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Abstract

Germination is a crucial event in plant lifecycle mediated by a complex hormonal crosstalk. In this study, we revealed an
antagonistic interaction between phytohormone abscisic acid (ABA) and gibberellins in epigallocatechin-3-gallate (EGCG)-
retarded germination and early seedling growth in tomato. High concentrations of EGCG (0.5 mM and 1.0 mM) decelerated
the seed germination and reduced the germination rate and biomass accumulation in seedlings. EGCG-induced inhibition in
seedling growth was associated with oxidative stress and changes in antioxidant enzyme activity. Moreover, EGCG treatment
increased the ABA content and decreased the GA; content, leading to a significant reduction in the ratio of GA3/ABA in a
dose-dependent manner. EGCG-induced changes in ABA and GA levels were attributed to the changes in expression levels
of genes involved in their metabolism. Either exogenous GA application or endogenous ABA deficiency both alleviated
EGCG-induced inhibition in early seedling growth. These results suggest that EGCG inhibits seed germination and early
seedling growth by affecting the balance between ABA and GA in tomato. These findings are important to better understand
the role of flavonoids in seed germination and their implications in controlling seed dormancy.
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Introduction

Seed germination is a crucial physiological process in plant
life cycle, which initiates with the availability of specific
environmental cues (Bewley et al. 2013). In nature, seeds
remain dormant until the arrival of a favorable season.
;< Xin Li Although the success of seed germination depends on the
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. endogenous signals actively participate in mediating the
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process of seed germination (Cao et al. 2019). While on-
season dormancy release is essential for crop production,
short seed dormancy can cause premature seed germination
on the mother plants and reduce seed quality. On the other
hand, long dormancy may result in asynchronous germina-
tion and seedling establishment (Tuan et al. 2018). There-
fore, timely breaking of dormancy and germination of seeds
are indispensable for sustaining a plant species as well as
crop production.

Phytohormones play pivotal roles in dormancy release
and seed germination. In particular, the dynamic bal-
ance between abscisic acid (ABA) and gibberellins (GAs)
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mediates the dormancy release, seed germination and post-
germination seedling establishment (Cao et al. 2019; Tuan
et al. 2018). Accordingly, changes occur in ABA-GA metab-
olism and signaling during seed germination and seedling
establishment. ABA negatively regulates seed germination
by inducing dormancy, while GAs positively regulate the
germination by enhancing dormancy release (Vishal and
Kumar 2018). Apart from this, the antagonistic interactions
of ABA and GA regulate numerous plant developmental
processes, including primary root growth and responses to
abiotic stresses (Shu et al. 2018; Vishal and Kumar 2018).
Although ABA, but not GA, is classically known as an
abiotic stress hormone, recent studies highlight the impor-
tance of GAs in plant response to environmental stresses
(Shu et al. 2018; Wang et al. 2017). A delay in soybean seed
germination under salt stress or the inhibition of rice seed
germination by aluminum stress is attributed to a reduction
in GA/ABA ratio (Shu et al. 2017; Xu et al. 2017). How-
ever, manipulation of GA/ABA ratio by exogenous hydrogen
that promotes the transcript abundances of GA biosynthetic
genes (GA20ox1 and GA200x2) and ABA catabolism genes
(ABAS8ox1 and ABAS8ox2) could alleviate the deleterious
effects of aluminum (Xu et al. 2017). Similarly, the eleva-
tion of GA/ABA ratio by exogenous salicylic acid acceler-
ates the germination of maize seeds under low-temperature
stress (Li et al. 2017b), further suggesting the vital role of
GA/ABA ratio in mitigating environmental stresses during
seed germination and early seedling growth.

