
Rosa multiflora was released in 2018 [29]. Since then, gene-function studies in rose have
entered a fast-growing era, and several TF families—including MYB, NAC, bHLH, TCP,
and WRKY—have been identified and functionally analyzed [30-34]. However, the ZF-HD
family in rose has not yet been investigated.

In the present study, we conducted a systematic genome-wide analysis of the ZF-
HD gene family in R. chinensis. We identified nine ZF-HD genes and characterized their
phylogenetic relationships, chromosomal distribution, gene structure, conserved motifs,
and tissue-specific expression patterns. Also, we evaluated the responses of ZF-HD genes
in “Old Blush’ to cold stress. We hypothesized that the ReZF-HD repertoire is evolutionarily
conserved, yet contains rose-specific duplicates that drive functional partitioning among
stems, flowers, and other tissues, and subset members are transcriptionally primed to
mediate cold-stress signaling. These hypotheses were tested by integrating genome-wide
identification, comparative phylogenomics, and high-resolution expression profiling under
both developmental and low-temperature regimes. Our findings provide fundamental
insights into the evolutionary conservation and functional diversification of ZF-HD genes
in rose, laying the groundwork for future functional studies and potential applications in
rose-breeding programs aimed at improving developmental traits and stress tolerance.

2. Methods
2.1. Identification of ZF-HD Gene Family Members in Rosa chinensis

The genome sequence, protein sequences, CDS sequence, gff3 file, and annota-
tion files of Malus domestica Golden, Prunus mume, Arabidopsis thaliana, Prunus persica,
Prunus avium, and Rosa chinensis were downloaded from the EnsemblPlants website
(https:/ /plants.ensembl.org/info/data/ftp /index.html) (accessed on 23 February 2025). To
identify the RcZF-HD gene family members of the six species, the Hidden Markov Model
(HMM) profiles of the zinc finger domain (PF04770) were obtained from the Pfam database
(http:/ /pfam.xfam.org/) [35]. HMMER 3.3.2 software (http://hmmer.org/) was employed
to search against the R. chinensis protein database with an E-value threshold of 1le-5. All
candidate ZF-HD proteins were further validated using the NCBI Conserved Domain
Database (CDD, https:/ /www.ncbi.nlm.nih.gov/cdd/) (accessed on 14 August 2025) [36]
and InterProScan (http://www.ebi.ac.uk/interpro/) (accessed on 14 August 2025) [37]
to confirm the presence of both zinc finger and homeodomain structures. Only proteins
containing conserved domains were retained as ZF-HD family members. The physicochem-
ical properties of identified ZF-HD proteins were calculated using the ProtParam tool on
ExPASy website (https://web.expasy.org/protparam/) (accessed on 26 August 2025) [38].
The obtained protein sequences were analyzed for subcellular localization using the WoLF
PSORT online tool (https://wolfpsort.hgc.jp/) (accessed on 27 August 2025).

2.2. Phylogenetic Analysis

The ZF-HD protein sequences from Rosa chinensis and six species were aligned using
the MAFFT software MAFFT (v7.450) (optimization parameters: -maxiterate 1000 -retree
1 -genafpair) with the E-INS-i algorithm. Subsequently, a phylogenetic tree was recon-
structed from the resulting multiple sequence alignment using the IQ-TREE (v2.1.4) with a
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best-fit model according to BIC: JTTDCMut+F+I+R4 (optimization parameters: -m MFP -bb
1000 -alrt 1000 -nt AUTO) with the final inferred phylogenetic tree was visualized and
annotated using FigTree software (v1.4.4).

2.3. Chromosomal Localization Analysis

To visualize the chromosomal distribution of ZF-HD gene family members in Rosa
chinensis, the genomic chromosome lengths were first extracted using Samtools (version
1.22, installed via sudo apt install samtools). Subsequently, positional information for all ZF-
HD genes was retrieved from the genome annotation file (GFF3 format). Gene identifiers,
start/end coordinates, chromosome assignments, and optional color codes were input,
and specifications of the MapGene2Chrom website (http://mg2c.iask.in/mg2c_v2.1/)
(accessed on 21 October 2025) were used for the generated data visualization.

