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Abstract

Plant height is an important target trait for crop genetic improvement. Our previous work has identified a salt-tolerant C2H2 zinc finger,
S1ZF3, and its overexpression lines also showed a semi-dwarf phenotype, but the molecular mechanism remains to be elucidated. Here,
we characterized the dwarf phenotype in detail. The dwarfism is caused by a decrease in stem internode cell elongation and deficiency of
bioactive gibberellic acids (GAs), and can be rescued by exogenous GA3 treatment. Gene expression assays detected reduced expression
of genes in the GA biosynthesis pathway of the overexpression lines, including SIGA200x4. Several protein—-DNA interaction methods
confirmed that SIZF3 can directly bind to the SIGA200x4 promoter and inhibit its expression, and the interaction can also occur for SIKS
and SIKO. Overexpression of SIGA200x4 in the SIZF3-overexpressing line can recover the dwarf phenotype. Therefore, SIZF3 regulates
plant height by directly repressing genes in the tomato GA biosynthesis pathway.

Introduction

Plant height is one of the most important agronomic traits in
crops, which is especially evident in the Green Revolution in cereal
crops. It affects crop architecture, land utilization, nutrition, and
production management [1]. Plant height is controlled by many
genes, especially those related to plant hormone biosynthesis or
signal transduction, including gibberellic acid (GA), auxin, brassi-
nosteroid, and strigolactone [2-5]. The Green Revolution in the
1960s was largely a result of the successful introduction of high-
yield and semi-dwarf wheat and rice varieties [6-8]. Molecular
genetic studies have shown that Green Revolution genes are
closely related to gibberellins, such as rice SD1, encoding GA20
oxidase in rice GA biosynthesis, and wheat Rht1, encoding DELLA
protein in GA signal transduction [6, 7].

GA biosynthesis has been extensively studied in plants. GAs
belong to the tetracyclic diterpenoid acids, which affect the
growth and development of plants throughout their life cycle [9].
More than 130 GA compounds have been identified, among which
GA1, GA3, GA4, and GA7 are bioactive forms [10]. The biosynthesis
of GAs is a three-step process [11, 12]. First, ent-copalyl diphos-
phate synthase (CPS) and ent-kaurene synthase (KS) participate
in the synthesis of ent-kaurene from geranylgeranyl diphosphate
(GGPP) [13, 14]. Second, three enzymes, including cytochrome
P450 enzymes, ent-kaurene oxidase (KO), and ent-kaurenoic acid
oxidase (KAO), are involved in the conversion of ent-kaurene into
GA12 [15, 16]. Third, all common GA precursors are converted to

bioactive GAs by GA200x and GA3ox (GA3 oxidase). Gene defects
involved in the first/second step of GA biosynthesis usually lead
to severe dwarfism and impaired growth, and can be rescued by
exogenous GA3 [17-20]. However, mutants of the last-step genes
often display a semi-dwarf phenotype because of gene functional
redundancy, such as GA3oxs in Arabidopsis, maize, and rice [7,
21-23]. Typically, the rice Green Revolution gene SD1 encodes a
GA20 oxidase [7]. In Arabidopsis, GA200x1 and GA200x2 function
partially redundantly, and the mutation results in a semi-dwarf
phenotype [23]. Loss of function of OsGA30x2 also results in the
semi-dwarf phenotype of rice d18 mutant [21].

Many transcription factors have been revealed to participate in
regulating plant height via the GA biosynthesis pathway. In Ara-
bidopsis, the NAC-like protein GSF upregulates AtGA20x2 to reduce
the GA level, and overexpression of GSF causes dwarfism that can
be rescued by external GA3 application [24]. The transcription
factor MYB62 can directly bind to the promoter of AtGA20x7 and
upregulate its expression to affect plant height [25]. Overexpres-
sion of AtW0X14 results in the accumulation of bioactive GAs by
activating GA3oxs and suppressing GA20xs [26]. In rice, OsWOX3A
directly represses the transcription of KAO, leading to severe
dwarfism [27]. Rice OsNAC2 was found to inhibit the expression of
KO2 and negatively regulate plant height [28]. Besides, OsMADS57
can directly inhibit the expression of OsGA20x3 and EUI1 by bind-
ing the CArG-box element in the promoter, thus regulating rice
plant height [29]. Most recently, the chromatin remodeling factors
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OsSWC4 and OsYAF9 were found to be involved in the deposition
of H2A.Z and acetylation of H4 for GA biosynthesis genes by
binding to the AT-rich region of the promoters, thus mediating
their transcription level to promote rice internode elongation
[30]. Although there are many transcription factors identified to
regulate plant height, only a few were identified in the regulation
of plant height in tomato or other Solanaceae crops. In tobacco,
the bZIP transcription factor RSG can bind to the promoter of NtKO
and NtGA20ox1 via RSG-binding element, involving cell elongation
and plant height. However, RSG regulates the transcription
of NtGA20ox1 through feedback regulation depending on the
endogenous GA level, but RSG activates NtKO independently of
GA concentration [31-33]. Our work in tomato shows that SIDREB
can inhibit the elongation of internodes by suppressing the
expression of GA genes. SIDREB can bind to the typical DRE/CRT
elements in the promoter of SICPS [34]. Besides, knockdown of a
JmjC domain-containing protein, JMJ524, causes a GA-insensitive
dwarfism in tomato. JMJ524 participates in GA signal transduction
by regulating the expression of SIGLD1 (DELLA-like gene) via
DNA methylation [35]. Nevertheless, the molecular mechanism
underlying tomato plant height remains largely unclear. It is
expected that many other transcription factors, such as zinc
fingers, are involved in the regulation of tomato plant height.

Zinc-finger proteins play important roles in plant development
and stress tolerance, and are one of the largest transcription
factor families in plants [36-39]. Some of them were reported
to regulate the development of leaves, root hairs, and petals in
plants [40-42]. However, few of them have been documented to
regulate the height of plants. The C2C2 zinc fingers OsYABBY1
and OsYABBY4 can affect plant height by negatively regulating
the expression of OsGA30x2 and OsGA200x2, respectively [43, 44].
The rice C2H2 protein ZFP207 in rice acts as a repressor of SD1
(OsGA200x2) by promoter binding and affects plant height and
grain length [45]. A20/AN1-type zinc finger OsSAP8 can bind to
the OsKO2 promoter via ACGTGTC element to regulate rice height.
Exogenous GA3 can rescue the semi-dwarf phenotype of OsSAP8
overexpression lines [46]. Fan et al. [47] found that overexpression
of SIRBZ (RanBP2-type zinc finger gene) causes severe dwarfism by
impairing GA biosynthesis in tomato, but the exact mechanism
is still not clear. As far as we know, the mechanism by which
zinc-finger transcription factors regulate tomato plant height is
rather poorly understood, although some transgenic plants show
different degrees of dwarfing [42, 48, 49].

In our previous study, we found that a nuclear zinc finger pro-
tein, SIZF3, interacts with SICSN5B to promote the biosynthesis of
ascorbic acid, thus enhancing the salt tolerance of tomato plants
by reactive oxygen species (ROS) elimination [50]. Besides being
involved in stress tolerance, we also found that overexpression
of SIZF3 resulted in dwarfism in tomato. Here, we found that
SIZF3 regulates tomato plant height by directly binding to the
promoter of GA genes, such as SIGA200x4. Our work on SIZF3
suggests that it plays a coordinating role in plant defense and
growth.

Results

Tissue and induction expression profile of SIZF3
Previously, SIZF3 was found to regulate tomato salt tolerance via
interacting with the COP9 subunit CSN5B and promoting the
VTC1/GMPase, thus increasing the ROS scavenging capability [50].
Interestingly, overexpression of SIZF3 also causes dwarfism of
tomato plants. However, the molecular mechanism underlying
this phenotype remains to be elucidated. We firstly investigated
the expression characteristics of SIZF3 using RT-qPCR.

