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ABSTRACT

Seed germination with selenium (Se) is promising for producing Se-biofortified foods. Mungbean (Vigna radiata
(L.) Wilczek) sprout is freshly eaten as a salad dressed with sauce, making it superior for Se biofortification. Since
the Se safety range for the human body is extremely narrow, it is imperative to evaluate the genotypic responses of
mungbean sprouts to Se. This study evaluated the Se enrichment capacity and interaction with flavonoids and
antioxidant systems in sprouts of 20 mungbean germplasms. Selenium treatment was done by immersing mung-
bean seeds in 20 uM sodium selenite solution for 8 h. Afterward, the biomass, Se amounts, flavonoid (particularly
vitexin and isovitexin) contents, antioxidant capacity, and key biosynthetic gene expressions were measured.
Sprout Se content was 2.0-7.0 ug g DW among the 20 mungbean germplasms. Selenium treatment differentially
affected the biomass, total flavonoid, vitexin, isovitexin, antioxidant enzyme activities, and antioxidant capacities
of the mungbean germplasms. Eight germplasms showed increased biomass (p < 0.05), the highest increasing by
127%, but 13 did not phenotypically respond to Se treatment. Seven and six germplasms showed varied levels of
vitexin and isovitexin increment after Se treatment, the highest measuring 2.67- and 2.87-folds for vitexin and
isovitexin, respectively. Two mungbean flavonoid biosynthesis genes, chalcone synthase (VrCHS) and chalcone
isomerase (VrCHI) were significantly up-regulated in the germplasms with increased vitexin and isovitexin levels
(p < 0.05). Moreover, Se enrichment capacity was significantly correlated with the vitexin, isovitexin, and antiox-
idant capacities. In conclusion, mungbean sprouts could be a useful Se-biofortified food, but the Se enrichment
capacity and nutritional response must be determined for each germplasm before commercialization.
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1 Introduction

Selenium (Se) is a key element for human health [1]. Human Se uptake is mainly through foods [2].
However, considering the decreasing soil Se content, over 10% of the global population would face Se
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deficiency in foods [3]. Nonetheless, spraying or irrigating external Se solution on plants could facilitate Se
enrichment in crop foods [4—6]. Selenium has an extremely narrow safety range, and the recommended daily
allowance (RDA) amounts are 60—70 pg/day, where <40 ug/d is a dietary deficiency and >400 ug/d are toxic
levels [2,7], indicating the need to know the clear Se contents in biofortified foods.

Germinating seeds with an external Se solution provides a simple and efficient approach for the Se-
enrichment of sprout-eatable crops, allowing the year-round production of Se-biofortified foods [8,9]. In
soybean, most inorganic Se could be transformed into organic species within 24 h of germination [9].
Mungbean [Vigna radiata (L.) Wilczek] has a global plantation acreage of 6 million hectares [10]. The
protein content of mungbean kernels is 20.97%—-31.32%, substantially higher than that of other crops like
soybean and corn [11]. The high protein content allows plants to absorb and metabolize more Se to form
seleno-proteins, conferring a greater potential for Se enrichment of mungbean. Moreover, mungbean
sprout is a popular fresh salad vegetable that retains most nutrients.

Mungbean can transform inorganic Se to the organic form during seed germination or foliar application
[12—-14]. A recent transcriptomic analysis of Se uptake mechanisms in mungbean sprouts identified
transporters for Pi, sulfate, and nitrate [14], indicating that Se may share the transporters with these
elements. Wang et al. [15] used foliar application of Se solution to identify three primary metabolites as
biomarkers for nutritional evaluation. However, the interaction between Se enrichment capacity and the
important secondary metabolites, particularly the major flavonoids vitexin and isovitexin [16], in
mungbean remains unclear.

Previous studies reported that Se regulates flavonoid metabolism, antioxidant enzyme activities, and
antioxidant capacities in plants [2,4,9,17]. However, the conclusions are difficult to compare and often
contradictory because the datasets were generated from different plant species, growth stages, growing
substrates, Se treatment methods, Se forms, and concentrations. Thus, single variable experiments, such
as the genotypic response of the same plant species to Se treatment, should be conducted to provide
substantial supporting data to draw an unambiguous conclusion.

