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Hydrogen gas mediates ascorbic
acid accumulation and antioxidant
system enhancement in soybean
e sprouts under UV-A irradiation
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. The soybean sprout is a nutritious and delicious vegetable that is rich in ascorbic acid (AsA). Hydrogen

. gas (H,) may have potential applications in the vegetable processing industry. To investigate whether H,
: isinvolved in the regulation of soybean sprouts AsA biosynthesis under UV irradiation, we set 4 different
© treatments: white light(W), W+HRW, UV-A and UV-A+HRW. The results showed that H, significantly

. blocked the UV-A-induced accumulation of ROS, decreased TBARS content and enhanced SOD and APX
. activity in soybean sprouts. We also observed that the UV-A induced accumulation of AsA was enhanced
. more intensely when co-treated with HRW. Molecular analyses showed that UV-A+HRW significantly

. up-regulated AsA biosynthesis and recycling genes compared to UV-A in soybean sprouts. These data

. demonstrate that the H, positively regulates soybean sprouts AsA accumulation under UV-A and that

. this effect is mediated via the up-regulation of AsA biosynthesis and recycling genes.

. The soybean (Glycine max L.) sprout is the most popular vegetable in East Asia because of its high nutritional
© value and good taste'. This year-round vegetable is rich in bioactive ingredients, such as isoflavones, fatty acids,
© proteins and ascorbic acid’. Traditionally, soybean sprouts are cultivated in the absence of light. However, green
. soybean sprouts have appeared in the market and have become widely accepted due to their colour and good
. mouthfeel. In these green soybean sprouts, the synthesis of ascorbic acid, flavonoids and polysaccharides is sig-
© nificantly affected by light treatment®.

: As one of the major light qualities, ultraviolet radiation (UV) has a prominent effect on the growth and devel-
. opment of plants*®. The effect of UV radiation on plant growth has been reported by many investigators. For
. example, Albert et al.’ observed that UV radiation altered the plant morphology and architecture. Mazza et al.”
: found that the response to UV includes increased damage to DNA, response of antioxidant and assembly of reac-
: tive oxygen species (ROS).

: To cope with UV-induced oxidative stress, plant cells have evolved many highly capable defence systems with
© both non-enzyme and enzyme components. Antioxidant enzymes, like superoxide dismutase (SOD) and ascor-
. bate peroxidase (APX), are mainly related with the subsistence of the cellular redox stable state in plant cells®. In
. addition to enzymatic antioxidant systems, non-enzymatic antioxidants, like ascorbic acid (AsA) and glutathione
. (GSH), appear in the aqueous phase (intracellular fluid)°.

: As an important antioxidant, AsA responds to light, especially short wavelengths of light, such as UV-A0-12,
' Anadequate level of AsA is essential for the different jobs of scavenging reactive oxygen species under UV-A®.
. As shown in Fig. 1, four pathways of AsA synthesis in plants have been proposed, including the L-galactose
. or Smirnoff-Wheeler (SW), D-galacturonic acid, L-glucose, and myo-inositol'*!*. Among these proposed
: pathways, the L-galactose pathway is regarded as the major pathway for biosynthesis of AsA in plants'®. All
- the concerned genes that encode enzymes that are required in this pathway have been characterized, includ-
. ing GDP-D-mannose-30,50-epimerase (GME), GDP-D-mannose pyrophosphorylase (GMP), GDP-L-galactose
. phosphorylase (VTC2), L-galactose-1-phosphate phosphatase (VTC4), L-galactose dehydrogenase (GDH)
. and L-galactono-1,4-lactone dehydrogenase (GLDH)". When AsA is formed, it is not stable in vivo and can
. be oxidized to dehydroascorbate (DHA) and monodehydroascorbate (MDHA) via ascorbate peroxidase (APX)

College of Life Sciences, Nanjing Agricultural University, Nanjing, Jiangsu, 210095, China. Correspondence and
requests for materials should be addressed to J.C. (email: cuijin@njau.edu.cn)

SCIENTIFICREPORTS|7: 16366 | DOI:10.1038/s41598-017-16021-0 1


mailto:cuijin@njau.edu.cn

www.nature.com/scientificreports/

L-galactose pathway _
D-mannose-1-P
! ®
GDP-D-mannose é.
2 myo-inositol L-glucose =
-~
GDP-L-galactose pathway pathway g
7
Galacturonic acid l 3 &
pathway L-galactose-1-P myo-inositol GDP-L-gulose B
b N :
Cell wall polymers L-galactose 2
l l 5 L-gulone-1,4-lactone
L-galactonicacid —> L-galactose-1,4-lactone
l 6
L-ascorbic acid GSSG 3 =
ol |}
9 : 2
Monodehydroacorbate | 10 11 o
=]
l @
%)
Dehydroacorbate GSH S
®
4 3

Figure 1. Possible schema for AsA accumulation in plants. Enzymes catalysing the numbered reactions

are: (1) GDP-D-mannose pyrophosphorylase (GMP); (2) GDP-D-mannose-30,50-epimerase (GME); (3)
GDP-L-galactose phosphorylase (VTC2); (4) L-galactose-1-phosphate phosphatase (VTC4);(5) L-galactose
dehydrogenase (GDH); (6) L-galactono-1,4-lactone dehydrogenase (GLDH); (7) ascorbate oxidase (AO); (8)
ascorbate peroxidase (APX);(9) monodehydroascorbate reductase (MDHAR); (10) dehydroascorbate reductase
(DHAR); (11) glutathione reductase (GR).

and ascorbate oxidase (AO). These oxidized forms can then be reduced to AsA by dehydroascorbate reductase
(DHAR) and monodehydroascorbate reductase (MDHAR), respectively. The accumulation of AsA in plant tis-
sues is regulated by an effective balance between biosynthesis and recycling®.