Based on the results, SIZF3 was constitutively expressed
in the tissues we tested, and its expression was relatively
high in fruits at different developmental stages (Fig. 1a). Many
studies have shown that dwarfing is frequently related to plant
hormones, such as GA [6, 7, 19]. Therefore, we investigated the
expression of SIZF3 under treatment with different hormones,
including GA3, indoleacetic acid (IAA), ethephon (ETH), and
abscisic acid (ABA). It was found that SIZF3 responded to the four
hormones tested. Under GA3 and IAA, SIZF3 showed a similar
expression pattern, being significantly upregulated at 12 and
24 h but downregulated at 6 and 48 h (Fig. 1b and d). Under
ETH treatment, the transcripts were significantly upregulated
at 12 h but downregulated at 3 and 48 h (Fig. 1c). Under ABA
treatment, SIZF3 was repressed at most time points tested;
however, it showed ~5-fold upregulation at 48 h (Fig. le). In
short, SIZF3 is constitutively expressed in different tissues, and
the expression in leaves can be induced by different hormones,
including GA.

Semi-dwarf phenotype of SIZF3-overexpressing
tomato lines

Aninitial observation revealed that the SIZF3-overexpressing lines
are semi-dwarf. We checked both the overexpression and RNAi
lines of SIZF3 in 6-week-old plants. The overexpression lines were
significantly shorter than the wild-type ‘Ailsa Craig’ (AC), whereas
the RNAI lines were taller than wide type (Fig. 2a). For 6-week-old
seedlings, the wild-type was 21.3 cm in height, whereas the height
of the overexpression lines was only ~40% of that of the wild-
type. Meanwhile, the RNAI lines were clearly higher (Fig. 2b). The
change in plant height could be due to the change in internode
number or internode length [27, 29]. We further checked these
two parameters for all the lines tested. No difference was found
in the number of internodes (Fig. 2c); however, the internode
length of the overexpression lines was much shorter than that
of the wild-type (Fig. 2d). To further check whether the short
internode resulted from a decrease in cell length, we selected
the fourth internode from the bottom and examined the middle
part by microscope. The results showed that, compared with AC,
the length of stem cells in overexpressing lines was significantly
reduced, but increased in the RNAI lines (Fig. 2e and f). Therefore,
the alteration in stem cell length is a main reason for the plant
height change in SIZF3 transgenic lines.

In addition, obvious changes could also be observed in the
leaves of the transgenic lines (Supplementary Data Fig. S1a). We
found that the leaf length and width of the overexpression lines
were obviously smaller than those of AC (Supplementary Data
Fig. S1b and ¢). It was reported that leaf development was strongly
correlated with GA levels. Leaf length can be regulated by the
OsGRF7 (growth regulating factor 7)- and OsGRF8-mediated GA
pathway [51], and exogenous GA3 can promote greater leaf
area and thinner leaves [52]. Paraffin sections showed that
the leaves of overexpressing plants were significantly thicker
than those of AC, but were thinner for the RNAI lines (Supple-
mentary Data Fig. S1d and e). These results indicated that SIZF3
is a pleiotropic gene that controls diverse biological processes.

Reduced level of GA in SIZF3 overexpression lines
and recovery of dwarf phenotype by exogenous
GA3

Many studies have shown that GA is closely involved in the
regulation of plant height and leaf expansion [9, 12, 53]. Besides,
the expression profile of SIZF3 showed that it is inducible by GA3
(Fig. 1b). Therefore, we examined whether the GA level is changed
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Figure 1. Transcription level of SIZF3 in various tissues and response to hormone treatments in tomato. a Expression profile of SIZF3 in various tissues
of ‘Ailsa Craig’ (AC) tomato. RT, root; YS, young stem; YL, young leaf; FL, flower; IM, immature fruit; MG, mature green fruit; BR, breaker fruit; YR,
yellow red fruit; RR, red ripe fruit. b-e Expression of SIZF3 under treatment with 100 uM gibberellin (GA3) (b), 1% (v/v) ethephon (ETH) (c), 100 uM IAA
(d), and 100 uM ABA (e). Six-week-old AC seedlings were sprayed with the hormone solutions, with water as the control. The horizontal axis shows
hours after treatments. Zero (0) hour represents the untreated control. Values are mean + standard deviation (n=3). Data were submitted to one-way
ANOVA and Duncan’s multiple range test. Columns followed by the same letter are not significantly different at P <.05.

in dwarf plants caused by SIZF3 overexpression. Results of lig-
uid chromatography-mass spectroscopy (LC-MS) showed that the
contents of GA4, GA8, GA9, and GA29 were significantly reduced
in the SIZF3 overexpression lines compared with AC (Fig. 3a). This
indicated that SIZF3 regulates tomato development through the
GA pathway.

To test this, we checked whether exogenous GA can rescue the
dwarf phenotype of the overexpression lines. With 100 uM
exogenous GA treatment, it was shown that the height of the
SIZF3 overexpression plants largely recovered to that of wild-
type (Fig.3bandc), suggesting that SIZF3 regulates tomato
plant height through the GA synthesis pathway rather than GA

signaling.

Altered expression of genes in GA pathway of
SIZF3 transgenic lines

To identify the potential target genes of SIZF3, we further
examined the transcription level of representative genes involved
in the GA biosynthesis pathway. It was found that the transcripts
of KS, KO, SIGA200x4, and SIGA30x1 decreased significantly in the
overexpression lines, while the transcripts of KAO, SIGA200x1,
SIGA200x2, SIGA200x3, and SIGA30x2 increased significantly
(Fig. 3d). Among the four GA oxidase genes, only SIGA200x4
showed decreased expression, and the opposite expression pat-
tern was also shown in the RNAIi lines. The decrease in its expres-
sion was consistent with the result that the level of GA4 in SIZF3
overexpression lines was lower than that of AC (Fig. 3a). Besides,
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Figure 2. Overexpression of SIZF3 restricts internode elongation of tomato plants. a Seedling phenotype of overexpression lines (OE8, OE37), RNAI lines
(R6, R30), and wild-type (AC). Photographs were taken of 1-month-old seedlings. Scale bar=5 cm. b-f Plant height (b), number of internodes (c), length
of internodes (d), PI-stained cells in the third internode from the top of plants (e), and length of stained cells (f). Scale bar in e=100 um. Values are
mean + standard deviation, Student’s t-test (n=9). *P <.05; ** P <.01; ns, no significant difference.

SIZF3 is highly likely to act as a transcription repressor because it
has an ERF-associated amphiphilic repression (EAR) motif in its C-
terminus [50], which is also consistent with the downregulation
of SIGA200x4 in the overexpression lines. In addition, previous
studies also supported the idea that the downregulation of GA
oxidase leads to plant dwarfism [7, 54]. We hypothesized that
SIGA200x4 could be the target of SIZF3, although we cannot
rule out that the upstream SIKS and SIKO can also be putative
targets.

