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ARTICLE INFO ABSTRACT

Keywords: In this study, the functions of Hydrogen peroxide (H203) on the synthesis of isoflavones in germinated soybean
H202 under UV-B radiation were investigated. Results showed that the activity, gene, and protein expression of

UV’B‘ dsovb NADPH oxidase were up-regulated by 1.46, 6.92, and 1.34 times with UV-B radiation, while endogenous Hy0,
IGsz;lIZ:;?:s soybean content was also significantly increased. UV-B radiation and exogenous H20; treatment significantly increased

the activities, gene and protein expression of phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), and
isoflavone synthase (IFS) involved in isoflavones synthesis, and there was a synergistic effect with combining
treatment. However, these up-regulation effects were suppressed by the supplementary diphenylene iodonium
(DPI), which is the inhibitor of NADPH oxidase. Interestingly, the inhibition effect was largely reversed by
exogenous Hy0,, indicating that H,O, was indispensable in regulating the isoflavones synthesis in germinated
soybeans under UV-B radiation. Overall, HoO5 is an essential signaling molecule, mediating UV-B-induced iso-

flavone accumulation.

1. Introduction

Germinated soybean is a traditional vegetable food consumed
popularly in Asian countries. Numerous researches focused on the
breeding and cultivation techniques to improve nutritional value of
germinated soybeans (Lee et al., 2007). Notably, UV-B radiation has
long been considered as an important regulator for the biosynthesis of
secondary metabolites in plants, inducing phenolic compounds, alka-
loids, terpenes, carotenoids, and glucosinolates, which are pivotal for
the defense systems of plants (Jiao et al., 2015). UV-B radiation is a
physical technology without environmental pollution, and has been
used for processing vegetables and fruits enriched in valuable phyto-
chemicals. In addition to fresh consumption, the vegetables and fruits
with high level of phytochemicals can be used as raw ingredient for
functional foods, resulting in the increased ingestion of these health-
beneficial substances (Jiao et al., 2015). Isoflavone, a typical group of
secondary metabolites, is usually considered as the product of the de-
fense responses of plant to external stimulus (Hahlbrock, Bednarek,
Ciolkowski, Hamberger, Heise, Liedgens, & Tan, 2003). Due to their
important functions in plant defense system (Du, Huang, & Tang, 2010)
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and health benefits for human body (Masilamani, Wei, & Sampson,
2012), the metabolism and accumulation of isoflavones were widely
studied in the past few years. Our previous studies suggested that UV-B
could efficiently promote the accumulation of isoflavones in germinated
soybeans (Ma, Wang, Yang, & Gu, 2018); (Ma, Wang, Yang, Zhou, & Gu,
2019); and the endogenous nitric oxide (NO) and inositol 1,4,5-trisphos-
phate (IP3), have been confirmed as signaling molecules involved in
isoflavone accumulation under UV-B (Jiao, Wang, Yang, Tian, & Gu,
20165 Jiao, Yang, Zhou, & Gu, 2016). We also found that UV-B could
cause and triggered formation of HoOy, which further led to oxidative
damage, including cellular damage and lipid peroxidation. It is possible
that the production of HyO5 under ultraviolet light stress also plays a
signal transmission role in the accumulation of isoflavones (Ma et al.,
2019).

H202 is a direct agent under oxidative stress (Ni et al., 2018); which
can respond to various environmental stimuli (Wang, Li, Wang, & Li,
2010). Increasing evidence indicate that H202 can act as a local and
systemic signal; up-regulating expression of many genes which were
activated under environmental stress (Desikan, Hancock, & Neill, 2010).
Meanwhile, H202 has a long life span, it can cross biological
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membranes, rapidly diffuse intercellularly, and transfer through the
plant cells. As a universal signaling molecule, H202 is directly or indi-
rectly linked to the activation of other signaling pathways (Czarnocka &
Karpinski, 2018). Notably, H202 was also shown to act as a key
signaling molecule at the upstream stages of some pathways (Tumova &
Tuma, 2011). It was found that H202 generated in plants along with NO
in response to the pathogen attack and had the same response with NO
when mediating defense responses (Neill, Desikan, Clarke, Hurst, &
Hancock, 2002). Under UV-B stress, plant growth and metabolism was
limited, cell membranes was oxidative damaged, and HyO, was syn-
thesized in large quantities (Ma et al., 2019). Therefore, HyO5 also has
the potential to be an upstream signaling molecule involved in the iso-
flavone accumulation under UV-B radiation.