2.4. Gene Structure and Conserved Motif Analysis

The exon—intron organization of ZF-HD genes was analyzed based on the genome
annotation file and visualized using the Gene Structure Display Server 2.0 (GSDS, http:
//gsds.gao-lab.org/) (accessed on 11 September 2025) [39]. Conserved motifs in ZF-HD
proteins were identified using the MEME Suite (version 5.3.0) (Multiple Em for Motif Elici-
tation, https:/ /meme-suite.org/meme/index.html) (accessed on 12 September 2025) [40]
with the following parameters: -protein -nostatus -maxsize 600000 -nmotifs 10 -minw
6 -maxw 50, and any number of repetitions (anr) mode.

2.5. Three-Dimensional Protein Structure Prediction

The three-dimensional structures of representative ZF-HD proteins were predicted
using SWISS-MODEL (https:/ /swissmodel.expasy.org/) website [41] based on homology
modeling. The predicted structures were visualized and analyzed using PyMOL software
(version 3.1.6.1) (Schrodinger, LLC., New York, NY, USA) to identify the zinc finger and
homeodomain regions.

2.6. Expression Pattern Analysis

RNA-seq data for different R. chinensis tissues from ‘Old Blush’, including root, stem,
leaf, ovary, stamen and prickle, were obtained from the NCBI Sequence Read Archive
(SRA) database under BioProject accession number PRINA546486 [30]. Two replicates were
sampled for RNA-seq. Then, FastQC software (version 1.12.1) was used to assess the read
quality, and Trimmomatic (versioin 0.30) was used to discard the low-quality portions of
reads (QUALITY: 15; LEADING: 20; TRAILING: 20; MINLEN: 50; SLIDINGWINDOW:
5: 20) and mapped to the R. chinensis reference genome using HISAT?2 (v2.1.0) with de-
fault parameters [42]. Gene expression levels were quantified as fragments per kilobase
of transcript per million mapped reads (FPKM) using StringTie (v2.0.4) [43]. FPKM is a
relative quantitative indicator used in transcriptome sequencing to correct gene length
and sequencing depth, and it can be used to exhibit gene expression in plants. The ex-
pression heatmap was generated using the pheatmap package by python (v3.12.0) with
FPKM transformation.

2.7. Cold Response of ZF-HD Gene Family in Rosa chinensis

The fresh cut roses from ‘Old Blush’ with consistent growth conditions were randomly
divided into two groups, and place them in illuminating incubator. The experiment set up
a low-temperature group (4 °C low-temperature treatment), with a normal temperature of
24 °C as the control. The growth condition was set up with a relative humidity control of
around 50% and 16 h light/8 h dark. The rose petals were sampled after 5 days of treatment.
All the samples were frozen in liquid nitrogen and stored at —80 °C for the following steps.
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The RNA of samples was extracted using RNA prep Pure Plant Kit from TOYOBO
(TOYOBO Biotech Co., Ltd., Shanghai, China). The first-strand cDNA was synthesized
using HiScriptR II Q RT Super Mix (TOYOBO Biotech Co., Ltd., Shanghai, China). The
quantitative PCR primers were designed by Beacon designer 7.0 (Supplementary Table
S1). Quantitative PCR was conducted in Switzerland using a Roche, Light CyclerR 480
II using SYBR GREEN dye (TaKaRa Biotech Co., Ltd., Dalian, China). The thermos cycle
was set as follows: 95 °C for 30 s; 40 cycles of 95 °C for 10 s, and 60 °C for 30 s. b-actin, as
a reference gene of Camellia sinensis, was used as an internal control [23]. Quantitative
expression analysis in each sample was carried out with each of three biological and
technique replicates. Relative gene expressions were analyzed using the 2-ACt method.
Three biological replicates and three technical replicates were used in this experiment.

3. Results
3.1. Identification of the ZF-HD Gene Family

To identify ZF-HD genes in rose, a total of nine RcZF-HD genes were obtained. The
amino acid lengths of these nine ZF-HD proteins range from 86 to 382 amino acids, with
molecular weights ranging from 9452.56 to 41,757.38 Da, and isoelectric points (pl) ranging
from 6.65 to 8.98. PRQ19624 possesses the longest amino acid sequence, the largest molec-
ular weight, and the smallest pI value. PRQ53619 has the shortest amino acid sequence,
the smallest molecular weight, and a pl value of 8.97. PRQ40789 exhibits the highest pl
value. Subcellular localization analysis of the ReZF-HD family revealed that PRQ48556,
PRQ47599, PRQ53615, PRQ40789, PRQ15836, and PRQ27049 are localized to the nucleus.
PRQ53619 and PRQ19624 are localized to the cytoplasm, while PRQ16176 is localized to
the chloroplast (Table 1). These findings indicate that there are significant differences in the
sequences and characteristics among the nine RcZF-HD proteins.

