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Abstract: Flower development is the core of higher-plant ontogenesis and is controlled by complex
gene regulatory networks. Cys2/His2 zinc-finger proteins (C2H2-ZFPs) constitute one of the largest
transcription factor families and are highly involved in transcriptional regulation of flowering
induction, floral organ morphogenesis, and pollen and pistil maturation. Nevertheless, the molecular
mechanism of C2H2-ZFPs has been gradually revealed only in recent years. During flowering
induction, C2H2-ZFPs can modify the chromatin of FLOWERING LOCUS C, thereby providing
additional insights into the quantification of transcriptional regulation caused by chromatin regulation.
C2H2-ZFPs are involved in cell division and proliferation in floral organ development and are
associated with hormonal regulation, thereby revealing how a flower is partitioned into four
developmentally distinct whorls. The studies reviewed in this work integrate the information
from the endogenous, hormonal, and environmental regulation of flower development. The structure
of C2H2-ZFPs determines their function as transcriptional regulators. The findings indicate that
C2H2-ZFPs play a crucial role in flower development. In this review, we summarize the current
understanding of the structure, expression, and function of C2H2-ZFPs and discuss their molecular
mechanism in flower development.

Keywords: Cys2/His2 zinc-finger protein; flowering induction; floral organ morphogenesis;
molecular mechanism; transcriptional regulation

1. Introduction

Plants undergo two major postembryonic developmental transitions: infancy to adulthood,
and adulthood to reproduction. Floral transition signifies the initiation of the reproductive growth
stage of angiosperms. In Arabidopsis, flower development of dicotyledonous plants begins with
flowering induction. Flowering induction is regulated mainly by four reaction pathways: photoperiod,
vernalization, gibberellic acid, and autonomous pathways. In Arabidopsis, FLOWERING LOCUS
C (FLC), which encodes a MADS-box transcription factor and acts as a critical gene for flowering
induction, can inhibit the expression of flowering-time genes. In particular, FLC can inhibit the
initiation of flowering during vernalization. Prior to vernalization, FLC inhibits flowering and prevents
the shoot apical meristem (SAM) from transforming into a reproductive structure. After prolonged cold
exposure, the expression of FLC is transcriptionally repressed, and plants can bloom. The activity of
FLC is associated with chromatin-based gene regulation. FRIGIDA (FRI) and vernalization and
autonomous pathways can modulate the local chromatin environment of FLC. FRI can directly
activate the expression of FLC. However, the vernalization pathway can mask the activation of FRI on
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FLC [1]. The transformation from SAM into reproductive structures involves the interaction between
a series of essential genes and FLC. Three flowering-time genes, namely, FLOWERING LOCUS T
(FT), SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), and FLOWERING LOCUS D, can be
regulated directly by FLC [2–5]. These molecules serve as effector genes of the floral organ for activating
or inhibiting the expression of the downstream floral meristem (FM) and floral identity genes [6].
Therefore, FLC is a crucial factor that links flowering induction and floral organ morphogenesis.
Most of the complex mechanisms involved have been reported. Nevertheless, the study of FLC can
still be expanded considerably.

Flowers are individual reproductive structures produced by angiosperms and are the most
complex plant structures. Floral organ formation starts after the induction. A typical dicotyledonous
flower of Arabidopsis develops from four concentric circles. From outside to inside, the flower consists
of four sepals, four petals, six stamens, and two fused carpels. The molecular mechanisms of each
whorl of the floral organ have been illustrated using ABC and ABCE models [7,8]. FM emerges from
the peripheral area of the SAM. The four whorls are all derived from the FM. FM will terminate
its activity once it produces a certain number of floral organs; this process is regulated mainly by
a homeodomain protein, WUSCHEL (WUS), and a floral homeotic protein, AGAMOUS (AG) [9].
Precise cell division and proliferation under the coordination of various transcriptional regulators are
required to ensure that the flowers can be divided into four whorls of the visible floral organ and that
plants can produce flowers that are similar in number and size. The molecular and genetic networks
that establish the identity of floral organs have been extensively studied. However, for angiosperms,
the precise transcriptional regulation of flower development remains unclear. After the formation of
a floral organ with four divided whorls, the pistil and the stamen will develop further to maturity.
The normal development of pollens and ovules can ensure the fertility of plants and complete double
fertilization. At this stage, plants can accomplish the entire breeding process.

Limited information is available on flower development by gene action, and the specific floral
homeotic genes remain unidentified. Recent studies have focused on the genes that act upstream and
downstream of these master regulators [10]. Flower development involves a complex transcriptional
regulation. In addition, recent studies have demonstrated that transcriptional regulators containing
MYB, zinc-finger (ZF), basic helix–loop–helix, MADS, and other DNA-binding domains perform a
number of functions that were originally attributed to floral organ identity factors [11–14]. ZF is one of
the important domains in the transcription factors of eukaryotic cells [15]; it is widely abundant in
animals, plants, and microbes. ZF plays a key role in the regulation of gene repression or activation in
yeast and the human body. In the human genome, nearly 1% of the sequences encode ZF-containing
proteins, and nearly half of the transcription factors are Cys2/His2 ZF proteins (C2H2-ZFPs) [16].
Approximately 0.8% of the sequences encode C2H2-ZFPs in the Arabidopsis genome [17]. Therefore,
C2H2-ZFPs constitute the largest group of DNA-binding domains in eukaryotic cells. C2H2-ZFPs
can combine with DNA, RNA, and proteins and can therefore perform various biological functions.
They participate not only in transcriptional regulation but also in chromatin regulation through unique
locus modification and in RNA metabolism [18]. In 1992, Takatsuji cloned the first C2H2-ZFP gene of
plants [19]; since then, the role of C2H2-ZFP in flower development has been extensively investigated.
Gene expression analysis, transgene technology, and transcriptome sequencing have elucidated the
precise role of C2H2-ZFPs in flower development. Studies in the past five years have gradually revealed
the molecular mechanisms of C2H2-ZFPs involved in flower development. However, the existing data
are spread across numerous works. Thus, a comprehensive review of the findings on C2H2-ZFPs in
flower development will facilitate a better understanding of the formation process of plant flowers
and a projection of potential future developments in this field.
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2. Structure and Classification of C2H2-ZFPs during Flower Development

2.1. Specific and Diverse Structures of C2H2-ZFPs

C2H2-ZFPs are highly involved in transcriptional regulation and chromatin remodeling.
C2H2-ZFPs rely mainly on their distinctive structures in identifying and integrating target sites.
An independent C2H2-ZF domain contains a well-conserved DNA-binding structure and identifies
specific target sites via its α helix [20]. The location of target genes by the C2H2-ZF domain is specific
and diverse. In contrast to other structural classes of DNA-binding domains that typically offer a
limited range of specificity, C2H2-ZF domains can specify a wide range of three-base-pair targets [21,22].
C2H2-ZF domains with completely different sequences can identify similar DNA-binding sites,
and fingers with similar sequences can diverge in their preferences [20].

The majority of plant C2H2-ZFPs contain one or more ZF motifs. Meanwhile, other C2H2-ZFPs
possess an invariant QALGGH motif in the ZF helices [23]. These proteins are collectively known as
Q-type C2H2-ZFPs and constitute an independent subfamily [24]. The conserved QALGGH motif
has not been reported in organisms other than plants, suggesting that this type of ZF protein may
be involved in controlling unique plant life processes [15]. Mutations in the QALGGH sequence
significantly affect the DNA-binding activity of ZF [23]. However, not all C2H2-ZFPs contain
QALGGH domains. For example, the function and genome-wide targeting of RELATIVE OF EARLY
FLOWERING 6 (REF6) require four C2H2-ZF domains, which directly recognize a CTCTGYTY
motif [25]. Similar to REF6, EARLY FLOWERING6 (ELF6) and SUPPRESSOR OF FRIGIDA4 (SUF4)
contain no QALGGH domains but still play significant roles in regulating floral transition [1,26–28].
In addition, REF6, ELF6, and Photoperiod sensitivity-14 (Se14) contain JmjN and JmjC domains,
which cause these proteins to function as demethylases [29–31]. These properties indicate that
domains other than the ZF motif also determine the function of C2H2-ZFP genes. Furthermore,
researchers must still determine whether C2H2-ZFPs bind to target genes through motifs other than
the QALGGH domain.

In plants, specific C2H2-ZFPs contain a highly conserved amino acid sequence (L/FDLNL/FxP) in
their respective carboxy-terminal regions, and such a structure is designated as the ethylene-responsive
element binding factor (ERF)-associated amphiphilic repression (EAR) motif [32]. The EAR motif
is also available in other transcription factors, such as MYB, ERF, and NAC. Studies indicate that
EAR domain is the smallest known repression domain and the first reported repression domain in
plants. Whenever any individual residue within the EAR is replaced, the capability of the mutated
peptide to repress transcription is reduced or eliminated, thereby producing a phenotype similar to
the mutant [33]. These ZF proteins function as repressors, and their repression domains contain
an EAR motif. In addition, the EAR domain can interact with the CTLH domain of TOPLESS
(TPL)/TOPLESS-RELATED (TPR) [34]. As transcriptional regulators, TPL/TPR represses target
gene expression by directly or indirectly combining with C2H2-ZFPs [35]. The EAR motif is the one of
the most frequently observed, with 10% to 25% detection in transcription factors from diverse plant
species. TLLLFR, R/KLFGV, and LxLxPP motifs are also transcriptional repressors. The TLLLFR
motif is found solely in AtMYBL2. R/KLFGV and LxLxPP motifs account for less than 2% to 3% of
the transcriptional repression [36]. At present, research on C2H2-ZFPs primarily focuses on the EAR
motif. Future works should explore whether other types of repression motifs exist and participate
in transcriptional repression of C2H2-ZFPs. In conclusion, C2H2-ZFPs are recruited by their unique
ZF sequence and bound to the target gene locus. C2H2-ZFPs can also repress the expression of
downstream genes via the EAR domain. Therefore, analyzing the structure of C2H2-ZFPs will
elucidate their biological functions and the molecular regulatory mechanisms involved.