In this study, twenty mungbean germplasms were employed to investigate the genotypic variations in Se
enrichment capacity and respective biochemical responses. The Se enrichment capacity, phenotypic and
antioxidant indices, and flavonoid (particularly vitexin and isovitexin) content were measured. Further,
the flavonoid biosynthesis gene profiles were investigated to uncover the possible mechanism controlling
flavonoid metabolism in diverse Se-treated mungbean germplasms.

2 Materials and Methods

2.1 Materials and Experimental Design

Twenty sprout-specialized germplasms of mungbean (Pinlv 211-6, Pinlv 2011-12, Jilv 0816, Jilv
HNZ0810, Sulv 16-10, Sulv 15-11, Elv 5, Bailv 9, Baolv 200810-1, Bailv 10, Tong 1188326, Liaolv
10L708-5, 122-225, Baolv 201012-7, 1009-2-5, 142-139, Kelv 2, Weilv 11, Weilv 12, and Wanlv 2) were
provided by Dr. Bin Zhou at the Crop Research Institute, Anhui Academy of Agricultural Sciences, China.

Sodium selenite (Na,SeO3, 99%) was obtained from Sigma-Aldrich (MO, USA), and standard Se
solution (GSB 07-1253-2000) was purchased from the Institute for Reference Materials, Ministry of
Environmental Protection (Beijing, China). The water used was deionized water (18.2 MQ.cm, Millipore).

The culture was prepared following a previously published method [18]. For each germplasm, 10 g of
cleaned and healthy mungbean seeds were disinfected with sodium hypochlorite solution (available chlorine,
2.5%) for 5 min and rinsed thrice using deionized water. Se treatment was conducted by immersing the
disinfected seeds in 80 mL of 20 uM sodium selenite, which was reported to provide the highest ratio of
organic form to total Se content as reported previously [14,19]. The seeds soaked in an equal volume of
deionized water were used as control (CK). After the solution was completely absorbed (8 h), the seeds
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were evenly dispersed into plastic containers. The culture was performed in darkness at 25°C, 80% relative
humidity, and sprayed with 15 mL of ddH,O every 6 h for adequate moisture. The uniform-sized sprouts for
each treatment were collected four days later and weighed to record the weight. Some were frozen and stored
at —80°C, and the others were freeze-dried and ground into powder.

2.2 Measurement of Flavonoids

Here, 100 mg of sprout powder was used to extract flavonoids using 1 mL of 80% methanol. The
mixtures were violently shaken for 10 min and centrifuged to collect the supernatants. The pellets were
re-extracted in 1 mL of 80% methanol. The supernatants were combined as the extracts for further analysis.

The total flavonoids were measured as reported [20] with some modifications. Briefly, 100 uL of extracts
were added with 30 uL of 5% NaNO, and 450 pL of ddH,O. Six minutes later, 30 pL of 10% AICl; was
added to the mixture and vortexed well, and the mixture was left to stand for 5 min. Then 100 pL of 1 M
NaOH was added to terminate the reaction, and As;o was determined accordingly. The total flavonoid
content was obtained based on the standard curve of rutin (0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mg mL_').
The content was denoted as mg rutin equivalent per 1 g sample (mg RE g ").

Vitexin and isovitexin were quantified with an HPLC system provided with a C-18 column (4.6 mm x
250 mm, Agilent Technologies Inc., CA, USA) [16]. UV wavelength was 360 nm, and the deionized water
with 0.2% acetic acid was solvent A, while acetonitrile was solvent B. The elution was initiated with 5% B,
linear gradient to 50% B within 25 min, and 50%—85% B to 30 min. The flow rate was set at 1.0 mL/min, and
the vitexin and isovitexin retention times were 13.91 and 14.62 min, respectively, compared to the
corresponding standard. Vitexin or isovitexin peak volumes were quantified against the standard curves.