Table 1. Detailed information for the ZF-HD gene family in Rosa chinensis.

Protein 1D Gene D Chromosome  Lengthof NI Molecwar - Theorercal LG
Acids Localization
PRQ48556 RchiOBHm_Chr2g0112031 23797231-23799978 819 272 29,328.24 6.65 Nucleus
PRQ53619 RchiOBHm_Chr2g0168531 82900990-82902041 261 86 9452.56 7.60 Cytoplasm
PRQ47599 RchiOBHm_Chr2g0101391 12999558-13002515 1056 351 38,824.39 8.89 Nucleus
PRQ53615 RchiOBHm_Chr2g0168471 82854849-82856428 1062 353 38,210.93 7.00 Nucleus
PRQ40789 RchiOBHm_Chr4g0439861 62189936-62192231 1134 377 41,251.98 8.98 Nucleus
PRQ27049 RchiOBHm_Chr6g0301181 61697534-61699875 981 326 35,929.10 6.81 Nucleus
PRQ19624 RchiOBHm_Chr7g0219261 37596256-37598657 1149 382 41,757.38 6.95 Cytoplasm
PRQ16176 RchiOBHm_Chr7g0181371 3027607-3028180 297 98 10,839.99 8.61 Chloroplast
PRQ15836 RchiOBHm_Chr7g0177751 599394-601378 699 232 25,691.69 8.74 Nucleus

3.2. Phylogenetic Analysis of ReZF-HD Genes

The phylogenetic tree was constructed based on gene sequences, elucidating the
phylogenetic relationships among genes from multiple species, including Malus domestica
Golden, Prunus mume, Arabidopsis thaliana, Prunus persica, Prunus avium, and Rosa chinensis.
The phylogenetic analysis classified the genes into nine subclasses (Subclass I to Subclass IX)
(Figure 1A). Notably, Subclass I and Subclass II each contain only a single gene, specifically
Arabidopsis AT5G65410.1 and rose PRQ48556, respectively. This observation suggests that
these two genes diverged early in evolution, exhibiting relatively distant phylogenetic
relationships with genes from other subclasses and forming independent evolutionary
lineages. Subclass III comprises two genes from golden apple, while Subclass IV clusters
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two peach genes and one plum gene. Among Subclasses I-1V, only Subclass Il includes a
rose gene (PRQ48556).

Ior m1l
PRQ4g7ge
11

Ar

gr10v0ud

Figure 1. Phylogenetic tree of ZF-HD proteins. (A) Phylogenetic tree of roses, containing Rosa
chinensis, Malus domestica Golden, Prunus mume, Arabidopsis thaliana, Prunus persica, Prunus dulcis, and
Prunus avium ZF-HD members. Different-colored arcs represent different groups of ZF-HD proteins.
(B) ZF-HD proteins phylogenetic tree of Rosa chinensis.

Subclasses V-IX encompass a greater number of genes. Specifically, Subclass VI
contains two rose genes (PRQ53619 and PRQ16176), Subclass VII includes one rose
gene (PRQ19624), Subclass VIII comprises three rose genes (PRQ53615, PRQ40789, and
PRQ15836), and Subclass IX contains two rose genes (PRQ27049 and PRQ47599). Im-
portantly, Subclasses LIII, IV, and V lack rose genes. The rose genes are predominantly
concentrated in subclasses (VI-IX) that contain a higher number of ZF-HD members, indi-
cating that the diversification of rose ZF-HD family members occurred relatively late in
evolutionary history.

The phylogenetic tree of rose ReZF-HD members (Figure 1B) is relatively simple, with
the nine RcZF-HD gene family members divided into five subclasses (Subclass II, VI, VII,
VIII, and IX), which is consistent with the previous multi-species phylogenetic tree.

