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Abstract

Background Zostera japonica (Z. japonica) is a unique seagrass species in Asia, which has important
ecological value. Gibberellin is an important plant hormone, which plays an important role in the
regulation of plant growth and development, including seed longevity, seed germination, anti-aging,
hypocotyl elongation, leaf development, reproductive organ development and abiotic stress. However, the
role of 74-3-3 gene of Z. japonicain GA signaling pathway is still unclear.

Methods and results Here, we found that the gibberellin content of Arabidopsis overexpressing ZjGRF1,
14-3-3 gene of Z. japonica, is lower than that of wild type (WT), and the expression of gibberellin
synthesis genes is lower than that of WT. The expression level of gibberellin receptors in transgenic
ZJGRF1 Arabidopsis was lower than that in WT. The expression level of GA response genes EXP8in
transgenic ZjGRF1 Arabidopsis was lower than that in WT, and the expression levels of PRET, PRE5 and
SCL3 were higher than that in WT. Transgenic ZjGRF1 Arabidopsis is insensitive to paclobutrazol, an
inhibitor of gibberellin synthesis. The expression level of flowering regulatory genes in transgenic ZjGRF1
Arabidopsis was lower than that in WT.

Conclusion This is the first report on the function of 74-3-3 gene family in seagrass. Our findings can be
further utilized in future studies on regulation of 74-3-3 gene on plant development.

Introduction

Gibberellins (GAs) are a kind of growth factor widely existing in plants. Their chemical structures belong
to diterpenes and consist of four isoprene units. 136 kinds of GAs with different structures have been
isolated and identified from plants, fungi and bacteria, but only a few have biological activities. GA; and
GA, are the main endogenous active molecules in most plants. Most GAs have no biological activity, but
are precursors or inactive metabolites of active GAs. The concentration of active GAs in plant tissue is
determined by the rate of GAs synthesis and inactivation. Gibberellin with biological activity regulates
many aspects of plant growth and development by promoting cell proliferation and expansion, including
flower and fruit development, seed germination, stem extension, leaf expansion and so on.

14-3-3 proteins were first found in bovine brain tissue cells [1], and was named according to the number
of fragments separated by DEAE cellulose and the mobility in starch gel electrophoresis. Brain tissue is
rich in 14-3-3 protein, accounting for about 1% of all soluble proteins. For a long time. 14-3-3 protein is
considered to be a brain specific protein. Later, it was found that it is a highly conserved regulatory
protein widely existing in eukaryotes. Since 1992, a variety of 14-3-3 proteins have been found in plants.
Arabidopsis, for example, has 13 genes encoding 14-3-3 protein. 14-3-3 proteins interact with target
proteins by recognizing specific phosphorylation sequences. More than 300 target proteins have been
found to interact with 14-3-3 proteins in plants. Different 14-3-3 isoforms are expressed in different
tissues of plants, and they are very different. They specifically regulate target proteins, participate in a
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series of signal transduction and metabolic processes in plant cells, and affect the growth and
development of plants.

REPRESSION OF SHOOT GROWTH (RSG) is a kind of bZIP transcription factor, which regulates the GA
level in plants by regulating the transcription of related genes in the GA synthesis pathway. In tobacco,
14-3-3 is an RSG interaction protein, and the site RSG interacting with 14-3-3 protein was RSG-Serl14. The
interaction between 14-3-3 protein and RSG depends on Ser-114 phosphorylation of RSG. Exogenous
application of GA leads to the temporary increase of intracellular Ca?* level. The transient change of Ca?*
level makes Ca%* dependent CDPK kinase phosphorylate Ser-114 of RSG and promote the interaction
between 14-3-3 protein and phosphorylated RSG. In this process, 14-3-3 protein, as a negative regulator,
binds RSG, changes the localization of RSG protein in cells, so that RSG remains in the cytoplasm and
cannot enter the nucleus to regulate the genes encoding GA biosynthesis related proteins, inhibits the
transcription of GA biosynthesis related genes in the nucleus, and thus controls the GA level in vivo [2, 3].

