Plant Cell Reports (2026) 45:89
https://doi.org/10.1007/500299-026-03765-1

RESEARCH q

Check for
updates

The C2H2-type zinc finger protein S/Hair5 acts as a regulatory node
coordinating trichome development and leaf morphogenesis
in tomato

Seong-Min Kim' - Jiyoung Kim? - Jae-In Chun? - Jang-Kyun Seo'>3 . Choonkyun Jung'23 . Jin-Ho Kang'%3

Received: 27 January 2026 / Accepted: 1 March 2026 / Published online: 14 March 2026
© The Author(s) 2026

Abstract

Key message SlHair5 is a pivotal regulatory node downstream of the H-H4 module that coordinates epidermal dif-
ferentiation with leaf morphogenesis and plant architecture through a dosage-sensitive transcriptional network and
a reciprocal feedback loop.

Abstract C2H2-type zinc finger proteins (C2H2 ZFPs) are essential regulators of plant development, yet the mechanisms
governing their functional diversification and hierarchical organization in tomato (Solanum lycopersicum) remain largely
elusive. In this study, we identified and characterized SIHair5 (H5), a previously unassigned C2H2 ZFP that operates down-
stream of the established H-H4 regulatory module. H5 localizes to the nucleus, where its expression is indirectly activated
by the H-H4 module. Functional characterization using CRISPR-Cas9-mediated knockout (h5-sko) and overexpression (H5-
OX) lines demonstrated that H5 is a pivotal developmental regulatory node. At the cellular level, H5 promotes epidermal
differentiation by modulating trichome density and stalk cell elongation in a type-specific manner. Intriguingly, H5 exhibits
dosage-sensitive and non-linear regulatory effects; while trichome traits showed a relatively linear response to H5 levels,
organ-level traits—such as leaf shape and plant height—displayed a threshold effect, with pronounced growth retardation and
narrowed leaflets observed in H5-OX lines. Transcriptomic profiling identified 569 differentially expressed genes, revealing
that H5 orchestrates a broad network including regulators of trichome development (JAZ4 and WRKY57), leaf morphogenesis
(Tf, GH3.15, BOPa, and CKX2), and stem elongation (G7-26 and ER). Furthermore, H5 exerts an indirect feedback control
over H3 and H4, thereby fine-tuning the ZFP regulatory hierarchy to maintain developmental homeostasis. Collectively,
our findings establish H5 as a higher-order regulatory hub that coordinates cellular patterning with organismal architecture,
providing critical insights into the transcriptional programs governing vegetative development in tomato.
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Introduction

Seong-Min Kim and Jiyoung Kim these authors are equally
contributed to this work. C2H2-type zinc finger proteins (C2H2 ZFPs) constitute

one of the largest families of transcription factors (TFs) in
plants, governing a diverse array of biological processes.
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mediators of responses to abiotic stresses, including osmotic,
thermal, and oxidative challenges (Han et al. 2020). At the
molecular level, these TFs primarily operate through the
transcriptional regulation of downstream targets or through
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2001). Notably, C2H2 ZFPs have emerged as central regu-
lators of epidermal cell differentiation, particularly in the
complex patterning and morphogenesis of trichomes (Han
et al. 2021). As specialized epidermal outgrowths, trichomes
provide a robust physical and chemical defense against envi-
ronmental stressors (Kang et al. 2010a, b), while serving
as an ideal model for investigating the fundamental mecha-
nisms of multi-scale cell differentiation (Hiilskamp 2004;
Yang and Ye 2013).

Trichome morphology varies significantly across plant
species. In the model plant Arabidopsis thaliana, trichomes
are typically unicellular, non-glandular structures consist-
ing of a stalk with two to three branches (Hiilskamp et al.
1994). Their relatively simple architecture has facilitated the
identification of genetic networks controlling cell fate, initia-
tion, and maturation (Hiilskamp 2004). In contrast, tomato
(Solanum lycopersicum) trichomes are multicellular and are
classified into seven distinct types (I-VII) based on their
morphology, presence of glandular heads, and size (Luckwill
1943). Unlike the unicellular structures in Arabidopsis, the
morphogenesis of tomato trichomes involves precisely regu-
lated rounds of cell division and expansion, particularly dur-
ing the formation of multicellular stalks (Glas et al. 2012).
Type I and IV trichomes are glandular and possess long and
short stalks, respectively; types Il and V are non-glandular;
and types VI and VII are short glandular trichomes special-
ized for secondary metabolite biosynthesis. These glandu-
lar and non-glandular trichomes contribute to chemical and
physical defense against herbivore attack (Kang et al. 2010a,
b). This structural diversity renders the tomato trichome a
powerful platform for studying not only cellular initiation
but also multicellular differentiation and specialized meta-
bolic functions (Li et al. 2025). Recent evidence suggests
that tomato trichomes are differentially regulated as either
digitate (Types I-V) or peltate (Types VI-VII) forms by
distinct molecular pathways (Chang et al. 2024; Wu et al.
2023,2024).

The regulatory framework of trichome development
is well-characterized in Arabidopsis, where C2H2 ZFPs
such as GLABROUS INFLORESCENCE STEMS (GIS),
GIS2, GIS3, ZFP5, ZFP6, and ZFPS8 function within
a hierarchical network (Gan et al. 2006, 2007; Sun et al.
2015; Zhou et al. 2011, 2013). These proteins modulate
the MYB-bHLH-WD40 (MBW) transcriptional com-
plex and regulate GLABRA? to specify trichome cell fate
(Larkin et al. 2003). These findings establish C2H2 ZFPs
as key upstream regulators, integrating developmental and
environmental cues to fine-tune trichome development in
Arabidopsis. While some homologous pathways exist in
tomato, the mechanisms are markedly more complex due to
the structural variety of multicellular trichomes. Key regu-
lators identified to date include Hair (H) and Hair2 (H2;
SIZFPS-like), which promote the initiation and elongation
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of specific trichome types (Chang et al. 2018; Chun et al.
2021; Zheng et al. 2022). Recently, Hair3 (H3) and Haird
(H4) were shown to act upstream of H, influencing both tri-
chome patterning and overall vegetative growth (Kim et al.
2025). Furthermore, C2H2 ZFPs like Lyrate and Obscure
vein have been implicated in coordinating leaf morphogen-
esis with epidermal development (David-Schwartz et al.
2009; Lu et al. 2021). These findings underscore that C2H2
ZFPs involved in trichome development frequently inter-
sect with pathways governing whole-plant architecture and
organogenesis.