Hydrogen gas (H,), a reducing gas, has been listed as a safe food additive in many countries. Recent research
has shown that H, can function as a unique useful gaseous molecule in plant adaptive responses to abiotic
stress'®?’. Su et al.*! reported that UV-A induced toxicity was reduced by exogenously applied hydrogen-rich
water (HRW) through the regulation of anthocyanin synthesis and reestablishment of ROS homeostasis in radish
sprouts. Jin et al.?? found that H, might act as an essential gaseous molecule that relieves oxidative stress through
HO-1 signalling.

Soybean sprouts are one of the most common and economic vegetables in East Asian countries owing to
its high nutritional value and simple production method. Increasing the quality and nutritional value of soy-
bean sprouts is becoming an issue*>. Our objective is to find efficacious and safe methods to increase nutri-
tional value of soybean sprouts. As a reducing gas, whether H, has a particular function in the modulation of
UV-A-induced accumulation of AsA is clearly unknown. Thus, the objective of the current study was to study the
effect of H, on the AsA content of soybean sprouts under UV-A irradiation. Secondly, we assessed the possible
mechanism of H, affecting the ROS and TBARS levels, key enzymes involved in oxidative metabolism, and AsA
biosynthesis-related genes.

Results

HRW alleviated inhibition of hypocotyl elongation induced by UV-A and enhanced accumula-
tion of AsA and AsA+DHA in the soybean sprouts.  The development of soybean sprouts with different
treatments for 36 h is shown in Supplemental Fig. 1, and the root length, hypocotyl length, total weight, fresh
edible weight and fresh edible rate were determined. As shown in Supplemental Table 1, UV-A irradiation signif-
icantly induced the inhibition of hypocotyl elongation, the total fresh weight and edible weight can be alleviated
by HRW. However, the root length and edible rate were not influenced. As expected, at 36 h, the AsA content of
soybean sprouts under UV-A was very high, and HRW significantly enhanced this effect (Fig. 2A). When treated
with UV-A+HRW, the AsA content of soybean sprouts was approximately 60-70 pg-g~! FW at 36 h. The variation
tendency of AsA+DHA was the same as AsA (Fig. 2B). These results showed that UV-A significantly increased
the AsA and AsA+DHA content in soybean sprouts and that HRW further increased the AsA and AsA+DHA
content.
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Figure 2. Changes in AsA (A) and AsA+DHA (B) accumulation according to different treatments of soybean
sprouts. Plants were grown in the dark for 72h and then transferred to 50 + 5 umol-m~2-s~! white light or
5.5W-m~2 UV-A light for the times indicated prior to harvest. Con: Sprouts cultivated in distilled water; HRW:
Sprouts cultivated in HRW; W: Sprouts cultivated under white light; UV-A: Sprouts cultivated under UV-A.
Data are the mean =+ standard error (n = 3); Different letters indicate significant differences (Duncan’ test,
P<0.05).

The H, concentration of HRW was affected by soybean sprouts and treatment conditions. To
provide support for the hypothesis that H, in the water can be absorbed by the plant, we designed the follow-
ing test: saturated HRW without planting soybean sprouts was used as the control, and the experimental group
included saturated HRW planted with soybean sprouts irradiated with white light or UV-A irradiation. The H,
concentration of HRW was measured every 1h after light treatment. As shown in Fig. 3A, the H, concentration
of HRW decreased faster than that of the control under both white light and UV-A irradiation. The H, concentra-
tion of saturated HRW was 829 pmol-L~! at 0h, and it decreased slowly in the control. After 1h, the H, concentra-
tion of HRW was 550-650 pmol-L~! in the control and was 200-400 pmol-L~! in the experimental group. Among
these conditions, the H, concentration decreased rapidly under UV-A irradiation and was 200-300 umol-L ™. For
2-12h, the H, concentration decreased slowly in the experimental group but was faster compared to the control.
Above all, H, in HRW was absorbed by soybean sprouts directly, which decreased the H, concentration in HRW.
Additionally, the absorbance rate was the highest under UV-A irradiation.

DPPH radical scavenging activity of soybean sprouts extract was increased by UV-A and HRW
enhanced this effect. The DPPH radical scavenging activity was measured. As shown in Fig. 3B, with an
increase in treatment time, the DPPH radical scavenging activity was significantly increased. Exposure to UV-A
for 12, 24 or 36 h significantly increased the DPPH radical scavenging activity, and HRW treatment further
improved the scavenging activity, especially at 36 h, when the DPPH radical scavenging activity was highest for
the UV-A+HRW treatment. The amount of scavenging activity was nearly 2-fold higher as compared to that
observed under white light. However, HRW had no significant effect on the DPPH radical scavenging activity
under white light.