2.3 Antioxidant Enzyme Activity and Antioxidant Capacity Assays

Plant extracts were prepared from 100 mg of fresh sprout powder. The powder was dissolved in 1 mL of
ice-cold extraction buffer (50 mM of phosphate-buffered saline (PBS) (pH 7.8), 0.2 mM of
ethylenediaminetetraacetic acid (EDTA), and 0.3% (w/v) of Triton X-100). The reaction mixture was
shaken violently, incubated on ice for 5 min, and centrifuged. The protein was measured following the
Bradford method [21].

The antioxidant enzyme activities were measured as reported previously [22]. Briefly, the ascorbate
peroxidase (APX) activity was deduced from the amount of reduced ascorbate (4,99) in reaction solutions
of PBS, reduced ascorbate, H,O, and 100 pL of plant extract. Catalase (CAT) activity was detected via
monitoring the H,O, (4,4¢9) consumption rate in solutions containing 50 mM of PBS (pH 7.6), 0.1 mM
of EDTA, 100 mM of H,O,, and 100 uL of plant extract. Additionally, the superoxide dismutase (SOD)
was quantified via the ability of the plant extract to inhibit the generation of formazan (4s60) caused by O, .

Two methods, including 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing/antioxidant power
(FRAP), were employed to determine the antioxidant capacity [23]. Essentially, the DPPH method was
done by detecting the ability of the extract to catalyze the DPPH oxidative reaction. The DPPH
antioxidant capacity result was presented as mg ascorbic acid equivalent antioxidant capacity per
1 g sample (mg AEAC g '). The FRAP assay was deduced from the ability of ferric to reduce the extract
against a Fe (II) calibration curve, and the results were denoted as uM Fe** g .

2.4 RNA Isolation, cDNA Synthesis, and Realtime Fluorescence Quantitative PCR

Total RNA isolation was done using a Plant RNA Extraction Kit (TaKaRa, Kusatsu, Japan) [18], and
cDNA was synthesized with the PrimeScript cDNA Synthesis Kit (TaKaRa). The PCR was done on the
ABI7500 fast Real-Time PCR system (Applied Biosystems, MA, USA) with a 2 x AceQ qPCR SYBR
Green Master Mix (Vazyme, NJ, USA). VrActin was used as the reference gene, and the analyses
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involved three biological and three technical replicates per gene. Relative gene expression was calculated
using the 2~ method [24]. The primer sequences are listed in Table S1.

2.5 Determining Se Content Using Atomic Fluorescence Spectroscopy

Selenium accumulation in mungbean sprouts was measured following previously published methods
[25,26]. For each sample, 1 g of the dried powder was acid-digested and analyzed using a double-channel
atomic fluorescence spectrometer (Jinsuokun SK-2002AZ, Beijing, China). Then, Se content was
calculated based on the fluorescence intensity of the extract against the calibration curve of a commercial
Se standard.

2.6 Data Analysis

The data is presented as the means = SD of three biological replicates per sample. IBM SPSS Statistics
20.0 with Duncan’s multiple-range test (» < 0.05) was used to determine the difference between the CK
(germinated normally without Se treatment) and Se treatment for each germplasm. Heatmaps generated
using the “corrplot” in R Software Package (version 4.2.2) show the Pearson correlations between the
parameters (p < 0.05). The “corr” and “cor. mtest” functions of the “corrplot” package were used to
establish the coefficient and p-value matrices, respectively. Finally, the analysis of variance (ANOVA)
was employed to determine the statistically significant correlations represented by the asterisks in the
heatmaps.

3 Results and Discussion

3.1 Mungbean Germplasms Display Differential Phenotypic Response to Se

Under normal growth conditions, the germplasms varied in growth vigor. The biomass was
0.13-0.37 g/plant (Fig. 1A) four days after germination, and the highest was 142-139. Biomass is key for
evaluating the genetic diversity of crops [27] and is usually included for screening diverse germplasm
collections [28]. In this study, the difference in biomass between the highest and lowest germplasm
reached three-fold, suggesting that the mungbean germplasms tested are diverse.