Despite these advancements, the broader genetic frame-
work governing tomato vegetative development remains
incomplete. Only a limited number of downstream transcrip-
tional targets have been functionally validated, and the dis-
covery of additional regulators is essential to fully map the
ZFP hierarchy. Our previous transcriptomic analysis of 43/
h4 double-knockout (h3/h4-dko) mutants identified several
candidate genes potentially linked to trichome development,
providing a foundation for further investigation (Kim et al.
2025). In this study, we identify H5 (Solyc01g060420) as a
novel C2H2 ZFP that serves as a developmental hub down-
stream of the H3—H4 module and is transcriptionally regu-
lated by H and H2. Using CRISPR-Cas9-mediated knockout
(h5-sko) and overexpression (H5-OX) lines, we demonstrate
that HS specifically governs the initiation and stalk-cell-
mediated elongation of type I trichomes across various tis-
sues in a dosage-dependent manner. Furthermore, we show
that H5 modulates leaf expansion and vegetative growth,
extending its regulatory influence beyond epidermal differ-
entiation. By characterizing a reciprocal but indirect feed-
back loop between H5 and its upstream activators (H3 and
H4), our findings establish HS as a central node in the C2H2
ZFP hierarchy. Transcriptomic profiling further reveals that
H5 orchestrates these diverse developmental processes by
coordinating a broad network of hormone-signaling com-
ponents and transcription factors. Collectively, this study
provides new insights into the transcriptional integration of
multicellular patterning, organ morphogenesis, and whole-
plant architecture in tomato.

Materials and methods

Phylogenetic analysis and sequence
characterization

To characterize the 25 C2H2 ZFP genes identified from
the differentially expressed genes (DEGs) in h3/h4-dko
mutant leaves (Kim et al. 2025), a phylogenetic analysis
was conducted. The dataset included 114 C2H2 ZFPs,
adapted from a previously reported list of 112 members
in tomato (Solanum lycopersicum) (Ming et al. 2020).
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Amino acid sequences were aligned using ClustalW, and
a phylogenetic tree was constructed in MEGA7 using the
neighbor-joining method with 1,000 bootstrap replications.
Sequence similarities were assessed between the putative
protein HS5 (Solyc01g060420) and known trichome regula-
tors, including H (Solyc10g078970), H2 (Solyc10g078990),
H3 (Solyc03g058160), and H4 (Solyc10g080600). Protein
motifs in H5 were predicted using the MEME Suite (https://
meme-suite.org/meme/) Bailey et al. 2015) and LOCAL-
IZER (https://localizer.csiro.au/index.html) (Sperschneider
et al. 2017).

Plant materials and growth conditions

Tomato cv. Ailsa Craig (LA2838A) was used as the wild-
type (WT) background. Seeds of tomato and tobacco (Nico-
tiana benthamiana) were germinated and grown under con-
trolled conditions as previously described (Chun et al. 2021).
Morphological parameters, including plant height and com-
pound leaf number, were recorded from 6-week-old tomato
plants; these plants were also used for trichome characteri-
zation and gene expression analysis. For leaf morphology
studies, 8-week-old plants were analyzed. Five-week-old N.
benthamiana plants were used for Agrobacterium-mediated
transient expression assays.

Subcellular localization

To generate the H5-YFP fusion construct, the coding
sequence (CDS) of H5 (excluding the stop codon) was
amplified from WT leaf cDNA using the H5-local primer
set (Table S1). The amplified fragment was cloned into
the BamHI and Xhol sites of the pPENTR3C entry vector
(#A10464, Invitrogen, Carlsbad, CA, USA) and subse-
quently recombined into the pKCo-DC-YFP destination vec-
tor using the Gateway LR Clonase II system (#11,791-020,
Invitrogen, Carlsbad, USA) to generate pBKo-H5:YFP.
A construct expressing CFP-tagged MYC2 (pBCo-
MYC2:CFP) served as a nuclear marker (Chun et al. 2021).
These constructs were introduced into Agrobacterium tume-
faciens strain GV3101 and co-infiltrated into N. benthami-
ana leaves. YFP and CFP fluorescence signals were detected
as previously described (Chun et al. 2021).

RNA isolation and qRT-PCR analysis

To investigate tissue-specific expression of H5, samples
were harvested from 6-week-old WT plants, including: the
second compound leaves from the shoot apical meristem
(SAM), stems (internodes between the second and third
compound leaves), stem-derived trichomes, immature flo-
ral buds (0.8 cm length), fully opened flowers (2 cm length),
hypocotyls (1 cm below the cotyledons), and roots (5 cm

from the root tip). For stem-derived trichome isolation,
stems between the second and third compound leaves were
excised, flash-frozen in liquid nitrogen, and gently scraped
with a pre-chilled flat-end spatula to collect trichomes from
the stem surface as previously described (Kim et al. 2025).
For analysis of trichome-related genes and candidate TFs,
leaf and stem tissues were collected from WT and transgenic
plants at the 6-week-old stage. All samples were flash-frozen
in liquid nitrogen. Total RNA isolation, cDNA synthesis,
and quantitative real-time PCR (qQRT-PCR) were conducted
following established protocols (Chun et al. 2021). SIACT7
(Solyc03g078400) was used as the internal reference gene.
All primers are listed in Table S1.