2.2. Classification of C2H2-ZFPs

Takatsuji et al. [19] cloned the first plant C2H2-ZFP gene EFP1 in the study of Petunia petal
development. In Petunia, more than 30 C2H2-ZFPs are found with the common QALGGH motif in the
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DNA recognition region and regarded as the EPF ZF family of this genus [23]. Computational analysis
revealed that C2H2-ZFPs account for 2.3%, 3%, and 0.8% of the genomes in Drosophila, mammals,
and yeast, respectively [37,38]. Genome analysis identified 176 and 189 C2H2-ZFP genes in Arabidopsis
and the rice genome, respectively [17,39].

C2H2-ZFPs are generally classified according to four structures: tandem or dispersed [17,40],
spacer regions [23], number of fingers [17], and QALGGH motif [41]. Such a classification approach is
intuitive and straightforward. On this basis, the C2H2-ZFP family in Arabidopsis is further divided into
three subgroups: A, B, and C. Particular focus is directed at the two largest and evolutionarily youngest
subsets (A1 and C1), which are reportedly involved in transcriptional regulation. Subset A1 includes
proteins with tandemly arranged ZF domains. By contrast, subset C1, which has been described
as the EPF family in Petunia, consists of one isolated or two to five dispersed fingers and typically
contains a QALGGH domain in the ZF helices. The subsets are further subdivided based on the
different patterns of amino acids in the helices [17]. In the role of flower development of Arabidopsis,
the C2H2-ZFPs feature diverse structures and belong to different subsets. For example, REF6 and ELF6,
which are involved in flowering induction, are unique members of subset A2. CZS, SUF4, and LATE
FLOWERING (LATE) also participate in flowering induction and belong to subsets A3, A4, and C1,
respectively. SUPERMAN (SUP), KNUCKLES (KNU), RABBIT EARS (RBE), and JAGGED (JAG),
which regulate floral organ development, are mainly distributed in subset C1. In rice, C2H2-ZFPs
possess two main types of ZF domains (named C and Q). Q-type ZFs contain conserved QALGGH
motifs, whereas C-type ZFs are found in other organisms [39].

The development of high-throughput sequencing technology and genome-wide analysis
technology has enabled the analysis of the C2H2-ZFP family of several species. In plants, genome-wide
analysis detected 124 C2H2-ZFPs in foxtail millet, 122 in sorghum [42], 109 in poplar [43], 211 in
maize [44], 188 in tobacco [45], and 321 in soybean [46]. In foxtail millet, 78% of C2H2-ZFPs
comprise QALGGH motifs and are designated as Q-type ZFs [42]. Soybean C2H2-ZFP genes
are defined and classified into 11 distinguishable subsets on the basis of arrangements, numbers,
and types of C2H2-ZF domains. Phylogenetic and gene ontology analyses further confirmed the
rationality of classification [46]. Similar to Arabidopsis, the C2H2-ZFP family of maize is divided
into three subgroups (A, B, and C) [44]. Englbrecht et al. [17] believed that single- and two-fingered
proteins are evolutionarily older, and more than two-fingered proteins were derived. Among these
proteins, the ancient subgroups are typically involved in RNA metabolism and chromatin remodeling.
The younger subgroups are mainly involved in transcriptional regulation; thus, they receive particular
research focus. The present knowledge is inadequate for categorizing C2H2-ZFPs by function.
However, studying the structure and classification of C2H2-ZFPs in eukaryotes will offer insights into
their capability to combine with DNA in transcriptional regulation.

3. Transcriptional Regulation of C2H2-ZFPs in Flowering Induction

C2H2-ZFPs’ expression in the SAM or leaves has been demonstrated to be involved in flowering
induction. Loss of their function results in delayed or early flowering (Table S1). As demethylases
or methyltransferases, C2H2-ZFPs participate in histone modification of FLC and are associated
with flowering induction. Histone modification is a crucial function in chromatin regulation of FLC
and coordinates the initiation and extension of transcription. That is, when H3K4me3/H3K36me3
and histone acetylation marks exist, FLC is activated, whereas FLC is silent when H3K27me3 marks
exist [47] (Figure 1). These markers represent two opposing, mutually exclusive histone modification
states. Such feedback mechanisms can provide a robust bistability and facilitate transcriptional
regulation. C2H2-ZFPs can act as H3K27me3 demethylases to activate FLC transcription (Figure 2).
REF6 is the first reported H3K27me3 demethylase in plants [48]. REF6 is highly expressed in the SAM
region and root tips but lowly expressed in cotyledons, leaves, and root axes, especially along vascular
tissues. The lack of function of REF6 will delay flowering in Arabidopsis. This expression pattern
of REF6 is the same as those of FLC and other genes affecting FLC expression [26,49,50]. REF6 can
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act as a FLC repressor; however, FLC is an indirect downstream target gene of REF6 [27]. ELF6 and
REF6 are most homologous to each other in Arabidopsis. By contrast, the ELF6 expression pattern
considerably differs from that of REF6 [26]. Studies showed that ELF6 can participate in the FLC
activation pathway as an H3K27me3 demethylase [1]. Before vernalization, the H3K27me3 level
is low, consistent with the enriched expression of ELF6 at the FLC locus. In warm environments,
the H3K36 methyltransferase SET DOMAIN GROUP 8 (SDG8) is more enriched over the promoter of
FLC. SDG8 and ELF6 influence each other’s localization at the FLC locus. This coupling facilitates the
bistability of opposing histone states. ELF6 can directly interact with BRASSINAZOLE-RESISTANT 1
(BZR1) and be recruited at the FLC to activate the FLC expression [51]. The ZF domain of ELF6 and
REF6 can interact with BRI1-EMS-SUPPRESSOR 1 (BES1)/BZR2 [52]. Furthermore, BZR1, rather than
BES1, transduces brassinosteroid (BR) signals at the FLC locus and promotes FLC expression [51].
The latest findings reveal that BR signaling inhibits floral transition.

The activation effect of C2H2-ZFPs on the chromatin modification of FLC is connected with
increasing H3K4me3 level at the FLC locus. SUF4 can induce the recruitment of H3K4me3 to activate
FLC and is critical to the positive regulation of FLC by FRI (Figure 2) [28,53]. MODIFIER OF snc1
(MOS1) is a negative regulator of plant immunity with no DNA-binding capacity; however, it can
promote flowering by directly interacting with SUF4 and inhibiting SUF4 to negatively regulate the
FLC expression [28]. Mitotic arrest deficient 1 (MAD1) is an Arabidopsis spindle assembly checkpoint
complex composed of a positive regulator of FLC in flowering induction and endopolyploidization
via genetic interaction with MOS1. SUF4 can interact with MAD1 to regulate flowering time and
endopolyploidization in the same pathway. That is, MOS1, MAD1, and SUF4 act as regulators of
endopolyploidization and flowering induction. This study indicates that C2H2-ZFPs crucially link
the plant cell cycle and timing mechanism of reproductive transformation. At present, limited works
explore the regulation mechanism of FLC in the autonomous flowering pathway. Encoding a
plant-specific C2H2 ZF-SET domain protein, CZS is the first histone methyltransferase reported
to induce FLC silencing through an autonomous pathway [54]. The SET domain is found in all proteins
that function as histone methyltransferases [55]. CZS interacts with SWIRM-domain polyamine oxidase
protein 1 (SWP1) to facilitate the deacetylation of histones and methylation of H3K9/H3K27 after
complex formation [54]. The co-repressor complex also exhibits a fine-tuning role in autonomous
regulation of FLC.
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Figure 1. Histone modification of FLC locus. FRI can recruit other DNA-binding proteins and form
complexes with one another. The complexes can combine with the cis-element of the FLC promoter,
transforming FLC into a transcriptional activation state. At this time, FLC can present an active state
marked by H3K36me3, H3K4me3, and histone acetylation. Vernalization can mask the regulation of
FRI on FLC. FLC can present a silent state marked by H3K27me3.
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Figure 2. Regulatory network of C2H2-ZFPs in flowering induction. As demethylases or
methyltransferases, C2H2-ZFPs are involved in histone modification of the FLC locus and flowering
induction. C2H2-ZFPs can participate in vernalization, FRI regulation, and autonomous regulation
pathways of FLC. They can also repress FT expression in the photoperiod pathway. ELF6 can perform
the function of H3K27me3 demethylase and interact with BZR1. Then, the protein complex can
activate FLC expression and inhibit flowering transition. SUF4 is required in the positive regulation
of FLC by FRI. Both MAD1 and MOS1 can interact with SUF4. Therefore, SUF4 links the cell cycle
and flowering induction. CZS interacts with SWP1. Subsequently, the protein complex participates
in histone deacetylation and H3K9/H3K27 methylation. LATE may repress FT expression in the
photoperiod regulation pathway.

Not all C2H2-ZFPs involved in flowering induction are associated with FLC locus modification.
Among these C2H2-ZFPs, LATE participates in the photoperiod pathway of FT (Figure 2). LATE can
interfere with the activity of FT upstream regulatory factors to block the photoperiod flowering
response. LATE expression in leaf vasculature can inhibit the long-day response of FT [56]. However,
studies must still determine whether LATE regulates FT by directly binding to the FT promoter or
combining with other already known FT repressor complexes. Moreover, limited information is
available on the role of LATE in this specific mechanism. In contrast to Arabidopsis, rice is a short-day
model plant and therefore contains no FLC ortholog [57,58]. However, Heading date 3a in rice, similar to
the FT ortholog in Arabidopsis, plays a major role in the photoperiod regulation pathway [59,60].
In rice, C2H2-ZFP genes Suppressor of rid1, Rice Indeterminate1 (RID1), and Se14 also participate in the
photoperiod pathway by directly or indirectly acting on another florigen gene RFT1 [31,61,62].