3.3. Chromosomal Distribution of Rose ZF-HD Genes

The Rosa chinensis genes were unevenly distributed on seven chromosomes (Figure 2).
Chromosome 1 contained no RcZF-HD genes; Chromosome 2 harbored four ReZF-HD genes,
namely RchiOBHm_Chr2g0101391, RchiOBHm_Chr2g0112031, RchiOBHm_Chr2g0168471, and
RchiOBHm_Chr2¢0168531; Chromosome 3 contained no RcZF-HD genes; Chromosome 4
contained one RcZF-HD gene (RchiOBHm_Chr4g0439861); Chromosome 5 contained no
RcZF-HD genes; Chromosome 6 contained one RcZF-HD gene (RchiOBHm_Chr6g0301181);
and Chromosome 7 harbored three RcZF-HD genes, namely RchiOBHm_Chr7¢0177751,
RchiOBHm_Chr7¢0181371, and RchiOBHm_Chr7¢0219261. Nine RcZF-HD genes loci are
non-randomly distributed across four of the seven chromosomes of Rosa chinensis. Chr2
harbors the largest fraction (44.4%, 4/9 genes), followed by Chr7 (33.3%, 3/9 genes), whereas
Chr4 and Chr6 each host a single member (11.1%, 1/9 genes). No RcZF-HD genes were
detected on the remaining three chromosomes. There was no indication of large-segment
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gene duplication events of ReZF-HD genes across these seven chromosomes, and the gene
distribution presented a scattered pattern in specific chromosomes.

1 2 3 4

0Mb
9 Mb

18 Mb RehiOBHm_Chr2g0101391

27 Mb RehiOBHmM_Chr2g0112031

63 Mb RehiOBHmM_Chr4g0439861-
81 Mb RehiOBHmM_Chr2g0168471 RehiOBHM_Chr2g0168531

5 6 7
0Mb Rohio — :
amb chiOBHm_Chr7g0177751 RchiOBHmM_Chr7g0181371

36 Mb RchiOBHm_Chr7g0219261

63 Mb RchiOBHmM_Chr6g0301181—"

Figure 2. The chromosomal distribution of RcZF-HD genes in roses. Chromosomal dis-
tribution of RcZF-HD genes. RcZF-HD gene distribution in the four chromosomes includ-
ing 2, 4, 6, and 7. Chr2 contains RcHiOBHm_Chr2g0101391, RcHiOBHm_Chr2¢0112031,
RcHiOBHm_Chr2g0168471, and RcHiOBHm_Chr2g0168531. Chr4 has a single RcZF-HD gene,
RcHiOBHm_Chr4g0439861.  Chr6 holds RcHiOBHm_Chr6g0301181, while Chr7 is home to
RcHiOBHm_Chr7¢0177751, ReHiOBHm_Chr7g0219261, and ReHiOBHm_Chr7¢0181371. The numbers
on the left stand for the length of the chromosomes and also provide the locations of these genes on
their chromosomes.

3.4. Gene Structure Analysis Rose ZF-HD Genes

To analyze the gene structures of ZF-HD genes, their exon/intron organizations were
investigated by comparing genomic sequences (Figure 3). As shown in Figure 3, the RcZF-
HD gene structures exhibited variations. Most RcZF-HD genes were intronless, such as
RchiOBHm_Chr2g0112031, RchiOBHm_Chr2g0168531, and RchiOBHm_Chr2g0101391. Notably,
only RchiOBHm_Chr2g0301181 contained two introns, the remaining genes all contained
only one intron. Among the nine RcZF-HD genes, three loci (RchiOBHm_Chr2¢0101391,
RchiOBHm_Chr4g0439861, and RchiOBHm_Chr6g0301181) are intronless, corresponding to
33.3% of the family. The remaining six members contain at least one intron, indicating that
loss of introns is an architectural feature within the R. chinensis RcZF-HD repertoire. The
exon/intron distribution patterns showed that genes within the same phylogenetic clade had
more similar structures, indicating conserved evolutionary features in their gene architecture.

RchiOBHm_Chr2g0112031
RchiOBHm_Chr2g0168531
RchiQBHm_Chr7g0181371 ——

RchiOBHm_Chr6g0301181 i
RchiOBHm_Chr2g0101391

RchiOBHmM_Chr7g0177761 ———

RchiOBHm_Chr2g0168471

RchiOBHm_Chrdg0439861 —

RchiOBHm_Chr7g0219261

& s ‘ v L
obp 500bp 1000bp 1500bp 2000bp

Legend:

Exon — Intron

Figure 3. Gene structure of ZF-HD genes. Black lines indicate introns; yellow boxes indicate exons;
the genomic length is indicated at the bottom.