Selenium (20 uM) significantly increased the biomass of eight germplasms (p < 0.05), decreased one
(Sulv 16-10), and showed a non-significant change on the others (Fig. 1A). Wanlv2 showed the highest
Se-driven increment (127%, p < 0.05). Selenium promotes growth in different plant species [29,30].
However, the germplasms in this study showed significantly different phenotypic responses to Se (Figs.
1A, 1B). The possible reason is that the previous studies tested only one or two germplasms, while this
study evaluated genotypic response using a diverse collection of 20 germplasms. Furthermore, just 20 uM
Se was used in our study, the proper Se concentration may vary among different mungbean germplams.

3.2 Mungbean Germplasms Vary in Se Accumulation during Seed Germination

External Se treatment significantly enhanced Se accumulation in mungbean, reaching 2.0-7.0 pug g’
DW (Fig. 2). The highest Se content was observed in 122-225, and the lowest was in Kelv 2. These
values were 118-210-fold higher than those in mungbean germinated without external Se
(0.014-0.035 pg g ' DW) (p < 0.05), indicating that mungbean efficiently accumulates Se during
germination, as previously reported [12,13]. Different plant species are known to vary in abilities to
metabolize Se [31,32]. This study further demonstrates a >3-fold genotypic difference in the Se
enrichment capacity of mungbean. The difference in Se enrichment may correlate with the differential
expression of SeO;> transporter Phtl (phosphate transporter 1) and aquaporins since Phtl consumed
SeO;”” via aquaporins [33]. These results indicate the feasibility of supplementing external Se for
mungbean sprout biofortification, but the genotypic variation should be noted. However, we just
measured the total Se content, the Se speciation in different mungbean germplasms deserves further study.



Phyton, 2024, vol.93, no.3 615

(A)o0:51
B CK [OSe
*
o 041 *
E *
= : ¥
=7
= 0.3 %
z *
*
3
% 0.2-
w»
<
£
S
g 0.1+
0 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Germplasm ID
(B)

CK Se CK Se CK Se

Figure 1: The biomass (A) and phenotypes (B) of mungbean sprouts treated with 20 uM of Na,SeOj (right)
and without Na,SeOj3 (left) at four days after germination. The error bars represent the standard error of the
mean (n = 20). Bar, 1 cm. CK, sprouts germinated normally without Se treatment. Se, sprouts germinated
with 20 uM Se. Values marked by asterisks significantly differ between CK and Se-treated samples,
respectively (p < 0.05). 1, Pinlv 211-6; 2, Pinlv 2011-12; 3, Jilv 0816; 4, Jilv HNZ0810; 5, Sulv
16-10; 6, Sulv 15-11; 7, Elv 5; 8, Bailv 9; 9, Baolv 200810-1; 10, Bailv 10; 11, Tong 1188326; 12,
Liaolv 10L708-5; 13, 122-225; 14, Baolv 201012-7; 15, 1009-2-5; 16, 142-139; 17, Kelv 2; 18, Weilv
11; 19, Weilv 12; 20, Wanlv 2

Recent research indicated that the organic to total Se ratio increases to 90% on the 4™ day of mungbean
seed germination [14]. Accordingly, we harvested mungbean sprouts on the 4™ day for Se accumulation and
nutritional analysis. The RDA for Se (60—70 ng/d) [2] indicates that daily consumption of approximately
210-735 g fresh mungbean sprout could supplement enough Se.

3.3 Selenium Treatment Increases Mungbean Flavonoids

The total flavonoid content was 3.85-7.14 mg RE g~' DW under normal conditions. There is a 1.85-fold
discrepancy between the highest and the lowest values (Fig. 3A). Treatment with 20 uM of Na,SeO;
significantly enhanced the flavonoids in Sulv 16-10, Bailv 9, 122-225 and 1009-2-5 (p < 0.05), but not
other germplasms. The highest increment was 2.2 folds in 122-225.