C2H2-ZFPs’ expression in SAM suggests that these proteins may be involved in the construction
of floral organ models (Table S1). REF6 can act as H3K27me3 demethylase and regulate floral organ
development and boundary formation [29]. The C2H2-ZF domain of REF6 can directly recognize a
CTCTGYTY motif and is required for REF6 demethylase activity. REF6 directly binds and activates the
expression of CUP-SHAPED COTYLEDON 1 (CUC1), which is a key gene that regulates the cotyledon
and other organ boundaries [29]. After binding to the target gene, REF6 promotes the recruitment of
BRAHMA (BRM) (SWI/SNF-type chromatin-remodeling ATPase). BRM reinforces the function of
REF6 as a H3K27 demethylase [25]. LATE is another inhibitor of floral organs. Ectopic LATE expression
in the SAM can impair the transformation of this tissue from the vegetative to reproductive phase
and interfere with the upregulation and sustained expression of the FM identity gene SOC1 [56].
RID1 is also expressed in the SAM and acts as a master switch for the phase transition from vegetative
to reproductive growth in rice; RID1 mutation will inhibit flowering [61,63]. The available data
on LATE and other C2H2-ZFPs provide inconsistent detailed information on its functions. Further
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investigations must be conducted on genetic functions and transcriptional regulation of C2H2-ZFPs.
Overall, these findings indicate that C2H2-ZPFs are versatilely and widely involved in numerous
processes of flower development. Therefore, flowering induction and floral organ formation are
possibly related in a complex regulatory network.

4. Transcriptional Regulation of C2H2-ZFPs in Floral Organ Development

The over-ground part of all plants originates from the proliferation and differentiation of the SAM.
After flowering induction, the periphery of the SAM develops into FMs. In turn, FMs generate four
developmentally distinct whorls that constitute the discrete floral organs. The identity of each floral
organ is determined by specific floral homeotic genes; the molecular network that identifies floral organ
recognition has been extensively studied [64]. Nevertheless, the ABCE model is still inadequate for
comprehending floral organ formation. Recent studies have revealed that the upstream or downstream
regulatory factors of these major floral homeotic genes also perform the same function and participate
in floral organ development [10]. However, limited information is known about the mechanisms by
which the flower is divided into four developmentally distinct whorls, particularly the mechanism by
which boundaries are established between different floral organs. C2H2-ZFPs are bound by complex
interactions among transcription factors, epigenetic modification, cell proliferation, and hormonal
regulation. Studies have traditionally examined the effect of C2H2-ZFPs on the establishment of floral
organ models. Research on the role of C2H2-ZFPs in cell proliferation and differentiation clarify this
issue satisfactorily.

C2H2-ZFPs affect flower development by acting on the primordium of floral organs (Table S2).
The SUP gene encodes a transcriptional repressor with a C2H2-ZF DNA-binding domain and an EAR
repression domain [33,65–67]. In Arabidopsis, SUP controls the stamen primordia, carpel primordia,
and ovules during flower development [33,67–69]. SUP is specifically required to balance the
proliferation and create a boundary between the whorl 3 and 4. The boundary-specific function
of SUP is to repress the expression of B function regulators, namely, APETALA 3 and PISTILLATA,
by modulating auxin- and cytokinin (CK)-regulated processes (Figure 3) [13,67,70]. Several SUP
homologs have been identified. SUP performs conserved functions in tobacco, Silene latifolia, and rice
at different expression levels (Table S2) [71–73].

In Arabidopsis, the activity of FM cells is maintained only at the initial stages of flower development
and is subsequently terminated by WUS at the appropriate time. In addition to regulating organ
boundaries, SUP also regulates the FM activity. SUP may indirectly regulate WUS with independence
of the C class gene AG [13]. SUP, AG, and CLAVATA3 coordinate and monitor the FM activity in partially
redundant pathways [74]. The FM-activity-regulating function of SUP is related to auxin-regulated
processes. SUP can act as an active repressor of auxin biosynthesis and recruit the Polycomb group
(PcG) component CURLY LEAF to directly repress the auxin biosynthesis genes YUCCA1 and 4
(YUC1/4) (Figure 3) [75]. In sup mutants, ectopic auxin activity delays the termination activity and
increases the size of FM [75]. The KNU transcription factor has also been shown to regulate the FM
activity. KNU encodes a SUP-like protein and contains an EAR-like active repression domain [76].
In contrast to SUP, KNU must be assisted by AG to regulate WUS (Figure 3). AG directly binds
to the KNU promoter but induces KNU with a time delay regulated by epigenetic modification.
This induction process requires approximately two days and is associated with the timing mechanism
of releasing histone methylation inhibition at the KNU locus. Prior to stage 3, the KNU locus is covered
by H3K27me3, which is maintained by PcG. H3K27me3 is produced by PcG during cell division.
Upon directly binding to the KNU promoter, AG competes with and expels PcG from the KNU locus.
Consequently, the inhibitory state of KNU is relieved. The cells divide and inhibit WUS expression,
and the FM activity is terminated at the appropriate time [77]. Such a timing mechanism guided by
KNU is fundamental in balancing cell proliferation and differentiation during flower development.
This mechanism reveals the relationship between transcriptional regulation and epigenetic control
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in plant stem cell proliferation and suggests that cell division plays a vital role in the morphological
changes during floral organ development.
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Figure 3. Regulatory network of C2H2-ZFPs in floral organ development. In the ABCE model of flower
development, A class genes specify sepals in whorl 1; A and B class genes specify petals in whorl 2;
B and C class genes specify stamens in whorl 3; C class genes define carpels in whorl 4. E class genes
are active in all four whorls. SUP and KNU directly or indirectly repress WUS and terminate the FM
activity. SUP can repress the expression of B function genes, AP3 and PI. SUP can repress YUC1/2 and
participate in floral organ development by affecting auxin signaling, whereas SUP may regulate CK
signaling. KNU is directly activated by the C class gene AG. AG may repress JAG, whereas JAG further
inhibits PTL, HAN, KRP2, and KRP4. Thus, JAG is a direct regulator of the cell cycle during floral organ
tissue growth. RBE is involved in the MIR164–CUC regulation pathway. UFO acts on the upstream of
RBE. RBE can also repress TCP4 and TCP5.

RBE, which encodes a C2H2 ZF protein that is closely related to SUP, causes the formation of petal
primordium [78]. RBE may act downstream of an A function gene, APETALA1 (AP1), and downstream
of PETAL LOSS (PTL), as RBE is unexpressed in ap1-1 and ptl-1 [78]. In addition, RBE can maintain
the boundary between the whorl of 2 and 3 and inhibit the expression of the C class gene AG only
within the second whorl [79]. The gene UNUSUAL FLORAL ORGANS (UFO), which degrades the
repressor of cell proliferation, is the upstream regulator and essential for maintaining regular RBE
expression. In addition, UFO promotes the initiation and development of petal primordia by repressing
AG expression. UFO and RBE act on the same pathway to regulate the development of whorl 2 [79,80].
In Arabidopsis, three microRNA164 genes (MIR164a, b, and c) regulate the expression of CUC1 and
CUC2, which are the primary regulators involved in floral organ boundary specification [81–83].
RBE can regulate the expression of these microRNA164 genes. RBE also directly binds to the
promoter and negatively regulates MIR164c expression. That is, RBE participates in the MIR164–CUC
regulation pathway and influences floral organ development (Figure 3) [84]. At the early stage of
petal development, RBE can directly and negatively regulate the growth inhibitor genes TEOSINTE
BRANCHED1/CYCLOIDEA/PCF 4 (TCP4) and TCP5 to promote cell proliferation and growth of
the petal primordia. Although both TCP4 and TCP5 inhibit cell proliferation, TCP4, rather than
TCP5, is the target gene of miR319. RBE and microRNA319 regulate TCP4 at the transcriptional and
post-transcriptional levels, respectively. In turn, TCP4 regulates the size and shape of Arabidopsis
petals [85,86]. Furthermore, PTL and TCP4 are crucial in auxin regulation [87–89]. The transcriptional
regulation of RBE in whorl 2 is associated with hormonal regulation.
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Similar to RBE, JAG causes the formation of the petal primordium. JAG, together with its paralog
NUBBIN (NUB), controls the growth of leaf margins and floral organs, particularly in their distal
regions [90,91]. NUB acts redundantly with JAG to promote the differentiation of carpels and stamens.
Researchers propose that JAG can stimulate organ growth by promoting cell proliferation. JAG induces
complex cellular behavior, which includes cell proliferation and elongation, changes in cell size
homeostasis, and regulation of anisotropic growth [91,92]. In the mutant jag, the entire distal part of
the petal can be eliminated, resulting in a jagged edge. The edges of jag sepals and leaves are also
serrated [91]. Petal development involves a divergent polarity field with growth rates. Therefore,
JAG may regulate the growth rate of petals through auxin regulation [93]. JAG can directly inhibit
the expression of PTL, which encodes a transcription factor that acts on the upstream of auxin signals
that initiate petal development. In addition, JAG is a direct target gene of the C class gene AG [94].
Cell cycle progression can promote plant organ growth. Schiessl et al. [92] confirmed that JAG can
directly mediate the cell cycle. Their results showed that JAG directly repressed cell-cycle-dependent
kinase genes KIP RELATED PROTEIN 4 (KRP4) and KRP2, which control the transition to the DNA
synthesis phase of the cell cycle (Figure 3). Mutations krp2 and krp4 suppressed the jag defects during
petal growth. These findings are consistent with the role of JAG in regulating cell proliferation. JAG also
influences the coordination between cell growth and cell cycle during floral organ development by
directly inhibiting BREVIPEDICELLUS (BP) and BELL 1, which are regulators of the meristem [95].
HANABA TARANU (HAN), which is a key regulator of the FM and organ primordia boundaries,
can interact with or is directly inhibited by JAG. However, Ding et al. [96] subsequently observed
that JAG can be directly activated and interact with HAN. Thus, new experimental methods and
protocols must be developed to analyze the role of JAG in floral organ growth. The regulation of JAG
serves as a starting point to address the molecular mechanisms underlying other key aspects of floral
organ morphogenesis.