S1ZF3 suppressed SIGA200x4 expression by
promoter binding

To test our hypothesis, we performed a series of biochemical
experiments to study the interaction of SIZF3 and the promoter of
SIGA200x4. First, a yeast one-hybrid (Y1H) assay was conducted to
check whether SIZF3 can bind to the promoter of SIGA200x4. Yeast
cells co-transformed with AD-SIZF3 and pAbAi-ProSIGA200x4,
as well as the positive control, could grow in selective medium
(SD—Leu—Ura) containing aureobasidin A (AbA), but the negative
control did not show growth (Fig. 4a). This result indicated that
SIZF3 can interact with the SIGA200x4 promoter in yeast cells.
Then, a luciferase assay was performed to test whether SIZF3 can
affect the expression of SIGA200x4 in vivo. When OEZF3-pK7LIC
and proSIGA200x4::LUC were co-infiltrated into tobacco (Nicotiana
benthamiana) leaves, the fluorescence signal was significantly

decreased compared with the control treatment co-infiltrated
with the control effect vector (pK7LIC) and proSIGA200x4::LUC
(Fig. 4b and c). This result indicated that SIZF3 can suppress the
transcription of SIGA200x4 by binding to its promoter. Further,
a ChIP (chromatin immunoprecipitation)-qPCR was carried out
to verify the interaction of SIZF3 and the SIGA200x4 promoter.
It turned out that SIZF3-GFP fusion protein can bind to the p5
region (—1816 to —1912 bp) of the SIGA200x4 promoter (Fig. 4d).
The gPCR signal from p5 was >10 times than those from other
promoter regions and the control (exon and intron region). In
order toidentify the potential regulatory sequence in the p5 region
of the SIGA200x4 promoter that SIZF3 binds to, we conducted
reverse Y1H screening. Six positive clones were identified and
sequenced. Five known cis-elements (ANAERO2CONSENSUS,
ARR1AT, CAATBOX1, BOXLCOREDCPAL, and DOFCOREZM) were
predicted using the online New PLACE tool, among which
the CAATBOX1 element was detected in two of the positive
clones (Supplementary Data Table S4). The DOFCOREZM element
(AAAG) was identified in the p5 sequence in our ChIP-gPCR
experiment, suggesting that SIZF3 can bind to this element. To
confirm this, we performed an electrophoretic mobility shift assay
(EMSA) to check whether SIZF3 can bind the probe containing the
DOFCOREZM element (Fig. 4e). It was shown that SIZF3 protein
could indeed bind to the probe with the DOFCOREZM element and
caused a mobility shift, while the competition probe weakened
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Figure 3.

SIZF3 regulates tomato dwarfism through the GA pathway. a Content of GA compounds in SIZF3-overexpressing lines (OE8 and OE37) and

wild-type (AC). The shoot apex of 1-month-old seedlings was used for GA extraction and analysis. Values are mean + standard deviation, Student’s
t-test (n=6). b Phenotype of overexpression lines, RNAI lines (R6, R30), and wild-type (AC) treated (+) or not treated (—) with GA3. One-month-old
tomato seedlings were sprayed with either 100 M exogenous GA3 or water six times at 3-day intervals. Scale bar=10 um. ¢ Height of plants shown in
(b). Values are mean +standard deviation, Student’s t-test (n=9). **P < .01; ns, no significant difference. d Transcription level of genes in the GA
biosynthesis pathway detected by RT-qPCR. The tomato ACTIN gene was used as the internal control. Values are mean =+ standard deviation, Student’s

t-test (n=3). *P <.05. **P < .01; ns, no significant difference.

the signal of the shifted band (Fig. 4e). All these results verified
that SIZF3 can regulate SIGA200x4 by direct promoter binding.

Finally, we examined the genetic interaction of SIZF3 and
SIGA200x4 by overexpressing SIGA200x4 in the SIZF3 overexpres-
sion line OE8. It was found that the SIGA200x4-overexpressing
plants with the OE8 background showed the same plant height as
the wild-type (Fig. 4f-h). This further confirmed that SIGA200x4 is
an important target gene of SIZF3, which is suppressed by SIZF3
through promoter binding.

Discussion

Overexpression of SIZF3 results in GA deficiency
and semi-dwarf phenotype

Height is one of the most important agronomic traits for crops,
and affects plant architecture, soil utilization rate, nutrition man-
agement, and production management [1, 55]. In this study, we

found that the C2H2 zinc-finger transcription factor SIZF3 regu-
lates tomato plant height via the GA pathway.

SIZF3 overexpression lines displayed a semi-dwarf phenotype,
whereas its RNAi lines were taller than the wide-type AC
(Fig. 2a). Numerous studies show that either internode number
or internode length is the determinant of plant height [27, 29].
Our results showed that SIZF3 affects plant height through
the length of internodes rather than the number of internodes
(Fig. 2d, Supplementary Data Table S1). Further investigation
revealed that SIZF3 regulates internode length via cell elongation
(Fig. 2e and f), which is a typical effect of gibberellin [56].
Nevertheless, SIZF3 not only affects cell length, but also may
affect cell division. We calculated the number of cells in the fourth
internode based on internode and cell length. Approximately 210
and 170 cells were estimated for lines R6 and R30, respectively,
while the corresponding number for wild-type was ~300. This
may explain the non-obvious difference in internode length
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between the RNAI lines and wild-type. Defects of enzymes in the
GA biosynthesis pathway cause shortened plants and internodes,
and defects in early-step enzymes can even lead to serious
dwarfism and stunted growth [18, 19]. Meanwhile, the defects in
the GA biosynthesis pathway are usually rescuable by exogenous
GA [24,27].

In agreement with this, the GA compounds, such as GA4, GAS,
GA9, GA19, and GA29, were significantly reduced in SIZF3 over-
expression lines compared with the wild-type (Fig. 3c). Previous
studies have found that a decrease in GA4 (a bioactive gibberellin)
will lead to dwarfing of the plant [10]. Both GA9 and GA19 can
be produced by GA20ox, which is an important oxidase in GA
biosynthesis [11]. Besides, the levels of GA9 and GA19 in the
SIZF3 overexpression lines also decreased, which can lead to a
decrease in bioactive GA4 in the last step. Therefore, reduced
GA compounds could be the reason for the dwarfism of SIZF3
overexpression lines. We further applied exogenous GA3 to test
whether it can rescue the dwarf phenotype of the overexpression
lines. The results showed that exogenous GA indeed recovered
the dwarfing phenotype (Fig. 3b and c). As exogenous GA3 could
not rescue the plant defects in the GA signaling pathway [53,
57]. We speculated that SIZF3 can regulate tomato plant height
through the GA biosynthesis pathway. To identify the target gene
of SIZF3, we first detected the transcript of GA biosynthesis
genes in the transgenic lines by RT-qPCR. Because SIZF3 con-
tains an EAR motif at the C-terminus [50], and the overexpres-
sion lines have a typical GA deficiency phenotype, we focused
our attention on GA biosynthesis genes with reduced expression
in SIZF3 overexpression lines but increased expression in RNAi
lines. This led us to regard SIGA200x4 as our first choice. GA20
oxidase is responsible for the synthesis of GA9 and GA19 in
the pathway of GA biosynthesis [11]. Our previous study also
found that suppression of SIGA200x2 caused the dwarf pheno-
type in tomato, while plants with a reduced SIGA200x3 tran-
scription level showed no visible changes in stems [54]. Never-
theless, no functional study has been performed on SIGA200x4.
In brief, the semi-dwarf phenotype of the SIZF3 overexpression
lines resulted from GA deficiency, which was likely caused by the
repression activity of SIZF3 on GA biosynthesis genes, such as
SIGA200x4.