Generation of transgenic tomato plants

For H5 single-knockout (h5-sko) lines, a single-guide RNA
(sgRNA) was designed using CRISPR RGEN Tools (http://
www.rgenome.net/) (Park et al. 2015) and cloned into the
PAGM4723 binary vector (Brooks et al. 2014). The result-
ing construct was transformed into A. fumefaciens strain
LBA4404 and subsequently into tomato cotyledon explants,
as previously described (Kang et al. 2016). Mutations were
verified by Sanger sequencing of PCR amplicons from
genomic DNA (gDNA) of T, plant using h5-sko-sel prim-
ers (Table S1). Gene-edited T, lines were self-pollinated to
obtain T, seeds. Transgene-free (Cas9-free) homozygous
h5-sko T, transgenic lines were selected using Cas9-sko-sel
primers (Table S1). For HS5 overexpression (H5-0X), the
full-length H5 CDS was amplified using H5-OX primers
(Table S1), cloned into the pENTR3C, and transferred into
the pKCo-DC destination vector via the Gateway LR reac-
tion. The H5-OX vector was transformed into WT tomato
using the same Agrobacterium-mediated method. T-DNA
insertion was verified by PCR using H5-OX-sel primers
(Table S1) spanning the CaMV 35S promoter and the H5
CDS. Overexpression levels were confirmed by qRT-PCR
using H5-qRT primers (Table S1). Transgenic T, plants were
grown to obtain T seeds, and homozygous H5-OX T, lines
were identified by T-DNA segregation analysis.

Trichome characterization and leaf morphology
analysis

Trichome phenotypes were examined across various tissues
of 6-week-old plants. Specifically, observations were per-
formed on the adaxial surface of the primary leaflet of the
second compound leaf (counted from the shoot apical mer-
istem), stem internodes between the second and third com-
pound leaves, the hypocotyl (1 cm below the cotyledons),
and immature floral buds (0.8 cm in length). Trichomes
were visualized using dissecting microscopy (CH-M205A,
Leica Microsystems, Wetzlar, Germany) and scanning
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electron microscopy (SEM; TM3030 Plus, Hitachi, Tokyo,
Japan) following established protocols (Jeong et al. 2017).
Trichome density and length were quantified as previously
described (Kim et al. 2025). Leaf architecture—comprising
leaf length, width, and length-to-width ratio—was assessed
in 8-week-old plants using the fifth compound leaf and its
terminal leaflet.

RNA-sequencing and transcriptome analysis

Total RNA was extracted from the second compound leaves
of 6-week-old h5-sko, H5-OX, and WT plants using TRI-
zol reagent (#15596018, Invitrogen, Carlsbad, USA). For
each of the three biological replicates, three second com-
pound leaves were pooled to minimize biological variation.
RNA quality was verified via agarose gel electrophoresis
and a NanoPhotometer (NP80, Implen, Munich, Germany).
Library construction and RNA-sequencing (RNA-seq) were
performed by SEEDERS Inc. (Seoul, Republic of Korea)
according to established protocols (Kim et al. 2025). Dif-
ferentially expressed genes (DEGs) were identified using
DESeq with thresholds of [log2Fold Changel>0.5 and a
false discovery rate (FDR) <0.01 (Anders and Huber 2010).
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed
using ShinyGo 0.80 (http://bioinformatics.sdstate.edu/go/)
(Ge et al. 2020). Venn diagrams were generated using Inter-
actiVenn (www.interactivenn.net) (Heberle et al. 2015), and
heatmaps were generated using SRplot (https://www.bioin
formatics.com.cn/en) (Tang et al. 2023). Transcriptional
regulation was further investigated by intersecting DEGs
with a curated TF dataset derived from PlantTFDB (https://
planttfdb.gao-lab.org/) (Jin et al. 2016).

Cis-element prediction and yeast one-hybrid assay

Putative C2H2 ZFP-binding sites in promoter regions were
predicted using PlantPAN 4.0 (https://plantpan.itps.ncku.
edu.tw/plantpan4) (Chow et al. 2024). For yeast one-hybrid
(Y1H) assays, the H5 promoter (3,759 bp) was amplified
from gDNA using the proH5-Y 1H primer set (Table S1) and
cloned into the pLacZi bait vector at the Kpnl and Xhol
sites (yielding pLacZi-proH5). Prey constructs (pGADT7-
H, -H2, -H3, and -H4) were obtained from a previous study
(Kim et al. 2025). Bait constructs were linearized with Apal
and co-transformed into the Saccharomyces cerevisiae strain
YM4271 along with the respective prey vectors. A yeast
colony co-transformed with pLacZi-proH5 and the empty
pGADT?7 vector (p(GADT7-EV) served as a negative control.
Transformants were selected on SD/-Ura/-Leu medium for
3 days at 30 °C. Interactions were monitored on plates con-
taining 80 mg/L X-gal, as previously described (Kim et al.
2025). Reciprocal Y1H assays were performed using the
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promoters of H3 (2,772 bp) and H4 (2,997 bp) as bait in the
pLacZi vector and H5 CDS in the pGADT7-HS5 prey vec-
tor. Promoter fragments were amplified from gDNA using
specific primers (Table S1) and cloned into the pLacZi vec-
tor at the Xmal and Xhol sites (pLacZi-proH3 and pLacZi-
proH4), following the same cloning strategy used for the
H5 promoter.

Results

RNA-seq and phylogenetic analyses identify H5
as a downstream target of H3 and H4

Our previous work demonstrated that the C2H2 ZFPs H3
and H4 are key regulators of trichome initiation and elonga-
tion by modulating the expression of Woolly (Wo)-dependent
TF genes, including Wo, WUSCHEL-related homeobox 3b
(Wox3b), and H (Kim et al. 2025). To systemically identify
novel trichome regulators acting downstream of H3-H4
module, we reanalyzed RNA-seq data comparing leaves of
h3/h4-dko mutants with those of WT plants. We identified
5,246 DEGs (llog,FoldChangel> 0.5, FDR <0.01; Table S2).
Among these, 205 TFs were significantly downregulated and
202 were upregulated in the £3/h4-dko compared to the WT
(Table S3 and Fig. S1).