The major flavonoids, vitexin, and isovitexin, were quantified via HPLC (Fig. S1). The vitexin content
was 0.48-1.20 mg g ' DW in sprouts of 20 mungbean germplasms germinated normally (Fig. 3B). Selenium
treatment differentially influenced vitexin metabolism among germplasms, which increased vitexin
accumulation by 1.43, 2.67, 1.79, and 1.76 folds respectively in Bailv 9, 122-225, 1009-2-5 and
Weilv 12 but decreased it in Pinlv2011-12 and Jilv 0816 (p < 0.05). The isovitexin content was
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0.68-2.07 mg g ' DW in mungbean germplasms without Se treatment (Fig. 3C), with a 3-fold difference
between the highest and the lowest values. Furthermore, Na,SeO; treatment significantly increased the
isovitexin content of Jilv 0816, Sulv 16-10, Tong 1188326, 122-225, Weilv 11, and Weilv 12 (p < 0.05),
with a 2.87-fold increase in 122-225. Comprehensively considering the three indicators, Sulv 16-10,
Bailv 9, 122-225, and 1009-2-5 are potential candidates for Se-biofortification and flavonoid enrichment.
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Figure 2: Selenium accumulation in mungbean sprouts with or without 20 uM Na,SeO3. The data were
collected four days after germination. Error bars represent the standard error of the mean (n = 3). CK,
sprouts germinated normally without Se treatment. Se, sprouts germinated with 20 uM Se. 1, Pinlv 211-6;
2, Pinlv 2011-12; 3, Jilv 0816; 4, Jilv HNZ0810; 5, Sulv 16-10; 6, Sulv 15-11; 7, Elv 5; 8, Bailv 9; 9,
Baolv 200810-1; 10, Bailv 10; 11, Tong 1188326; 12, Liaolv 10L708-5; 13, 122-225; 14, Baolv 201012-
7; 15, 1009-2-5; 16, 142-139; 17, Kelv 2; 18, Weilv 11; 19, Weilv 12; 20, Wanlv 2. Values marked by
asterisks significantly differ between CK and Se-treated samples, respectively (p < 0.05)

Vitexin and isovitexin have important pharmacological activities against various disorders, including
diabetes [34], endometrial cancer [35], and renal injury [36]. However, vitexin and isovitexin, the major
flavonoids of mungbean [37,38], decrease during germination [16,39]. To our knowledge, this is the first
time to report that Se enrichment could regulate the accumulation of vitexin and isovitexin in plants.
Moreover, the 20 mungbean germplasms demonstrated differential flavonoid accumulation under Se
treatment (Fig. 3). These results amend previous reports that Se increases flavonols in soybean sprouts
[40] and isoflavonols in chickpea sprouts [41] via germination. The difference is possibly attributed to the
experimental materials since just one or two germplasms were used in those studies while 20 diverse
germplasm collections were investigated here.

3.4 Se Influences Antioxidant Capacities in Mungbean

Three antioxidant enzymes varied in activity among germplasms (Fig. 4). Under normal conditions, the
genotypic differences between the highest and the lowest germplasms were 2.0-, 2.2-, and 1.9-fold for SOD,
CAT, and APX activities, respectively.

