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Abstract: Mung beans (Vigna radiata L.) are rich in health-promoting phenolics. This study presents a sys-
tematic investigation of the phenolic profiles and antioxidant capacity across 182 diverse mung bean accessions,
documenting genotypic variation. Comprehensive analyses revealed that variations in total phenolic content
(0.40-1.54 mg GAE/g DW) and total flavonoids (0.78—4.65 mg RE/g DW) are strongly correlated with anti-
oxidant capacity. The measures of antioxidant activity analyzed include ferric reducing antioxidant power
(FRAP), DPPH (2,2-diphenyl-1-picrylhydrazyl), and ABTS (2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) radical scavenging. Ultrahigh-performance liquid chromatography with quadrupole time—flight mass
spectrometry (UPLC-QTOF-MS) tentatively identified 31 phenolics (including flavonoids, phenolic acids, and
coumarins), with the C-glycosyl flavone isovitexin (243—1734 pg/g DW) predominating. Gene-expression
analysis of 24 representative genotypes revealed that transcript levels of phenylalanine ammonia-lyase (PAL),
chalcone synthase (CHS), and polyphenol oxidase (PPO) are correlated with phenolic accumulation. Signifi-
cant variations associated with genotype and geographical origin were observed, with genotypes Jinlv 7 (Shanxi)
and Sulv 6 (Jiangsu) exhibiting superior phenolic and antioxidant profiles, making them potential candidates for
breeding programs. These results provide a scientific basis for breeding highly phenolic mung beans in order to
develop functional foods and natural antioxidants.
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1 Introduction

Mung beans, commonly called green gram or lvdou, are the seeds of the leguminous plant Vigna radiata L.
They contain balanced nutrients, including protein, dietary fiber, minerals, vitamins, and bioactive compounds
(Gan et al., 2017). Because of their significant nutritional and medicinal value, mung beans are widely utilized
as both food and traditional medicine (Ganesan et al., 2018). Notably rich in protein, they serve as a vital crop
for meeting daily intake requirements, particularly in Asia (Nair et al., 2013; Hou et al., 2019). Emerging evi-
dence highlights their health benefits, including antioxidant, anti-inflammatory, antidiabetic, anti-
hyperlipidemic, anticancer, hepatoprotective, and immunomodulatory effects (Liyanage et al., 2017; Gupta et
al., 2018; Lopes et al., 2018). These functions are primarily associated with an abundance of phytochemicals,
particularly phenolics.

Phenolic compounds, the most abundant and ubiquitous plant secondary metabolites, feature hydroxylated
aromatic rings (Lattanzio et al., 2013). Based on carbon skeletons, they are categorized into phenolic acids,
coumarins, tannins, flavonoids (including flavones, flavonols, isoflavones, flavanones, flavanonols, and an-
thocyanins), and others. A key bioactivity of phenolics is antioxidant capacity, the ability to scavenge reactive
oxygen species or free radicals, thereby protecting against oxidative stress (Hunyadi et al., 2019). This fun-
damental property underpins their crucial role in maintaining health and normal physiological function, in-
cluding prevention of cancer and other chronic diseases (Ghasemzadeh et al., 2011). Given these
health-promoting properties, phenolics have become a major research focus in nutritional and food science (de
Souza et al., 2018).

As mentioned above, mung beans are rich in phenolics, primarily phenolic acids, flavonoids, and tannins
(Leeetal., 2011; Shietal., 2016; Singh et al., 2017a, 2017b), among which isoflavones (e.g., daidzein, genistein)
are prominent (Ganesan et al., 2017). The composition and content of these bioactive compounds vary signif-
icantly due to multiple factors, including intrinsic factors such as cultivar genotype and seed-coat color; ex-
trinsic factors, i.e. climatic conditions and agronomic practices during cultivation; and methodological factors,
e.g. extraction techniques and analytical procedures (Zhang et al., 2013). Mung beans exhibit distinct phenolic
profiles influenced by their biosynthetic pathways. Studies suggest that gene-expression patterns such as up-
regulation of PAL and CHS enhance phenolic accumulation, as observed in mango peels and tomatoes (Cheynier
etal., 2013; Hoang et al., 2015). These pathways may also contribute to phenolic biosynthesis in mung beans,
underscoring their nutritional and commercial value.

Despite the well-documented health benefits of mung bean phenolics, research on the links between gen-
otypic variation, phenolic profiles, and antioxidant activity is still limited. Current screening methods for
high-phenolic varieties remain inefficient due to the heterogeneity in phenolic content and composition. In this
study, we systematically investigated the total phenolic/flavonoid content, antioxidant activity, and detailed
phenolic composition of 182 mung bean genotypes, as well as the gene-expression levels of key enzymes for the
biosynthesis and regulation of phenolics, to examine associations between genotypic traits, phenolic accumu-
lation, and antioxidant performance. This work should accelerate the breeding of elite cultivars with superior
nutraceutical value and offer a scientific framework for genetic improvement, as well as a pathway toward
industrial sustainability.