Seagrass meadow ecosystem is a highly productive ecosystem in coastal waters [4]. Although it
accounts for only 0.15% of the global ocean area, it contributes 1% of the net primary productivity of the
global ocean. In recent years, the ecological function and economic value of seagrass meadows have
been gradually recognized by people [5].

Zostera japonica (Z. japonica) is an endemic Subgenus Zosterella species in Asia. Its plant is short, but it
has important ecological value. Z. japonica can live in the shallow intertidal zone where the water
temperature and light fluctuation are strong, which is difficult for Zostera marina (Z. marina) to adapt to,
showing stronger adaptability and vitality [6]. It is the most widely distributed seagrass species in China,
and it is distributed in the Yellow Sea, Bohai Sea, South China Sea and other coastal areas in China. In the
Yellow Sea and Bohai Sea area, Z. japonica have appeared in Weifang, Qingdao, Yantai, Weihai, Rizhao
and other places in Shandong Province [7]. In recent years, the seagrass habitat in the Yellow Sea and
Bohai Sea has been seriously damaged, and it is difficult to find a large area of continuous distribution of
Z. japonica seagrass meadows.

However, to our knowledge, no studies have been conducted on the physiological function of seagrass
14-3-3 gene. In our previous study, we cloned a 74-3-3 gene ZjGRF1 of Z. japonica and overexpressed it in
Arabidopsis with 35S promoter and obtained homozygous plants (Unpublished results). the gibberellin
content of transgenic ZjGRF1 Arabidopsis is lower than that of wild type (WT), and the expression of
gibberellin synthesis genes is lower than that of WT. The expression level of gibberellin receptors in
transgenic ZjGRF1 Arabidopsis was lower than that in WT. The expression level of GA response genes
EXPS8in transgenic ZjGRF1 Arabidopsis was lower than that in WT, and the expression levels of PRET,
PRE5 and SCL3 were higher than that in WT. Transgenic ZjGRF1 Arabidopsis is insensitive to
paclobutrazol, an inhibitor of gibberellin synthesis. The expression level of flowering regulatory genes in
transgenic ZjGRF1 Arabidopsis was lower than that in WT. In conclusion, these results suggest that
ZjGRFTis involved in gibberellin signaling pathway.
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Materials And Methods

Plant materials and growth conditions

Arabidopsis Columbia ecotype was used as WT. 17-d-old Seedlings were grown on 1/2 Murashige and
Skoog (1/2 MS) solid medium (0.8% agar) in a growth chamber (ZMD-260, Yanghui, Ningbo, China)
under long-day conditions, with 16 h of white light (80 umol m? sec™) and 8 h of dark, and with 60%
relative air humidity at 21°C.

qRT-PCR

Quantitative real-time PCR was performed with TB Green Premix Ex Taq Il (Takara) using QuantStudio 3
real-time PCR detection system (appliedbiosystems by Thermo Fisher Scientific). According to the
manufacturer's protocol, RNAprep pure plant Kit (Tiangen) was used to isolate total RNA from frozen
samples in liquid nitrogen. cDNA was synthesized with 1 pg total RNA and primescript RT reagent kit with
gDNA eraser (Takara). Actin2 was used as internal reference, and the relative transcription level was
determined by comparative threshold cycle (Ct). The primer name and sequence are shown in Table S1.
Three independent biological replicates of each genotype were statistically analyzed.

GA content measurement

17-d-old seedlings were used to measure the GA content. The GA content was determined using a Plant
GA ELISA Kit (Senbeijia, Nanjing, China).

Statistical analysis

Values presented are the means + SD. An asterisk indicates that there was a significant difference
between the WT using a Student’s ttest (*P<0.05, **P<0.01). All statistical analyses were performed using
Microsoft Excel for Windows (Microsoft office 365, Redmond, WA, USA). For gRT-PCR, three independent
biological replicates of each genotype were statistically analyzed. For measurement of the root length, 18
seedlings were statistically analyzed. For measurement of the hypocotyl length, 16 seedlings were
statistically analyzed.