When germinated with Se, 20 germplasms presented different responses in antioxidant enzymes (Fig. 4).
Se treatment decreased SOD activity in Sulv 15-11 and Weilv 12 but increased it in 7 germplasms (p < 0.05),
i.e., Pinlv 211-6, Pinlv 2011-12, Bailv 9, 122-225, Baolv201012-7 and Wanlv 2. CAT activity was boosted in
Bailv 9, 122-225, 1009-2-2, and Wanlv2, while it was decreased in other 4 germplasms when treated with Se
(p < 0.05). For APX, 5 germplasms, i.e., Sulv 16-10, Bailv 9, 122-225, 1009-2-5, and Wanlv 2 showed
increased activities, while Tong 1188326 presented a decreased activity.
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Figure 3: Total flavonoids (A), vitexin (B), and isovitexin (C) contents of mungbean treated with or without
20 uM Na,SeO;. The data were collected four days after germination. Error bars represent the standard error
of the mean (n = 3). CK, sprouts germinated normally without Se treatment. Se, sprouts germinated with
20 puM Se. Values marked by asterisks significantly differ between CK and Se-treated samples,
respectively (p < 0.05). 1, Pinlv 211-6; 2, Pinlv 2011-12; 3, Jilv 0816; 4, Jilv. HNZ0810; 5, Sulv
16-10; 6, Sulv 15-11; 7, Elv 5; 8, Bailv 9; 9, Baolv 200810-1; 10, Bailv 10; 11, Tong 1188326; 12,
Liaolv 10L708-5; 13, 122-225; 14, Baolv 201012-7; 15, 1009-2-5; 16, 142-139; 17, Kelv 2; 18, Weilv
11; 19, Weilv 12; 20, Wanlv 2

Only two germplasms (122-225 and Wanlv 2) had significantly increased activities of three antioxidant
enzymes when treated with Se. Six germplasms including Jilv 0816, Elv 5, Baolv 200810-1, 142-139,
Kelv 2, and Weilv 11 did not show significant changes in all three antioxidant enzymes. These results
suggest that there are genotypic variations in antioxidant enzyme activities, though Se treatment may
fortify the mungbean antioxidant system.

The antioxidant capacities (evaluated using the FRAP and DPPH methods) varied among mungbean
germplasms in response to Se treatment (Fig. 5). Five germplasms, i.e., Sulv 16-10, Bailv 9, 122-225,
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1009-2-5, and Wanlv 2, presented significantly increased FRAP and DPPH values after Na,SeO; treatment
(p < 0.05). The other germplasms gave increased values in one indicator or insignificant changes in both
FRAP and DPPH.
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Figure 4: The activities of antioxidant enzymes: SOD (A), CAT (B), APX (C) in treated (20 uM Na,SeO5)
and untreated (CK) mungbean four days after germination. Error bars represent the standard error of the mean
(n = 3). CK, sprouts germinated normally without Se treatment. Se, sprouts germinated with 20 uM Se.
Values marked by asterisks significantly differ between CK and Se-treated samples, respectively (p <
0.05). 1, Pinlv 211-6; 2, Pinlv 2011-12; 3, Jilv 0816; 4, Jilv HNZ0810; 5, Sulv 16-10; 6, Sulv 15-11; 7,
Elv 5; 8, Bailv 9; 9, Baolv 200810-1; 10, Bailv 10; 11, Tong 1188326; 12, Liaolv 10L708-5; 13, 122-
225; 14, Baolv 201012-7; 15, 1009-2-5; 16, 142-139; 17, Kelv 2; 18, Weilv 11; 19, Weilv 12; 20, Wanlv 2

Selenium has been reported to elicit the physiological, biochemical, and antioxidant defense systems of
plants [42]. Comparing the Se-accumulator and non-accumulator, the higher the biochemical Se tolerance in
plants, the higher the antioxidant enzymes and more non-enzymatic substances are, confirming that the Se
accumulator had a higher antioxidant capacity [19]. However, this conclusion is based on different plant
species, our results further extended the inter-specific characteristic to intra-specific in mungbean.
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Figure 5: Antioxidant capacities: FRAP (A), DPPH (B) of mungbean treated with or without 20 uM
Na,SeO3. The data were collected four days after germination. Error bars represent the standard error of
the mean (n = 3). CK, sprouts germinated normally without Se treatment. Se, sprouts germinated with
20 uM Se. Values marked by asterisks significantly differ between CK and Se-treated samples,
respectively (p < 0.05). 1, Pinlv 211-6; 2, Pinlv 2011-12; 3, Jilv 0816; 4, Jilv HNZ0810; 5, Sulv
16-10; 6, Sulv 15-11; 7, Elv 5; 8, Bailv 9; 9, Baolv 200810-1; 10, Bailv 10; 11, Tong 1188326; 12,
Liaolv 10L708-5; 13, 122-225; 14, Baolv 201012-7; 15, 1009-2-5; 16, 142-139; 17, Kelv 2; 18, Weilv
11; 19, Weilv 12; 20, Wanlv 2