2 Results and discussion
2.1 Total phenolic and flavonoid content in different genotypes of mung beans

Phenolics in mung beans have garnered significant attention due to their bioactivity (Hou et al., 2019).
Total phenolics and flavonoids, key indicators of phenolic content, exhibit antioxidant, anti-inflammatory,
hypoglycemic, and antitumor activity (Luo et al., 2016; Randhir et al., 2007). Our analysis of TPC and TFC in
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mung bean genotypes from distinct regions revealed inter-varietal differences, with all 182 accessions detailed
in Table S1 and 24 representative genotypes in Table 1.

Table 1 Total phenolic content (TPC), total flavonoid content (TFC), and antioxidant capacity of 24 representative mung

bean genotypes

TPC TFC FRAP DPPH ABTS
Mung bean genptype Origin (mg GAE/g (mg RE/g (umol (umol TE/g  (umol TE/g

DW) DW) Fe2*/g DW) DW) DW)
Bailv 11 BAAS, Baicheng, Jilin 1.11 £0.02 2.19+0.68 8.19+£0.54 7.80+0.49 5.10+0.25
Bao 20050 Weifang, Shandong 1.28 £0.02 1.80+0.03 12.81+0.25 3.26+0.27 3.38+£0.08
Baolv 2 Hefei, Anhui 0.97 +0.02 1.81 +£0.07 8.96 +0.17 4.84+0.17 3.83+0.14
Binglv 15 SAAS, Taiyuan, Shanxi 1.38 £0.06 1.71£0.04 12.16+037 3.63+0.38  9.03+0.22
Dayinggelv 925 C5786 BAAS, Baicheng, Jilin 1.54£0.07 1.81+0.17 11.28+£1.69 6.53+044  821=+0.09
De 0518 Weifang, Shandong 0.64 +0.01 1.48+0.05 12.02+0.37 3.92+0.19 1.74 +£0.04
Guangrao 1 Weifang, Shandong 1.20+£0.01 1.72+0.08 11.31+£0.17 3.11+041 2.82+£0.04
LZL148 Jilv3 SYAU, Shenyang, Liaoning 1.25+0.07 1.87+0.19 9.50+0.28 2.70+0.15 2.70£0.06
Jilv 7 Hebei 1.06 =0.04 1.97+£0.08 9.57+0.08 420+0.19 5.41+0.03
Jinlv 7 Shanxi 1.46 £ 0.07 225+0.18 16.10+0.79 8.33+0.94 8.82 +£0.07
Keda2 NCES, Nanyang, Henan 0.79 +£0.05 2.08+0.02  10.11+0.21 5.43+0.07 2.22+0.07
Liaolv 5 Liaoning 1.26 £0.08 233+0.04 792+0.79 337+£0.23 538+0.01
Lvfeng 3 SYAU, Shenyang, Liaoning 1.05+0.03 1.79+0.08 8.92+0.16 555+0.13 2.86=0.09
Nenlv 10 HAAS, Harbin, Heilongjiang 0.82+0.03 1.80+0.11 9.68 +0.21 3.35+0.09 3.66 +0.06
Sulv 2 Jiangsu 1.33 £0.06 1.94+0.32 1390+0.30 7.81+0.35 7.25+0.12
Tulv 7 Huhehaote, Neimenggu 0.81 £0.02 1.97+0.06 10.53+037 5.08+0.12 2.84=+0.10
Wanlv 2 ES, Hefei, Anhui 1.06 +0.03 281+0.14 898+£0.63 395+0.21 4.39+0.19
Wanlv 6 Henan 1.21 £0.04 299+0.14 1271+0.36 6.33+£0.06 2.64+0.11
Weilv 4 Weifang, Shandong 1.41 +£0.02 1.89+£0.07 10.74+091 3.04+£0.47 0.57 £0.07
Yulv 9 Chongqing 0.99 +0.09 1.86+£0.13  831+0.21 4.19+024 4.08+0.15
Zhenglv 17 NCES, Nanyang, Henan 0.77 £0.01 1.62+0.07 942+0.12 3.31+0.19 1.89 +£0.10
Zhonglv 5 Beijing 1.10+£0.02 2.08 £0.05 8.28 £0.12 3.76 £ 0.09 4.88 +£0.22
Jilv 3 x Jilv 7 JAAS, lilin, Jilin 0.99 +0.06 2.64+0.10 8.59 +£0.08 3.75+0.17 4.89+0.24
Lvfeng 3 x Sulv 2 JAAS, Jilin, Jilin 0.93 £0.07 246+0.12 8.68+0.25 5.06+1.02 4.68+0.06