Given the critical role of the C2H2 ZFPs in trichome
development (Kim et al. 2025; Zheng et al. 2022), we
focused on the 25 C2H2 ZFP genes present among the DEGs
(Table S4). Phylogenetic analysis using these 25 candidates
and 114 tomato C2H2 ZFPs (adapted from Ming et al. 2020)
showed they were distributed across multiple clades (Fig. 1).
Notably, Solyc01g060420 was downregulated in ~3/h4-dko
and formed a close phylogenetic cluster with established
trichome regulators H, H2, H3, and H4 (Chang et al. 2018;
Chun et al. 2021; Kim et al. 2025; Zheng et al. 2022). Con-
sequently, we designated Solyc01g060420 as Hair5 (H5) and
prioritized it for functional characterization.

Molecular characterization and subcellular
localization of H5

The H5 gene spans 465 bp and consists of a single exon
without introns, encoding a predicted polypeptide of 155
amino acids (ITAG 2.4 annotation; Fig. S2). H5 contains
four conserved motifs: an RLFGV-like motif, a canonical
C2H2 ZFP motif, a nuclear localization signal (NLS), and
an EAR-like motif (Fig. 2A). H5 shares 28.2% to 36.0%
sequence similarity with its homologs (H, H2, H3, and
H4), with these functional motifs being highly conserved
(Fig. 2B).

To verify the predicted nuclear localization, an
HS5-YFP fusion construct was transiently co-expressed
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Fig. 1 Phylogenetic analysis of C2H2 ZFPs in tomato. The phylo-
genetic tree was constructed using the neighbor-joining method in
MEGAT based on the amino acid sequences of 114 C2H2 ZFPs. This
dataset was adapted from the 112 C2H2 ZFPs previously reported
by Ming et al. (2020). Sequences were aligned using ClustalW, and
bootstrap values (1,000 replicates) are shown at each node. The 25

with a nuclear marker (MYC2-CFP) in N. benthamiana
leaves. Confocal microscopy revealed a complete overlap
of H5-YFP and MYC2-CFP signals (Fig. 2C). Further-
more, qRT-PCR analysis showed that H5 is predominantly
expressed in trichome-enriched aerial tissues, including

C2H2 ZFP genes identified as DEGs in h3/h4-dko plants (Table S4)
are highlighted in orange-red (up-regulated in 43/h4) and light green
(down-regulated in h3/h4). Known trichome regulators (H, H2, H3,
H4, SIZFP6) are indicated in bold black, while HS (Solyc01g060420)
is highlighted in bold blue

leaves, stems, flowers, and hypocotyls, as well as in iso-
lated stem trichomes, whereas expression in roots was neg-
ligible (Fig. 2D). This expression profile is consistent with
the proposed regulatory role of H5 in trichome-associated
epidermal development in tomato.
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«Fig.2 Molecular characterizations of H5. A Schematic representation
of the H5 protein domain structure. B Multiple amino acid sequence
alignment of H5 with its closest homologs in tomato (H, H2, H3,
and H4). Conserved motifs are highlighted in color: conserved
cysteine (C) and histidine (H) residues are indicated by dots above
the sequence. C Subcellular localization of H5. An H5-YFP fusion
construct was co-expressed with the nuclear marker MYC2-CFP in
Nicotiana benthamiana leaves via Agrobacterium-mediated tran-
sient expression. An arrow indicates the colocalization of H5-YFP
and MYC2-CFP signals. Scale bar=20 pm. D qRT-PCR analysis of
H5 expression in various tissues of WT plants. Data represent the
mean =+ standard error (SE) of three independent biological replicates,
each consisting of pooled tissue from three individual plants

H5 functions as a key regulator of trichome
initiation and stalk-cell-mediated elongation
in a tissue-specific manner

To elucidate the functional significance of H5 in trichome
development, we first generated loss-of-function and gain-
of-function transgenic lines. Using the CRISPR-Cas9 sys-
tem, we targeted the single exon of H5 to produce single-
knockout (h5-sko) mutants (Fig. S3A, B). Among several
independent T, plants, two representative T, lines— h5-
sko-3 and h5-sko-4—were selected for further study. These
lines carried biallelic mutations leading to premature stop
codons and truncated proteins (Fig. S3C). These lines
were confirmed to be transgene-free (Cas9-free) to exclude
potential off-target effects. (Fig. S3D). In parallel, we devel-
oped H5-OX lines driven by the CaMV 35S promoter (Fig.
S4A-C). Two homozygous lines, H5-OX-2 and H5-OX-14,
exhibited a 176- to 187-fold increase in HS5 expression com-
pared to the WT and were selected for detailed phenotypic
analysis (Fig. S4D).

Initial phenotypic screening via light microscopy revealed
that h5-sko mutants exhibited reduced trichome density on
leaves and stems, whereas H5-OX lines showed the oppo-
site phenotype (Fig. 3A). To investigate these phenotypes
at a higher resolution, we employed SEM and quantified
density and length for each trichome type across various
tissues (Fig. 3B-E and Fig. S5). On leaves, 45-sko mutants
exhibited a significant reduction in the density of all tri-
chome types. In addition, type I and III trichomes were
markedly shorter due to impaired stalk cell elongation, while
the lengths of other types remained largely unchanged. In
contrast, H5-OX lines displayed an increased density of
type I but a decreased density of type VI. Furthermore, HS
overexpression promoted the elongation of type I, V, and
VI trichomes, with type I trichomes exhibiting a signifi-
cant increase in both the number and length of stalk cells
(Fig. 3C-E and Fig. S5).