Flavonoids are an important class of plant secondary
metabolites, playing crucial roles in cell growth, differen-
tiation, organ development, and response to stresses in plants
(Agati et al. 2012; Brunetti et al. 2013). Although the role
of (+)-catechin in plant disease resistance remains contro-
versial depending on the plants and pathogens (Bais et al.
2014), exogenous catechin application has been shown to
alleviate oxidative stress induced by waterlogging in tomato
plants (Yiu et al. 2011). Oxidative stress is often associated
with the accumulation of excessive reactive oxygen species
(ROS) and stress relief entails enhancement of antioxida-
tive potential (Li et al. 2018; Shi et al. 2016; Wang et al.
2010). Flavonoids promote the antioxidant potential to keep
the ROS levels below a sub-lethal range (Du et al. 2018;
Fan et al. 2012; Fei et al. 2018; Zhao et al. 2016). Epigallo-
catechin-3-gallate (EGCG), a flavan-3-ol class flavonoid, is
generally considered as a positive regulator of plant stress
response (Li et al. 2019). Low-to-moderate concentrations
of exogenous EGCG could increase tomato seed germination
and early seedling growth under salt stress (Ahammed et al.
2018). EGCG also induces tolerance to heat, cold, salt, and
drought in tomato plants by stimulating the RESPIRATORY
BURST OXIDASE HOMOLOG1 (RBOH1)-dependent
H,0, production (Li et al. 2019). However, studies relat-
ing to the antibacterial effects of EGCG on Escherichia coli

showed that not H,O, synthesis but endogenous oxidative
stress caused by EGCG eventually inhibits the growth of E.
coli, suggesting a role of prooxidant for EGCG (Xiong et al.
2017). In our previous study, we found that high concentra-
tions of EGCG could inhibit seed germination and primary
root growth in tomato; however, the underlying mechanisms
remain unclear (Ahammed et al. 2018).

In the present study, we used tomato (Solanum lyco-
persicum L.), a widely cultivated vegetable with world-
wide demand, as plant materials to unveil the mechanism
of EGCG-induced seed germination and early seedling
growth. The results showed that high concentrations of
EGCG (0.5 mM and 1.0 mM) significantly reduced the seed
germination rate and biomass accumulation in seedlings,
which was attributed to increased biosynthesis of ABA and
decreased biosynthesis of GA as well. Furthermore, phar-
macological (GA treatment) and genetic (ABA biosynthetic
mutants) experiments revealed that either exogenous GA
application or endogenous ABA deficiency could allevi-
ate EGCG-induced growth inhibition in tomato seedlings.
This study helps to understand the role of flavonoids in seed
germination and may have implications on controlling seed
dormancy.

Materials and Methods
Plant Materials and Treatments

Firstly, warm water treatment (55 °C for 10 min, distilled
water) was used to sterilize tomato seeds (S. lycopersicum
L. cv. Zhongza No.9). One hundred seeds were then placed
per Petri dish on sterile Whatman No. 1 filter papers (two
layers) moisturized with 15 ml double-distilled water (con-
trol) or different concentrations of EGCG (0.5 mM and
1.0 mM) at 28 +3 °C. The concentrations of EGCG were
chosen based on our previous experiments as these levels
of EGCG could inhibit the seed germination rate in tomato
(Ahammed et al. 2018). The seed germination rate (%) was
calculated from 24 h after the initiation of treatment with
12-h intervals until 84 h, and the final count was recorded at
120 h. Respective treatment solutions were added into the
Petri dishes daily to keep optimal moisture. Notably, prior
to the addition of fresh solutions, prevailing liquid in the
Petri dish was removed to minimalize metabolic effects due
to root exudation. After 120 h, fresh weight was measured
and the seedlings were harvested for different biochemi-
cal assays. Root samples were immediately frozen in liq-
uid nitrogen and stored at — 80 °C until analysis. For the
exogenous GA application experiment, tomato seeds were
germinated in 5 pM GA solution with or without two levels
of EGCG as described above. To confirm the role of ABA
in EGCG-induced growth retardation, we used tomato seeds
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of wild-type Ailsa craig (Ailsa) and its ABA biosynthetic
mutant notabilis (not). Ailsa and not tomato seeds were also
germinated in two levels of EGCG (0.5 mM and 1.0 mM)
following the same procedure as described above. Treatment
with O uM EGCG, that is, ddH,0, served as control.