Data are represented as the mean + standard deviation (SD, n = 3). FRAP, ferric reducing antioxidant power; DPPH, DPPH radical scavenging
activity; ABTS, ABTS radical cation scavenging activity; DW, dry weight; GAE, gallic acid equivalent; RE, rutin equivalent; TE, Trolox equiv-
alent; JAAS, Jilin Academy of Agricultural Sciences; BAAS, Baicheng Academy of Agricultural Sciences; SAAS, Shaxi Academy of Agricultural
Sciences; ES, Experimental Station; HAAS, Heilongjiang Academy of Agricultural Sciences; SYAU, Shenyang Agricultural University; NCES,
Nanyang Comprehensive Experimental Station.

The TPC among the 182 genotypes ranged from 0.40 = 0.02 mg GAE/g DW (Henanzhenzhulvdou) to
1.54 = 0.07 mg GAE/g DW (Dayinggelv 925 C5786), with a mean of 0.91 = 0.23 mg GAE/g DW. The top six
accessions (> 1.3 mg GAE/g DW) were LZL035 Bei 2 D0797 (Liaoning), Sulv 2 (Jiangsu), Binglv 15 (Shanxi),
Weilv 4 (Shandong), Jinlv 7 (Shanxi), and Dayinggelv 925 C5786 (Jilin). Geographically, Shanxi accounted for
two, with the remaining four coming from Liaoning, Jiangsu, Shandong, and Jilin. Most accessions (72%) fell
in the moderate range (0.7-1.1 mg GAE/g DW). Black-coated genotypes LZL190 Heizhenzhu 1 and LZL189
Heilvdou 1 exhibited above-average TPC (1.27 = 0.03 and 1.12 = 0.05 mg GAE/g DW, respectively). These
findings are consistent with previous reports by Shao et al. (2014) on pigmented rice, which demonstrated that
black rice contained more phenols than red or white rice varieties. Owing to our having just two black-seeded
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accessions in this study, attributing higher TPC solely to coat color is untenable, and broader color-balanced
studies would be required to dissect genotype from pigmentation.

Similarly, TFC varied markedly, from 0.78 + 0.06 mg RTE/g DW (Ji 0204) to 4.65 + 0.21 mg RTE/g DW
(Sulv 6), with a mean of 1.88 £ 0.50 mg RTE/g DW. Most accessions (74%) exhibited values within the 1.4-2.2
mg RTE/g DW range. The top four (TFC > 3.0 mg RTE/g DW) were Sulv 6 (Jiangsu), Baolv 200212 x Jilv 7
(Jilin), Wanheilv 1 (Anhui), and Sulv 3 (Jiangsu). All exceeded the mean by 72-148%. Notably, Jiangsu con-
tributed two, including the top-ranked accession.

Our TPC (0.40-1.54 mg GAE/g DW) and TFC (0.78—4.65 mg RE/g DW) ranges are broadly comparable
to, but not identical to, early reports. Shi et al. (2016) reported 2.05-2.38 mg GAE/g and 20.08-24.35 mg RE/g
across 20 cultivars; Lee et al. (2011) found similar TPC (2.03 £ 0.09 mg GAE/g DW) but different TFC (1.49 £
0.56 mg CAE/g, using catechin equivalents); Zhang et al. (2013) obtained 1.86-5.07 mg GAE/g and 1.81-5.97
mg RE/g with acetone—water, but much lower values (0.08-0.28 mg GAE/g and 0.74-1.92 mg RE/g) with
methanol, underscoring the strong influence of extraction solvent. These discrepancies stem from multiple
interrelated factors, including genotype, seed-coat proportion, cultivation conditions, extraction solvent, and
analytical methods. Our 182 accessions represent a much broader genetic base than most previous surveys,
inherently widening the phenotypic spectrum. Dark-colored seed coats (black or dark green) are richer in
phenolics (Shao et al., 2014), and our collection included such pigmented types. Phenolic contents vary dy-
namically during growth (Lu et al., 2019) and are significantly affected by geographical origin, cultivar, and
processing methods (Zhang et al., 2021). Although all accessions were grown at a single site to reduce envi-
ronmental variation, the original seed sources may impose persistent epigenetic or maternal effects (Zuk et al.,
2019). In addition, extraction conditions and methodological choices (standards, wavelengths, and reaction
times) directly affect absolute values. Collectively, these factors highlight the predominant influence of genetic
diversity and the need for standardized protocols in assessing mung bean phenolic profiles.