Results
ZjGRF1 inhibits gibberellin synthesis

Gibberellin is one of the essential plant hormones in the process of plant growth and development. It
regulates seed germination, stem elongation, flower transformation, flower and fruit development. The
results showed that the GA content of transgenic ZjGRF1 Arabidopsis plants was lower than that of WT
(Fig. 1a). We measured the expression level of GA synthesis genes in 17-day-old seedlings of transgenic
ZJGRF1 Arabidopsis plants. The results showed that the expression level of GA30ox7 and GA30ox2

in transgenic ZjGRF1 Arabidopsis plants was significantly lower than that of WT (Fig. 1b).
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The expression level of gibberellin receptors in transgenic ZjGRF1 Arabidopsis was lower than that in WT

In rice [8] and Arabidopsis [9], the research on gibberellin signaling pathway has been relatively perfect, in
which DELLA protein is the key negative regulator of plant growth and development [10, 11],
GIBBERELLIN-INSENSITIVE DWARF 1 (GID1) are gibberellin receptors [12]. GID1 change their
conformation after recognizing and binding GA, and bind with DELLA protein to form GA-GID1-DELLA
trimer, It leads to the degradation of DELLA protein through SCFC'P2/SIYT complex, relieves its inhibition on
plant growth, and promotes plants to show gibberellin effect [13-15]. We measured the expression level of
GA receptors in 17-day-old seedlings of transgenic ZjGRF1 Arabidopsis plants. The results showed that
the expression level of G/D7a, GID1b and GID7cin transgenic ZjGRF1 Arabidopsis plants was significantly

lower than that of WT (Fig. 2).
ZjGRF1 affects the expression level of gibberellin response related genes

We measured the expression level of GA response related genes in 17-day-old seedlings of transgenic
ZJGRF1 Arabidopsis plants. The results showed that the expression level of EXP8in transgenic ZjGRF1
Arabidopsis plants was significantly lower than that of WT, while the expression level of PRET, PRE5 and
SCL3in transgenic ZjGRF1 Arabidopsis plants was significantly higher than that of WT (Fig. 3).

The sensitivity of transgenic Z/GRF1 Arabidopsis to Paclobutrazol (PAC) decreased

We analyzed the sensitivity of transgenic ZjGRF1 Arabidopsis to Gibberellin synthesis inhibitor PAC and
found that transgenic ZjGRF1 Arabidopsis was less sensitive to PAC (Fig. 4). When plants were grown in
the presence of 1 uM PAC, the root length of WT plants decreased by 65%, and that of transgenic ZjGRF1
Arabidopsis decreased by 53%, which was significantly longer than that of WT (Fig. 4b). We then studied
the seed germination rate of transgenic ZjGRF1 Arabidopsis in the presence of PAC. We studied the
germination rate under white light at 40 uM PAC. WT seeds could not germinate in the presence of 40 uM
PAC, while 18% of transgenic ZjGRF1 Arabidopsis seeds germinated (Fig. 4c). To further investigate this
effect, we measured the length of hypocotyl in the presence of 1 uM PAC. Seedlings were grown in the
dark on 1/2 MS medium containing 1 uM PAC for 12 days. In WT plants, when PAC concentration
increased from 0 to 1 pM, hypocotyl length decreased from 2.8 cm to 0.7 cm. In transgenic ZjGRF1
Arabidopsis, when PAC concentration increased from 0 to 1 uM, hypocotyl length decreased from 2.9 cm
to 1.0 cm, which was significantly longer than that of WT (Fig. 4d).