C2H2-ZFPs are less involved in regulating floral organ maturation than in regulating flowering
induction and floral organ development. For example, the expression patterns of C2H2-ZFP genes,
such as BcMF20, ZPT2-10, and ZPT3-3, indicate their role in the development of pollens and pistils
(Table S3). However, the related research remains at its infancy. The role of TAPETUM DEVELOPMENT
ZINC FINGER PROTEIN1 (TAZ1) in microspores and tapetum, given its significant involvement in
pollen development, has been extensively studied. TAZ1 may be a component of MALE STERILITY 1
(MS1) that possibly participates in the development of tapetum and regulates the fertility of pollens [97].
Tapetum development and degeneration are strictly relevant to microspore development. To date,
in-depth studies on tapetum have been conducted. Aside from MS1, a number of genes are also
involved in the programmed cell death of the tapetum. Nevertheless, further investigations are still
needed to elucidate the specific regulation of C2H2-ZFPs in tapetum development. MEiosis-associated
Zinc-finger protein 1 (MEZ1) acts on the meiotic process. Silencing of MEZ1 leads to aberrant meiosis
and pollen abortion in Petunia [98]. DUO POLLEN 1 (DUO1)-ACTIVATED ZINC FINGER 1/2 are two
target genes of the germline-specific protein DUO1, and they participate in the germ cell division
regulated by DUO1. These target genes promote germ cell division by regulating the accumulation
of mitotic cyclin CYCB1;1, which promotes the G2-to-M phase transition [35]. The involvement of
other mitotic cyclins in germ cell division remains unclear. At present, several genes, including NTT,
have been detected in the development of the replum. NTT negatively regulates the expression of
FRUITFULL and participates in dehiscence of fruit to reduce seed loss and increase yield [99]. NTT can
bind to the BP promoter and activate BP expression in the replum. Furthermore, NTT can interact
with itself and REPLUMLESS to participate in fruit development [100]. All these studies suggest
that C2H2-ZFPs possibly play a more significant role in floral organ maturation. These studies have
addressed the relation between C2H2-ZFPs and floral organ maturation, and future works will clarify
this interrelationship at the transcriptional regulation level.
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5. Conclusions and Perspectives

The results of the discussed studies not only show that C2H2-ZFPs are highly involved in
flowering induction, floral organ morphogenesis, and maturation, but also consolidate the available
information on flower development process. C2H2-ZFPs participate in both histone modification
of the FLC locus and the photoperiod regulation pathway of FT, thereby influencing flowering
induction. C2H2-ZFPs can directly or indirectly regulate the ABC model function genes in floral
organ development by affecting hormonal signaling in cell proliferation and division processes. Thus,
we can better understand the formation of floral organs with four whorls. C2H2-ZFPs are also involved
in pollen and pistil development. Despite the recent progress that has been attained as regards the
effect of C2H2-ZFPs on flower development, major issues remain unclear. Several of these issues
have been mentioned above, particularly how C2H2-ZFPs regulate the maturity of floral organs.
For instance, although TAZ1 and BcMF20 have been proven to participate in pollen development,
limited information is available on the transcriptional regulation between them and other already
known factors. Thus, we intend to study the transcriptional regulation of C2H2-ZFPs in pollen
development and aim to achieve good results soon.

In addition to C2H2-ZFPs, numerous transcriptional factors are involved in flower development.
However, existing works have fully confirmed the unique and exclusive role of C2H2-ZFPs in this
field. Regardless of whether C2H2-ZFPs participate in the fine regulation of flower development,
ensuring that C2H2-ZFPs play a vital role in floral organ morphogenesis is a significant achievement.
Thus, future works should explore the mechanism by which C2H2-ZFP participates in flower
development by interacting with other factors. Relevant studies have been limited to only a few
model plants, particularly Arabidopsis and rice. The development of sequencing technology has
enabled the analysis of C2H2-ZFP families in other species. Studies on C2H2-ZFPs in plants other than
Arabidopsis will provide insights into the formation of general flowers. Studying the transcriptional
regulation of C2H2-ZFPs in flower development of crops other than rice will contribute to crop breeding
and development of agriculture. This work not only provides the necessary data for studying the
function and regulation of C2H2-ZFPs in flower development but also ensures better comprehension
of the construction of floral organs of various angiosperms. Although significant progress has been
achieved in the study of C2H2-ZFPs in flower development, the critical issues about their function and
expression remain unclear, particularly the involvement of C2H2-ZFPs in transcriptional regulation of
flower development. Considerable progress is expected in this field in the future.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/9/
2589/s1.

Author Contributions: T.L. and J.C. wrote this article.

Funding: This work was supported by the National Natural Science Foundation of China (No. 31772311).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Crevillen, P.; Yang, H.; Cui, X.; Greeff, C.; Trick, M.; Qiu, Q.; Cao, X.; Dean, C. Epigenetic reprogramming
that prevents transgenerational inheritance of the vernalized state. Nature 2014, 515, 587–590. [CrossRef]
[PubMed]

2. Borner, R.; Kampmann, G.; Chandler, J.; Gleissner, R.; Wisman, E.; Apel, K.; Melzer, S. A MADS domain gene
involved in the transition to flowering in Arabidopsis. Plant J. Cell Mol. Biol. 2010, 24, 591–599. [CrossRef]

3. Hepworth, S.R.; Valverde, F.; Ravenscroft, D.; Mouradov, A.; Coupland, G. Antagonistic regulation of
flowering-time gene SOC1 by CONSTANS and FLC via separate promoter motifs. EMBO J. 2014, 21,
4327–4337. [CrossRef]

4. Michaels, S.D.; Himelblau, E.; Sang, Y.K.; Schomburg, F.M.; Amasino, R.M. Integration of Flowering Signals
in Winter-Annual Arabidopsis. Plant Physiol. 2005, 137, 149–156. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/19/9/2589/s1
http://www.mdpi.com/1422-0067/19/9/2589/s1
http://dx.doi.org/10.1038/nature13722
http://www.ncbi.nlm.nih.gov/pubmed/25219852
http://dx.doi.org/10.1046/j.1365-313x.2000.00906
http://dx.doi.org/10.1093/emboj/cdf432
http://dx.doi.org/10.1104/pp.104.052811
http://www.ncbi.nlm.nih.gov/pubmed/15618421


Int. J. Mol. Sci. 2018, 19, 2589 11 of 15

5. Alexandre, C.M.; Hennig, L. FLC or not FLC: The other side of vernalization. J. Exp. Bot. 2008, 59, 1127–1135.
[CrossRef] [PubMed]

6. Mouradov, A.; Cremer, F.; Coupland, G. Control of Flowering Time. Plant Cell 2002, 14 (Suppl. 1), S111–S130.
[CrossRef] [PubMed]

7. Coen, E.S.; Meyerowitz, E.M. The war of the whorls: Genetic interactions controlling flower development.
Nature 1991, 353, 31–37. [CrossRef] [PubMed]

8. Theissen, G. Development of floral organ identity: Stories from the MADS house. Curr. Opin. Plant Biol.
2001, 4, 75–85. [CrossRef]

9. Sun, B.; Ito, T. Regulation of floral stem cell termination in Arabidopsis. Front. Plant Sci. 2015, 6, 17. [CrossRef]
[PubMed]

10. Thomson, B.; Zheng, B.; Wellmer, F. Floral Organogenesis: When Knowing Your ABCs Is Not Enough.
Plant Physiol. 2017, 173, 56–64. [CrossRef] [PubMed]

11. Moreau, F.; Thevenon, E.; Blanvillain, R.; Lopez-Vidriero, I.; Franco-Zorrilla, J.M.; Dumas, R.; Parcy, F.;
Morel, P.; Trehin, C.; Carles, C.C. The Myb-domain protein ULTRAPETALA1 INTERACTING FACTOR 1
controls floral meristem activities in Arabidopsis. Development 2016, 143, 1108–1119. [CrossRef] [PubMed]

12. Sharma, N.; Xin, R.; Kim, D.H.; Sung, S.; Lange, T.; Huq, E. NO FLOWERING IN SHORT DAY (NFL) is a
bHLH transcription factor that promotes flowering specifically under short-day conditions in Arabidopsis.
Development 2016, 143, 682–690. [CrossRef] [PubMed]

13. Prunet, N.; Yang, W.; Das, P.; Meyerowitz, E.M.; Jack, T.P. SUPERMAN prevents class B gene expression
and promotes stem cell termination in the fourth whorl of Arabidopsis thaliana flowers. Proc. Natl. Acad.
Sci. USA 2017, 114, 7166–7171. [CrossRef] [PubMed]

14. Hugouvieux, V.; Silva, C.S.; Jourdain, A.; Stigliani, A.; Charras, Q.; Conn, V.; Conn, S.J.; Carles, C.C.; Parcy, F.;
Zubieta, C. Tetramerization of MADS family transcription factors SEPALLATA3 and AGAMOUS is required
for floral meristem determinacy in Arabidopsis. Nucleic Acids Res. 2018, 46, 4966–4977. [CrossRef] [PubMed]

15. Takatsuji, H. Zinc-finger transcription factors in plants. Cell. Mol. Life Sci. 1998, 54, 582–596. [CrossRef]
[PubMed]