S1ZF3 regulates tomato plant height by directly
binding to the promoter of GA genes

A variety of biochemical experiments have been conducted to
study the interaction of SIZF3 and the SIGA200x4 promoter. The
Y1H result showed that SIZF3 interacts with SIGA200x4 promoter
in yeast cells (Fig. 4a). The transactivation assay based on the
luciferase reporter further showed that SIZF3 can repress the
promoter activity of SIGA20ox4 in tobacco leaves (Fig. 4b and c).
Further, the ChIP-qPCR result showed that SIZF3-GFP fusion
protein can bind to the specific region of the SIGA200x4 promoter
(Fig. 4d). In addition, several putative cis-elements that SIZF3 may
bind were identified by reverse Y1H, and EMSA confirmed that
SIZF3 can bind to the probe of the SIGA200x4 promoter containing
the DOFCOREZM element (Supplementary Data Table S4 and
Fig. 4e). Finally, we performed a genetic assay by overexpressing
SIGA200x4 in one of the SIZF3 overexpression lines (OE8), and
it was found that SIGA200x4 overexpression can recover the
plant height of OE8 (Fig.4fandh). All these results support
the idea that SIZF3 can directly bind the promoter of the
GA biosynthesis gene SIGA20ox4, resulting in the repression
of SIGA200x4 and consequently repressing the growth of
tomato plants.
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In addition to SIGA200x4, other genes in the GA pathway could
also be the targets of SIZF3. The transcripts of SIKS and SIKO
were also lower in the SIZF3 overexpression lines, although there
was no significant difference in the RNAI lines (Fig. 3d). We also
performed Y1H and luciferase assays on SIZF3 and the pro-
moter of these two genes. Similar to SIGA200x4, it was found that
SIZF3 can bind to the promoter of SIKS and SIKO in yeast cells
(Supplementary Data Fig. S2) and the luciferase assays showed
that SIZF3 represses the promoter activity of SIKS and SIKO in
tobacco leaves (Supplementary Data Fig. S3). However, previous
reports showed that severe dwarfism can be caused by defects
of upstream genes in the GA biosynthesis pathway [58-60]. We
speculated that the degree of dwarfism depends on the level of
target gene inhibition and the final reduced dose of GA.

Other transcription factors have been documented to regulate
plant height through the GA pathway. For example, OsGRF7 can
regulate GA and IAA pathways by binding the ACRGDA motif
in the promoter of a cytochrome P450 gene (OsCYP714B1) and
OsARF12, thus shaping plant architecture in rice [61]. Overexpres-
sion of CmDRP (a YAB transcription factor) resulted in a semi-
dwarf phenotype with reduced bioactive GA3 level. CmDRP can
directly bind to the CmGA3ox1 promoter and inhibit its expression
in chrysanthemum [62]. HYS as a master regulator is involved in
many aspects of plant development and defense [63]. It has been
shown that HY5S targets many of the GA metabolism genes [64].
The HYS ortholog in pea, LONG1, negatively regulates GA levels
by inducing the expression of GA20x2, a key GA catabolic gene
[65]. As far as we know, this is the first report of regulation of plant
height by a C2H2 zinc finger through direct binding to GA pathway
genes.

S1ZF3 plays an important role in coordinating
tomato development and stress tolerance

The function of a transcription factor can be versatile, and SIZF3
could be such an important regulator. Our previous study has
revealed that SIZF3 enhances plant salt-stress tolerance by inter-
acting with SICSN5B, a subunit of the COP9 signalosome, to pro-
mote VTC1l-mediated ascorbic acid biosynthesis and thus ROS
scavenging capability [50]. By combining the biochemical and
genetic evidence revealed in this study, we proposed a working
model for the coordinating role of SIZF3 in tomato growth and
defense (Fig. 5). Overexpression of SIZF3 represses tomato plant
growth via the GA pathway by directly binding to the promoter
of GA biosynthesis genes (such as SIGA200x4, SIKS, and SIKO) and
inhibiting transcription. We demonstrated that SIZF3 can bind
to a probe containing the DOFCOREZM element (AAAG) in the
promoter of SIGA200x4. Repression of the GA pathway results
in decreases in GA compounds (such as GA4, GA9, and GA19),
leading to the dwarfing phenotype in tomato. Meanwhile, the
overexpression of SIZF3 enhances the ascorbic acid pathway and
ROS scavenging ability of transgenic plants. Therefore, our study
shows that SIZF3 acts as an important coordinator in tomato
growth and abiotic stress tolerance.

Other zinc finger genes have also been demonstrated to par-
ticipate in multiple biological processes. OsDRZ1, for example,
enhances both drought tolerance and plant growth in rice [66].
Overexpression of a CCCH-tandem zinc finger protein, OsTZF5,
increases rice drought resistance, but simultaneously inhibits
plant growth. The negative impact of OsTZF5 on growth can
be overcome by employing the stress-responsive promoter of
OsNAC6 [67]. A similar strategy can also be applied to SIZF3. SIZF3
might regulate genes with the promoter harboring specific cis-
elements, such as ANAERO2CONSENSUS (AGCAGC) identified in
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Figure 5. S1ZF3 coordinates plant development and defense in tomato.
SIZF3 can directly bind to the promoter of GA biosynthesis genes such
as SIGA200x4 to repress their transcription, which leads to a reduced
level of bioactive GAs and dwarfism of plants. Our previous work
showed that SIZF3 can physically interact with CSN5B, inhibiting the
degradation of VTC1 by CSN5B, and consequently promotes the
biosynthesis of ascorbic acid (AsA) and enhances plant defense (salt
tolerance) by scavenging ROS [50].

our reverse Y1H analysis (Supplementary Data Table S4), which
is involved in anaerobic stress [68]. Besides, it was reported that
the R2R3 MYB transcription factor DcMYB1 can bind to the ele-
ment BOXLCOREDCPAL (ACCWW(CC) in the DcPAL1 promoter, and
upregulate its expression under UV-B light [69]. This element is
also a potential target of SIZF3 (Supplementary Data Table S4).

There are cases in which transcription factors are reported
to be involved in several pathways to balance plant develop-
ment and environmental adaptation. It has been reported that
ethylene-responsive factors can regulate different pathways in
plants. For example, AtERFO19-overexpressing Arabidopsis plants
show delayed flowering and senescence, while these plants also
show increased tolerance to water deficiency, suggesting that
AtERFO19 plays dual roles in plant growth and drought tolerance
[70]. In rice, OSERF83-overexpressing lines display higher photo-
chemical efficiency and increased drought tolerance. However,
the overexpression of OSERF83 leads to growth retardation and
reduced grain yield [71]. Other types of factor, such as the small
heat shock protein AsHSP26.8, can coordinate the growth, devel-
opment and stress response of the plant. ASHSP26.8 overexpres-
sion lines show twisted leaf blades and a slow growth rate but
improved drought and salt tolerance in creeping bentgrass [72].
The MADS-box transcription factor SIMBP22 can participate in the
regulation of tomato growth and drought tolerance [73]. Our pre-
vious and present work support the idea that SIZF3 coordinates
plant development and stress tolerance in tomato.

Materials and methods

Plant materials, growth conditions, and
treatments

Transgenic lines with overexpression (OE8 and OE37) or knock-
down (RNAI lines, R6 and R30) of SIZF3 (Solyc06g075780) on the
AC genetic background were used in this study [50]. We also gen-
erated transgenic lines for chromatin immunoprecipitation (ChIP)
(OE-SIZF3::GFP) on the AC background, and for overexpression of
SIGA200x4 on the genetic background of OE8 (OESIGA200x4(OE8)).
All plants were grown in a growth room, with room temperature
(25+2°C) and a 16 hours light/8 hours dark cycle.

To investigate the tissue expression profile of SIZF3, different
tissues (roots, stems, leaves, flowers) were collected from 9-week-
old seedlings, and fruits at different developmental stages were

collected from adult plants. Three biological replicates with three
plants per replicate were prepared.

To explore the expression pattern of SIZF3 under different
hormone treatments, 6-week-old AC seedlings were treated with
various hormones by spray assay [74], including 100 uM gibberellic
acid (GA3), 1% (v/v) ETH, 100 uM IAA, and 100 uM ABA, with
water as control. The third leaf from the top was collected for
RNA isolation, with three biological replicates and three plants
per replicate.

To test whether exogenous GA3 can recover the dwarf pheno-
type of SIZF3-overexpressing lines, 1-month-old seedlings of the
overexpression lines (OE8, OE37) and RNAi lines (R6, R30), together
with the wild-type (AC), were sprayed six consecutive times with
100 uM GA3 (in 0.02% Tween-20) at intervals of 3 days. Plants
sprayed with an equal volume of the solvent (0.02% Tween-20 in
water) were set as the control group. After spraying, plant height
was measured according to the standard mentioned below.