3.5. The Conserved Motif Analysis RcZF-HD Genes

Ten motifs were identified from the nine ZF-HD family members, namely Motif1-10 (as
shown in the motif consensus legend) (Figure 4). Motifl (consensus: VRYRECLKINHAAS]G-
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GHALDGCGEEFMPSG) and Motif3 (consensus: EDTEVALKCA ACGCHRNKFHRKEVGKE)
were present in multiple ZF-HD family members, with Motifl and Motif3 appearing in
PRQ48556, PRQ53619, PRQ47599, PRQ53615, PRQ40789, PRQ27049, PRQ19624, PRQ16176
and PRQ15836. Motif2 (consensus: KKKRPTKFSQPQKEKMFEAEKLGWKIQKQD) and
Motif4 (consensus: EDEVZKFCDEIGVKRQVLKVWMHNNKH) was found in PRQ48556,
PRQ47599, PRQ53615, PRQ40789, PRQ27049, PRQ19624 and PRQ15836. The ZF-HD family
members showed different motif compositions; PRQ47599, PRQ53615, PRQ40789, PRQ27049,
and PRQ19624 had relatively more motifs, while PRQ53619 and PRQ16176 had fewer motifs.
Motif10 (consensus: NKTLLF) was unique to PRQ47599, PRQ53615, and PRQ40789, and
Motif8 (consensus: NNNNNNN) was specific to PRQ53615 and PRQ40789.

A Name p-value Motif Locations
PRQ48556 2.43x107% N 3 C 2 I
PRQ53619 6.50x10°5
PRQ47599 7.73x107'12 0 5 m N 3 5 T2 Il
PRQ53615 4.41x107'1° s I 3| 9 [ 2 e E B 5
PRQ40789 1.12x10-'%+ o [ JIK] T2 B 5
PRQ27049 1.10x1071% ) N 3 5 [ 2 el
PRQ19624 4.04x10-"s _ il 5 BN 3 2 'l
PRQ16176 1.56x10°°
PRQ15836 2.64x10-¢2 N 3 C 2
B Motif Symbol Motif Consensus
1. B VRYRECLKNHAASJGGHALDGCGEFMPSG
2. [ ] KKRFRTKFSQEQKEKMFEFAEKLGWKIQKQD
3. [ ] EGTPEALKCAACGCHRNFHRREVEGE
4. B EDEVZKFCDEIGVKRQVLKVWMHNNKH
5 @ HHHHHQ
6. I MKKRQVVVRR
7. A IPIPIP
8. H NNNNNN
9. m VCEYQP
10. O NKTLIF

Figure 4. Motif locations and consensus of RcZF-HD proteins in roses. Motif composition of ZF-HD
proteins. Different colored boxes indicate motifs 1-10. (A) Schematic representation of motif locations
across RcZF-HD proteins. Each row corresponds to a protein, with colored boxes indicating the
presence and position of motifs 1-10. (B) Motif consensus sequences for RcZF-HD proteins. The
consensus sequences are provided for motifs 1-10, with each letter representing the most frequently
occurring amino acid in that position. p-values indicate the statistical significance of motif enrichment
in the RcZF-HD protein set compared to a random background model. Lower p-values suggest higher
confidence in motif conservation.

3.6. Three-Dimensional Structure Prediction of Rose ReZF-HD Genes

The three-dimensional structure of ReZF-HD family proteins result showed that the
three-dimensional structures exhibited notable differences among different ReZF-HD mem-
bers. For instance, PRQ16176 and PRQ53619 displayed structures with prominent 3-sheets,
while PRQ19624, PRQ27049, PRQ40789, and PRQ48566 contained multiple x-helices, indi-
cating structural diversity within the ReZF-HD family (Figure 5).

These 3D models revealed that RcZF-HD family proteins had distinct structural fea-
tures. PRQ15836, PRQ47599, PRQ53615 showed a combination of x-helices and irregular
coils, while PRQ16176 and PRQ53619 were dominated by (3-sheets. Notably, there were
significant structural differences among different ReZF-HD members, which might be
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PRQ48556

Subclass 11

related to their functional diversification. The structural variations suggested that RcZF-HD
family proteins have evolved distinct conformations to adapt to different biological roles.
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Figure 5. The three-dimensional structure of proteins encoded by 9 RcZF-HD transcript factors, which
consists of five subgroups (I, VI, VII, VIII, IX). The protein structures are displayed in different colors
to represent different secondary structure elements.

3.7. Expression Pattern Analysis of ZF-HD Genes in Rose Tissues

To investigate the specific expression profiles of RcZF-HD genes, a gene expression
heatmap across different tissues was generated. As shown in the heatmap, the ReZF-HD
genes exhibited distinct expression patterns in various tissues, including prickle, stamen,
leaf, ovary, stem, and root (Figure 6).