The objective of this study was to investigate whether UV-B could
activate the HyO, signaling pathway and then result in the isoflavones
accumulation in germinated soybeans; specifically based on the insight
into the relevant phytophysiological and biochemical mechanisms. This
study could provide a better understanding on synthesis and regulatory
mechanism of secondary metabolites such as isoflavones in soybean
sprouts, facilitating application in future commercial production such as
functional foods.

2. Materials and methods
2.1. Plant materials and germination of soybeans

The soybean cultivar Dongnong was harvested in 2018 and stored at
—20 °C until use. For germination, the soybean seeds were soaked in
deionized water for 8 h, and then placed in a germinating machine (BX-
801, Beixin Hardware Electrical Factory, Zhejiang, China) and germi-
nated for 4 days at 25 °C.

Different treatments were designed as below:

(1) Control: germinated soybeans were cultivated in the dark and
sprayed with deionized water every 4 h.

(2) UV-B: germinated soybeans were sprayed with deionized water
every 4 h, with UV-B radiation (10 pw/cmz) for 6 h/day (18 hin
dark).

(3) Hy02: germinated soybeans were cultivated in the dark and
sprayed with 100 uM H,0, aqueous solution every 4 h.

(4) UV-B + H209: germinated soybeans were sprayed with 100 uM
H,0, aqueous solution every 4 h, with UV-B radiation for 6 h/
day.

(5) Diphenylene iodonium (DPI): germinated soybeans were culti-
vated in the dark and sprayed with 20 uM DPI aqueous solution
every 4 h. DPI has been claimed to be a specific inhibitor of
NADPH oxidases (Davies, Bindschedler, Strickland, & Bolwell,
2006). NADPH oxidases are responsible for the H202 generation
(Xie, Mao, Zhang, Diwen, Wang, & Shen, 2014). As an inhibitor of
the NADPH oxidase, DPI could remove H202 production (Davies
et al., 2006), inhibits the plant oxidative burst (Delledonne, Xia,
Dixon, & Lamb, 1998).

(6) UV-B + DPI: germinated soybeans were sprayed with 20 pM DPI
aqueous solution every 4 h, with UV-B radiation for 6 h/day.

(7) DPI + Hy0,: germinated soybeans were cultivated in the dark and
sprayed with both 20 uM DPI and 100 pM H202 aqueous solutions
every 4 h.

(8) UV-B + H203 + DPI: germinated soybeans were sprayed with 20
uM DPI and 100 pM H,04 aqueous solutions every 4 h, with UV-B
radiation for 6 h/day.

2.2. Analysis of H202 distribution
H30, distribution in the germinated soybeans was observed using a

confocal laser scanning microscope (CLSM, Leica Microsystems, Wet-
zlar, Germany) with an HyDCF-DA (2/,7’-dichlorodihydrofluorescein
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diacetate) fluorescent probe. The soybean cotyledon was sliced to about
100 pm and incubated in 25 pM HyDCF-DA solution in darkness at 30 °C
for 1 h. After washing with phosphate buffer (4 °C), the samples were
observed under the CLSM at an excitation and emission wavelength of
488 and 515 nm, respectively (Zhang, Wang, Hu, & Liu, 2015).

2.3. Chemical quantification of endogenous Hy02

Chemical quantification of endogenous HyO, was performed ac-
cording to Li, Xue, Xu, Feng, and An (Li, Xue, Xu, Feng, & An, 2009),
which was determined by the formation of a titanium-hydroperoxide
complex. Germinated soybeans (10 sprouts) were milled with 50 mL
acetone at 4 °C. The mixture was centrifuged (12,000 g, 10 min, 4 °C),
followed by adding 20 mL of titanium reagent (20% titanic tetrachloride
in concentrated HCI, v/v) and 25 mL of concentrated ammonium solu-
tion to form and precipitate titanium-hydroperoxide complex. The
mixtures were then centrifuged (10,000x g, 10 min), and the precipitate
was dissolved in HySO4 (2 M, 50 mL), followed by centrifugation
(10,000x g, 10 min). The final supernatant absorbance was measured at
415 nm.