Lipid Peroxidation and Antioxidant Enzyme Activity
Assay

For the malondialdehyde (MDA) content assay, fresh root
samples were homogenized in freshly prepared ice cool
extraction buffer (50 mM potassium phosphate buffer) and
centrifuged at 12,000xg for 20 min. Afterward, 4 ml of
0.65% TBA in 20% trichloroacetic acid solution was added
and the mixture was incubated at 95 °C for 30 min. The
reaction was stopped by immediately placing the tubes in
an ice bucket. Resulted homogenates were centrifuged at
10,000xg for 5 min and absorbance of the red adduct was
recorded at 440, 532, and 600 nm. As an end product of
lipid peroxidation, MDA equivalents per gram fresh weight
were calculated as previously described (Hodges et al. 1999;
Landi 2017). Antioxidant enzymes, such as catalase (CAT),
peroxidase (POD), and ascorbate peroxidase (APX) were
extracted from roots and their activity was measured follow-
ing the methods described previously (Ahammed et al. 2018;
Zhang et al. 2019). All spectrophotometric analyses were
performed on a Shimadzu spectrophotometer (UV-1800,
Shimadzu, Japan). The activity of enzymes were expressed
on the basis of protein content which was estimated using
bovine serum albumin (BSA) as described elsewhere (Brad-
ford 1976).

Plant Hormone Analysis

To measure the concentrations of ABA in roots, 0.1 g fresh
root samples were ground in liquid nitrogen. After grinding,
1 ml of ethyl acetate was added to the samples with 10 ul of
internal standard (1 pg/ml) of abscisic acid (ABA) purchased
from OlChemIm (Olomouc, Czech Republic). Afterward,
the samples were vortexed thoroughly and shaked overnight
in dark at 4 °C. Then, the samples were centrifuged for
10 min at 12,000 rpm and the obtained extracts were concen-
trated to dryness under nitrogen gas. The obtained residues
were dissolved in 500 pl of chromatographic pure methanol
and quantified by HPLC-MS according to the previously
described method (Wang et al. 2016). The concentrations
of GAs were measured following the method described pre-
viously (Liu et al. 2018). Root samples were spiked with
isotope standard during the extraction, and samples were
determined using an Agilent 6460 triple quadrupole mass
spectrometer (Agilent Technologies, USA) equipped with an
electrospray ionization source, operated in the negative ion
or positive multiple-reaction monitoring mode.
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Extraction of Total RNA and Quantitative Real-Time
PCR (QRT-PCR) Assay

Total RNA was extracted from ~ 100 mg root tissues using
total RNA extraction kit (Tiangen, Shanghai, China). A 1 pg
aliquot of total RNA was reverse-transcribed to generate
cDNA using a ReverTra Ace qPCR RT Kit (Toyobo, Japan).
The SYBR Green PCR Master Mix (Takara, Tokyo, Japan)
was used for qRT-PCR assay and the analysis was performed
with LightCycler@ 480 II Real-Time PCR Detection System
(Roche, Basel, Swiss) under the default thermal cycling con-
ditions with an added melting curve. Gene-specific primers
for QRT-PCR were designed for the genes NCEDI, NCED?2,
GA200x1 and GA20x2; and the marker gene actin was used
as an internal control (Supplementary Table S1). The PCR
was run at 95 °C for 3 min, followed by 40 cycles at 95 °C
for 30 s, then 30 s at 58 °C, and 30 s at 72 °C. Relative tran-
script levels were calculated as previously described (Livak
and Schmittgen, 2001).

Statistical Analysis

Four replicates were performed for each treatment in Petri
dishes. The results were averaged and expressed as means
(= SD). Tukey’s least significant difference (LSD) test was
used to determine statistical significance at P <0.05. Signifi-
cant differences are indicated by different lower-case letters.