16. Tupler, R.; Perini, G.; Green, M.R. Expressing the human genome. Nature 2001, 409, 832–833. [CrossRef]
[PubMed]

17. Englbrecht, C.C.; Schoof, H.; Bohm, S. Conservation, diversification and expansion of C2H2 zinc finger
proteins in the Arabidopsis thaliana genome. BMC Genom. 2004, 5, 39. [CrossRef] [PubMed]

18. Sommer, R.J.; Retzlaff, M.; Goerlich, K.; Sander, K.; Tautz, D. Evolutionary conservation pattern of zinc-finger
domains of Drosophila segmentation genes. Proc. Natl. Acad. Sci. USA 1992, 89, 10782–10786. [CrossRef]
[PubMed]

19. Takatsuji, H.; Mori, M.; Benfey, P.N.; Ren, L.; Chua, N.H. Characterization of a zinc finger DNA-binding
protein expressed specifically in Petunia petals and seedlings. EMBO J. 1992, 11, 241–249. [PubMed]

20. Persikov, A.V.; Wetzel, J.L.; Rowland, E.F.; Oakes, B.L.; Xu, D.J.; Singh, M.; Noyes, M.B. A systematic survey
of the Cys2His2 zinc finger DNA-binding landscape. Nucleic Acids Res. 2015, 43, 1965–1984. [CrossRef]
[PubMed]

21. Lam, K.N.; van Bakel, H.; Cote, A.G.; van der Ven, A.; Hughes, T.R. Sequence specificity is obtained from the
majority of modular C2H2 zinc-finger arrays. Nucleic Acids Res. 2011, 39, 4680–4690. [CrossRef] [PubMed]

22. Enuameh, M.S.; Asriyan, Y.; Richards, A.; Christensen, R.G.; Hall, V.L.; Kazemian, M.; Zhu, C.; Pham, H.;
Cheng, Q.; Blatti, C.; et al. Global analysis of Drosophila Cys(2)-His(2) zinc finger proteins reveals a multitude
of novel recognition motifs and binding determinants. Genome Res. 2013, 23, 928–940. [CrossRef] [PubMed]

23. Ki, K.; Sakamoto, A.; Kobayashi, A.; Rybka, Z.; Kanno, Y.; Nakagawa, H.; Takatsuji, H. Cys2/His2
zinc-finger protein family of petunia: Evolution and general mechanism of target-sequence recognition.
Nucleic Acids Res. 1998, 26, 608–615. [CrossRef]

24. Kam, J.; Gresshoff, P.M.; Shorter, R.; Xue, G.P. The Q-type C2H2 zinc finger subfamily of transcription factors
in Triticum aestivum is predominantly expressed in roots and enriched with members containing an EAR
repressor motif and responsive to drought stress. Plant Mol. Biol. 2008, 67, 305–322. [CrossRef] [PubMed]

25. Li, C.; Gu, L.; Gao, L.; Chen, C.; Wei, C.Q.; Qiu, Q.; Chien, C.W.; Wang, S.; Jiang, L.; Ai, L.F.; et al.
Concerted genomic targeting of H3K27 demethylase REF6 and chromatin-remodeling ATPase BRM in
Arabidopsis. Nat. Genet. 2016, 48, 687–693. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/jxb/ern070
http://www.ncbi.nlm.nih.gov/pubmed/18390846
http://dx.doi.org/10.1105/tpc.001362
http://www.ncbi.nlm.nih.gov/pubmed/12045273
http://dx.doi.org/10.1038/353031a0
http://www.ncbi.nlm.nih.gov/pubmed/1715520
http://dx.doi.org/10.1016/S1369-5266(00)00139-4
http://dx.doi.org/10.3389/fpls.2015.00017
http://www.ncbi.nlm.nih.gov/pubmed/25699061
http://dx.doi.org/10.1104/pp.16.01288
http://www.ncbi.nlm.nih.gov/pubmed/27789738
http://dx.doi.org/10.1242/dev.127365
http://www.ncbi.nlm.nih.gov/pubmed/26903506
http://dx.doi.org/10.1242/dev.128595
http://www.ncbi.nlm.nih.gov/pubmed/26758694
http://dx.doi.org/10.1073/pnas.1705977114
http://www.ncbi.nlm.nih.gov/pubmed/28634297
http://dx.doi.org/10.1093/nar/gky205
http://www.ncbi.nlm.nih.gov/pubmed/29562355
http://dx.doi.org/10.1007/s000180050186
http://www.ncbi.nlm.nih.gov/pubmed/9676577
http://dx.doi.org/10.1038/35057011
http://www.ncbi.nlm.nih.gov/pubmed/11237001
http://dx.doi.org/10.1186/1471-2164-5-39
http://www.ncbi.nlm.nih.gov/pubmed/15236668
http://dx.doi.org/10.1073/pnas.89.22.10782
http://www.ncbi.nlm.nih.gov/pubmed/1438276
http://www.ncbi.nlm.nih.gov/pubmed/1740109
http://dx.doi.org/10.1093/nar/gku1395
http://www.ncbi.nlm.nih.gov/pubmed/25593323
http://dx.doi.org/10.1093/nar/gkq1303
http://www.ncbi.nlm.nih.gov/pubmed/21321018
http://dx.doi.org/10.1101/gr.151472.112
http://www.ncbi.nlm.nih.gov/pubmed/23471540
http://dx.doi.org/10.1093/nar/26.2.608
http://dx.doi.org/10.1007/s11103-008-9319-3
http://www.ncbi.nlm.nih.gov/pubmed/18347915
http://dx.doi.org/10.1038/ng.3555
http://www.ncbi.nlm.nih.gov/pubmed/27111034


Int. J. Mol. Sci. 2018, 19, 2589 12 of 15

26. Noh, B.; Lee, S.H.; Kim, H.J.; Yi, G.; Shin, E.A.; Lee, M.; Jung, K.J.; Doyle, M.R.; Amasino, R.M.; Noh, Y.S.
Divergent roles of a pair of homologous jumonji/zinc-finger-class transcription factor proteins in the
regulation of Arabidopsis flowering time. Plant Cell 2004, 16, 2601–2613. [CrossRef] [PubMed]

27. Yang, H.; Howard, M.; Dean, C. Physical coupling of activation and derepression activities to maintain an
active transcriptional state at FLC. Proc. Natl. Acad. Sci. USA 2016, 113, 9369–9374. [CrossRef] [PubMed]

28. Bao, Z.; Zhang, N.; Hua, J. Endopolyploidization and flowering time are antagonistically regulated by
checkpoint component MAD1 and immunity modulator MOS1. Nat. Commun. 2014, 5, 5628. [CrossRef]
[PubMed]

29. Cui, X.; Lu, F.; Qiu, Q.; Zhou, B.; Gu, L.; Zhang, S.; Kang, Y.; Cui, X.; Ma, X.; Yao, Q.; et al. REF6 recognizes a
specific DNA sequence to demethylate H3K27me3 and regulate organ boundary formation in Arabidopsis.
Nat. Genet. 2016, 48, 694–699. [CrossRef] [PubMed]

30. Jeong, J.H.; Song, H.R.; Ko, J.H.; Jeong, Y.M.; Kwon, Y.E.; Seol, J.H.; Amasino, R.M.; Noh, B.; Noh, Y.S.
Repression of FLOWERING LOCUS T chromatin by functionally redundant histone H3 lysine 4 demethylases
in Arabidopsis. PLoS ONE 2009, 4, e8033. [CrossRef] [PubMed]

31. Yokoo, T.; Saito, H.; Yoshitake, Y.; Xu, Q.; Asami, T.; Tsukiyama, T.; Teraishi, M.; Okumoto, Y.; Tanisaka, T.
Se14, encoding a JmjC domain-containing protein, plays key roles in long-day suppression of rice flowering
through the demethylation of H3K4me3 of RFT1. PLoS ONE 2014, 9, e96064. [CrossRef] [PubMed]

32. Ohta, M.; Matsui, K.; Hiratsu, K.; Shinshi, H.; Ohmetakagi, M. Repression domains of class II ERF
transcriptional repressors share an essential motif for active repression. Plant Cell 2001, 13, 1959–1968.
[CrossRef] [PubMed]

33. Hiratsu, K.; Ohta1, M.; Matsui, K.; Ohme-Takagi, M. The SUPERMAN protein is an active repressor whose
carboxy-terminalrepression domain is required for the development of normal fowers. FEBS Lett. 2002, 514,
351–354. [CrossRef]

34. Krogan, N.T.; Hogan, K.; Long, J.A. APETALA2 negatively regulates multiple floral organ identity genes in
Arabidopsis by recruiting the co-repressor TOPLESS and the histone deacetylase HDA19. Development 2012,
139, 4180–4190. [CrossRef] [PubMed]

35. Borg, M.; Rutley, N.; Kagale, S.; Hamamura, Y.; Gherghinoiu, M.; Kumar, S.; Sari, U.; Esparza-Franco, M.A.;
Sakamoto, W.; Rozwadowski, K.; et al. An EAR-Dependent Regulatory Module Promotes Male Germ Cell
Division and Sperm Fertility in Arabidopsis. Plant Cell 2014, 26, 2098–2113. [CrossRef] [PubMed]

36. Kagale, S.; Rozwadowski, K. EAR motif-mediated transcriptional repression in plants. Epigenetics 2014, 6,
141–146. [CrossRef]

37. Böhm, S.; Frishman, D.; Mewes, H.W. Variations of the C2H2 zinc finger motif in the yeast genome and
classification of yeast zinc finger proteins. Nucleic Acids Res. 1997, 25, 2464–2469. [CrossRef] [PubMed]