Notably, RchiOBHm_Chr2g0168531 showed an extremely high expression in stamen
(FPKM = 23,192.6) and a relatively high expression in ovary (FPKM = 3386.6), indicat-
ing a potential crucial role in stamen and ovary development. RchiOBHm_Chr2g0168531
is highly expressed, it might be associated with processes like pollen development or
meiosis, which are crucial for male fertility in plants. Such elevated expression could
also signify a response to specific environmental stimuli or developmental cues that are
prevalent in the stamen. For instance, genes involved in signaling pathways that regulate
pollen grain formation or in the production of proteins that ensure successful fertilization
might exhibit high expression levels. This could mean that RehiOBHm_Chr2g0168531 could
be a key transcription factor or regulatory protein that controls a network of genes im-
portant for stamen function. RchiOBHm_Chr2g0168471 was highly expressed in stamen
(FPKM = 1921.0), leaf (FPKM = 2201.2), and ovary (FPKM = 1574.2), suggesting
its involvement in multiple tissue developmental processes. In contrast, genes like
RchiOBHm_Chr6g0301181 and RchiOBHm_Chr7g0219261 had an undetectable or very low
expression in root, while RchiOBHm_Chr7g0181371 was highly expressed in prickle (FPKM
= 686.6) and stem (FPKM = 1448.2). These expression variations imply that ReZF-HD genes
may have diverse functions in different tissue development and physiological processes.
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Figure 6. Heat map of RcZF-HD gene family members expression data in different rose tissues. The
color shade of the dial represents the level of gene expression.

3.8. The Certification of RNA-Seq Data by gRT-PCR Results
Five genes including Chr2g0158011, Chr5¢0013261, Chr5g0013251, Chr6g0277181,
Chr4g0443671 were randomly selected for RNA-seq data certification. In general, the

qRT-PCR results were basically consistent with the RNA-seq data, suggesting that the
RNA-seq data are reliable (Figure 7).

Chi
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Figure 7. qRT-PCR results confirmed DEG identified by RNA-seq. Five genes were randomly selected
for qRT-PCR analysis for validation.

3.9. The Response Analysis of ZF-HD Genes in Rose Petal to Cold Stress

The qRT-PCR was used to investigate the response of ZF-HD genes in ‘Old Blush’
under cold stress in rose after the fresh-cut roses were conducted into cold stress. As
shown in Figure 8, seven of the nine detected RcZF-HD genes show a violent reaction,
especially RchiOBHm_Chr7g0219261 and RchiOBHm_Chr7g0181371, with 110 times and
160 times higher levels in cold stress when compared to the control treatment. However,
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RchiOBHm_Chr6g0301181 and RchiOBHm_Chr7g0177751 exhibited a decrease by about
5 times when compared to the control treatment. The other four genes were shown as
changing from 1.22 to 20.12 times. These results indicated their non-negligible roles in cold
response in rose.

m Control m Cold stress

3.5 -
3
2.5 1
2
1.5 1
1
0.5 1

Relative Expresssion (log,,)

Figure 8. qRT-PCR of RcZF-HD gene family members under cold stress in rose petal. Three biological
and three technical replicates were used in this experiment.

4. Discussion
4.1. Evolutionary and Phylogenetic Insights of ReZF-HD Genes

The ZF-HD family within the Rosaceae family, revealing unique evolutionary patterns
and late diversification of RcZF-HD genes in Rosa chinensis. In this study, nine ReZF-HD
genes have been identified in Rosa chinensis genome through bioinformatics analysis, which
is smaller than other plant species, including a total of 11 in Oryza sativa [8], 23 in Triticum
aestivum [10], 14 in Arabidopsis thaliana [12], and 21 in Populus trichocarpa [44]. The relatively
compact ReZF-HD gene family in R. chinensis may reflect the specific evolutionary trajectory
of Rosaceae genomes and their distinct developmental requirements when compared to
the model plants and major crops. Phylogenetic analysis of the ZF-HD family from ‘Malus
domestica Golden’, 'Prunus mume’, *Arabidopsis thaliana’, 'Prunus persica’, ‘Prunus avium’,
and rose resolved nine sub-clades in evolutionary (Figure 1). Within the Rosaceae family,
the divergence in the ReZF-HD genes occurred relatively late compared to its divergence
in other plant families. This suggests that the RcZF-HD genes in Rosa chinensis have
undergone a significant degree of evolutionary change more recently than the Rosaceae
family, potentially adapting to unique ecological niches or developmental processes specific
to this lineage. Within the Rosaceae family, the divergence of the RcZF-HD genes occurred
relatively late compared to its divergence in other plant families. This is particularly
evident in sub-clades III and VI, where the RcZF-HD genes show a higher degree of
sequence conservation and a more recent common ancestry compared to genes from Prunus
mume and Prunus persica. In sub-clade I, the ReZF-HD genes exhibit a greater degree of
functional specialization compared to Malus domestica Golden and Prunus avium, suggesting
a more recent adaptive radiation within the Rosaceae lineage. Furthermore, in sub-clade
V, the RcZF-HD genes in Rosa chinensis show a distinct evolutionary path compared to
Arabidopsis thaliana, indicating a unique adaptation to the ecological and developmental
requirements of the Rosaceae family. The high sequence identity within each sub-clade
implies that they were from a common ancestor, whereas inter-sub-clade divergence reflects
species splits.
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4.2. Gene Structure and Motif Analysis for ReZF-HD Genes in Rosa chinensis