HRW alleviated UV-A-induced oxidative damage and increased antioxidant enzyme activity
in soybean sprouts.  Abiotic stress is thought to cause oxidative damage to plants. To study the HRW influ-
ence on soybean sprout oxidative damage, we determined the content of TBARS and H,0, as shown in Fig. 4.
Compared to W treatment, UV-A significantly increased the TBARS content of soybean sprouts. HRW signifi-
cantly reduced the TBARS content of soybean sprouts under the UV-A treatment in comparison to the W treat-
ment. These phenomena showed that HRW can relieve the oxidative damage caused by UV-A.
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Figure 3. Effects of the different treatment on H, concentrations of HRW (A) and the DPPH scavenging effect
(%) in soybean sprouts (B). A Con: HRW without soybean sprouts; W:HRW with soybean sprouts under
white light; UV-A: HRW with soybean sprouts under UV-A light. (B) Sprouts were grown in the dark for 72h
and then transferred to 50 & 5 pmol-m~%s~! white light or 5.5 W-m~2 UV-A light for the times indicated prior
to harvest. W: Sprouts cultivated in distilled water under white light; W+HRW: Sprouts cultivated in HRW
under white light; UV-A: Sprouts cultivated in distilled water under UV-A; UV-A+HRW: Sprouts cultivated
in HRW under UV-A. Error bars represent SD among three replicates, and different letters indicate significant
differences (Duncan’s test, P < 0.05).

Similar to TBARS, UV-A treatment significantly increased the content of H,0, compared to W, but HRW
significantly reduced the H,O, content caused by UV-A (Fig. 4B). However, the H,0, content was still higher than
W under UV-A+HRW treatment.

To further reveal the mechanism through which HRW relieved soybean sprout oxidative damage, we
measured the enzyme activity of SOD, POD, CAT and APX. As shown in Fig. 5, UV-A significantly enhanced
the enzyme activity of SOD and APX, and HRW further increased the enzyme activity of SOD and APX
(Fig. 5A,D). Compared to W treatment, SOD and APX activity increased by 0.5 and 1.5 times, respectively, under
UV-A+HRW treatment. Compared to W, POD activity also increased significantly (Fig. 5B), but CAT activity
dropped markedly under UV-A treatment. The activity of CAT reached a minimum under UV-A+HRW treat-
ment (Fig. 5C), which was approximately one-third of the activity from the W+HRW treatment.

HRW up-regulated the expression level of AsA biosynthesis-related genesin the soybean sprouts.
To further investigate the mechanism of the increase of AsA induced by HRW, quantitative real-time PCR analy-
ses were conducted on soybean sprouts exposed to white light or UV-A for 12, 24 and 36 h. As shown in Fig. 6, in
the biosynthesis pathway at 12h and 24h, the transcript levels of GMP were not significantly affected, but at 36 h,
the transcript levels of GMP were significantly increased by UV-A+HRW treatment (Fig. 6A). The transcript
levels of GME were significantly affected by different treatments, and exposure to UV-A for 24 or 36 h significantly
increased the transcription levels of GME compared to white light exposure, HRW also up-regulated the tran-
scription levels of GME (Fig. 6B). The transcription levels of VTC2, VTC4 and GDH showed a similar tendency to
that of GME. Among them, the transcription levels of VTC2, VTC4 and GDH were intensely up-regulated at 36 h
by UV-A+HRW treatment (Fig. 6C,D,E). The transcription levels of GLDH did not change much under different
treatments. However, at varying treatment times, the transcription levels of GLDH with UV-A treatment were
higher compared to white light (Fig. 6F).

In the recycling pathway, exposure to UV-A for 12, 24 or 36 h significantly increased the transcription levels
of APXI compared to white light. HRW enhanced this effect, especially at 36 h, when the transcript levels of
APX1 were highest (Fig. 6G). The transcript level tendencies of APX2, MDHAR and DHAR were similar to APX1
(Fig. 6H,J,K). At 12 and 36 h, the transcription levels of AO were not significantly affected by different treatments,
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Figure 4. Effects of different treatments on TBARS (A) and H,O, (B) content in soybean sprouts. Sprouts
cultivated in distilled water (H,0) or HRW were exposed to white light or UV-A for 36 h. W: Sprouts cultivated
in distilled water under white light; W+HRW: Sprouts cultivated in HRW under white light; UV-A: Sprouts
cultivated in distilled water under UV-A; UV-A+HRW: Sprouts cultivated in HRW under UV-A. Error bars
represent SD among three replicates. Measurements in the same column followed by different letters are
significantly different at P < 0.05.

but with UV-A+HRW treatment, the transcription levels of AO increased at 36 h (Fig. 6I). The different treat-
ments had no significant effect on the GR transcript levels (Fig. 6L).