Phenotyping of the transgenic plants

To characterize the dwarf phenotype, plant height, internode
number, internode length, and stem cell length were measured for
1-month-old seedlings of all the lines (OE8, OE37, R6, R30, and AC).
Nine plants were recorded for each line tested. For plant height,
the height of the plant was measured as the distance from the
soil surface to the shoot apex. To count the number of internodes,
the first internode was designated as the internode between the
cotyledons and the first true leaf of the main stem. The number
of internodes was recorded from the cotyledon to the top of
the main stem. The internode length of each internode was also
measured. To measure the length of stem cells, the middle part of
the fourth internode (from the bottom) was selected and stained
with 100 ng/ml propidium iodide (PI) (Sigma, USA) for 30 minutes.
After washing with distilled water three times, the samples were
imaged with a Leica SP8 confocal microscope (Leica, Germany),
and the excitation wavelength was 488 nm. The cell length of all
samples was measured using the software Image]J (https://imagej.
nih.gov/ij/)http://rsb.info.nih.gov/ij/. To investigate the height of
SIGA200x4-overexpressing plants, we could only use Ty plants
because of no seed production by the transgenic plants. Well-
rooted regenerated plants of OE8, AC, and OESIGA200x4(OES)
were transplanted to 20-cm-diameter pots. Measurement of plant
height was performed on five plants for each material 60 days
post-transplanting.

The leaf phenotypes were also investigated, including the
length, width, and thickness of the third leaf from the bottom.
To characterize the leaf thickness, we made paraffin sections
of leaves with five biological replicates and three leaf pieces
per replicate. Formaldehyde-acetic acid-ethanol (FAA) fixative
solution was used to fix all the samples, and paraffin sections
were prepared according to a published protocol [75]. Leaf
thickness was also measured using the software ImageJ.

Measurement of gibberellin content

To measure the different compounds of gibberellin in SIZF3-
overexpressing lines, shoot apexes were collected from OE8 and
OE37 seedlings (1 month old). The samples were sent to MetWare
(http://www.metware.cn/) for gibberellin measurement using an
LC-MS/MS method according to a published protocol [76].

Generation of transgenic lines

To generate transgenic lines for ChIP analysis, the full-length
coding sequence of SIZF3 (Solyc06g075780) without the stop codon
was amplified by Phanta Max Super-Fidelity DNA Polymerase
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(Vazyme, China) (primers are listed in Supplementary Data Table
S2). The PCR product was cloned into pENTR™/SD/D-TOPO vector
(Invitrogen, Carlsbad, CA, USA) via the TOPO cloning method, and
then recombined to the gateway vector pPGWB451 [77] using the
LR recombination reaction according to the supplier’s instruc-
tions. The resulting vector was introduced into GV3101 (strain
of Agrobacterium tumefaciens) by electroporation and then trans-
formed into tomato AC using the leaf disc method [78].

To overexpress SIGA200x4 (Solyc01g093980) on the background
of the SIZF3 overexpression line OE8 (with kanamycin resistance),
an expression vector was firstly constructed with a hygromycin
(Hrg) resistance marker. The hptll (hygromycin resistance) gene
together with its promoter and terminator was amplified from the
vector pCAMBIA1302 by DNA polymerase, using the primer pair
P35S-G8Hrg-F and P35S-G8Hrg-R (Supplementary Data Table S2).
The PCR product was digested with Mlul and Sacl and inserted
into Mlul/Sacl linearized plant expression vector pHELLSGATES8
[79] using T4 DNA Ligase (NEB, Beverly, MA, USA). The resulting
vector was designated pHELLSGATES8-Hrg. The coding sequence of
SIGA200x4 was amplified with the primer pair OESIGA200x4-F and
OESIGA200x4-R (Supplementary Data Table S2) and recombined
into pHELLSGATES-Hrg by using Exnase II (Vazyme, China). The
resulting vector was introduced into GV3101 and then into OE8 as
described [78].

Reverse transcription polymerase chain reaction

For gene expression analysis, total RNA of the above-mentioned
tomato samples was extracted by using TRIzol reagent (Invitro-
gen). The HiScript® II 1st Strand cDNA Synthesis Kit (Vazyme)
was used to synthesize cDNA. Primers were designed using
online Primer3 (http://bicinfo.ut.ee/primer3-0.4.0/primer3) (Sup-
plementary Data Table S3). SYBR Green-based RT-qPCR was
performed in the LightCycler 480 system (Roche Applied Science,
Mannheim, Germany) according to an established program [50].
ACTIN (Solyc11g005330) was used as the internal control. The
relative expression level was calculated by the AACt method [80].

Yeast one-hybrid assay

The cDNA of SIZF3 was amplified and cloned into pGADT7 to
obtain the prey vector (AD-SIZF3). A 2-kb promoter fragment of
SIGA200x4, SIKS (Solyc07g066670), and SIKO (Solyc04g083160) was
amplified by specific primers (Supplementary Data Table S2). The
amplified promoter was recombined into pAbAi, and the resulting
bait vectors were designated pAbAi-SIGA200x4, pAbAi-SIKS, and
PADAI-SIKO, respectively. The bait vector was transformed into
yeast strain Y1HGold following the LiAc/SS-DNA/PEG transforma-
tion method (Clontech, Mountain View, CA, USA) and plated onto
nutrient-deficient SD—Ura medium. Subsequently, the prey vector
was transformed into the yeast strain Y1HGold containing the bait
vectors, and cultured on SD—Leu—Ura medium. The yeast culture
with the positive clone was diluted to OD600=0.1 with 0.9% NaCl,
and the diluted suspension was spotted on SD—Leu—Ura medium
with or without AbA.

Reverse yeast one-hybrid assay

To identify the putative cis-regulatory elements that SIZF3 binds
to, a reverse Y1H assay was performed. The cDNA of SIZF3
was amplified with primers Rec2-SIZF3-F and Rec2-SIZF3-R
(Supplementary Data Table S2) and cloned into pGADT7-Rec2 to
obtain the bait vector (Rec2-S1ZF3). Rec2-SIZF3 was transformed
into yeast strain Y187 with the random DNA library [81] and
plated on SD-His—Leu—Trp medium containing 30 mM 3-
AT (3-amino-1,2,4-triazole, Thermo, USA). Positive clones were
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identified, cultured, and sequenced. The online New PLACE tool
(https://www.dna.affrc.go.jp/PLACE/?action=newplace) was used
to predict potential cis-elements that SIZF3 may bind to.

Transactivation assay

To test whether SIZF3 can regulate the expression of putative
target genes (SIGA200x4, SIKS, and SIKO) in the GA biosynthesis
pathway, transactivation assays were performed using luciferase
as the reporter driven by the promoters of these genes. The
cDNA of SIZF3 was amplified using OEZF3-LIC-F and OEZF3-
LIC-R (Supplementary Data Table S2) and inserted into pK7LIC
vector [82] using Exnase II recombinase (Vazyme). The resulting
effect vector was designated OEZF3-pK7LIC. The 2-kb promoter
fragment of SIGA200x4, SIKS, and SIKO was amplified by cor-
responding primers (Supplementary Data Table S2) and cloned
into the luciferase reporter vector pHELLSGATE8-LUC. The vector
PHELLSGATES-LUC was constructed by insertion of the luciferase
reporter gene into pHELLSGATES. The luciferase gene was ampli-
fied from pGreenll 0800 [83] using primers GATE8-LUC-F and
GATES8-LUC-R (Supplementary Data Table S2), and combined into
PHELLSGATES linearized by Xbal and Xhol. All these vectors were
introduced into GV3101. The Agrobacterium strain carrying the
reporter vector was mixed equally with either the effect vector
(OEZF3-pK7LIC) or the negative control vector (pK7LIC), and co-
injected into the lower side of tobacco (N. benthamiana) leaves. The
infiltrated tobacco plants were grown overnight under darkness
and moved to normal growth condition. Three days later, the
infiltrated leaves were spread with 50 mg/L D-luciferin (Promega,
Madison, USA). The luciferase fluorescence was detected by a
NightSHADE LB985 imaging system (Berthold Technologies, Bad
Wildbad, Germany). The fluorescence signal was measured using
the IndiGO™ software (Berthold Technologies).