The expression level of flowering regulatory genes in transgenic ZjGRF1 Arabidopsis was lower than that
in WT

It is well known that GA promotes flowering by activating the expression of LEAFY (LFY) and
SUPPRESSOR OF CONSTANST (SOCT) [16, 17]. Therefore, we detected the mMRNA expression levels of LFY
and SOCT in samples collected 12 hours after illumination under LD conditions. Compared with the WT,
transgenic ZjGRF1Arabidopsis expressed lower levels of SOCT and LFY mRNA (Fig. 5). These results
suggest that transgenic ZjGRF1Arabidopsis inhibits flowering by inhibiting the expression of LFY mRNA.
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Discussion

In this article, we show that the gibberellin content of transgenic ZjGRF1 Arabidopsis is lower than that of
WT, and the expression of gibberellin synthesis genes is lower than that of WT (Fig. 1). The expression
level of gibberellin receptors in transgenic ZjGRF1 Arabidopsis was lower than that in WT (Fig. 2). The
expression level of GA response genes EXP8in transgenic ZjGRF1 Arabidopsis was lower than that in WT,
and the expression levels of PRET, PRE5 and SCL3 were higher than thatin WT (Fig. 3). Transgenic
ZjGRF1 Arabidopsis is insensitive to paclobutrazol, an inhibitor of gibberellin synthesis (Fig. 4). The
expression level of flowering regulatory genes in transgenic ZjGRF1 Arabidopsis was lower than that in
WT (Fig. 5). Taken together, our results indicate that ZjGRFT is involved in gibberellin signaling pathway.

The content of gibberellin in plants is determined by the relative strength of synthesis and decomposition,
and its rate is regulated by a series of key enzymes. There are many enzymes involved in the synthesis
and decomposition of gibberellin in higher plants. GA20-oxidase and GA3-oxidase, as the key enzymes in
the last step of gibberellin biosynthesis pathway, can catalyze GA;, and GAz3 to synthesize active GA;
and GA, [18, 19]. Among them, GA200x converts GA;, and GAs3 into GAg and GA,,, and GA3ox further
converts GAg and GA, into GA; and GA, [20]. In addition, GA200x and GA3ox are regulated by the
negative feedback of active GA [21, 22]. GA2-oxidase is a key enzyme in the process of GA degradation.
It can decompose and inactivate bioactive GAs and its precursors and other intermediates in plants, so as
to maintain the balance between bioactive GAs and intermediates in plants [23]. These three types of
gibberellin oxidase genes belong to the 20G-Fe (/) oxygenase subfamily and are encoded by the
polygenic family [18]. When GA200x and GA3ox are absent, the amount of bioactive GA synthesized is
reduced. Similarly, overexpression of GA20x class degrades bioactive GA in plants, resulting in dwarf
phenotype [19, 24]. In addition, many studies have found that GA2ox, GA3ox and GA200x family
members have certain effects on flowering through overexpression or mutation [25-28]. So far, GAZ20x,
GA3ox and GA20ox family members have been reported in many species, such as rice [29], Arabidopsis,
soybean [30], cucumber, jatropha, etc. The gibberellin content of transgenic ZjGRF1 Arabidopsis is lower
than that of WT, which may be due to the lower expression levels of GA30x7 and GA3ox2 (Fig. 1).

GID1 proteins are soluble GA receptors. GID1 genes encode a kind of proteins similar to Hormone
sensitive lipases (HSL). Although they contain conserved HSL motifs: HGG and GXSXG, it was found that
GID1s do not have hydrolase activity. GID1s can directly interact with DELLA of rice, and this interaction
depends on the presence of active GA [12]. The expression level of GID7a, GID1b and GID7c in transgenic
ZJGRF1 Arabidopsis plants was significantly lower than that of WT (Fig. 2).

PREs are GA-responsive genes. PRE gene family consists of six members (PRET- PRE®6) in Arabidopsis.
The HLH motif of PRE members is a highly conserved motif that mediates protein-protein interactions
among basic HLH proteins [31]. In contrast to the true basic HLH proteins composed of at least 147
members in Arabidopsis [32], PREs lack the basic region near the motif which is involved in DNA binding
activity. The expression level of PRET and PRE5 in transgenic ZjGRF1 Arabidopsis plants was
significantly higher than that of WT (Fig. 3).
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In Arabidopsis, SCARECROW-LIKE 3 (SCL3) is a positive regulator of GA signal. The expression of SCL3 is
induced by DELLA but inhibited by GA. SCL3 interacts with DELLA to regulate root growth and seed
germination by antagonizing the activity of DELLA protein [33, 34]. The expression level of SCL3in
transgenic ZjGRF1 Arabidopsis plants was significantly higher than that of WT (Fig. 3), which may be due
to the lower GA content in transgenic ZjGRF1 Arabidopsis (Fig. 1a).