2.4. Isoflavones analysis

The isoflavones content was determined according to Ma et al. (Ma
et al., 2018). The lyophilized sample (0.2 g) was extracted with 6 mL
80% methanol solution at 50 °C for 1 h, centrifuged at 12,000 g for 20
min. The supernatant was filtered with a 0.45 pm micropore filter prior
to the high performance liquid chromatography (HPLC) analysis. The
HPLC system (Agilent Technologies 1200 series, USA) was equipped
with a LC Column (Luna® 5 um C18(2) 100 A, 250x4.6 mm, Phenom-
enex, USA). The test parameters were as follows: solvent A, 0.1% acetic
acid in water; solvent B, 0.1% acetic acid in acetonitrile; elution gradi-
ents, the ratio of solvent A was decreased (87-65%, 50 min), and then
increased (65-87%, 1 min); flow rate, 1 mL/min; oven temperature,
35 °C.

2.5. Assay of key enzymes activity related to isoflavones biosynthesis

Ten sprouts of frozen germinated soybeans were homogenized with
extraction buffer [50 mM Tris-HCl, pH 8.9, containing 4 mM MgCl,, 15
mM 2-mercaptoethanol, 5 mM ascorbic acid, 1 mM PMSF, 10 uM Leu-
peptin, 0.15 (w/v) PVP and 10% (v/v) glycerol]. Then the mixture was
centrifuged at 13, 000x g, for 20 min (4 °C) and the supernatant was
collected to determine the activities of phenylalanine ammonia lyase
(PAL), chalcone synthase (CHS), and isoflavone synthase (IFS). The ac-
tivities of PAL were analyzed using the method described by Han, Li, Jin,
Li, Wang, and Zheng (Han et al., 2017). CHS and IFS activities were
measured with enzyme-linked immune assay kit (GE, USA) (Jiao et al.,
2016).

2.6. Assay of NADPH (nicotinamide adenine dinucleotide phosphate)
oxidase activity

NADPH oxidase activities were determined using an A127-1-1
NADPH oxidase assay kit (Nanjing Jiancheng Institute, Jiangsu,
China) following the manufacturer’s instructions. The protein content of
enzyme extracts was determined according to Bradford (Bradford,
1976). An enzyme activity unit is defined as 1 pmol of NADPH per unit
time (per minute) was oxidized at 30° C, pH 7.0.

2.7. Gene expression (quantitative real-time PCR, qRT-PCR).

Total RNA was extracted from germinated soybeans using a Takara
Plant RNA Kit (Code No. 9769, Takara, China). For the synthesis of first-
strand cDNA, certain amount of total RNA was reverse-transcribed using
a PrimeScript RT reagent Kit (Code No. DRR0O37A, Takara, China). The
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Table 1
The primers used for QRT-PCR.

Gene Primer name Primer sequences

NADPH Sense TTGGGGTTTTCTATTGTGGACC
Anti-sense GCTTCAACAGATATGTTCCATCAGA

PAL Sense CTACCATCACCAATGGGAGCC
Anti-sense CTCCCCAGTTTAACGGATCACT

CHS Sense GCTTGTTGTCTGTTCTGAG
Anti-sense CACCTTCACTGTCTGGAG

IFS1 Sense GAGAGCTGGCCTCACAGTTC
Anti-sense TGCGATGGCAAGACACTACT

IFS2 Sense TGGAAGTTCGTGAGGAAG
Anti-sense ATGGAGATGGTGCTGTTG

sequence-specific primers used in this study for qRT-PCR analysis are
listed in Table 1. For each sample, three replications of PCR were per-
formed for real-time quantitative assays using SYBR Premix Ex Taq kit
(Code No. RR420A, Takara:) in an ABI sequence detection system
(model 7500, Applied Biosystems, CA, USA).
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2.8. Western blot analysis