Results

High Concentrations of EGCG Inhibit Seed
Germination and Seedling Growth in Tomato

Although EGCG is generally considered as a positive reg-
ulator for plant growth, our previous study suggests that
high concentrations of EGCG might negatively affect plant
growth (Ahammed et al. 2018). To verify this assump-
tion, we performed germination test under two apparently
high concentrations of EGCG (0.5 mM and 1.0 mM).
As expected, high levels of EGCG significantly retarded
tomato seed germination as evidenced by the phenotypes
after 48 h of treatment (Fig. 1a). In addition, the inhibitory
effect of EGCG was dose-dependent, i.e., 1.0 mM EGCG
inhibited the radicle growth more profoundly compared
with the 0.5 mM EGCG. Time course of germination rate
(%) revealed that the high concentrations of EGCG not
only decreased the germination rate but also decelerated
the germination of tomato seeds (Fig. 1b). For instance,
the germination rates at 24, 36, and 48 h after the EGCG
treatment were 49.8, 55.9, and 41.1% lower in 1.0 mM
EGCG treatment compared with that in control. However,
at later stages the differences became narrow, and at 120 h
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Fig. 1 High concentrations of EGCG decelerate seed germination and
decrease biomass accumulation in tomato seedlings. a Phenotype of
germinating seeds at 48 h after the EGCG treatment, b time course
of germination rate, and ¢ fresh weight of seedlings after 120 h of
EGCG treatment. Seeds were germinated with either ddH,O or two
concentrations of EGCG (0.5 M and 1.0 mM) in Petri dishes. Each
Petri dish contains 100 seeds on filter papers moistened with the
aforementioned solutions. Data are the averages of four replicates and
the error bars indicate +standard deviations. Mean denoted by dif-
ferent letters indicate statistically significant differences according to
Tukey’s test at P <0.05

after the EGCG treatment, the germination rates decreased
by 5.7 and 10.6% in 0.5 mM and 1.0 mM EGCG treat-
ment compared with that in control. Fresh weight analysis
of young seedlings at 120 h after the EGCG treatment
showed that biomass accumulation decreased by 20.1%
and 38.3% in 0.5 mM and 1.0 mM EGCG, respectively,
compared with the control (Fig. 1¢). These results suggest
that EGCG at higher concentrations could significantly

reduce seed germination as well as post-germination seed-
ling growth in tomato.

EGCG-Induced Growth Inhibition is Attributed
to Oxidative Stress

To understand the potential mechanism of EGCG-induced
growth inhibition, we compared the levels of lipid peroxida-
tion in roots by measuring the content of MDA. The MDA
concentrations increased significantly and dose-depend-
ently under EGCG treatment (Fig. 2a). We then analyzed
the activity of some key antioxidant enzymes, such as CAT,
POD, and APX. The activity of these enzymes was altered
differentially by two levels of EGCG. The CAT activity was
not significantly influenced by 0.5 mM EGCG; however,
its activity was significantly increased by 1.0 mM EGCG
treatment compared with the control. Meanwhile, the POD
activity was suppressed by 0.5 mM EGCG and it was ele-
vated by 1.0 mM EGCG compared with the control. Interest-
ingly, the activity of APX decreased dose-dependently. More
precisely, the APX activity decreased by 26.4% and 34.6%
under 0.5 mM and 1.0 mM EGCQG, respectively, compared
with the control. These results suggest that EGCG-induced
suppression in seed germination and early seedling growth
is associated with the occurrence of oxidative stress.

EGCG Alters Hormone Balance in Tomato Seedlings

Phytohormones play a crucial role in modulating seed
germination and early seedling growth (Shu et al. 2018).
Therefore, we analyzed the concentrations of two impor-
tant growth regulatory hormones (ABA and GAs) in tomato
seedlings. The ABA content was significantly increased by
0.5 mM and 1.0 mM EGCG, although no significant differ-
ence was found in ABA content between 0.5 and 1.0 mM
EGCG treatments (Fig. 3a). However, GA; concentrations
decreased with increasing concentration of EGCG. The
GA; concentrations in 0.5 mM and 1.0 mM were 24.2%
and 34.0% lower than that in control (Fig. 3b). Unlike GA;,
the 0.5 mM EGCQG, but not 1.0 mM EGCG, significantly
increased the GA, content in roots of tomato seedlings
(Fig. 3c). All these alterations resulted in more profound
changes in the ratios of GA; to ABA and GA, to ABA.
Briefly, the ratio of GA; to ABA decreased by 34.4% and
45.9% in 0.5 mM and 1.0 mM EGCG treatment, respectively
(Fig. 3d). Although the ratio of GA,/ABA was not altered
by 0.5 mM EGCQG, it was significantly decreased by 1.0 mM
EGCG. These results suggest that high concentrations of
EGCG increased ABA concentration and decreased GA;
concentrations, leading to significant decreases in the ratios
of GA,;/ABA.
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Fig.2 High concentrations of EGCG induce oxidative stress and
alter antioxidative enzyme activity in tomato roots. a Malondialde-
hyde (MDA) content, b catalase (CAT) activity, ¢ peroxidase (POD)
activity, and d ascorbate peroxidase (APX) activity. Root samples
were collected at 120 h after placing the seeds in 0.5 mM and 1.0 mM