Disscussion
In traditional planting of green soybean sprouts, white light is used as the light source®*!. Recently, some studies
found that short wavelength light like UV-A was beneficial to increase health-promoting compounds in sprouts,
such as flavonoids, rutin**-%. Our previous study showed that UV-A can significantly increase anthocyanin con-
tent in soybean sprouts'?’. But UV-A can cause oxidation damage, decrease the hypocotyl length and yields in
soybean sprouts, which is not conducive to the industrial production of soybean sprouts?”?%. As reducing gas, the
role of H, in plant physiology, especially in abiotic stress, has attracted the attention of many researchers. Xie et
al. reported on the H, participation in enhancing tolerance to salt in Arabidopsis seedlings®. Jin et al. found that
H, was able to act as a unique bioactive molecule in improving plant tolerance to oxidative stress??. Whether can
H, relieve oxidation damage and yield decline caused by UV-A in soybean sprouts has not been reported, there-
fore, we set four treatment: W, W+HRW, UV-A, UV-A+HRW. Our result shows that H, can significantly release
the inhibition of hypocotyl elongation induced by UV-A and boost fresh weight in soybean sprouts, meanwhile,
HRW can obviously ease the oxidation damage caused by UV-A and increase AsA content in soybean sprouts.
H, has a great antioxidant capacity®. Recently, some studies found that H, could enhance the tolerance of
plants to multiple environmental stresses, including drought and salt stress*'-**. Same to H,, AsA also has a great
antioxidant capacity because it is a natural oxidant scavenger and a primary reducing agent in biochemical pro-
cesses®’. Did the exogenous hydrogen donor have some effect on the AsA content of soybean sprouts under
UV-A? This question prompted us to investigate the effects of HRW on the AsA contents in soybean sprouts.
As expected, our results showed that the AsA and AsA+DHA contents in the soybean sprouts under UV-A
treatment increased significantly in comparison to the W treatment (approximately 1.5-fold) (Fig. 2). Whats
more, the AsA and AsA+DHA accumulations under UV-A+HRW was higher than UV-A single treatment. This
indicates that AsA content can be significantly increased by adding exogenous H,. Our results suggest that H,
may via increased AsA content enhance the tolerance of soybean sprouts to UV-A irradiation. For better under-
standing of the relationship between AsA biosynthesis and HRW, AsA biosynthesis-related genes were identified.
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Figure 5. Effects of different treatment on SOD (A), POD (B), CAT(C) and APX (D) activities in soybean
sprouts. Sprouts cultivated in distilled water (H,0) or HRW were exposed to white light or UV-A for 36 h.

W: Sprouts cultivated in distilled water under white light; W-+HRW: Sprouts cultivated in HRW under white
light; UV-A: Sprouts cultivated in distilled water under UV-A; UV-A+HRW: Sprouts cultivated in HRW under
UV-A. Error bars represent SD from three replicates. Measurements in the same column followed by different
letters are significantly different at P < 0.05.

We found that HRW not only increased the expression level of AsA biosynthesis genes, such as GME, VTC2,
VTC4 and GDH (Fig. 6B-E), but also up-regulated the transcript level of recycling genes, including APX1, APX2,
AO, MDHAR and DHAR (Fig. 6G-K). We speculate that H, may influence MYB or DOF transcriptional factors
to increase the expression of AsA biosynthesis-related genes®>, this hypothesis needs further complementary
genetic approaches to support our findings.

As we all know, UV-A irradiation can induce the production of reactive oxygen species (ROS), which can
damage plant cells. To protect the plants from oxidative stress, plants have enzymatic scavengers such as SOD,
POD, CAT, APX?7-%_ Qur result show that HRW can significantly increase the activity of SOD and APX
(Fig. 5A,D). Higher SOD and APX enzyme activity is beneficial for plants to resist UV-A, meanwhile, HRW can
boost the DPPH free radical scavenging capacity of soybean sprouts (Fig. 3B). This effect caused us to hypothe-
size that H, improves the tolerance of soybean sprouts to UV-A. To authenticate this hypothesis, the H,0, and
TBARS contents in the soybean sprouts were measured. As expected, HRW decreased the H,0, and TBARS
content in soybean sprouts under the combination of UV-A+HRW compared to sprouts treated with UV-A
alone (Fig. 4). These results indicate that H, can alleviate the oxidant damage caused by UV-A and enhance anti-
oxidative ability. Similar results were also observed by Wu et al. and Jin et al.>*°, demonstrate that H, treatment
can decrease TBARS and ROS production in Chinese cabbage under cadmium stress*’, and alfalfa leaves under
paraquat stress®%. Thus, our results indicate that exogenous H, treatment, which is easy to use, safe, and economi-
cal, on soybean sprouts production may be a good option to alleviate UV-A induced yield reduction and increase
AsA content in soybean sprouts.

In conclusion, we report that H, alleviated the inhibition of hypocotyl elongation caused by UV-A, and
increased the fresh weight of soybean sprouts (Supplemental Table 1). While, H, decreased UV-A-induced oxi-
dative damage and improved the AsA content of soybean sprouts under UV-A irradiation (Fig. 2). A possible
mechanism may be that H, increases the activity of SOD and APX and reduces the ROS and TBARS content of
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Figure 6. Transcript abundance of the GMP (A), GME (B), VIC2 (C), VTC4 (D), GDH (E), GLDH (F), APX1
(G), APX2 (H), AO (I), MDHAR (J), DHAR (K) and GR (L) expression in the soybean sprouts exposed to
white light or UV-A for 12h, 24h and 36 h. Plants were grown in the dark for 72 h and then transferred to 50 £ 5
pmol-m~2s~! white light or 5.5 W-m~2 UV-A light for the times indicated prior to harvest. W: Sprouts cultivated
in distilled water under white light; W-+HRW: Sprouts cultivated in HRW under white light; UV-A: Sprouts
cultivated in distilled water under UV-A; UV-A+HRW: Sprouts cultivated in HRW under UV-A. Data are the
mean = standard error (n = 3); Columns represent the mean (+SD) values of independent experiments (n=3)
based on transcript-level data normalized to W-+Con at 12 h, 24 h and 36 h; Different letters indicate significant
differences (Duncan’s test, P < 0.05).

soybean sprouts (Figs 4 and 5). At the same time, qRT-PCR analysis indicates that H, significantly up-regulates
AsA biosynthesis and recycling genes (Fig. 6). These results suggests that HRW could probably be applied in the
soybean sprout industry or commercially, after further research and assessments on quality and safety of food.