Soybean germinated at the 4th day was harvested for Western blot
assays according to [11] described. Tissue lysates were obtained using
RIPA buffer containing a protease inhibitor cocktail. After centrifuga-
tion, 12 pL of the mixtures containing 40 pg of protein each were loaded
into the wall of a 10% (w/v) SDS-PAGE gel and the electrophoresis was
performed at 80 V for 2 h. Then the samples were transferred to a 0.45
pm polyvinylidene difluoride (PVDF) membrane (Millipore, USA).
Subsequently, the membranes were blocked with 5% nonfat dried milk
(Bio-Rad) in Tris-buffer saline with 0.1% Tween 20 (TBST) for 60 min at
25 °C. After that, the membranes were washed with TBST for 5 times,
and incubated with primary antibody (anti-PI-PLC, anti-CHS, and anti-
IFS) for 10 h at 4 °C, followed by incubation with secondary goat
polyclonal antibodies conjugated to horseradish peroxidase (goat anti-
rabbit IgG, 1:5000, Bio-Rad; mouse anti-rabbit IgG, 1:5000, Merck
Millipore, Germany) for 60 min at 25 °C. Membranes were washed 5
times for 3 min each with TBST. Anti-rubisco antibody was used to
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Fig. 1. Staining assays of H,O production in germinated soybean (A) and relative fluorescence of HyO5 (B) and H>O, content (C) of germinated soybean determined
using chemical method. A-0, ungerminated soybean seed; A-1, soybean germinated for 2 days; A-2, soybean with UV-B radiation of 6 h/day after germinating for 2
days; A-3, soybean with UV-B radiation of 12 h/day after germinating for 2 days; A-4, soybean germinated for 4 days; A-5, soybean with UV-B radiation of 6 h/day
after germinating for 4 days; A-6, soybean with UV-B radiation of 12 h/day after germinating for 4 days. Germinated soybean was stained with H,DCF-DA and
observed with a CLSM at 488 nm excitation and 525 nm emission. Bar = 35 pm. Data are means of three replicates and their standard errors. Different letters above
the column indicate significant differences, the same below. The inserted pictures on the CLSM images are bright field (left bottom) and fluorescence channel (right

bottom) respectively.
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Fig. 2. Effects of UV-B on Hy0; production (A), activity (B), gene expression (C) and protein expression (D) of NADPH oxidase in germinated soybean. (D) His-
tograms represent relative protein levels of germinated soybeans normalized to the corresponding rubisco; the inserted pictures show representative bands.

normalize. SuperSignal® West Dura Extended Duration ECL Substrate
(Bio-Rad, Warsaw, Poland) was added to determine the immunocom-
plexes per corresponding protocol, which were then visualized with an
X-ray film system. BandScan 5.0 software was applied to quantify the
relative levels of immunoreactivity.

2.9. Statistical analysis

The data were expressed as the means of at least three replications.
SPSS 20.0 (SPSS Inc., Chicago, USA) for windows was used to analyze
the statistical significance based on ANOVA. The probability value of p
< 0.05 was considered as statistically significant by using Duncan’s test.
The figures were created using Origin 8.5 Professional (OriginLab,
Northampton, MA, USA).

3. Results
3.1. UV-B induced endogenous Hz0; synthesis in germinated soybeans

H50, content and distribution in germinated soybeans was shown in
Fig. 1A. In the absence of UV-B radiation, no obvious fluorescence was
observed in soybean seeds and 2-day germinated sprouts (Fig. 1 A-0, A-
1), while a slight increase was detected after 4 days of germination
(Fig. 1 A-4). Interestingly, a remarkable increase occurred during UV-B
radiation exposure. The average H3O, fluorescence intensity of

germinated soybean with different radiation time was calculated and
summarized (Fig. 1B). Compared with the control (0 h/day), the HyO4
fluorescence intensity increased by 51% and 73% with the UV-B radi-
ation of 6 and 12 h/day after germination for 4 days, respectively. To
further confirm this result, HyO accumulation in response to UV-B
treatment was monitored by chemical method-H20; content in germi-
nated soybeans with UV-B radiation was dramatically enhanced,
whereas no noticeable changes were detectable for non-radiated sam-
ples (Fig. 1C). These results indicated the positive effects of UV-B radi-
ation on Hy0y accumulation, which might further mediate the
accumulation of isoflavones in germinated soybeans in response to UV-B
exposure.