38. Chung, H.R.; Schäfer, U.; Jäckle, H.; Böhm, S. Genomic expansion and clustering of ZAD-containing C2H2
zinc-finger genes in Drosophila. EMBO J. 2002, 3, 1158–1162. [CrossRef] [PubMed]

39. Agarwal, P.; Arora, R.; Ray, S.; Singh, A.K.; Singh, V.P.; Takatsuji, H.; Kapoor, S.; Tyagi, A.K. Genome-wide
identification of C2H2 zinc-finger gene family in rice and their phylogeny and expression analysis.
Plant Mol. Biol. 2007, 65, 467–485. [CrossRef] [PubMed]

40. Wolfe, S.A.; Nekludova, L.; Pabo, C.O. DNA Recognition by Cys2His2 Zinc Finger Proteins. Annu. Rev.
Biophys. Biomol. Struct. 2003, 29, 183–212. [CrossRef] [PubMed]

41. Takatsuji, H. Zinc-finger proteins: The classical zinc finger emerges in contemporary plant science.
Plant Mol. Biol. 1999, 39, 1073–1078. [CrossRef] [PubMed]

42. Muthamilarasan, M.; Bonthala, V.S.; Mishra, A.K.; Khandelwal, R.; Khan, Y.; Roy, R.; Prasad, M. C2H2 type
of zinc finger transcription factors in foxtail millet define response to abiotic stresses. Funct. Integr. Genom.
2014, 14, 531–543. [CrossRef] [PubMed]

43. Liu, Q.; Wang, Z.; Xu, X.; Zhang, H.; Li, C. Genome-Wide Analysis of C2H2 Zinc-Finger Family Transcription
Factors and Their Responses to Abiotic Stresses in Poplar (Populus trichocarpa). PLoS ONE 2015, 10, e0134753.
[CrossRef] [PubMed]

44. Wei, K.; Pan, S.; Li, Y. Functional Characterization of Maize C2H2 Zinc-Finger Gene Family. Plant Mol.
Biol. Report. 2015, 34, 761–776. [CrossRef]

45. Minglei, Y.; Jiangtao, C.; Dawei, W.; Junhua, H.; Hua, W.; Daping, G.; Guanshan, L. Genome-wide
identification and expression profiling of the C2H2-type zinc finger protein transcription factor family
in tobacco. Yi Chuan 2016, 38, 337–349. [CrossRef]

http://dx.doi.org/10.1105/tpc.104.025353
http://www.ncbi.nlm.nih.gov/pubmed/15377760
http://dx.doi.org/10.1073/pnas.1605733113
http://www.ncbi.nlm.nih.gov/pubmed/27482092
http://dx.doi.org/10.1038/ncomms6628
http://www.ncbi.nlm.nih.gov/pubmed/25429892
http://dx.doi.org/10.1038/ng.3556
http://www.ncbi.nlm.nih.gov/pubmed/27111035
http://dx.doi.org/10.1371/journal.pone.0008033
http://www.ncbi.nlm.nih.gov/pubmed/19946624
http://dx.doi.org/10.1371/journal.pone.0096064
http://www.ncbi.nlm.nih.gov/pubmed/24759811
http://dx.doi.org/10.1105/tpc.13.8.1959
http://www.ncbi.nlm.nih.gov/pubmed/11487705
http://dx.doi.org/10.1016/S0014-5793(02)02435-3
http://dx.doi.org/10.1242/dev.085407
http://www.ncbi.nlm.nih.gov/pubmed/23034631
http://dx.doi.org/10.1105/tpc.114.124743
http://www.ncbi.nlm.nih.gov/pubmed/24876252
http://dx.doi.org/10.4161/epi.6.2.13627
http://dx.doi.org/10.1093/nar/25.12.2464
http://www.ncbi.nlm.nih.gov/pubmed/9171100
http://dx.doi.org/10.1093/embo-reports/kvf243
http://www.ncbi.nlm.nih.gov/pubmed/12446571
http://dx.doi.org/10.1007/s11103-007-9199-y
http://www.ncbi.nlm.nih.gov/pubmed/17610133
http://dx.doi.org/10.1146/annurev.biophys.29.1.183
http://www.ncbi.nlm.nih.gov/pubmed/10940247
http://dx.doi.org/10.1023/A:1006184519697
http://www.ncbi.nlm.nih.gov/pubmed/10380795
http://dx.doi.org/10.1007/s10142-014-0383-2
http://www.ncbi.nlm.nih.gov/pubmed/24915771
http://dx.doi.org/10.1371/journal.pone.0134753
http://www.ncbi.nlm.nih.gov/pubmed/26237514
http://dx.doi.org/10.1007/s11105-015-0958-7
http://dx.doi.org/10.16288/j.yczz.15-440


Int. J. Mol. Sci. 2018, 19, 2589 13 of 15

46. Yuan, S.; Li, X.; Li, R.; Wang, L.; Zhang, C.; Chen, L.; Hao, Q.; Zhang, X.; Chen, H.; Shan, Z.; et al.
Genome-Wide Identification and Classification of Soybean C2H2 Zinc Finger Proteins and Their Expression
Analysis in Legume-Rhizobium Symbiosis. Front. Microbiol. 2018, 9, 126. [CrossRef] [PubMed]

47. Scott Berry, C.D. Environmental perception and epigenetic memory: Mechanistic insight through FLC.
Plant J. 2015, 83, 133–148. [CrossRef] [PubMed]

48. Lu, F.; Cui, X.; Zhang, S.; Jenuwein, T.; Cao, X. Arabidopsis REF6 is a histone H3 lysine 27 demethylase.
Nat. Genet. 2011, 43, 715–719. [CrossRef] [PubMed]

49. Michaels, S.D.; Amasino, R.M. Memories of winter: Vernalization and the competence to flower.
Plant Cell Environ. 2000, 23, 1145–1153. [CrossRef]

50. He, Y.; Michaels, S.D.; Amasino, R.M. Regulation of Flowering Time by Histone Acetylation in Arabidopsis.
Science 2003, 302, 1751–1754. [CrossRef] [PubMed]

51. Li, Z.; Ou, Y.; Zhang, Z.; Li, J.; He, Y. Brassinosteroid Signaling Recruits Histone 3 Lysine-27 Demethylation
Activity to FLOWERING LOCUS C Chromatin to Inhibit the Floral Transition in Arabidopsis. Mol. Plant
2018. [CrossRef] [PubMed]

52. Yu, X.; Li, L.; Li, L.; Guo, M.; Chory, J.; Yin, Y. Modulation of brassinosteroid-regulated gene expression by
jumonji domain-containing proteins ELF6 and REF6 in Arabidopsis. Proc. Natl. Acad. Sci. USA 2008, 105,
7618–7623. [CrossRef] [PubMed]

53. Choi, K.; Kim, J.; Hwang, H.J.; Kim, S.; Park, C.; Sang, Y.K.; Lee, I. The FRIGIDA Complex Activates
Transcription of FLC, a Strong Flowering Repressor in Arabidopsis, by Recruiting Chromatin Modification
Factors. Plant Cell 2011, 23, 289–303. [CrossRef] [PubMed]

54. Krichevsky, A.; Gutgarts, H.; Kozlovsky, S.V.; Tzfira, T.; Sutton, A.; Sternglanz, R.; Mandel, G.; Citovsky, V.
C2H2 zinc finger-SET histone methyltransferase is a plant-specific chromatin modifier. Dev. Biol. 2007, 303,
259–269. [CrossRef] [PubMed]

55. Springer, N.M.; Napoli, C.A.; Selinger, D.A.; Pandey, R.; Cone, K.C.; Chandler, V.L.; Kaeppler, H.F.;
Kaeppler, S.M. Comparative analysis of SET domain proteins in maize and Arabidopsis reveals multiple
duplications preceding the divergence of monocots and dicots. Plant Physiol. 2003, 132, 907–925. [CrossRef]
[PubMed]

56. Weingartner, M.; Subert, C.; Sauer, N. LATE, a C(2)H(2) zinc-finger protein that acts as floral repressor.
Plant J. 2011, 68, 681–692. [CrossRef] [PubMed]

57. Doi, K.; Izawa, T.; Fuse, T.; Yamanouchi, U.; Kubo, T.; Shimatani, Z.; Yano, M.; Yoshimura, A. Ehd1, a B-type
response regulator in rice, confers short-day promotion of flowering and controls FT-like gene expression
independently of Hd1. Genes Dev. 2016, 18, 926–936. [CrossRef] [PubMed]

58. Izawa, T.; Takahashi, Y.; Yano, M. Comparative biology comes into bloom: Genomic and genetic comparison
of flowering pathways in rice and Arabidopsis. Curr. Opin. Plant Boil. 2003, 6, 113–120. [CrossRef]

59. Yano, M.; Katayose, Y.; Ashikari, M.; Yamanouchi, U.; Monna, L.; Fuse, T.; Baba, T.; Yamamoto, K.;
Umehara, Y.; Nagamura, Y. Hd1, a Major Photoperiod Sensitivity Quantitative Trait Locus in Rice, Is Closely
Related to the Arabidopsis Flowering Time Gene CONSTANS. Plant Cell 2000, 12, 2473–2483. [CrossRef]
[PubMed]

60. Kojima, S.; Takahashi, Y.; Kobayashi, Y.; Monna, L.; Sasaki, T.; Araki, T.; Yano, M. Hd3a, a rice ortholog of
the Arabidopsis FT gene, promotes transition to flowering downstream of Hd1 under short-day conditions.
Plant Cell Physiol. 2002, 43, 1096–1105. [CrossRef] [PubMed]

61. Wu, C.; You, C.; Li, C.; Long, T.; Chen, G.; Byrne, M.E.; Zhang, Q. RID1, Encoding a Cys2/His2-Type
Zinc Finger Transcription Factor, Acts as a Master Switch from Vegetative to Floral Development in Rice.
Proc. Natl. Acad. Sci. USA 2008, 105, 12915–12920. [CrossRef] [PubMed]