Methods

Plant material and growth conditions. Soybean (Glycine max L.) seeds were immersed in distilled water
for 12h and then transferred to petri dishes germinated for 36 h at 25°C £ 1 °C. Uniform germinated seeds were
selected and cultured in plastic chambers with distilled water or HRW. Four treatments with 3 replications each
were set: white light(W), W+HRW, UV-A, and UV-A+HRW. Soybean sprouts were cultured in the darkness for
36h in the greenhouse at 25°C =+ 1°C. Then soybean sprouts were grown in growth chambers (Safe Instrument
Experimental Factory Zhejiang, China) with white light or UV-A lamps (Philips, Amsterdam, Netherlands)
which emit ultraviolet rays between 350 nm and 400 nm with a peak of 360 nm. The intensity of white light was set
at 50 £ 5 umol'-m~2-s7!, and the UV-A dosage was set at 5.5 W-m 2,
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Preparation of HRW. Hydrogen gas (99.99%, v/v) produced from a hydrogen gas generator (SHC-300;
Saikesaisi Hydrogen Energy Co., Ltd., Shandong, China) was bubbled into 1000 ml distilled water (pH 6, 25°C) at
the rate of 550 mL-min~! for 20 min to reach saturation condition.

Measuring H, concentration of HRW.  The H, concentration of HRW was calculated using a needle-type
Hydrogen Sensor (Unisense, Denmark) according to the manufacturer’s instructions. The H,-specific electrode
had a tip with a diameter of 50 um and was polarized for 4 h prior to use. While performing electrode analysis, this
needle was placed in HRW. After the basal line of the H, signal was stable, the corresponding data was recorded.
A standard solution of HRW was made by saturating H, gas in distilled water (829 uM at 25 °C) at atmospheric
pressure, and distilled water was utilized as a negative control. All manipulations were conducted at 25°C£1°C.

Determination of thiobarbituric acidreactive substances (TBARS) contents. Lipid peroxidation
was estimated by calculating the contents of TBARS as previously described with a slight change*!. About 0.5 g of
fresh tissues were ground in 5% 2-thiobarbituric acid (TBA) using a mortar and pestle and centrifuged at 5000 g
for 15 min. Taking 1 ml supernatant and 1 ml 0.67% TBA, mixed, rapid cooling after bathing at 100 °C for 30 min
and centrifuged at 3000 g for 10 min. The supernatant was used for calculation of TBARS at 450 nm, 532 nm,
600 nm.

Antioxidant enzyme activity assays. The antioxidant enzymes were assessed according to the method
described by Ara et al.*? with some modifications. About 2.0 g fresh plant tissues were homogenized in 5 ml of
50 mM potassium phosphate buffer (pH 7.0) for the SOD, POD, APX and CAT assays. The homogenates were
centrifuged at 1 2,000 x g for 20 min at 4°C, and the supernatant was utilized for assays of the enzyme activity.
Activities of guaiacol peroxidase (POD) and superoxide dismutase (SOD) were measured at 560 nm and 470 nm,
respectively. Catalase (CAT) activity was calculated by observing the consumption of hydrogen peroxide (H,0,)
at 240 nm for a minimum of 3 min. APX activity was estimated by observing the decrease in absorbance at 290 nm
within 1 min.

Real-time quantitative RT-PCR analysis. qRT-PCR was used to examine the gene expression according
to the method from Hao et al.** with some modifications. Total RNA was isolated from 2.0 g soybean sprouts
which were ground in liquid nitrogen until very fine powder was achieved and utilized Trizol reagent to dis-
solve fine powder (Invitrogen, Gaithersburg, MD, USA) according to the instructions supplied by the manu-
facturer. Total RNA (8 uL) from varying treatments was reverse-transcribed into cDNA using a cDNA reverse
transcription kit (Thermo Fisher Scientific Inc., MA, USA). Transcript levels of several genes weremeasured by
qRT-PCR using a Mastercycler® ep realplex real-time PCR system (Eppendorf, Hamburg, Germany) with Bestar®
SybrGreen qPCR mastermix (DBI, Bioscience Inc., Germany) according to the manufacturer’s instructions.
Primer sequences of cDNA amplification are listed in Supplemental Table 2.

The content of ascorbic acid and total AsA and the DPPH radical scavenging activity assay.
AsA (ascorbic acid) was extracted in metaphosphoric acid without a reducing agent according to a previous
method described by Rassam et al.* with some modifications. First, 1.0 g of fresh sample was used to make 25 ml
of AsA solution in 0.2% metaphosphoric acid. For HPLC analysis, 10 ul of solution was injected into the HPLC
Shimadzu LC—20 A auto sampler. A reverse C18 column (InertSustain C18, Shimadzu, Japan) was used and
eluted at 1 ml-min~"' at 25 °C. The mobile phase was made up of 0.2% metaphosphoric acid in water. Reduced AsA
was quantified at its UV absorption maximum of 243 nm. A set of standards containing 2-500 mg-L~! of reduced
AsA was made and processed in the same way. AsA concentrations were quantified with standard curve and
expressed in ug per g fresh weight. For an assay of AsA+DHA (total AsA), the method was introduced by Huang
et al.*>. A portion of the prepared AsA solution above was reduced with freshly made dithiothreitol to a final con-
centration of 20 mM. The reduction reaction was conducted at room temperature for 6 h, and the reduced samples
were measured using the HPLC method described above.