Gene-structure (exon—-intron) and motif analyses may illuminate some potential reg-
ulatory mechanisms. We uniquely integrate gene structure, protein structure, and motif
analysis with phylogenetic classification, offering detailed insights into the correlation
between structural features and functional specialization within the ReZF-HD family. Parts
of ZF-HD genes have no intron, which implies a rapid transcription and functional conser-
vation (Figure 3). The analysis of motifs in Figure 4, in conjunction with the phylogenetic
relationships depicted in Figure 1B, shows that universally conserved motifs such as Motifl,
Motif2, Motif3, and Motif4 are likely to form the core functional domain essential for the
basic function of ZF-HD proteins across species. Sub-family-specific motifs, like Motif10
and Motif8, which are present in certain branches of the phylogenetic tree (Figure 1B),
suggest a correlation with functional diversification and evolutionary divergence within
the RcZF-HD family. Motifl Motif2, Motif3 and Motif4 are universally present, likely form-
ing the core functional domain, whereas sub-family-specific motifs (e.g., Motif10, Motif8)
denote functional diversification (Figure 4).

Three-dimensional comparisons of PRQ sub-family proteins reveal variable o-helix/ 3-
sheet contents, reinforcing the notion that structural complexity underpins broader bio-
logical roles, while conserved regions safeguard core functions (Figure 5). Based on the
three-dimensional structural models presented in Figure 5, it is evident that proteins within
Subclass 11, such as PRQ48556, exhibit a distinct structural arrangement characterized by a
notable presence of x-helices, which may be associated with specific regulatory functions.
In contrast, Subclass VIII proteins, including PRQ15836, display a more complex structural
composition with a higher proportion of (3-sheets, potentially indicating a role in structural
support or stabilization within the cell. Furthermore, the variability in structural features
among subclasses, as observed in the models for PRQ27049 (Subclass IX) and PRQ53619
(Subclass V1), suggests a correlation between protein structure and functional diversity,
highlighting the importance of further experimental investigation to elucidate their specific
biological roles. The 3D structural model shown in Figure 5 is the prediction result derived
from SWISS-MODEL, and it provides a hypothetical explanation for the protein structure.

4.3. Tissue-Specific Expression for ReZF-HD Genes

Expression profiling for six rose tissues (prickle, stamen, leaf, ovary, stem, root) revealed
their specificity, which provides valuable insights about their potential functional roles in
regulating the growth and development (Figure 6). Strikingly, RchiOBHm_Chr2g0168531
(PRQ53619) reaches 23,192 FPKM in stem, a level 1-3 orders of magnitude higher than in any
other organ, strongly implicating this single ZF-HD factor as a master regulator of stem devel-
opment, putatively controlling vascular-bundle patterning or secondary-wall biosynthesis.
It has been reported that rice ZF-HD genes play crucial roles in vascular development. For
example, OsZHD1 and OsZHD2 regulate vascular bundle formation and internode elongation
in rice, directly affecting plant architecture [45,46]. Similarly, in Populus, PagIDD15A has
been shown to regulate xylem differentiation and secondary cell wall biosynthesis [47]. The
stem’s highest expression of RchiOBHm_Chr2¢0168531 suggests it may perform analogous
functions in rose, making it a promising candidate for manipulating stem characteristics in
molecular breeding programs aimed at improving plant architecture. Several other ReZF-HD
genes exhibited preferential expression in reproductive organs. RchiOBHm_Chr7¢0181371
showed the highest expression in flower tissue (FPKM = 1448.2), suggesting an important
role in floral development or flower maturation processes. This observation is consistent
with recent discoveries regarding the roles of ZF-HD genes in flower development in diverse
plant species. Shalmani et al. reported that the ZF-HD genes in Malus pumila exhibited high
expression and might affect flowering process [15]. AfZHD5 can influence floral structure and
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leaf formation in Arabidopsis thaliana [7]. Wang et al. found that most BraZF-HD genes are
highly expressed in flowers and play an important role in controlling flowering in Brassica
pekinensis [13]. In chrysanthemum, CmZHD genes are reported in controlling flower size
and ray floret development [48]. A subset of RcZF-HD genes displays near-constitutive ex-
pression across all tissues, most notably RehiOBHm_Chr4g0439861, implying a housekeeping
or regulatory role that underpins fundamental cellular processes. This reveals additional
biologically meaningful expression patterns. Conversely, several genes exhibit strict tissue
specificity: RehiOBHm_Chr7g0219261 is almost exclusively expressed in leaf and ovary, while
RchiOBHm_Chr2g0168471 shows a sharp peak in stamen and ovary, suggesting dedicated
functions in male and female reproductive development rather than general organ growth.
These contrasting profiles underscore a functional division between constitutive regulators
and specialized developmental modulators within the RcZF-HD family.