62. Deng, L.; Li, L.; Zhang, S.; Shen, J.; Li, S.; Hu, S.; Peng, Q.; Xiao, J.; Wu, C. Suppressor of rid1 (SID1) shares
common targets with RID1 on florigen genes to initiate floral transition in rice. PLoS Genet. 2017, 13, e1006642.
[CrossRef] [PubMed]

63. Hu, S. A point mutation in the zinc finger motif of RID1/EHD2/OsID1 protein leads to outstanding
yield-related traits in japonica rice variety Wuyunjing 7. Rice 2013, 6, 1–12. [CrossRef] [PubMed]

64. Yu, H.; Huang, T. Molecular Mechanisms of Floral Boundary Formation in Arabidopsis. Int. J. Mol. Sci. 2016,
17, 317. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fmicb.2018.00126
http://www.ncbi.nlm.nih.gov/pubmed/29467740
http://dx.doi.org/10.1111/tpj.12869
http://www.ncbi.nlm.nih.gov/pubmed/25929799
http://dx.doi.org/10.1038/ng.854
http://www.ncbi.nlm.nih.gov/pubmed/21642989
http://dx.doi.org/10.1046/j.1365-3040.2000.00643.x
http://dx.doi.org/10.1126/science.1091109
http://www.ncbi.nlm.nih.gov/pubmed/14593187
http://dx.doi.org/10.1016/j.molp.2018.06.007
http://www.ncbi.nlm.nih.gov/pubmed/29969683
http://dx.doi.org/10.1073/pnas.0802254105
http://www.ncbi.nlm.nih.gov/pubmed/18467490
http://dx.doi.org/10.1105/tpc.110.075911
http://www.ncbi.nlm.nih.gov/pubmed/21282526
http://dx.doi.org/10.1016/j.ydbio.2006.11.012
http://www.ncbi.nlm.nih.gov/pubmed/17224141
http://dx.doi.org/10.1104/pp.102.013722
http://www.ncbi.nlm.nih.gov/pubmed/12805620
http://dx.doi.org/10.1111/j.1365-313X.2011.04717.x
http://www.ncbi.nlm.nih.gov/pubmed/21771123
http://dx.doi.org/10.1101/gad.1189604
http://www.ncbi.nlm.nih.gov/pubmed/15078816
http://dx.doi.org/10.1016/S1369-5266(03)00014-1
http://dx.doi.org/10.1105/tpc.12.12.2473
http://www.ncbi.nlm.nih.gov/pubmed/11148291
http://dx.doi.org/10.1093/pcp/pcf156
http://www.ncbi.nlm.nih.gov/pubmed/12407188
http://dx.doi.org/10.1073/pnas.0806019105
http://www.ncbi.nlm.nih.gov/pubmed/18725639
http://dx.doi.org/10.1371/journal.pgen.1006642
http://www.ncbi.nlm.nih.gov/pubmed/28234896
http://dx.doi.org/10.1186/1939-8433-6-24
http://www.ncbi.nlm.nih.gov/pubmed/24280027
http://dx.doi.org/10.3390/ijms17030317
http://www.ncbi.nlm.nih.gov/pubmed/26950117


Int. J. Mol. Sci. 2018, 19, 2589 14 of 15

65. Dathan, N.; Zaccaro, L.; Esposito, S.; Isernia, C.; Omichinski, J.G.; Riccio, A.; Pedone, C.; Blasio, B.D.;
Fattorusso, R.; Pedone, P.V. The Arabidopsis SUPERMAN protein is able to specifically bind DNA through
its single Cys2–His2 zinc finger motif. Nucleic Acids Res. 2002, 30, 4945–4951. [CrossRef] [PubMed]

66. Hiratsu, K.; Mitsuda, N.; Matsui, K.; Ohme-Takagi, M. Identification of the minimal repression domain
of SUPERMAN shows that the DLELRL hexapeptide is both necessary and sufficient for repression of
transcription in Arabidopsis. Biochem. Biophys. Res. Commun. 2004, 321, 172–178. [CrossRef] [PubMed]

67. Sakai, H.; Medrano, L.J.; Meyerowitz, E.M. Role of SUPERMAN in maintaining Arabidopsis floral whorl
boundaries. Nature 1995, 378, 199–203. [CrossRef] [PubMed]

68. Gaiser, J.C.; Robinson-Beers, K.; Gasser, C.S. The Arabidopsis SUPERMAN Gene Mediates Asymmetric
Growth of the Outer Integument of Ovules. Plant Cell 1995, 7, 333–345. [CrossRef] [PubMed]

69. Breuilbroyer, S.; Trehin, C.; Morel, P.; Boltz, V.; Bo, S.; Chambrier, P.; Ito, T.; Negrutiu, I. Analysis of the
Arabidopsis superman allelic series and the interactions with other genes demonstrate developmental
robustness and joint specification of male–female boundary, flower meristem termination and carpel
compartmentalization. Ann. Bot. 2016, 117, 905–923. [CrossRef] [PubMed]

70. Nibau, C.; Di, S.V.; Wu, H.M.; Cheung, A.Y. Arabidopsis and Tobacco SUPERMAN regulate hormone
signalling and mediate cell proliferation and differentiation. J. Exp. Bot. 2011, 62, 949–961. [CrossRef]
[PubMed]

71. Bereterbide, A.; Hernould, M.; Castera, S.; Mouras, A. Inhibition of cell proliferation, cell expansion and
differentiation by the Arabidopsis SUPERMAN gene in transgenic tobacco plants. Planta 2001, 214, 22–29.
[CrossRef] [PubMed]

72. Kazama, Y.; Fujiwara, M.T.; Koizumi, A.; Nishihara, K.; Nishiyama, R.; Kifune, E.; Abe, T.; Kawano, S.
A SUPERMAN-like gene is exclusively expressed in female flowers of the dioecious plant Silene latifolia.
Plant Cell Physiol. 2009, 50, 1127–1141. [CrossRef] [PubMed]

73. Nandi, A.K.; Kushalappa, K.; Prasad, K.; Vijayraghavan, U. A conserved function for Arabidopsis
SUPERMAN in regulating floral-whorl cell proliferation in rice, a monocotyledonous plant. Curr. Boil. 2000,
10, 215–218. [CrossRef]

74. Uemura, A.; Yamaguchi, N.; Xu, Y.; Wee, W.; Ichihashi, Y.; Suzuki, T.; Shibata, A.; Shirasu, K.; Ito, T.
Regulation of floral meristem activity through the interaction of AGAMOUS, SUPERMAN, and CLAVATA3
in Arabidopsis. Plant Reprod. 2018, 31, 89–105. [CrossRef] [PubMed]

75. Xu, Y.; Prunet, N.; Gan, E.S.; Wang, Y.; Stewart, D.; Wellmer, F.; Huang, J.; Yamaguchi, N.; Tatsumi, Y.;
Kojima, M. SUPERMAN regulates floral whorl boundaries through control of auxin biosynthesis. EMBO J.
2018, 37, e97499. [CrossRef] [PubMed]

76. Payne, T.; Johnson, S.D.; Koltunow, A.M. KNUCKLES (KNU) encodes a C2H2 zinc-finger protein that
regulates development of basal pattern elements of the Arabidopsis gynoecium. Development 2004, 131,
3737–3749. [CrossRef] [PubMed]

77. Sun, B.; Xu, Y.; Ng, K.H.; Ito, T. A timing mechanism for stem cell maintenance and differentiation in the
Arabidopsis floral meristem. Genes Dev. 2009, 23, 1791–1804. [CrossRef] [PubMed]

78. Takeda, S.; Matsumoto, N.; Okada, K. RABBIT EARS, encoding a SUPERMAN-like zinc finger protein,
regulates petal development in Arabidopsis thaliana. Development 2004, 131, 425–434. [CrossRef] [PubMed]

79. Krizek, B.A.; Lewis, M.W.; Fletcher, J.C. RABBIT EARS is a second-whorl repressor of AGAMOUS that
maintains spatial boundaries in Arabidopsis flowers. Plant J. 2006, 45, 369–383. [CrossRef] [PubMed]

80. Durfee, T.; Roe, J.L.; Sessions, R.A.; Inouye, C.; Serikawa, K.; Feldmann, K.A.; Weigel, D.; Zambryski, P.C.
The F-box-containing protein UFO and AGAMOUS participate in antagonistic pathways governing early
petal development in Arabidopsis. Proc. Natl. Acad. Sci. USA 2003, 100, 8571–8576. [CrossRef] [PubMed]

81. Baker, C.C.; Sieber, P.; Wellmer, F.; Meyerowitz, E.M. The early extra petals1 Mutant Uncovers a Role for
MicroRNA miR164c in Regulating Petal Number in Arabidopsis. Curr. Boil. 2005, 15, 303–315. [CrossRef]
[PubMed]

82. Laufs, P.; Peaucelle, A.; Morin, H.; Traas, J. MicroRNA regulation of the CUC genes is required for boundary
size control in Arabidopsis meristems. Development 2004, 19, 4311–4322. [CrossRef] [PubMed]