The DPPH radical scavenging activity assay was done according to the method reported by Hsu et al.*® with
some modifications. Briefly, standard solutions was prepared and added to a 70 umol/L DPPH methanolic solu-
tion. Incubation period of 30 min was allowed at room temperature in dark place to complete any reaction that
is to be occurred. Then absorbance was measured by UV spectrophotometer at 517 nm. The radical scavenging
capacity was expressed as percentage effect (%) and calculated using the Equation 1.

Abscontrol - Abssample

Percentage effect (%) = x 100
Abscontrol ( 1 )

Detection of H,0, concentration. The H,0, concentration was measured colorimetrically as described
by Wu et al.¥’. H,0, was extracted by homogenizing tissue with phosphate buffer (50 mM, pH 6.5) containing
1 mM hydroxylamine. The homogenate was centrifuged at 6,000 g for 25 min. To determine H,0O, concentration,
the extracted solution was mixed with 0.1% titanium chloride in 20% (v/v) H,SO,. Te mixture was then centri-
fuged at 6,000 g for 25 min. The absorbance was measured at 410 nm. The NO concentration was calculated by
comparing to against a standard curve of H,0,.

Statistical analyses. All values are averages of three replicated experiments. The data was subjected to
one-way analysis of variance (ANOVA) and varying letters indicate significant differences between the treatments
which were compared using the Duncan’s multiple range test (p < 0.05). All statistical analysis was conducted
using SPSS 19.0 for Windows.

SCIENTIFICREPORTS |7: 16366 | DOI:10.1038/s41598-017-16021-0 8



www.nature.com/scientificreports/

References

1.

2.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Chen, Y. & Chang, S. K. C. Macronutrients, Phytochemicals, and Antioxidant Activity of Soybean Sprout Germinated with or
without Light Exposure. ] Food Sci. 80, $1391-S1398 (2015).

Xue, Z. et al. Bioactive Compounds and Antioxidant Activity of Mung Bean (Vigna Radiata L.), Soybean (Glycine Max L.) and Black
Bean (Phaseolus Vulgaris L.) During the Germination Process. Czech ] Food Sci. 34, 68-78 (2016).

. Yuan, M. et al. Effect of Light On Structural Properties and Antioxidant Activities of Polysaccharides From Soybean Sprouts. Process

Biochem. 50, 1152-1157 (2015).

. Budden, T. & Bowden, N. A. The Role of Altered Nucleotide Excision Repair and UVB-Induced DNA Damage in Melanomagenesis.

Int j mol sci. 14, 1132-1151 (2013).

. Nawkar, G. M. et al. UV-Induced Cell Death in Plants. Int j mol sci. 14, 1608-1628 (2013).
. Albert, K. R, Mikkelsen, T. N. & Ro-Poulsen, H. Effects of Ambient Versus Reduced UV-B Radiation On High Arctic Salix Arctica

Assessed by Measurements and Calculations of Chlorophyll a Fluorescence Parameters From Fluorescence Transients. Physiol
Plantarum. 124, 208-226 (2005).

. Mazza, C. A. et al. The Effects of Solar ultraviolet-B Radiation On the Growth and Yield of Barley are Accompanied by Increased

DNA Damage and Antioxidant Responses. Plant Cell Environ. 22,61-70 (1999).

. Cui, W. et al. Hydrogen-Rich Water Confers Plant Tolerance to Mercury Toxicity in Alfalfa Seedlings. Ecotox Environ Safe. 105,

103-111 (2014).

. Gao, Q. & Zhang, L. Ultraviolet-B-induced Oxidative Stress and Antioxidant Defense System Responses in Ascorbate-Deficient Vtcl

Mutants of Arabidopsis Thaliana. ] Plant Physiol. 165, 138-148 (2008).

Bartoli, C. G. et al. Inter-Relationships Between Light and Respiration in the Control of Ascorbic Acid Synthesis and Accumulation
in Arabidopsis Thaliana Leaves. ] Exp Bot. 57, 1621-1631 (2006).

Zhang, L. et al. Regulation of Ascorbic Acid Metabolism by Blue LED Light Irradiation in Citrus Juice Sacs. Plant Sci. 233, 134-142
(2015).

Ma, G. et al. Effect of Red and Blue LED Light Irradiation On Ascorbate Content and Expression of Genes Related to Ascorbate
Metabolism in Postharvest Broccoli. Postharvest Biol Tec. 94, 97-103 (2014).

Mastropasqua, L., Borraccino, G., Bianco, L. & Paciolla, C. Light Qualities and Dose Influence Ascorbate Pool Size in Detached Oat
Leaves. Plant Sci. 183, 57-64 (2012).

Yang, X. et al. Comparison of Ascorbate Metabolism in Fruits of Two Citrus Species with Obvious Difference in Ascorbate Content
in Pulp. J Plant Physiol. 168, 2196-2205 (2011).

Li, M. et al. Influence of Light On Ascorbate Formation and Metabolism in Apple Fruits. Planta. 230, 39-51 (2009).

Linster, C. L. & Clarke, S. G. L-Ascorbate Biosynthesis in Higher Plants: The Role of VTC2. Trends Plant Sci. 13, 567-573 (2008).
Ishikawa, T., Dowdle, J. & Smirnoff, N. Progress in Manipulating Ascorbic Acid Biosynthesis and Accumulation in Plants (Vol 126,
Pg 343, 2006). Physiol Plantarum. 129, 831 (2007).