4.4. Cold Stress Response for RcZF-HD Genes

Cold stress at 4 °C keeps roses in a good appearance and has a certain preservation
effect. Many studies on response to cold stress in plants have been reported. Seven novel
Zn-finger TFs were identified bind to the promoter of OsDREB1B via a yeast one-hybrid
system screening a cold-induced cDNA expression library. All the Zn-finger TFs identified
repressed the of expression OsDREB1B, which plays a key role in cold response in rice [20].
The expression of ZFHD1 was induced by drought, high salinity, and abscisic acid in
Arabidopsis. The overexpressed ZFHD1 transgenic plants revealed that several stress-
inducible genes were upregulated in Arabidopsis [19]. In this study, under 4 °C cold stress,
the RcZF-HD genes showed different response expression patterns. Only Chr6g0301181
and Chr7g0177751 in rose petals exhibited no significant difference under cold stress, while
the other 6 ReZF-HD genes showed a significantly upregulated phenotype, signifying a
coordinated transcriptional switch that likely enhances membrane stability, antioxidant
capacity, or sugar-metabolite accumulation—physiological adjustments previously linked
to chilling tolerance in Rose. This research represents the first attempt to investigate the
cold stress response of the ReZF-HD gene family in Rosa chinensis, uncovering new aspects
of their roles in stress adaptation and development.

Furthermore, the integrating phylogeny, gene structure, motif composition, 3D ar-
chitecture, and expression data provides a multi-layered portrait of the ZF-HD family.
The ZF-HD gene family plays an important role in physiological and biological processes,
and the diversity in the expression pattern reflects the adaptive capacity of organisms to
environmental changes. This study provides details about the evolutionary and functional
characteristics of the ZF-HD gene family in Rosa chinensis, and lays a foundation for the
future functional characterization of ZF-HD genes. Future studies should expand the
phylogenetic breadth and combine molecular genetics to clarify their roles in development
and stress responses.

5. Conclusions

This study delivers the first comprehensive atlas of the Rosa chinensis ZF-HD
transcription-factor family, integrating phylogeny, gene structure, motif signatures, 3D
protein models, and quantitative expression profiles across tissues and cold stress.
Nine RcZF-HD genes form a Rosaceae-specific subclass that underwent recent, lineage-
restricted diversification, coinciding with the acquisition of intronless architectures and
sub-family-exclusive motifs that correlate with structural and functional specialization.
Transcriptomic data identify both constitutive regulators and context-specific modulators:
RchiOBHm_Chr2g0168531 (PRQ53619) is a stem-specific master switch (>23,000 FPKM)
putatively controlling vascular patterning, whereas RchiOBHm_Chr7g0181371 (PRQ16176)
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is restricted to flowers, implying a dedicated role in floral organogenesis. Cold stress
elicits a rapid, genome-wide upregulation of six ReZF-HD genes, supporting a conserved
cold-shield response that may underpin the known preservative effect of 4 °C storage.
These multi-layered findings establish RcZF-HD factors as priority targets for mechanistic
dissection and precision breeding of rose cultivars with enhanced architectural traits and
post-harvest chilling tolerance.

Supplementary Materials: The following supporting information can be downloaded at https:
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