Chromatin immunoprecipitation-qPCR

The ChIP-gPCR experiment was performed using transgenic
plants overexpressing the SIZF3::GFP fusion protein, according to
published methods [84, 85]. Briefly, young leaves from transgenic
tomato plants were sliced and cross-linked for 30 minutes in
a cross-linking buffer (10 mM MgCl,, 10 mM Tris-HCI, pH 8.0
and 0.44 M sucrose) containing 1% formaldehyde under vacuum.
After crosslinking was terminated with glycine, the samples
were cleaned with sterilized ddH,0O and ground into powder in
liquid nitrogen. Honda Buffer (Roche, USA) was used for nuclear
extraction, then Diagenode Bioruptor (Denville, NJ, USA) was
used for fragmentation of chromatin into fragments of ~500 bp.
The sonicated chromatin was incubated with anti-GFP (Abcam,
Cambridge, USA) and protein A Dynabeads (Invitrogen) at 4°C
overnight. After purifying the DNA released from antibody-
chromatin complexes, the released DNA was used as the
template for gPCR analysis. The 2-kb promoter of SIGA200x4
was divided into five fragments (Amp 1, 2, 3, 4, and 5) based
on their location in the promoter, starting from the start codon.
Meanwhile, two fragments located in the first exon and first
intron of SIGA200x4 were used as the control templates (CK1
and CK2). All the primers for ChIP-gPCR analysis are listed in
Supplementary Data Table S3. The qPCR program was the same
as that for RT-qPCR.

Electrophoretic mobility shift assay

To test whether SIZF3 can bind to the SIGA20o0x4 promoter via
the DOFCOREZM element, an EMSA assay was performed. The
cDNA of SIZF3 was amplified using SIZF3-MBP-F and SIZF3-MBP-
R (Supplementary Data Table S2) and inserted into pMAL-c2X [86]
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containing the maltose-binding protein (MBP) gene using Exnase
Il recombinase (Vazyme). The resulting vector was transformed
into Escherichia coli strain BL21(DE3) to express an MBP-tagged
SIZF3 protein (SIZF3-MBP). Based on the sequence of the p5 region
of the SIGA200x4 promoter, a unique 36-bp single-stranded oligo
containing the DOFCOREZM element (AAAG) was synthesized and
labeled with FAM at its 5’-end (Sangon Biotech, Shanghai, China).
The same sequence without FAM label served as the competition
probe. The EMSA assay was performed essentially as described
[87]. Purified SIZF3-MBP protein was incubated with the probe
for 30 minutes. The DNA-protein complex was separated by a
6% native PAGE (polyacrylamide gel electrophoresis) gel using
0.5 x TBE (Tris-borate-EDTA) buffer. After 1 hour of electrophore-
sis, the gel image was captured using a FluorChem M system
(ProteinSimple, San Jose, USA).

Acknowledgements

This work was supported by the National Natural Science Founda-
tion of China (31972416, U1906205, U21A20230), the National Key
Research and Development Program of China (2022YFE0100900,
2018YFD1000800), the earmarked fund for CARS (CARS-23-A13),
the Foundation for Young Talents of Henan Agricultural Univer-
sity (30500728), and the Key Scientific Research Project of the
Higher Education Institutions of Henan Province (23A210008).

Author contributions

B.O, JL, and Y.Li. planned and designed the research; J.L., Y.Li,
YunfeiT, and Z.C. performed experiments and analyzed data; J.C,,
Y.P,]J,R.C, and Yaping T. conducted some fieldwork; H.Y. and C.S.
provided the bioinformatic analysis service; B.O. and J.L. wrote the
manuscript; B.O, Y.Li, Y.Lu, and Z.Y. revised the manuscript.

Data availability

All relevant data can be found within the manuscript and
its supporting materials. The sequence data were downloaded
from the Sol Genomics Network (https://www.sgn.cornell.
edu/)https://solgenomics.net/ database with the following acces-
sion numbers: SIZF3, Solyc06g075780; SIGA200x1, Solyc03g006880;
SIGA200x2, Solyc06g035530; SIGA200x3, Solyc11g072310; SIGA200x4,
Solyc01g093980; SIKS, Solyc07g066670; SIKO, Solyc04g083160;
SIKAO,  Solyc01g080900;  Actin, Solyc11g005330; GA3ox1,
Solyc06g066820; GA30x2, Solyc03g119910.

Conflict of interest statement

None declared.

Supplementary Data

Supplementary data is available at Horticulture Research online.

References

1. LiuX, Yang W, Wang]J et al. SIGID1a is a putative candidate gene
for qtphl.1, a major-effect quantitative trait locus controlling
tomato plant height. Front Genet. 2020;11:881.

2. Fujioka S, Yokota T. Biosynthesis and metabolism of BRASSI-
NOSTEROIDS. Annu Rev Plant Biol. 2003;54:137-64.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Fernandez MGS, Becraft PW, Yin Y et al. From dwarves to giants?
Plant height manipulation for biomass yield. Trends Plant Sci.
2009;14:454-61.

Zou]J, Zhang S, Zhang W et al. The rice HIGH-TILLERING DWARF1
encoding an ortholog of Arabidopsis MAX3 is required for nega-
tive regulation of the outgrowth of axillary buds. PlantJ. 2006;48:
687-98.

Zhang B, Tian F, Tan L et al. Characterization of a novel high-
tillering dwarf 3 mutant in rice. ] Genet Genomics. 2011;38:411-8.
Peng JR, Richards DE, Hartley NM et al. 'Green revolution’
genes encode mutant gibberellin response modulators. Nature.
1999;400:256-61.

Sasaki A, Ashikari M, Ueguchi-Tanaka M et al. Green revolution:
a mutant gibberellin-synthesis gene in rice. Nature. 2002;416:
701-2.

Otsuka K, Asano S, Asano S. ‘Second-generation’ MVs and the
evolution of the green revolution - the case of Central Luzon,
1966-90. Agric Econ. 1994;10:283-95.

Fleet CM, Sun TP. A DELLAcate balance: the role of gibberellin
in plant morphogenesis. Curr Opin Plant Biol. 2005;8:77-85.
Hedden P, Phillips AL. Gibberellin metabolism: new insights
revealed by the genes. Plant Sci. 2000;5:523-30.

Yamaguchi S. Gibberellin metabolism and its regulation. Annu
Rev Plant Biol 2008;59:225-51.

Hedden P, Thomas SG. Gibberellin biosynthesis and its regula-
tion. Biochem J. 2012;444:11-25.

Aach H, Bode H, Robinson DG et al. ent-Kaurene synthase is
located in proplastids of meristematic shoot tissues. Planta.
1997;202:211-9.

Helliwell CA, Chandler PM, Poole A et al. The CYP88A cytochrome
P450, ent-kaurenoic acid oxidase, catalyzes three steps of the
gibberellin biosynthesis pathway. Proc Natl Acad Sci USA 2001;98:
2065-70.

Morrone D, Chen X, Coates R et al. Characterization of the
kaurene oxidase CYP701A3, a multifunctional cytochrome
P450 from gibberellin biosynthesis. Biochem J. 2010;431:
337-47.