Liu, E. et al. Higher Transcription Levels in Ascorbic Acid Biosynthetic and Recycling Genes were Associated with Higher Ascorbic
Acid Accumulation in Blueberry. Food Chem. 188, 399-405 (2015).

Xie, Y. et al. Hydrogen-Rich Water-Alleviated ultraviolet-B-triggered Oxidative Damage is Partially Associated with the
Manipulation of the Metabolism of (Iso)flavonoids and Antioxidant Defence in Medicago Sativa. Funct Plant Biol. 42, 1141-1157
(2015).

Liu, Y. et al. Transcriptome Analysis of mRNA and miRNA in Somatic Embryos of Larix leptolepis Subjected to Hydrogen
Treatment. Int ] Mol Sci. 17 (2016).

Su, N. et al. Hydrogen-Rich Water Reestablishes ROS Homeostasis but Exerts Differential Effects On Anthocyanin Synthesis in Two
Varieties of Radish Sprouts Under UV-A Irradiation. ] Agr Food Chem. 62, 6454 (2014).

Jin, Q. et al. Hydrogen Gas Acts as a Novel Bioactive Molecule in Enhancing Plant Tolerance to Paraquat-Induced Oxidative Stress
Via the Modulation of Heme Oxygenase-1 Signalling System. Plant Cell Environ. 36, 956-969 (2013).

Zhang, J. ]. et al. Growth-Inducing Effects of Argon Plasma On Soybean Sprouts Via the Regulation of Demethylation Levels of
Energy Metabolism-Related Genes. Sci Rep-Uk. 7 (2017).

Hossen, M. Z. Light Emitting Diodes Increase Phenolics of Buckwheat (Fagopyrum Esculentum) Sprouts. J Plant Interact. 2, 71-78
(2007).

Ji, H., Tang, W,, Zhou, X. & Wu, Y. Combined Effects of Blue and Ultraviolet Lights on the Accumulation of Flavonoids in Tartary
Buckwheat Sprouts. Polish Journal Of Food And Nutrition Sciences. 66, 93-98 (2016).

Tsurunaga, Y. et al. Effects of UV-B Irradiation On the Levels of Anthocyanin, Rutin and Radical Scavenging Activity of Buckwheat
Sprouts. Food Chem. 141, 552-556 (2013).

Su, N. et al. Effect of Partial Shading Treatments On Anthocyanin Synthesis in the Hypocotyls of Soybean Sprouts Under UV-A
Irradiation. ] Plant Growth Regul. 36, 5059 (2017).

Rogozhin, V. V,, Kuriluk, T. T. & Filippova, N. P. The Response of the Antioxidant System of Wheat Sprouts to Irradiation of Seeds
with UV Light. Biofizika. 45, 730-736 (2000).

Xie, Y., Mao, Y., Lai, D., Zhang, W. & Shen, W. H-2 Enhances Arabidopsis Salt Tolerance by Manipulating ZAT10/12-Mediated
Antioxidant Defence and Controlling Sodium Exclusion. Plos One. 7 (2012).

Ren, A. et al. Hydrogen-Rich Water Regulates Effects of ROS Balance On Morphology, Growth and Secondary Metabolism Via
Glutathione Peroxidase in Ganoderma Lucidum. Environ Microbiol. 19, 566-583 (2017).

JIN, Q. et al. Hydrogen Gas Acts as a Novel Bioactive Molecule in Enhancing Plant Tolerance to Paraquat-Induced Oxidative Stress
Via the Modulation of Heme Oxygenase-1 Signalling System. Plant Cell Environ. 36, 956-969 (2013).

Xu, S. et al. Hydrogen-Rich Water Alleviates Salt Stress in Rice During Seed Germination. PLANT SOIL. 370, 47-57 (2013).

Chen, M. et al. Hydrogen-Rich Water Alleviates Aluminum-Induced Inhibition of Root Elongation in Alfalfa Via Decreasing Nitric
Oxide Production. ] Hazard Mater. 267, 40-47 (2014).

Li, H. et al. Transcriptomic Analysis of the Biosynthesis, Recycling, and Distribution of Ascorbic Acid During Leaf Development in
Tea Plant (Camellia Sinensis (L.) O. Kuntze). Sci Rep-Uk. 7, 46212 (2017).

Zhu, L., Guo, J., Zhu, J. & Zhou, C. Enhanced Expression of EsSWAX1 Improves Drought Tolerance with Increased Accumulation of
Cuticular Wax and Ascorbic Acid in Transgenic Arabidopsis. Plant Physiol Bioch. 75, 24-35 (2014).

Cai, X. et al. The Transcription Factor SIDof22 Involved in Ascorbate Accumulation and Salinity Stress in Tomato. Biochem Bioph
Res Co. 474, 736-741 (2016).

Santa-Cruz, D. M. et al. Nitric Oxide Induces Specific Isoforms of Antioxidant Enzymes in Soybean Leaves Subjected to Enhanced
ultraviolet-B Radiation. ] Photoch Photobio B. 141, 202-209 (2014).

Aguilera, J., Dummermuth, A., Karsten, U., Schriek, R. & Wiencke, C. Enzymatic Defences Against Photooxidative Stress Induced
by Ultraviolet Radiation in Arctic Marine Macroalgae. Polar Biol. 25, 432-441 (2002).