This tissue-specific regulatory pattern was also evident on
the stems and hypocotyls. On stems, h5-sko plants showed
decreased densities of type I, IV, and VII trichomes, along
with shorter type I, III, and VI trichomes, resulting from

fewer and shorter stalk cells. Conversely, H5-OX lines
exhibited increased densities of type I, IIl & V, and VII
trichomes, and increased lengths of type I, V, and VI tri-
chomes, primarily driven by enhanced stalk cell develop-
ment in type I trichomes (Fig. 3c-e and Fig. S5). On hypoco-
tyls, h5-sko plants displayed diminished densities of type I
and VI trichomes, with shortened type I trichomes caused
by reduced stalk cell number and length. In contrast, H5-
OX lines showed increased density of type I and decreased
density of type VI trichomes. Notably, trichome lengths
were increased across all types in H5-OX hypocotyls, most
prominently in type I (Fig. 3C-E). Interestingly, on sepals,
both h5-sko and H5-OX plants displayed a decrease in the
density of type VI trichomes, while the densities and lengths
of other types remained comparable to the WT (Fig. 3C-E
and Fig. S5). Collectively, these results demonstrate that H5
acts as a key regulator of trichome initiation and elongation
in a tissue- and trichome-type-dependent manner. While H5
primarily functions as a positive regulator of trichome devel-
opment, its differential effects on type VI density suggest a
distinct regulatory role in specific trichome sub-types. The
h5-sko loss-of-function phenotype specifically indicates that
H5 is indispensable for maintaining full trichome density
and ensuring proper stalk cell-mediated elongation in veg-
etative organs.

H5 modulates vegetative growth and leaf
morphogenesis in a dose-dependent manner

Beyond its established role in trichome development, C2H2
ZFPs frequently function as pivotal regulators of various
plant developmental processes (Liu et al. 2022). To investi-
gate whether H5 influences vegetative growth and leaf devel-
opment, we compared the overall plant architecture and leaf
morphology of transgenic and WT plants. Regarding overall
vegetative architecture, 25-sko mutants exhibited no signifi-
cant differences in plant height or the number of compound
leaves compared to WT plants. In contrast, H5-OX lines
showed severe growth retardation and a significant red3uc-
tion in the total number of compound leaves (Fig. 4A—C).
To further characterize leaf morphology, we analyzed the
dimensions and shape indices of the compound leaves. Com-
pared with the WT, h5-sko plants produced broader com-
pound leaves characterized by rounder leaflets, whereas H5-
OX plants exhibited markedly narrower compound leaves
with elongated, less expanded leaflets (Fig. 4D). Quantita-
tive morphometric analysis revealed that while compound
leaf length was reduced in both A45-sko and H5-OX plants,
compound leaf width was significantly reduced only in the
H5-0X lines. Consequently, the length-to-width ratios of
compound leaf —a key indicator of leaf shape—decreased
in h5-sko mutants but increased in H5-OX lines (Fig. 4E-
G). Consistent trends were observed in the terminal leaflets;
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«Fig.3 Trichome phenotypes of h5-sko and H5-OX plants. A, B
Dissection microscopy and scanning electron microscopy images
of leaves, stems, hypocotyls, and sepals from WT, h5-sko, and H5-
OX plants. Scale bars=1 mm. C Trichome density and D Trichome
length on leaves, stems, hypocotyls, and sepals. E Stalk cell num-
ber and length of type I trichomes. Numbers on the right indicate
the stalk cell order from base (1) to apex (up to 12). All images and
data were obtained from six-week-old plants. Data represent the
mean=+ SE of eight independent biological replicates per tissue for
each genotype. Asterisks indicate significant differences compared to
WT (unpaired Student’s t-test: *P <0.05, **P<0.01, ***P<0.001,
kP <0.0001)

while leaflet length was reduced in both genotypes, termi-
nal leaflet width increased in 45-sko plants but decreased in
H5-0OX lines. These changes resulted in a reciprocal shift
in the length-to-width ratios of terminal leaflet, which were
lower in h5-sko and higher in H5-OX compared to the WT
(Fig. 4H-J). Collectively, these findings demonstrate that
while the loss of H5 function has a negligible impact on
overall plant height, it promotes lateral leaf expansion. Con-
versely, the ectopic overexpression of H5 severely restricts
both vegetative growth and leaf lamina expansion. These
results suggest that H5 is a critical regulator of leaf morpho-
genesis and that maintaining optimal HS5 levels is essential
for normal plant architecture, extending its functional role
beyond trichome development.

Reciprocal and indirect regulation between H5
and the H-H4 module

C2H2 ZFPs are known to modulate trichome development
through hierarchical regulation among family members in
tomato (Li et al. 2021; Zheng et al. 2022). Our RNA-seq
data indicated that H5 expression is significantly downregu-
lated in h3/h4-dko leaves (Table S4). To further dissect this
regulatory network, we analyzed H5 transcript levels via
gRT-PCR in various C2H2 ZFP mutants, including #, h2,
h3, and h4 single and double knockouts (Chun et al. 2021;
Kim et al. 2025). The transcript levels of H5 were markedly
reduced in the leaves of h3/h4-dko and h2-sko mutants, and
significantly diminished in the stems of all tested knockout
lines (Fig. 5A). These results genetically position H5 down-
stream of the H—H4 module.

To determine whether this regulation is direct, we
examined the H5 promoter, which contains several puta-
tive ZFP binding motifs (A[AG/CT]CNAC) (Zhou et al.
2011) (Fig. 5B). However, Y1H assays showed that none
of these proteins—H, H2, H3, or H4—directly bind to the
H5 promoter fragments (Fig. 5C), indicating that the H-H4
module regulates H5 indirectly. Notably, we found that H5
also exerts regulatory control over its upstream activators. In
H5-0OX lines, the transcript levels of H3 and H4 were signifi-
cantly reduced (Fig. 5SD), suggesting that H5 may function
as a feedback repressor of H3 and H4. To test the potential

for a direct interaction in this feedback loop, we performed
Y 1H assays, which confirmed that HS does not bind directly
to the promoters of H3 or H4 (Fig. 5E-H). Taken together,
these findings demonstrate a reciprocal but indirect regula-
tory relationship between H5 and the H—H4 module. In this
model, the H—H4 module is required for the activation of
H5, while HS in turn modulates the expression of H3 and
H4, forming a complex, indirect feedback loop that fine-
tunes the trichome developmental program.