The effects of exogenous HyO, and the NADPH oxidase inhibitor-DPI
on the endogenous Hy05 content were explored to unravel underlying
biomolecular mechanisms. Results showed that UV-B radiation induced
an increment of HyO» content by 81% as compared with the control
(Fig. 2A). It also significantly up-regulated the activity (Fig. 2B), gene
expression levels (Fig. 2C) and protein expression levels (Fig. 2D) of
NADPH oxidase. However, the level of UV-B-induced HyO5 (UV-B)
decreased by 36% when treated with 20 pM DPI (UV-B + DPI). DPI also
significantly weakened the enhancement of activity and protein
expression of NADPH oxidase in germinated soybeans (DPI and UV-B +
DPI). In addition, the application of exogenous H2O; significantly
reversed the impact of DPI on the content of endogenous H,O5 and the
activity (Fig. 2B), gene expression levels (Fig. 2C) and protein expression
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Fig. 3. Effects of H,O, concentration and NADPH oxidase inhibitor on iso-
flavones content in germinated soybean.

levels (Fig. 2D) of NADPH oxidase (DPI + Hy05 and UV-B + Hy04 +
DPI).

3.2. Effect of exogenous H202 on isoflavones content in the germinated
soybean

As shown in Fig. 3A, isoflavones content increased with the
enhanced exogenous HyO; concentration from 5142 pg/g (control) to
6283 pg/g (100 pM H0, treatment). When the concentration increased
up to 100 pM, no further increase in isoflavones content was detected.
These showed that HyO5 might influence the isoflavones content, and
there was a concentration-dependent effect between isoflavones content
and H303 content. The isoflavones content of the germinated soybeans
treated with UV-B were much higher than that of the control (Fig. 3B),
and DPI abolished isoflavone production under UV-B radiation, while
the inhibition of DPI could be reversed by exogenous HyO5. Compared
with the control, the application of exogenous H2O» used alone could
significantly up-regulate isoflavones content. Thus, the data suggested
that HyO2 was involved in UV-B-induced isoflavone production, which
suggest that HyO; is an essential signal for mediating UV-B radiation-
activated isoflavone synthesis. UV-B does not directly participate in
plant growth and development; instead, it activates its corresponding
effectors such as HyO,. Subsequently, HO2 can facilitate transducing
the external UV-B stress signal to a series of downstream defense re-
actions (Jiao et al., 2016).
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3.3. Effect of UV-B triggered H202 on activity and expression of key
enzymes in germinated soybeans

To further investigate whether UV-B-triggered HoO2 was involved in
isoflavones accumulation, the effect of exogenous HyO5 and DPI on the
activity, gene and protein expression of enzymes involved in isoflavones
biosynthesis was evaluated under UV-B treatment. Results showed that
UV-B radiation significantly promoted the elevation of activity, gene
and protein expression level of PAL, CHS, and IFS in germinated soy-
beans (Fig. 4). The application of exogenous H20, used alone could also
have a similar effect. Compared with the control, the application of DPI
decreased the isoflavones content, reduced the activity and protein
expression of PAL, and decreased the gene expression of IFSI. More
noteworthy, DPI significantly weakened the positive effects of UV-B
stress on the activity, gene and protein expression of PAL, CHS, and
IFS (Fig. 4). Exogenous Hy0y could significantly reverse the above
decrease induced by DPI in activities, gene and protein expression of the
critical enzymes, except for the activity and gene expression of IFS.

4. Discussion

This study investigated the underlying relationships between
endogenous HyO5 signal transduction pathway and isoflavones accu-
mulation induced by UV-B radiation in germinated soybeans. The
accumulation of H205 (Fig. 1) should be due to the enhancement of
NADPH oxidase activity, gene expression and protein expression
(Fig. 2B-D). Hideg, Jansen, and Strid (Hideg, Jansen, & Strid, 2013)
reported that both low and high doses of UV-B could alter reactive ox-
ygen species (ROS) metabolism including the increase of HyO, content.
In addition, Zhang, Chen, Zhang, Li, Li, and Ma (Zhang et al., 2014)
found that solar ultraviolet radiation regulated anthocyanin synthesis in
apple peel by modulating the generation of ROS via plasma membrane
NADPH oxidase. Compared with the control, supplementation of exog-
enous Hy05 also significantly enhanced the endogenous HyO, accumu-
lation (Fig. 2A). These results illustrated that UV-B induced the
accumulation of HyO, might play the key role in phenolics synthesis in
plant.