Paclobutrazol is an inhibitor of gibberellin synthesis and inhibits plant growth. In this study, we found
that the sensitivity of transgenic ZjGRF1 Arabidopsis to PAC decreased (Fig. 4).

The molecular mechanism by which GA regulates SOC7 expression is unclear. GA promotes the
expression of LFY by binding to the cis-acting element on the LFY promoter [16, 35], while SOC1 regulates
the expression of LFY by directly binding to the promoter of LFY gene. Therefore, GA regulates the
transcription of LFYthrough SOC1 dependent and independent pathways. Gibberellin may affect the
flowering development of plants by regulating the expression of SOCT7 and LFY in apical meristem.
Compared with the WT, transgenic ZjGRF1 Arabidopsis expressed lower levels of LFY mRNA (Fig. 5),
which may be due to the lower GA content in transgenic ZjGRF1 Arabidopsis (Fig. 1a).

Conclusion

In this study, we first studied the role of ZjGRF1, 14-3-3 gene of Z. japonica, in GA signaling pathway.
These results are helpful to further study the function of 74-3-3 genes of seagrass.
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Figure 1

ZjGRF1 inhibits GA synthesis. (a) GA content in 17-d-old seedlings of WT and transgenic ZjGRF1
Arabidopsis (SD, n=3). (b) GA synthesis genes expression level in 17-d-old seedlings of WT and
transgenic ZjGRF1 Arabidopsis (SD, n=3). Actin2 was used as internal reference, and the relative
transcription level was determined by comparative threshold cycle (Ct). Three independent biological
replicates of each genotype were statistically analyzed. * P<0.05
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Figure 2

GA receptors expression level in 17-d-old seedlings of WT and transgenic ZjGRF1 Arabidopsis (SD, n=3).
Actin2 was used as internal reference, and the relative transcription level was determined by comparative
threshold cycle (Ct). Three independent biological replicates of each genotype were statistically analyzed.
* P<0.05, ** P<0.01
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Figure 3

GA response genes expression level in 17-d-old seedlings of WT and transgenic ZjGRF1 Arabidopsis (SD,
n=3). Actin2 was used as internal reference, and the relative transcription level was determined by
comparative threshold cycle (Ct). Three independent biological replicates of each genotype were
statistically analyzed. * P<0.05, ** P<0.01
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Transgenic ZjGRF1 Arabidopsis is insensitive to GA synthesis inhibitor PAC. (a) Graphical representation
of the seedlings treated with PAC (2 uM). Seedlings were transferred at day 4 and photographed 10 d
later. (b) Root elongation of transgenic ZjGRF1 Arabidopsis grown under the LD condition in the absence
or presence of 1 uM PAC for 14 d (SD, n=18). (c) Increased seed germination in the transgenic ZjGRF1
Arabidopsis in the presence of 40 uM PAC. Imbibed seeds were germinated under white light with or
without 40 uM PAC (SD, n=3). (d) Hypocotyl elongation of transgenic ZjGRF1 Arabidopsis grown in the
dark in the presence of 1 uM PAC for 12 d. (SD, n=3). ** P<0.01
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Figure 5

Expression of SOC1 and LFY mRNAs in transgenic ZjGRF1 Arabidopsis grown under the LD condition.
Seventeen-day-old LD-grown plants were sampled for expression analysis at the 12th hour of light. Actin2
was used as internal reference, and the relative transcription level was determined by comparative
threshold cycle (Ct). Three independent biological replicates of each genotype were statistically analyzed.
Error bars indicate SD. * P<0.05
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