Transcriptomic profiling identifies H5 as a central
hub in developmental and transcriptional networks

To elucidate the transcriptional mechanisms by which H5
regulates plant development, we performed RNA-seq analy-
sis using leaves from h5-sko, H5-OX, and WT leaves. We
identified 10,363 DEGs in the h5-sko vs. WT comparison
and 6,683 DEGs in the H5-OX vs. WT comparison. Among
these, a core set of 4,080 DEGs overlapped between the two
datasets (Fig. 6A), representing the primary transcriptional
signature influenced by H5. Gene Ontology (GO) enrich-
ment analysis of these overlapping DEGs highlighted the
role of H5 in transcriptional regulation and developmental
processes (Fig. 6B). Specifically, molecular function (MF)
terms, such as DNA-binding transcription factor activity and
sequence-specific DNA binding, were significantly enriched,
supporting the role of HS as a key transcriptional regulator.
Consistent with this, the cellular component (CC) category
showed enrichment for nuclear-localized terms, while bio-
logical process (BP) terms were significantly associated with
developmental processes. Furthermore, Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis revealed
significant enrichment in plant-pathogen interaction and
plant hormone signal transduction (Fig. 6C), suggesting that
H5 integrates defense responses and development through
hormone-mediated signaling networks.

To identify putative downstream targets of H5, we refined
the 4,080 overlapping DEGs to a subset of 569 genes exhib-
iting an inverse expression pattern—downregulated in h5-
sko and upregulated in H5-OX, or vice versa (Fig. 6D; Table
SS5). This contrasting regulation strongly implicates these
genes as tightly linked downstream targets of H5. Based on
the phenotypes observed in H5 transgenic plants, we fur-
ther screened this subset for genes with established roles in
development, identifying nine well-characterized genes as
potential effectors (Fig. 6E; Table S6). In the category of
trichome development, JAZ4 and WRKY57, both reported
as negative regulators of trichome development (Hao
et al. 2025; Hua et al. 2021), exhibited expression patterns
inversely correlated with H5. Regarding leaf morphogenesis,
Trifoliate (Tf), an auxin-mediated MYB transcription factor
promoting leaf marginal differentiation (Naz et al. 2013),
and Gretchen Hagen 3.15 (GH3.15), an auxin-responsive
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Fig.4 Plant growth and leaf morphology of WT, h5-sko, and H5-OX
plants. A Representative photographs of six-week-old WT, h5-sko,
and H5-OX plants. Scale bar=10 cm. B, C Plant height (B) and com-
pound leaf number (C). Data represent the mean + SE of eight inde-
pendent biological replicates for each genotype. D Close-up images
of the fifth compound leaves from eight-week-old WT, h5-sko, and
H5-OX plants. Scale bar=10 cm. E-G Length (E), width (F), and

gene suppressing leaf expansion (Ai et al. 2023), both
exhibited expression patterns negatively correlated with HS
expression. In addition, BLADE-ON-PETIOLE a (BOPa)
and Cytokinin oxidase 2 (CKX2), which negatively regulate
leaf complexity through cytokinin signaling (Hu et al. 2023;
Ichihashi et al. 2014), were also inversely correlated with H5
expression. Furthermore, genes associated with plant archi-
tecture, including GT factor-26 (GT-26) and Erecta (ER),
both of which positively govern stem elongation (Kwon
et al. 2020; Li et al. 2023), were negatively regulated by
H5 (Fig. 6E).

Beyond these individual targets, we analyzed the 569
core DEGs to identify broader regulatory networks,
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length-to-width ratio (G) of the fifth compound leaves. H-J Length
(H), width (I), and length-to-width ratio (J) of the terminal leaflet of
the fifth compound leaves. For (E-J), data represent the mean + SE of
six independent biological replicates for each genotype. For all meas-
urement data, asterisks indicate significant differences compared to
WT (unpaired Student’s t-test: *P <0.05, **P<0.01, ***P<0.001,
kP <0.0001)

revealing 45 TFs as putative downstream targets of H5
(Fig. 7A; Table S7). Based on their correlation with
H5 expression, these 45 TFs were categorized into
two groups: 16 TFs were downregulated in 25-sko and
upregulated in H5-OX, while 29 TFs were upregulated
in h5-sko and downregulated in H5-OX (Fig. 7B). The
16 TFs showing a positive correlation with H5 were
predominantly members of the MYB, NAC, and MADS
families, whereas the 29 TFs exhibiting a negative cor-
relation were mainly enriched in the bHLH, WRKY, and
C2H2 ZFP families (Fig. 7C). To validate these tran-
scriptomic findings, we performed qRT-PCR on selected
TFs from each group. TFs positively correlated with H5,
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Fig.5 Transcriptional regulation of H5 by the H-H4 genes. A qRT-
PCR analysis of H5 expression in the leaves and stems of h-sko, h2-
sko, and h3/h4-dko plants. Values represent the mean+ SE of three
biological replicates (three pooled plants per replicate). Expression
levels were normalized to WT. B Schematic diagram of the H5 pro-
moter region (3.8 kb) showing putative ZFP-binding motifs (perfect:
blue triangles; imperfect: black triangles). C Yeast-one-hybrid (Y 1H)
assay testing the binding of H, H2, H3, and H4 to the H5 promoter.
The H5 promoter was fused to the pLacZi bait vector; full-length
H-H4 c¢cDNAs were fused to the GAL4 activation domain (AD) in
pGADT?7. An empty vector (EV) was used as a negative control. The
transformants were selected on SD/-Ura/-Leu medium for 3 days and

including GRASI4, HDZ4, and WRKY48, were signifi-
cantly downregulated in h5-sko plants and upregulated in
H5-0OX lines. In contrast, negatively correlated TFs, such
as MYB95, bHLH19, bHLH86, bHLH106, and ZFP36,
showed the opposite pattern (Fig. 7D). Collectively, these
findings establish H5 as a central transcriptional regulator
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then transferred to SD/-Ura/-Leu medium containing X-gal for color
development. D qRT-PCR analysis of H, H2, H3, and H4 expression
in h5-sko and H5-OX leaves. Values represent the mean + SE of three
biological replicates (three pooled leaves per replicate). Expression
levels were normalized to WT. E, G Schematic diagrams of the H3
(2.7 kb) and H4 (3.0 kb) promoter regions. F, H Y1H assay testing
the binding of H5 to the H3 or H4 promoters. Each promoter was
fused to the pLacZi bait vector; full-length H5 cDAN was fused to
the GAL4 AD in pGADT7. Assay conditions are identical to (C).
For all qRT-PCR data, asterisks indicate significant differences com-
pared to WT (unpaired Student’s r-test; **P <0.01, ***P <0.001,
kP <0.0001)