83. Sieber, P.; Wellmer, F.; Gheyselinck, J.; Riechmann, J.L.; Meyerowitz, E.M. Redundancy and specialization
among plant microRNAs: Role of the MIR164 family in developmental robustness. Development 2007, 134,
1051–1060. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/nar/gkf613
http://www.ncbi.nlm.nih.gov/pubmed/12433998
http://dx.doi.org/10.1016/j.bbrc.2004.06.115
http://www.ncbi.nlm.nih.gov/pubmed/15358231
http://dx.doi.org/10.1038/378199a0
http://www.ncbi.nlm.nih.gov/pubmed/7477325
http://dx.doi.org/10.1105/tpc.7.3.333
http://www.ncbi.nlm.nih.gov/pubmed/12242374
http://dx.doi.org/10.1093/aob/mcw023
http://www.ncbi.nlm.nih.gov/pubmed/27098089
http://dx.doi.org/10.1093/jxb/erq325
http://www.ncbi.nlm.nih.gov/pubmed/20980362
http://dx.doi.org/10.1007/s004250100584
http://www.ncbi.nlm.nih.gov/pubmed/11762167
http://dx.doi.org/10.1093/pcp/pcp064
http://www.ncbi.nlm.nih.gov/pubmed/19406862
http://dx.doi.org/10.1016/S0960-9822(00)00341-9
http://dx.doi.org/10.1007/s00497-017-0315-0
http://www.ncbi.nlm.nih.gov/pubmed/29218596
http://dx.doi.org/10.15252/embj.201797499
http://www.ncbi.nlm.nih.gov/pubmed/29764982
http://dx.doi.org/10.1242/dev.01216
http://www.ncbi.nlm.nih.gov/pubmed/15240552
http://dx.doi.org/10.1101/gad.1800409
http://www.ncbi.nlm.nih.gov/pubmed/19651987
http://dx.doi.org/10.1242/dev.00938
http://www.ncbi.nlm.nih.gov/pubmed/14681191
http://dx.doi.org/10.1111/j.1365-313X.2005.02633.x
http://www.ncbi.nlm.nih.gov/pubmed/16412084
http://dx.doi.org/10.1073/pnas.1033043100
http://www.ncbi.nlm.nih.gov/pubmed/12826617
http://dx.doi.org/10.1016/j.cub.2005.02.017
http://www.ncbi.nlm.nih.gov/pubmed/15723790
http://dx.doi.org/10.1242/dev.01320
http://www.ncbi.nlm.nih.gov/pubmed/15294871
http://dx.doi.org/10.1242/dev.02817
http://www.ncbi.nlm.nih.gov/pubmed/17287247


Int. J. Mol. Sci. 2018, 19, 2589 15 of 15

84. Huang, T.; Lopez-Giraldez, F.; Townsend, J.P.; Irish, V.F. RBE controls microRNA164 expression to effect
floral organogenesis. Development 2012, 139, 2161–2169. [CrossRef] [PubMed]

85. Rodriguez, R.E.; Mecchia, M.A.; Debernardi, J.M.; Schommer, C.; Weigel, D.; Palatnik, J.F. Control of cell
proliferation in Arabidopsis thaliana by microRNA miR396. Development 2010, 137, 103. [CrossRef] [PubMed]

86. Li, J.; Wang, Y.; Zhang, Y.; Wang, W.; Irish, V.F.; Huang, T. RABBIT EARS regulates the transcription of TCP4
during petal development in Arabidopsis. J. Exp. Bot. 2016, 67, 6473–6480. [CrossRef] [PubMed]

87. Quon, T.; Lampugnani, E.R.; Smyth, D.R. PETAL LOSS and ROXY1 Interact to Limit Growth Within and
between Sepals But to Promote Petal Initiation in Arabidopsis thaliana. Front. Plant Sci. 2017, 8, 152. [CrossRef]
[PubMed]

88. Schommer, C.; Palatnik, J.F.; Aggarwal, P.; Chételat, A.; Cubas, P.; Farmer, E.E.; Nath, U.; Weigel, D. Control of
Jasmonate Biosynthesis and Senescence by miR319 Targets. PLoS Biol. 2008, 6, e230. [CrossRef] [PubMed]

89. Efroni, I.; Han, S.K.; Kim, H.J.; Wu, M.F.; Sang, Y.; Steiner, E.; Birnbaum, K.D.; Hong, J.C.; Eshed, Y.; Wagner, D.
Regulation of leaf maturation by chromatin-mediated modulation of cytokinin responses. Dev. Cell 2013, 24,
438–445. [CrossRef] [PubMed]

90. Dinneny, J.R.; Weigel, D.; Yanofsky, M.F. NUBBIN and JAGGED define stamen and carpel shape in
Arabidopsis. Development 2006, 133, 1645–1655. [CrossRef] [PubMed]

91. Dinneny, J.R.; Yadegari, R.; Fischer, R.L.; Yanofsky, M.F.; Weigel, D. The role of JAGGED in shaping lateral
organs. Development 2004, 131, 1101–1110. [CrossRef] [PubMed]

92. Schiessl, K.; Muino, J.M.; Sablowski, R. Arabidopsis JAGGED links floral organ patterning to tissue growth
by repressing Kip-related cell cycle inhibitors. Proc. Natl. Acad. Sci. USA 2014, 111, 2830–2835. [CrossRef]
[PubMed]

93. Lampugnani, E.R.; Aydin, K.; Smyth, D.R. Auxin controls petal initiation in Arabidopsis. Development 2013,
140, 185–194. [CrossRef] [PubMed]

94. Gómez-Mena, C.; De, F.S.; Costa, M.M.; Angenent, G.C.; Sablowski, R. Transcriptional program controlled by
the floral homeotic gene AGAMOUS during early organogenesis. Development 2005, 132, 429–438. [CrossRef]
[PubMed]

95. Schiessl, K.; Kausika, S.; Southam, P.; Bush, M.; Sablowski, R. JAGGED controls growth anisotropyand
coordination between cell sizeand cell cycle during plant organogenesis. Curr. Biol. 2012, 22, 1739–1746.
[CrossRef] [PubMed]

96. Ding, L.; Yan, S.; Jiang, L.; Zhao, W.; Ning, K.; Zhao, J.; Liu, X.; Zhang, J.; Wang, Q.; Zhang, X.
HANABA TARANU (HAN) Bridges Meristem and Organ Primordia Boundaries through PINHEAD,
JAGGED, BLADE-ON-PETIOLE2 and CYTOKININ OXIDASE 3 during Flower Development in Arabidopsis.
PLoS Genet. 2015, 11, e1005479. [CrossRef] [PubMed]

97. Kapoor, S.; Kobayashi, A.; Takatsuji, H. Silencing of the tapetum-specific zinc finger gene TAZ1 causes
premature degeneration of tapetum and pollen abortion in petunia. Plant Cell 2002, 14, 2353–2367. [CrossRef]
[PubMed]

98. Kapoor, S.; Takatsuji, H. Silencing of an anther-specific zinc-finger gene, MEZ1, causes aberrant meiosis and
pollen abortion in petunia. Plant Mol. Biol. 2006, 61, 415–430. [CrossRef] [PubMed]

99. Chung, K.S.; Lee, J.H.; Lee, J.S.; Ahn, J.H. Fruit indehiscence caused by enhanced expression of NO
TRANSMITTING TRACT in Arabidopsis thaliana. Mol. Cells 2013, 35, 519–525. [CrossRef] [PubMed]

100. Marschmartínez, N.; Zúñigamayo, V.M.; Herreraubaldo, H.; Ouwerkerk, P.B.; Pablovilla, J.;
Lozanosotomayor, P.; Greco, R.; Ballester, P.; Balanzá, V.; Kuijt, S.J. The NTT transcription factor promotes
replum development in Arabidopsis fruits. Plant J. Cell Mol. Biol. 2015, 80, 69–81. [CrossRef] [PubMed]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1242/dev.075069
http://www.ncbi.nlm.nih.gov/pubmed/22573623
http://dx.doi.org/10.1242/dev.043067
http://www.ncbi.nlm.nih.gov/pubmed/20023165
http://dx.doi.org/10.1093/jxb/erw419
http://www.ncbi.nlm.nih.gov/pubmed/27838638
http://dx.doi.org/10.3389/fpls.2017.00152
http://www.ncbi.nlm.nih.gov/pubmed/28228771
http://dx.doi.org/10.1371/journal.pbio.0060230
http://www.ncbi.nlm.nih.gov/pubmed/18816164
http://dx.doi.org/10.1016/j.devcel.2013.01.019
http://www.ncbi.nlm.nih.gov/pubmed/23449474
http://dx.doi.org/10.1242/dev.02335
http://www.ncbi.nlm.nih.gov/pubmed/16554365
http://dx.doi.org/10.1242/dev.00949
http://www.ncbi.nlm.nih.gov/pubmed/14973282
http://dx.doi.org/10.1073/pnas.1320457111
http://www.ncbi.nlm.nih.gov/pubmed/24497510
http://dx.doi.org/10.1242/dev.084582
http://www.ncbi.nlm.nih.gov/pubmed/23175631
http://dx.doi.org/10.1242/dev.01600
http://www.ncbi.nlm.nih.gov/pubmed/15634696
http://dx.doi.org/10.1016/j.cub.2012.07.020
http://www.ncbi.nlm.nih.gov/pubmed/22902754
http://dx.doi.org/10.1371/journal.pgen.1005479
http://www.ncbi.nlm.nih.gov/pubmed/26390296
http://dx.doi.org/10.1105/tpc.003061
http://www.ncbi.nlm.nih.gov/pubmed/12368491
http://dx.doi.org/10.1007/s11103-006-0020-0
http://www.ncbi.nlm.nih.gov/pubmed/16830177
http://dx.doi.org/10.1007/s10059-013-0030-0
http://www.ncbi.nlm.nih.gov/pubmed/23515580
http://dx.doi.org/10.1111/tpj.12617
http://www.ncbi.nlm.nih.gov/pubmed/25039392
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure and Classification of C2H2-ZFPs during Flower Development 
	Specific and Diverse Structures of C2H2-ZFPs 
	Classification of C2H2-ZFPs 

	Transcriptional Regulation of C2H2-ZFPs in Flowering Induction 
	Transcriptional Regulation of C2H2-ZFPs in Floral Organ Development 
	Conclusions and Perspectives 
	References