3.5 Se-Promoted Flavonoid Accumulation Is Associated with Flavonoid Biosynthesis Genes

We examined the expression of synthase genes (i.e., VrCHS, VrCHI, VrF3H, and VrFLS) from the
biosynthetic pathway to understand flavonoid accumulation after Se treatment. Two high (Bailv 9 and
122-225) and two low (Pinlv 2011-12 and Baolv 200810-1) Se response germplasms were chosen for
gene expression analysis (Fig. 6A). V*CHS and VrCHI were significantly up-regulated (>4 fold) in Bailv
9 and 122-225 (p < 0.05). In contrast, their expression was not significantly different in Pinlv 2011-
12 and Baolv 200810-1 (p > 0.05). Chalcone synthase (CHS) and chalcone isomerase (CHI) are key
synthases for flavonoid biosynthesis (Fig. 6B), and their expressions were consistent with flavonoid
accumulation (Fig. 6C). Unlike V»CHS and VrCHI, the other two flavonoid biosynthesis genes VrF3H
and JrFLS did not present an expression profile consistent with flavonoid accumulation pattern in
mungbean sprout. The F3H gene was up-regulated in Pinlv 2011-12 but down-regulated in Bailv 9,
Baolv 200810-1, and 122-225, while the FLS gene was up-regulated in all four germplasms. These
results demonstrate that the Se-activated flavonoid is probably attributed to CHS and CHI, but not F3H
and FLS, in mungbean sprouts.

In plants, flavonoid biosynthesis is well understood, though the genes catalyzing naringenin into vitexin/
isovitexin are unclear [43]. Two key biosynthetic genes (CHI and CHS) were up-regulated in two high- but
not in two low-response germplasms. The up-regulation of upstream flavonoid synthases [44], CHI, and CHS
by Se treatment augmented the precursor influx into flavonoid metabolism. However, correlation analysis
indicated that Se enrichment capacity significantly correlates with vitexin and isovitexin but not with total
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flavonoids. These results are possibly explained by the unknown genes that catalyze naringenin into vitexin/
isovitexin, probably up-regulating vitexin/isovitexin. Genotypically, the varied flavonoids in Se-germinated
mungbean are probably correlated with the regulatory elements in CHI and CHS promoters of different
germplasms, but this perception needs further examination.
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Figure 6: Relative expression of genes from the flavonoid biosynthetic pathway. (A) mRNA transcripts of
biosynthetic genes. The qRT-PCR techniques quantified transcripts from mungbean germplasm with a high
and low response to Se treatment (20 uM Na,SeQO3). Non-treated Pinlv 2011-12 samples were considered as
the reference calculating the relative gene expression level of other samples, and the data are averages of four
technical and three biological replicates. CK, sprouts germinated normally without Se treatment. Se, sprouts
germinated with 20 uM Se. Values marked with asterisks significantly differ between plants with high and
low Se levels, treated and non-treated samples, respectively (p < 0.05; n = 3). (B) The flavonoid biosynthesis
pathway in plants. (C) Fold change of each gene with or without Se treatment. The expression of each gene in
Pinlv 2011-12 without Se treatment was conversed to 1 for comparison. 2, Pinlv 2011-12; 8, Bailv 9; 9,
Baolv 200810-1; 13, 122-225