that coordinates multiple TF networks to fine-tune com-
plex developmental programs, including trichome for-
mation, leaf morphogenesis, and plant architecture in
tomato.
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Fig.6 Comparative transcriptomic analysis of A5-sko and H5-OX
leaves. RNA-seq was performed on leaves from WT, h5-sko, and
H5-OX plants. A Venn diagram showing common and exclusive
DEGs (llog,FoldChangel>0.5, FDR <0.01) identified in A5-sko vs.
WT and H5-OX vs. WT comparison. B, C GO enrichment (B) and
KEGG pathway (C) analyses of the overlapping DEGs. The y-axes
indicate GO terms (B) or KEGG pathways (C), and x-axes represent

Discussion

H5 acts as a developmental regulatory node
in tomato

C2H2 ZFPs are pivotal regulators of plant development,
mediating processes from epidermal cell differentiation to
complex organogenesis (Han et al. 2021; Liu et al. 2022).
Despite their importance, the functional diversification
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(D, see Table S6)

within this large family in tomato remains only partially
understood. In this study, we characterized H5, a previ-
ously unassigned C2H2 ZFP, and demonstrated its role
as a pivotal developmental regulator. H5 coordinates
developmental signals across three distinct biologi-
cal scales. At the cellular level, H5 promotes epidermal
differentiation, specifically impacting trichome density
and stalk cell-mediated elongation (Fig. 3 and Fig. S5).
At the organ level, it regulates leaf morphogenesis, and
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Fig. 7 Identification and validation of downstream transcription fac-
tors (TFs) regulated by H5. A Venn diagram showing the overlap
between HS5-regulated DEGs and tomato TF dataset adapted from
Jin et al. (2016). Overlapping TFs are listed in Table S7. B Heat-
map showing the expression profiles of the overlapping TFs across
WT, h5-sko, and H5-OX plants. C Classification of TFs among the
H5-regulated DEGs, grouped by family and color-coded by their

at the whole-plant level, its activity modulates over-
all architecture by affecting stem internode elongation
and plant height (Figs. 3, 4). This capacity to integrate

correlation with H5 expression (light orange: positive; light blue:
negative). D gRT-PCR validation of selected TFs. Data represent
the mean + SE of three biological replicates (each consisting of three
pooled plants). Expression levels were normalized to WT. Asterisks
indicate significant differences compared to WT (unpaired Student’s
t-test: *P<0.05, **P <0.01, ***P <0.001, ****P <0.0001)

developmental signals across cellular, organ, and archi-
tectural scales distinguishes H5 from other characterized
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tomato ZFPs, highlighting its unique position in the tran-
scriptional regulatory network.

Structural distinctiveness and functional
specialization of H5

A comparative analysis of H5 and its closest paralogs
(H-H4) provides essential context for its distinct functional
profile. While HS retains key conserved domains—the
RLFGV-like motif, the C2H2 ZFP motif, the NLS, and the
EAR-like motif—it is notably shorter than its closest paral-
ogs, H-H4 (Fig. 2). This structural truncation suggests that
HS5 may operate through a distinct regulatory mechanism,
potentially involving differential target specificity or unique
protein—protein interaction dynamics. Functionally, H5
appears to bridge the specialized roles of its paralogs. While
H and H2 are primarily tissue-specific regulators of type I
trichomes (Chang et al. 2018; Chun et al. 2021; Hua et al.
2022), and H3/H4 exhibit broader roles affecting multiple
trichome types and vegetative growth (Kim et al. 2025), H5
integrates these features by coordinating epidermal pattern-
ing with systemic growth programs. This links cellular-level
differentiation with organismal-level developmental cues.

Hierarchical positioning and the indirect feedback
regulation of H5

C2H2 ZFPs often operate within intricate hierarchical tran-
scriptional networks (Han et al. 2022; Sun et al. 2015; Zheng
et al. 2022). Our expression analyses place HS5 genetically
downstream of the H-H4 regulatory module (Fig. 5A).
However, the absence of direct promoter binding in Y1H
assays indicates that this activation is indirect, likely requir-
ing intermediate transcription factors. Furthermore, we
identified a reciprocal indirect feedback loop where H5
overexpression significantly reduces H3 and H4 transcrip-
tion levels (Fig. 5D). These findings suggest H5 as a central
node that fine-tunes the ZFP regulatory hierarchy. Such a
feedback mechanism is essential for maintaining develop-
mental homeostasis. By constraining the expression of its
upstream activators, H5 may prevent the over-proliferation
of epidermal structures at the expense of overall plant vigor.
Elucidating the molecular intermediates bridging these indi-
rect interactions will be critical for fully mapping the com-
plex hierarchy of the tomato C2H2 ZFP network.