EGCG-Induced Changes in Hormone Levels are
Related to Their Metabolism

To unveil the mechanism of EGCG-induced changes in
hormone levels, we analyzed the transcript levels of ABA
and GA metabolism genes. Time course of NCEDI, an
important gene in ABA biosynthetic pathway, showed that
EGCQG treatment maintained an increased transcript level
of NCEDI over the course of experiment, resulting in a 4.5-
and 6.6-fold increase at 120 h after the 0.5 mM and 1.0 mM
EGCG treatment, respectively, compared with the control
(Fig. 4a). The transcripts of NCED2 in 0.5 mM and 1.0 mM
EGCG were 1.6- and 1.5-fold greater than the control at
60 h after the treatment (Fig. 4b). At 72 h after the EGCG
treatment, the transcript levels of NCED2 in EGCG treat-
ments were 4.9- and 3.8-fold greater in 0.5 mM and 1.0 mM
EGCQG, respectively, which then gradually decreased over
the time of treatment. On the contrary, the transcript levels
of GA biosynthetic gene, GA20ox1, remarkably increased
in control during germination; however, such changes were
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abolished by the EGCG treatment (Fig. 4c). At 120 h after
the EGCG treatment, the transcript levels of GA20ox1 in
control remained 2.7- and 2.2-fold increased compared with
0.5 mM and 1.0 mM EGCG treatment, respectively. The
transcript levels of GA20x2, a GA inactivation (catabolism)
gene, in 0.5 mM and 1.0 mM EGCG treatment were higher
than that of control at 60 h after the treatment, which were
slightly increased at 72 h, but then its levels decreased to the
levels of control at 120 h after the EGCG treatment (Fig. 4d).
All these results suggest that the expression patterns of ABA
and GA metabolism genes are more or less consistent with
the changes in ABA and GA levels under EGCG treatments.

GA Alleviates EGCG-Induced Growth Inhibition

Since we found a significant decrease in GA; content upon
EGCG treatment, we intended to confirm the role of GA
in EGCG-induced growth inhibition. Therefore, we simul-
taneously applied GA and EGCG, and compared the root
length and fresh weight of tomato seedlings. While EGCG



Journal of Plant Growth Regulation (2020) 39:1414-1424

1419

A

80
g
=R i a
Iz % » 2 :
s & :
g ".'uJ 40-
s ¥
é 20t
<
o ' i
Control 0.5
EGCG (mM)
C
6 a
.E b 3 b
= 2 =
S E 4
g =,
=
R
<v
@)
0 ' i
Control 0.5
EGCG (mM)
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treatments significantly reduced the root length in a dose-
dependent manner (42.8% and 61.6% in 0.5 and 1.0 mM
EGCQG, respectively), exogenous GA application remarkably
alleviated the EGCG-induced inhibition in root length. The
GA treatment increased the root length by 67.0% and 116.9%
under 0.5 and 1.0 mM EGCG treatment, respectively, com-
pared with the sole treatment of EGCG. Similarly, the GA
treatment significantly increased the fresh weight of tomato
seedlings under EGCG treatment compared with the individ-
ual treatment of EGCG. These results revealed that exoge-
nous GA can alleviate the EGCG-induced growth inhibition,
suggesting that EGCG-induced reduction in GA content is
one of the main reasons behind the EGCG-induced growth
retardation.