Helliwell CA, Poole A, Peacock W] et al. Arabidopsis ent-kaurene
oxidase catalyzes three steps of gibberellin biosynthesis. Plant
Physiol. 1999;119:507-10.

Helliwell CA, Sheldon CC, Olive MR et al. Cloning of the Ara-
bidopsis ent-kaurene oxidase gene GA3. Proc Natl Acad Sci USA.
1998;95:9019-24.

Guo S, Zhang X, Bai Q et al. Cloning and functional analysis of
dwarf gene mini plant 1 (MNP1) in Medicago truncatula. Int J Mol
Sci 2020;21:4968.

Regnault T, Daviere ], Heintz D et al. The gibberellin biosynthetic
genes AtKAO1 and AtKAO2 have overlapping roles throughout
Arabidopsis development. Plant J. 2014;80:462-74.

Sun TP, Kamiya Y. The Arabidopsis Gallocus encodes the cyclase
ent-kaurene synthetase A of gibberellin biosynthesis. Plant Cell
1994,6:1509-18.

Itoh H, Ueguchi-Tanaka M, Sentoku N et al. Cloning and func-
tional analysis of two gibberellin 3 beta-hydroxylase genes that
are differently expressed during the growth of rice. Proc Natl Acad
Sci USA. 2001;98:8909-14.

Chen Y, Hou M, Liu L et al. The maize DWARF1 encodes a
gibberellin 3-oxidase and is dual localized to the nucleus and
cytosol. Plant Physiol. 2014;166:2028-39.

Rieu I, Ruiz-Rivero O, Fernandez-Garcia N et al. The gibberellin
biosynthetic genes AtGA20ox1 and AtGA20o0x2 act, partially
redundantly, to promote growth and development throughout
the Arabidopsis life cycle. Plant J. 2007;53:488-504.

920z AInr 1 uo3sanb Aq || #610.2/S20PEUN//0L/3101E/IY/ WO dNODIWapedE//:SARY WOy papeojumoq


https://www.sgn.cornell.edu/
https://www.sgn.cornell.edu/
https://solgenomics.net/
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad025#supplementary-data

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chen HI, Li PF, Yang CH. NAC-like gene GIBBERELLIN SUPPRESS-
ING FACTOR regulates the gibberellin metabolic pathway in
response to cold and drought stresses in Arabidopsis. Sci Rep.
2019;9:19226.

Qi X, Tang W, Li W et al. Arabidopsis G-protein beta subunit AGB1
negatively regulates DNA binding of MYB62, a suppressor in the
gibberellin pathway. Int J Mol Sci 2021;22:8270.

Denis E, Kbiri N, Mary V et al. WOX14 promotes bioactive gib-
berellin synthesis and vascular cell differentiation in Arabidop-
sis. Plant J. 2017;90:560-72.

Cho SH, Kang K, Lee SH et al. OsWOX3A is involved in negative
feedback regulation of the gibberellic acid biosynthetic pathway
in rice (Oryza sativa). ] Exp Bot. 2016;67:1677-87.

ChenX,LuS, WangY etal. OsNAC2 encoding a NAC transcription
factor that affects plant height through mediating the gibberel-
lic acid pathway in rice. Plant J. 2015;82:302-14.

Chu Y, Xu N, Wu Q et al. Rice transcription factor OsMADS57
regulates plant height by modulating gibberellin catabolism.
Rice 2019;12:38.

Ikram AU, Zhang F, Xu Z et al. Chromatin remodeling factors
OsYAF9 and OsSWC4 interact to promote internode elongation
in rice. Plant Physiol. 2022;188:2199-214.

Fukazawa J, Nakata M, Ito T et al. bZIP transcription factor RSG
controls the feedback regulation of NtGA20ox1 via intracellu-
lar localization and epigenetic mechanism. Plant Signal Behav.
2011;6:26-8.

Fukazawa J, Sakai T, Ishida S et al. REPRESSION OF SHOOT
GROWTH, a bZIP transcriptional activator, regulates cell elon-
gation by controlling the level of gibberellins. Plant Cell. 2000;12:
901-15.

Fukazawa J, Nakata M, Ito T et al. The transcription factor RSG
regulates negative feedback of NtGA20ox1 encoding GA 20-
oxidase. Plant J. 2010;62:1035-45.

Li J, Sima W, Ouyang B et al. Tomato SIDREB gene restricts
leaf expansion and internode elongation by downregulating key
genes for gibberellin biosynthesis. ] Exp Bot. 2012;63:6407-20.
LiJH, Yu C, Wu H et al. Knockdown of a JmjC domain-containing
gene JMJ524 confers altered gibberellin responses by transcrip-
tional regulation of GRAS protein lacking the DELLA domain
genes in tomato. ] Exp Bot. 2015;66:1413-26.

Ciftci-Yilmaz S, Mittler R. The zinc finger network of plants. Cell
Mol Life Sci. 2008;65:1150-60.

Han GL, Lu C, Guo ] et al. C2H2 zinc finger proteins: master
regulators of abiotic stress responses in plants. Front Plant Sci.
2020;11:298.

Wang K, Ding Y, Cai C et al. The role of C2H2 zinc finger proteins
in plant responses to abiotic stresses. Physiol Plant. 2019;165:
690-700.

Sendon PM, Oo MM, Park JB et al. Activation of C2H2-type zinc
finger genes induces dwarfism in Arabidopsis thaliana. J Korean
Soc Appl Biol Chem. 2014;57:35-41.

Gan Y, Kumimoto R, Liu C et al. GLABROUS INFLORESCENCE
STEMS modulates the regulation by gibberellins of epidermal
differentiation and shoot maturation in Arabidopsis. Plant Cell.
2006;18:1383-95.

Takeda S, Matsumoto N, Okada K. RABBIT EARS, encod-
ing a SUPERMAN-like zinc finger protein, regulates petal
development in Arabidopsis thaliana. Development. 2003;131:
425-34.

Zheng F, Cui L, Li C et al. Hair interacts with SIZFP8-like
to regulate the initiation and elongation of trichomes by
modulating SIZFP6 expression in tomato. ] Exp Bot. 2022;73:
228-44.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Luoetal. | 11

Dai M, Zhao Y, Ma Q et al. The rice YABBY1 gene is involved in
the feedback regulation of gibberellin metabolism. Plant Physiol.
2007;144:121-33.

Yang C,Ma Y, Li]. The rice YABBY4 gene regulates plant growth
and development through modulating the gibberellin pathway.
J Exp Bot. 2016;67:5545-56.

Duan M, Ke X-J, Lan H-X et al. A Cys2/His2 zinc finger protein
acts as a repressor of the green revolution gene SD1/0sGA200x2
in rice (Oryza sativa L.). Plant Cell Physiol. 2020;61:2055-66.

Li M, Zhang H, He D et al. A stress-associated protein OsSAP8
modulates gibberellic acid biosynthesis by reducing the promo-
tive effect of transcription factor OsbZIP58 on OsKO2. ] Exp Bot.
2022;73:2420-33.

Fan M, Gao S, Ren ] et al. Overexpression of SIRBZ results
in chlorosis and dwarfism through impairing chlorophyll,
carotenoid, and gibberellin biosynthesis in tomato. Front Plant
Sci. 2016;7:907.

Weng L, Zhao F, Li R et al. The zinc finger transcription factor
SIZFP2 negatively regulates abscisic acid biosynthesis and fruit
ripening in tomato. Plant Physiol. 2015;167:931-49.

ShiY, Pang X, Liu W et al. SIZHD17 is involved in the control of
chlorophyll and carotenoid metabolism in tomato fruit. Hortic
Res. 2021;8:259.

Li Y, Chu Z, Luo J et al. The C2H2 zinc-finger protein SIZF3
regulates AsA synthesis and salt tolerance by interacting with
CSN5B. Plant Biotechnol J. 2018;16:1201-13.