Maneerat, C., Hayata, Y., Muto, N. & Kuroyanagi, M. Investigation of UV-A Light Irradiation On Tomato Fruit Injury During
Storage. ] Food Protect. 66, 2168-2170 (2003).

Wu, Q,, Su, N, Cai, ], Shen, Z. & Cui, J. Hydrogen-Rich Water Enhances Cadmium Tolerance in Chinese Cabbage by Reducing
Cadmium Uptake and Increasing Antioxidant Capacities. ] Plant Physiol. 175, 174-182 (2015).

Muselik, J., Garcia-Alonso, M. & Martin-Lépez, M. P. Emli Ka, M. & Rivas-Gonzalo, J. C. Measurement of Antioxidant Activity of
Wine Catechins, Procyanidins, Anthocyanins and Pyranoanthocyanins. Int ] Mol Sci. 8, 797-809 (2007).

SCIENTIFICREPORTS |7: 16366 | DOI:10.1038/s41598-017-16021-0 9



www.nature.com/scientificreports/

42. Ara, N. et al. Antioxidant Enzymatic Activities and Gene Expression Associated with Heat Tolerance in the Stems and Roots of Two
Cucurbit Species (“Cucurbita Maxima” and “Cucurbita Moschata”) and their Interspecific Inbred Line “Maxchata”. Int ] Mol Sci. 14,
24008-24028 (2013).

43. Hao, X. et al. Identification and Evaluation of Reliable Reference Genes for Quantitative Real-Time PCR Analysis in Tea Plant
(Camellia sinensis (L.) O. Kuntze). Int ] Mol Sci. 15, 22155-22172 (2014).

44. Rassam, M. & Laing, W. Variation in Ascorbic Acid and Oxalate Levels in the Fruit of Actinidia Chinensis Tissues and Genotypes. J
Agr Food Chem. 53, 2322-2326 (2005).

45. Huang, M., Xu, Q. & Deng, X. X. L-Ascorbic Acid Metabolism During Fruit Development in an Ascorbate-Rich Fruit Crop Chestnut
Rose (Rosa Roxburghii Tratt). J Plant Physiol. 171, 1205-1216 (2014).

46. Hsu, F. et al. Evaluation of Antioxidant and Free Radical Scavenging Capacities of Polyphenolics From Pods of Caesalpinia
Pulcherrima. Int ] Mol Sci. 13, 6073-6088 (2012).

47. Wu, Q. et al. Hydrogen Peroxide, Nitric Oxide and UV RESISTANCE LOCUSS Interact to Mediate UV-B-induced Anthocyanin
Biosynthesis in Radish Sprouts. Sci Rep-Uk. 6, 29164 (2016).

Acknowledgements
This work was supported by National Natural Science Foundation of China (31572169 and 31772360).

Author Contributions

Jin Cui, Wenbiao Shen, Zhenguo Shen and Li Jia conceived the project and designed this work. Li Jia, Jiyuan Tian,
Shengjun Wei, Xiaoyan Zhang and Xuan XU performed the experiments and analyzed the data; and Li Jia and
Jiyuan Tian wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16021-0.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 16366 | DOI:10.1038/s41598-017-16021-0 10


http://dx.doi.org/10.1038/s41598-017-16021-0
http://creativecommons.org/licenses/by/4.0/

	Hydrogen gas mediates ascorbic acid accumulation and antioxidant system enhancement in soybean sprouts under UV-A irradiati ...
	Results

	HRW alleviated inhibition of hypocotyl elongation induced by UV-A and enhanced accumulation of AsA and AsA+DHA in the soybe ...
	The H2 concentration of HRW was affected by soybean sprouts and treatment conditions. 
	DPPH radical scavenging activity of soybean sprouts extract was increased by UV-A and HRW enhanced this effect. 
	HRW alleviated UV-A-induced oxidative damage and increased antioxidant enzyme activity in soybean sprouts. 
	HRW up-regulated the expression level of AsA biosynthesis-related genes in the soybean sprouts. 

	Disscussion

	Methods

	Plant material and growth conditions. 
	Preparation of HRW. 
	Measuring H2 concentration of HRW. 
	Determination of thiobarbituric acidreactive substances (TBARS) contents. 
	Antioxidant enzyme activity assays. 
	Real-time quantitative RT-PCR analysis. 
	The content of ascorbic acid and total AsA and the DPPH radical scavenging activity assay. 
	Detection of H2O2 concentration. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Possible schema for AsA accumulation in plants.
	Figure 2 Changes in AsA (A) and AsA+DHA (B) accumulation according to different treatments of soybean sprouts.
	Figure 3 Effects of the different treatment on H2 concentrations of HRW (A) and the DPPH scavenging effect (%) in soybean sprouts (B).
	Figure 4 Effects of different treatments on TBARS (A) and H2O2 (B) content in soybean sprouts.
	Figure 5 Effects of different treatment on SOD (A), POD (B), CAT(C) and APX (D) activities in soybean sprouts.
	Figure 6 Transcript abundance of the GMP (A), GME (B), VTC2 (C), VTC4 (D), GDH (E), GLDH (F), APX1 (G), APX2 (H), AO (I), MDHAR (J), DHAR (K) and GR (L) expression in the soybean sprouts exposed to white light or UV-A for 12 h, 24 h and 36 h.