H5 orchestrates development through complex
transcriptional networks

Transcriptome profiling of h5-sko and H5-OX plants
revealed that H5 acts as a higher-order regulatory hub that
integrates hormone signaling with morphological outputs
(Fig. 6). Our data suggest that H5 does not operate through

@ Springer

a simple linear pathway but rather through a sophisticated
network of downstream effectors. In the context of trichome
development, the inverse correlation between H5 and nega-
tive regulators such as WRKY57 and JAZ4 (Hao et al. 2025;
Hua et al. 2021) suggests a fine-tuning mechanism for tri-
chome initiation and elongation. Interestingly, the absence
of known type I trichome regulators among the core DEGs
implies that H5 may function through yet-to-be-identified
effectors or acts downstream of established pathways. A key
finding is that type VI trichome density was reduced in both
H5 loss- and gain-of-function lines (Fig. 3C). This suggests
that H5 activity follows a dosage-sensitive model, where a
precise transcriptional threshold is required to maintain spe-
cific epidermal structures. Any deviation from this homeo-
static level—whether through depletion or overabundance—
disrupts the delicate balance of the trichome developmental
program. This dosage-sensitive regulation also provides
insight into the observed discrepancies between knockout
and overexpression lines in plant architecture. The fact that
architectural phenotypes were predominantly observed in
H5-0OX lines, while h5-sko remained relatively similar to
the WT, suggests that H5 functions within a redundant regu-
latory framework, similar to other C2H2 ZFPs like H and
H?2 (Zheng et al. 2022). Under this model, the native role
of H5 in regulating plant height may be masked by func-
tional redundancy in knockout mutants, whereas its overex-
pression triggers supra-physiological outputs that surpass
the transcriptional buffering capacity required for normal
growth. Furthermore, the observation that trichome pheno-
types were not globally antagonistic, but instead varied by
tissue type, points to the context-dependent regulation of
H5. These variations likely arise from differences in devel-
opmental timing; for example, epidermal differentiation in
hypocotyls occurs under a distinct hormonal and regulatory
environment compared to later-developing organs like leaves
or sepals. Additionally, the transcriptional output of HS is
likely shaped by the availability of tissue-specific cofactors
or the pre-existing ZFP hierarchy unique to each organ.

A similar pattern of complex integration was observed
for leaf and stem morphogenesis. H5 negatively regulates
several auxin- and cytokinin-associated genes involved in
leaf morphogenesis, including Leafless (LFS), Tf, GH3.15,
BOPa, and CKX2 (Ai et al. 2023; Capua and Eshed 2017; Hu
et al. 2023; Ichihashi et al. 2014; Naz et al. 2013) (Fig. 6E).
While the misregulation of these genes broadly aligns with
the altered leaf shapes in H5 transgenic lines, the specific
phenotypes differed from those of individual null mutants.
For instance, whereas Ifs mutants completely fail to initiate
leaf development (Capua and Eshed 2017), H5-OX plants—
despite reduced LFS levels—successfully develop leaves and
leaflets (Fig. 4D). This discrepancy indicates that H5 does
not act as an absolute "on/off" switch for these pathways.
Instead, it functions as a pivotal regulatory node, modulating
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the expression of multiple genes to generate a composite,
H5-specific leaf architecture. In this model, the pheno-
typic outcome may not be the result of a single downstream
gene's failure, but the integrated effect of shifting multiple
hormone-responsive modules simultaneously. Similarly, H5
negatively regulates ER and GT-26, both of which are posi-
tive regulators of stem elongation (Kwon et al. 2020; Li et al.
2023). While H5-OX plants exhibit a compact architecture
resembling er knockout or gr-26 knockdown mutants, 45-sko
plants—despite elevated expression of these genes—main-
tain a near-W T height (Fig. 4A, B). This non-linear relation-
ship suggests that stem elongation is governed by multiple
converging pathways that provide functional redundancy
or buffering. In the h5-sko mutant, the overexpression of
growth-promoting factors like ER and G7-26 may be com-
pensated for by other H5-regulated constraints within the
broader developmental network. Collectively, these results
position H5 as a crucial integrator that determines plant
architecture in a context-dependent and non-linear manner,
ensuring developmental robustness.

Balancing transcriptional modules underlies
H5-mediated development

Transcriptome analysis identified 45 TFs among the
H5-regulated DEGs, confirming that H5 acts as a hub in a
broad regulatory network. To gain mechanistic insight into
H5-mediated pleiotropy, these TFs were categorized into
positively and negatively correlated transcriptional modules
relative to HS5 expression. Excluding previously character-
ized or study-validated TFs, we prioritized 40 uncharacter-
ized TFs exhibiting robust responses to HS5 perturbation
(Fig. 7B; Table S7). Among the 15 positively co-expressed
TFs, GRAS14, WRKY48, and HDZ4 were identified as rep-
resentative candidates. GRAS family members are estab-
lished regulators of plant architecture acting downstream of
gibberellin signaling (Huang et al. 2015; Zhou et al. 2018),
while WRKY and HD-ZIP I (e.g., HDZ4) factors modulate
trichome development and defense (Hao et al. 2025; Hong
et al. 2021; Zocca et al. 2025). Their strong co-expression
suggests they may function as downstream effectors of
H5-dependent epidermal differentiation and organ growth
programs. Conversely, the 25 TFs negatively correlated
TFs (e.g., MYB95, bHLHs, and ZFP36) likely represent
growth-promoting modules constrained by H5. Since these
families regulate laminar expansion and stem elongation in
Arabidopsis or tomato (Chen et al. 2020; Naz et al. 2013;
Oppenheimer et al. 1991; Sun et al. 2015), their repression
in H5-OX lines suggests H5 prevents over-growth by titrat-
ing the activity of these modules. Rather than operating
through a singular linear pathway, H5 appears to orchestrate
development by balancing multiple antagonistic transcrip-
tional modules. This network-based framework provides the

necessary plasticity for H5 to function as a pivotal regula-
tory node in a dosage- and tissue-dependent manner. While
our current assessment is primarily transcriptional, future
functional and genetic interaction studies will be essential
to fully map the regulatory topography of the HS5 network.

Conclusion

In conclusion, our study establishes HS as a pivotal devel-
opmental regulatory node in tomato. Functioning as a tran-
scriptional rheostat, H5 coordinates cellular differentiation,
organ morphogenesis, and whole-plant architecture by bal-
ancing antagonistic transcriptional modules. This dosage-
sensitive regulation, coupled with an indirect feedback loop
within the C2H2 ZFP hierarchy, provides a robust mecha-
nistic basis for maintaining developmental homeostasis.
These findings significantly expand our understanding of the
complex transcriptional networks that coordinate vegetative
growth and structural patterning in tomato.
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