Jathar V, Saini K, Chauhan A et al. Spatial control of cell division
by GA-OsGRF7/8 module in a leaf explaining the leaf length
variation between cultivated and wild rice. New Phytol. 2022;234:
867-83.

Falcioni R, Moriwaki T, Bonato CM et al. Distinct growth light and
gibberellin regimes alter leaf anatomy and reveal their influence
on leaf optical properties. Environ Exp Bot. 2017;140:86-95.
Daviere JM, Achard P. Gibberellin signaling in plants. Develop-
ment. 2013;140:1147-51.

Xiao ], Li H, Zhang] et al. Dissection of GA 20-oxidase members
affecting tomato morphology by RNAi-mediated silencing. Plant
Growth Regul 2006;50:179-89.

Wang Y, Zhao J, Lu W et al. Gibberellin in plant height control:
old player, new story. Plant Cell Rep. 2017;36:391-8.

Olszewski N, Sun TP, Gubler F. Gibberellin signaling: biosynthe-
sis, catabolism, and response pathways. Plant Cell. 2002;14:561-
80.

Sun TP, Gubler F. Molecular mechanism of gibberellin signaling
in plants. Annu Rev Plant Biol. 2004;55:197-223.

Davidson SE, Elliott RC, Helliwell CA et al. The pea gene NA
encodes ent-kaurenoic acid oxidase. Plant Physiol. 2003;131:
335-44.

Fambrini M, Mariotti L, Parlanti S et al. The extreme dwarf
phenotype of the GA-sensitive mutant of sunflower, dwarf2,
is generated by a deletion in the ent-kaurenoic acid oxidasel
(HaKAO1) gene sequence. Plant Mol Biol. 2011;75:431-50.
Winkler RG, Helentjaris T. The maize Dwarf3 gene encodes a
cytochrome P450-mediated early step in gibberellin biosynthe-
sis. Plant Cell. 1995;7:1307-17.

ChenY,Dan Z, Gao F et al. Rice GROWTH-REGULATING FACTOR7
modulates plant architecture through regulating GA and indole-
3-acetic acid metabolism. Plant Physiol. 2020;184:393-406.
Zhang X, Ding L, Song A et al. DWARF AND ROBUST PLANT
regulates plant height via modulating gibberellin biosynthesis
in chrysanthemum. Plant Physiol. 2022;190:2484-500.

Gangappa SN, Botto JF. The multifaceted roles of HY5 in plant
growth and development. Mol Plant. 2016;9:1353-65.

920z AInr 1 uo3sanb Aq || #610.2/S20PEUN//0L/3101E/IY/ WO dNODIWapedE//:SARY WOy papeojumoq



12

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

| Horticulture Research, 2023, 10: uhad025

Lee ], He K, Stolc V et al. Analysis of transcription factor HYS
genomic binding sites revealed its hierarchical role in light
regulation of development. Plant Cell. 2007;19:731-49.

Weller JL, Hecht V, Schoor JKV et al. Light regulation of gibberellin
biosynthesis in pea is mediated through the COP1/HYS pathway.
Plant Cell. 2009;21:800-13.

Yuan X, Huang P, Wang R et al. A zinc finger transcriptional
repressor confers pleiotropic effects on rice growth and drought
tolerance by down-regulating stress-responsive genes. Plant Cell
Physiol 2018;59:2129-42.

Selvaraj MG, Jan A, Ishizaki T et al. Expression of the CCCH-
tandem zinc finger protein gene OsTZF5 under a stress-
inducible promoter mitigates the effect of drought stress on
rice grain yield under field conditions. Plant Biotechnol J. 2020;18:
1711-21.

Mohanty B, Krishnan SPT, Swarup S et al. Detection and
preliminary analysis of motifs in promoters of anaerobi-
cally induced genes of different plant species. Ann Bot. 2005;
96:669-81.

Maeda K, Kimura S, Demura T et al. DcMYB1 acts as a tran-
scriptional activator of the carrot phenylalanine ammonia-lyase
gene (DcPAL1) in response to elicitor treatment, UV-B irradiation
and the dilution effect. Plant Mol Biol. 2005;59:739-52.

Scarpeci TE, Frea VS, Zanor MI et al. Overexpression of AtERFO19
delays plant growth and senescence, and improves drought
tolerance in Arabidopsis. ] Exp Bot. 2017;68:673-85.

Jung SE, Bang SW, Kim SH et al. Overexpression of OsERF83,
a vascular tissue-specific transcription factor gene, confers
drought tolerance in rice. Int ] Mol Sci. 2021;22:7656.

Sun X, Huang N, Li X et al. A chloroplast heat shock protein mod-
ulates growth and abiotic stress response in creeping bentgrass.
Plant Cell Environ. 2021;44:1769-87.

Li F, Chen X, Zhou S et al. Overexpression of SIMBP22 in tomato
affects plant growth and enhances tolerance to drought stress.
Plant Sci. 2020;301:110672.

Lu Y, Ouyang B, Zhang J et al. Genomic organization, phylo-
genetic comparison and expression profiles of annexin gene
family in tomato (Solanum lycopersicum). Gene. 2012;499:14-24.
Wang Z, Mao Y, Guo Y et al. MYB transcription factor161 medi-
ates feedback regulation of secondary wall-associated NAC-

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Domainl family genes for wood formation. Plant Physiol.
2020;184:1389-406.

Shen DD, Hua YP, Huang JY et al. Multiomic analysis reveals
core regulatory mechanisms. Underlying steroidal glycoalka-
loid metabolism in potato tubers. J Agric Food Chem. 2022;70:
415-26.

Nakagawa T, Suzuki T, Murata S et al. Improved gateway binary
vectors: high-performance vectors for creation of fusion con-
structs in transgenic analysis of plants. Biosci Biotechnol Biochem.
2007;71:2095-100.

Ouyang B, Chen YH, Li HX et al. Transformation of tomatoes with
osmotin and chitinase genes and their resistance to Fusarium
wilt. J Hortic Sci Biotechnol. 2005;80:517-22.

Helliwell CA, Wesley SV, Wielopolska AJ et al. High-throughput
vectors for efficient gene silencing in plants. Funct Plant Biol.
2002;29:1217-25.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the
comparative C-T method. Nat Protoc. 2008;3:1101-8.

Ji X, Wang L, Nie X et al. A novel method to identify the DNA
motifs recognized by a defined transcription factor. Plant Mol Biol.
2014;86:367-80.

Zhang H, Feng H, Lu X et al. An asymmetric bulge enhances
artificial microRNA-mediated virus resistance. Plant Biotechnol J.
2020;18:608-10.

Hellens RP, Allan AC, Friel EN et al. Transient expression vectors
for functional genomics, quantification of promoter activity and
RNA silencing in plants. Plant Methods. 2005;1:13.

Wierzbicki AT, Haag JR, Pikaard CS. Noncoding transcription by
RNA polymerase pol IVb/pol V mediates transcriptional silenc-
ing of overlapping and adjacent genes. Cell 2008;135:635-48.
Zong W, Tang N, Yang ] et al. Feedback regulation of ABA
signaling and biosynthesis by a bZIP transcription factor tar-
gets drought-resistance-related genes. Plant Physiol. 2016;171:
2810-25.

Walker TH, Hsieh PC, Riggs PD. Mutations in maltose-binding
protein that alter affinity and solubility properties. Appl Microbiol
Biotechnol. 2010;88:187-97.

Song J, Shang L, Li C et al. Variation in the fruit development
gene POINTED TIP regulates protuberance of tomato fruit tip.
Nat Commun. 2022;13:5940.

920z AInr 1 uo3sanb Aq || #610.2/S20PEUN//0L/3101E/IY/ WO dNODIWapedE//:SARY WOy papeojumoq