ABA is a Prime Factor in EGCG-Induced Growth
Inhibition

To further ascertain the role of ABA in EGCG-induced early
seedling growth, we germinated seeds of wild-type Ailsa
craig (Ailsa) and its ABA biosynthetic mutant notabilis (not)
in high concentrations of EGCG. Although EGCG inhibited
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cant differences according to Tukey’s test at P <0.05

the root length in Ailsa, EGCG-induced root growth retar-
dation was significantly attenuated in ABA-deficient not
seedlings. Similarly, 0.5 mM EGCG and 1.0 mM EGCG
decreased fresh weight by 49.8% and 58.7% in Ailsa seed-
lings; however, the fresh weight in ABA-deficient not seed-
lings was 62.1% and 55.2% higher than Ailsa under 0.5 mM
and 1.0 mM EGCQG treatments, respectively. These results
suggest that ABA deficiency attenuates the inhibitory effect
of EGCG on early seedling growth.

Discussion

Seed is the basis for sustaining plant species generation after
generation (Bewley et al. 2013). It is the ultimate product of
agricultural production in the case of food crops. Thus, opti-
mal germination and seedling establishment are crucial for
harvesting the final yield (Shu et al. 2018). Phytohormone
ABA and GA function antagonistically in the process of
seed germination and their balance largely determines the
seedling growth (Vishal and Kumar 2018). In this study, we
unveiled the critical roles of ABA and GA in EGCG-retarded
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GA biosynthetic gene, ¢ GA20ox1, and GA inactivation (catabolism)
gene, d GA20x2 in tomato roots. Root samples for qRT-PCR were

seed germination in tomato. While high concentrations of
EGCQG retarded seed germination and seedling growth by
impairing the balance between ABA and GA, exogenous
GA or endogenous ABA deficiency alleviated the EGCG-
retarded growth inhibition in tomato seedling. This study
clarified the well-known antagonistic interaction between
ABA and GA in mediating the EGCG-induced seed germi-
nation and early seedling establishment.

Seed germination is a multifarious physiological process
that occurs through the integration of multiple environmen-
tal cues and endogenous signals (Bewley et al. 2013). After
imbibition, the production of ROS increases along with the
progress of seed germination (Bailly, 2019). ROS can inter-
act with the hormones and affect seed germination; nonethe-
less, the antioxidant system actively participates to keep the
levels of ROS below the toxic levels (Bicalho et al. 2018).
Under stressful conditions, ROS production exceeds the non-
toxic levels and impair redox homeostasis, leading to oxida-
tive stress (Hasan et al. 2019; Zhang et al. 2020). Oxidative
stress is closely associated with high levels of membrane
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collected at different time points after placing the seeds in 0.5 mM
and 1.0 mM EGCG solution for germination. Data are the averages of
four replicates and the error bars indicate + standard deviations. Mean
denoted by different letters indicate statistically significant differences
according to Tukey’s test at P <0.05

lipid peroxidation (Ahammed et al. 2020a,b). In the cur-
rent study, EGCG-induced reduction in seed germination
and seedling growth was associated with an increased level
of lipid peroxidation in roots (Fig. 2a), suggesting that high
concentrations of EGCG-induced oxidative stress during
seed germination. Although the activity of some antioxidant
enzymes was slightly elevated by EGCG, APX activity was
reduced dose-dependently, suggesting that enhanced MDA
content was partly attributed to the reduction of APX activ-
ity (Fig. 2d). Moreover, higher activity of CAT and POD
under 1.0 mM might be a signature of oxidative stress, but
these increases were potentially incapable of maintaining
ROS at non-toxic levels and thus failed to mitigate oxida-
tive stress. EGCG-induced reduction in seed germination in
the current study was consistent with the effect of EGCG
on seed germination in Arabidopsis and tomato (Ahammed
et al. 2018; Hong et al. 2015).