3.6 Se Enrichment Capacity Is Correlated with Vitexin and Isovitexin and Antioxidant-Related Attributes

Fig. 7A shows the correlations between Se enrichment capacity and vitexin, isovitexin, and other
examined parameters. Selenium content was positively correlated with biomass, vitexin, and isovitexin,
and negatively correlated with APX (p < 0.05), indicating that Se influenced their accumulations in
mungbean. The total flavonoids were positively correlated with DPPH and FRAP. These results suggest
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that Se enrichment promotes the increase of biomass, vitexin, and isovitexin in mungbean sprouts. However,
Se enrichment is not significantly correlated with total flavonoids (Fig. 7A). Previous studies have reported
that flavonoids could be turned into other non-flavonoid compounds, such as stilbenes and bibenzyls [45],
which may explain the poor correlation between total flavonoids and Se enrichment capacity.
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Figure 7: The heatmap of the Pearson correlation coefficients generated from the variables of 20 mungbean
germplasms germinated with 20 uM Na,SeO;. (A) Correlation between parameters analyzed in mungbean
plants. * indicates a significant correlation (p < 0.05). (B) PCA biplot showing each genotype score (points)
and group (circles). 1, Pinlv 211-6; 2, Pinlv 2011-12; 3, Jilv 0816; 4, Jilv HNZ0810; 5, Sulv 16-10; 6, Sulv
15-11; 7, Elv 5; 8, Bailv 9; 9, Baolv 200810-1; 10, Bailv 10; 11, Tong 1188326; 12, Liaolv 10L708-5; 13,
122-225; 14, Baolv 201012-7; 15, 1009-2-5; 16, 142-139; 17, Kelv 2; 18, Weilv 11; 18, Weilv 12; 20, Wanlv 2

Principal component analysis (PCA) is an efficient tool that can simplify the information of observations
from several inter-correlated quantitative dependent variables [46]. It was used to describe and elucidate the
sources of variance among mungbean genotypes (Fig. 7B and Table S2). In this study, PC1 and
PC2 explained 29.2% and 19.5% of the total variations (Fig. 7B), mainly representing Se enrichment
capacity, vitexin, isovitexin, and antioxidant-related indicators (Table S2). The results indicated that the
Se treatment mainly influences flavonoid metabolisms, antioxidant enzymes and antioxidant capacities,
implying that these parameters need to be investigated for each mungbean germplasm for Se biofortification.

4 Conclusion

This study reports the differential responses of mungbean germplasms to Se treatment during
germination. The information enlightens that Se enrichment could improve the flavonoid metabolism and
antioxidant system in mungbean during germination, but the detailed response of each mungbean
germplasm to Se should be clarified before commercial application.
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Supplementary Materials

Table S1: The primers used in this study

Gene Primer sequences

VrCHS TCGATTGGCTAAGGATTTGG
CACCTTCACTGTCTGGAGCA

VrCHI TTGGAGGATAAAGCGGTGAC
GCAGCTTCAGCATCACCATA

VrF3H GCACCAAGCTTCAAAAGGAG
CACCACCCCACGTAGGTACT

VrFLS AATGCACAGGTTCCATCCTC
GTCAGCAGCCAAACCTAAGC

VrACTIN TCCACGAGACAACATATAACT

TCCTTGCTCATCCTATCAG
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Table S2: Summary of principal component analysis of variables extracted from mung bean

Principal component' PC 1 PC 2 PC 3 PC 4
Eigenvalue 2.62 1.75 1.38 1.13
Explained variance (%) 29.21 19.50 15.40 12.62
Variable Correlation®
Flavonoids 0.865* —0.659* 0.160 —0.034
Vitexin —0.870* —0.522%* 0.085 —0.364
Isovitexin -0.717* —-0.320 0.527* 0.498
FRAP 0.734* —0.6698* 0.180 0.420
DPPH 0.062 —0.830* —0.680%* 0.359
SOD —0.021 0.363 0.494 0.624*
CAT —0.691* —0.148 —0.756* —0.074
APX 0.137 —0.484 0.474 —0.744%*
Se —0.870* —0.461 0.405 0.108

Note: ! PC: principal component. * * indicates correlated variable in the main component.
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Figure S1: The HPLC chromatograms for quantification of vitexin and isovitexin
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