Exogenous application of HyO2 significantly enhanced the iso-
flavones content, which were 1.24 times higher than the control (Fig. 3).
Wu, Su, Zhang, Liu, Cui, and Liang (Wu et al., 2016) also found that
exogenous Hy0, addition significantly increased the concentration of
anthocyanin. Moreover, UV-B induced the generation of endogenous
Hy0, (Figs. 1 and 2), Indicating that the UV-B-induced HyO, accumu-
lation might be the pre-event of isoflavones production. Kataria, Jajoo,
and Guruprasad (Kataria, Jajoo, & Guruprasad, 2014) revealed that UV-
B could affect photosynthetic processes through the generation of ROS.
PAL, CHS, IFS are the three key enzymes participating in isoflavone
biosynthesis. Li, Ou-Lee, Raba, Amundson, and Last (Li, Ou-Lee, Raba,
Amundson, & Last, 1993) suggested that elimination of CHS in Arabi-
dopsis could result in UV-hypersensitive phenotypes. Moreover, an
Arabidopsis mutant with the tolerance of extremely high-dose of UV-B
radiation was found to contain constitutively higher levels of phenolic
compounds including flavonoids, and have higher expression of CHS
(Bieza & Lois, 2001). Our previous studies also confirmed that the ac-
tivity of PAL and IFS were enhanced under UV-B radiation. In the pre-
sent study; it was revealed that UV-B-triggered H2O5 generation led to
isoflavones accumulation by up-regulating the activity, gene and protein
expression of these key enzymes (Fig. 4, UV-B treatment). Therefore, it
was deduced that HyO5 could transduce the UV-B signal into down-
stream defense responses, rapidly induce the transcripts encoding the
key enzymes including CHS which is the first enzyme of the branch
specific for flavonoids and isoflavonoid biosynthesis (Delledonne et al.,
1998); then induced isoflavones accumulation. Compared with UV-B
treatment, these up-regulating effects were largely inhibited by adding
a specific HyO-scavenger-DPI (Fig. 4, UV-B + DPI treatment). The re-
sults also showed that DPI not only suppressed the generation of HyOs,
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inserted pictures show representative bands.

but also significantly inhibited the isoflavones production (Fig. 3B, UV-
B + DPI treatment) induced by UV-B stress (Fig. 3B, UV-B treatment).
However, the inhibition could be reversed by the addition of exogenous
H,02 (UV-B + Hp0; + DPI treatment). It might due to that the appli-
cation of exogenous HyO, increased the endogenous HyO> level, which
was similar with the effect of UV-B radiation. Then exogenous-induced
endogenous Hy0, production activated the key enzymes and accumu-
lation of isoflavones.

5. Conclusion

In conclusion, HoO, triggered by UV-B, induced isoflavone accu-
mulation by regulating the activity, gene and protein expression of en-
zymes that participate in isoflavone synthesis. DPI abolished both the
UV-B-triggered H30, generation and the UV-B-induced isoflavones
production, inhibited the activity, gene and protein expression of en-
zymes involved in HyO» and isoflavones biosynthesis, while the inhibi-
tion of DPI could be reversed by exogenous HyO». In addition, the
application of HyO» significantly up-regulated protein expression of CHS
and IFS which were the key enzymes related to isoflavones biosynthesis.
This study indicated the role of HyO5 signaling pathway in mediating
isoflavones accumulation under UV-B radiation in germinated soybeans.
The process of isoflavone synthesis under UV-B radiation may have
complex and multiple signal transduction mechanisms. In the future, it
is necessary to further explore the signaling molecule involved in the

downstream stages of HyO» pathway, and provide a better understand-
ing on the signaling network mechanism of isoflavone accumulation
under UV-B radiation.
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