Phytohormone ABA and GA play a prime role in seed
germination and post-germination seedling establishment
(Shu et al. 2017; Tuan et al. 2018; Vishal and Kumar, 2018).
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dishes. Each Petri dish contains 100 seeds on filter papers moistened
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Fig.6 ABA deficiency mitigates EGCG-induced growth inhibition in
tomato seedlings. a Root length, and b fresh weight after 120 h of
EGCQG treatment. Seeds of Ailsa craig (wild-type) and its ABA bio-
synthetic mutant notabilis (not) were germinated with either ddH,0
or two levels of EGCG (0.5 M and 1.0 mM) in Petri dishes. Each

Their endogenous levels are maintained by both anabolism
and catabolism at the cellular level through some rate-lim-
iting enzymes. In the current study, EGCG enhanced the
ABA content (Fig. 3a), which was attributed to the upregu-
lation of the ABA biosynthetic gene, NCEDI and NCED2
(Fig. 4), encoding for the rate-limiting enzyme nine-cis-
epoxycarotenoid dioxygenase (NCED). On the other hand,
EGCG reduced the concentrations of GA; (Fig. 3b), which
were related to the downregulation of GA biosynthetic
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with the aforementioned solutions. Data are the averages of four
replicates and the error bars indicate+standard deviations. Mean
denoted by different letters indicate statistically significant differences
according to Tukey’s test at P <0.05
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Petri dish contains 100 seeds on filter papers moistened with the
aforementioned solutions. Data are the averages of four replicates and
the error bars indicate +standard deviations. Mean denoted by dif-
ferent letters indicate statistically significant differences according to
Tukey’s test at P <0.05

gene, GA20ox1, and upregulation of GA inactivation gene,
GA20x2 (Fig. 4c, d). These changes in ABA and GA levels
under EGCG treatment eventually reduced the ratio of GA/
ABA (Fig. 3d), which potentially reduced seed germination
and early seedling growth (Fig. 1). The ratio of GA/ABA is
crucial for seed germination under stressful conditions (Li
et al. 2017b; Vishal and Kumar, 2018). Moreover, root devel-
opment is controlled by both ABA and GA. While ABA
inhibits primary root growth by delaying the cell expansion

@ Springer
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Fig.7 A hypothetical model depicting potential mechanisms of
EGCG-induced inhibition in seed germination and seedling growth.
High concentrations of EGCG not only increase ABA concentration
but also decrease gibberellin (GA) concentrations. While exogenous
GA could alleviate the EGCG-induced growth retardation, ABA
deficiency could also mitigate the EGCG-induced inhibition in early
seedling growth, suggesting that ABA and GA act antagonistically to
mediate the EGCG-retarded seed germination and seedling growth in
tomato

and proliferation (Shu et al. 2018), GA positively regulates
root growth, by promoting the cell expansion in root tips
through maintenance of GA levels via suppression of GA
inactivation gene, GA20x2 (Li et al. 2017a). In the present
study, EGCG-induced root growth retardation was allevi-
ated by exogenous GA application (Fig. 5), confirming the
positive role of GA in promoting root growth and biomass
accumulation under stressful conditions. On the other hand,
the negative effect of EGCG on root growth and biomass
accumulation was attenuated in ABA biosynthesis mutant
not (Fig. 6), suggesting that ABA is required for EGCG-
induced growth retardation in tomato. Thus the antagonism
between ABA and GA controls the seed germination and
early seedling growth in tomato (Shu et al. 2018).

In conclusion, we found that high concentrations of
EGCQG increased ABA concentration and decreased GA
concentration in tomato (Fig. 7). Since ABA inhibits and
GA promotes seed germination and seedling growth (Tuan
et al. 2018), EGCG-induced reduction in GA/ABA ratio
results in an attenuated seed germination rate and seedling

@ Springer

growth. Either exogenous GA application or endogenous
ABA deficiency could alleviate EGCG-retarded seed
germination and seedling growth, further confirming the
antagonistic interaction between ABA and GA in mediat-
ing EGCG-inhibited seed germination and post-germina-
tion seedling establishment (Fig. 7). These results deepen
our understanding of the effect of high concentrations of
EGCG on seed germination and could be useful to further
explore the role of flavonoids in controlling seed dormancy
to avoid offseason seed germination.
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