2.2 Invitro antioxidant capacity in different mung bean genotypes

Free radicals damage biomolecules, contributing to inflammation, aging, and cardiovascular disorders
(Phaniendra et al., 2015) and are mitigated by antioxidants. Antioxidant capacity is measured by chromogenic
detection of radical neutralization with hydrogen donors (e.g., phenolics). To evaluate this key indicator of
mung bean functional quality, we assayed in vitro antioxidant activity with three complementary assays (FRAP,
DPPH, and ABTS) on 182 genotypes. The FRAP assay evaluates reducing power via Fe**—Fe*" conversion
(Shen et al., 2022); DPPH assesses lipophilic radical scavenging (Huang et al., 2012); and ABTS determines
total capacity in both hydrophilic and lipophilic phases (Cano et al., 2002). It is important to note that these
assays reflect chemical scavenging under controlled conditions and do not directly predict in vivo bioactivity,
which depends on absorption, metabolism, and tissue accumulation of phenolics (Hunyadi, 2019).

The differential rankings of genotypes across the three assays are noteworthy (Table S1). The FRAP
ranged from 4.60 + 0.33 to 16.10 £ 0.79 pmol Fe**/g DW, with Jinlv 7 (Shanxi) showing the highest value. The
DPPH varied from 0.76 £ 0.29 to 8.63 + 0.24 pmol TE/g DW, with Sulv 5 (Jiangsu) producing the maximum
value. However, Sulv exhibited only a moderate FRAP value, implying a phenolic profile favoring hydrogen
donation to the lipophilic DPPH radical over Fe** reduction. The ABTS ranged from 0.41 +0.01 to 9.03 £ 0.22
umol TE/g DW, with Binglv 15 (Shanxi) demonstrating the strongest activity. Notably, four of the top five
ABTS performers (Binglv 15, Jinlv 7, Dayinggelv 925 C5786, Sulv 5 and Sulv 2) were also among the high-
est-TPC accessions, suggesting the role of phenolics as major contributors. The discrepancies arise from the
distinct chemical principles of each method and the fact that individual phenolics differ with regard to redox
potential and radical-scavenging preferences. Synergistic or antagonistic interactions among coexisting phe-
nolics may further modulate each assay outcome (Hunyadi, 2019). The observed ranges in our study (e.g.,
ABTS 0.41-9.03 umol TE/g DW) are comparable with previous reports for Chinese cultivars (3.83-13.44 umol
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TE/g DW; Shi et al., 2016) but lower than those for black-seeded varieties (8.76-21.79 pumol TE/g DW; Yao et
al., 2013), likely due to genetic differences and variations in extraction and quantification protocols.

Table 2 Qualitative results for major phenolic components in the mung bean extracts by UPLC-QTOF-MS analysis

Compound name N Ionization Retention Molecular Expected Precursor Error Major MS/MS
mode time(min) formula (m/z) ion (m/z) (ppm) fragments (m/z)
PHENOLIC ACIDS
4-Hydroxybenzoic acid 181 [M—H] 7.94 C7HeOs3 137.0244  137.0246 1.2 93.0357, 65.0428
p-Coumaric acid 36 [M—H] 12.09 CoHs03 163.0401 163.0401  -0.1  119.0506, 93.0347
Ferulic acid 5 [M—H] 13.13 CioH1004  193.0506 193.0505 -0.8  178.0280,134.0373
FLAVONOIDS
Flavones
Isoorientin (Luteolin-6-C-glucoside) NA  [M+H]* 11.77 C21H20011  449.1078  449.1077  -0.4  329.0654
Orientin (Luteolin-8-C-glucoside) NA [M-H] 12.11 C21H20011  447.0933  447.0919  -3.1  357.0618, 285.0406
Glucosylvitexin (Vitexin-2"-O-glucoside) NA  [M+H]* 12.53 C27H30015  595.1657  595.1656  -0.3  433.1125
Isovitexin (Apigenin-6-C-glucoside) 182  [M+H]* 13.00 C21H20010  433.1129  433.1126  -0.8  415.1006, 313.0684
Vitexin-2-O-rhamnoside 24 [M+H]* 13.21 C27H30014  579.1709  579.1683 43 433.1117,415.1000
_ L . 341.0635,283.0589,
Vitexin (Apigenin-8-C-glucoside) 106 [M—H] 13.35 C21H20010  431.0984 431.0976  -1.8 269.0444
Luteoloside (Luteolin-7-O-glucoside) 87 [M—H] 16.03 C21H20011  447.0933  447.0916  -3.7  285.0395
Luteolin NA  [M+H]* 18.4 CisHi100s  287.055 287.0545 -1.9  153.0179
[M—H] 18.64 CisH100s  285.0405 285.0396  -2.8  175.0392,151.0023
Diosmetin (Luteolin-4-methyl ether) NA  [M-HJ 21.35 CicH1206  299.0561 = 299.0553  -2.6  284.0318
Isoflavones
Genistein (4',6,7-Trihydroxyisoflavone) 182  [M+H]* 10.83 CisH100s  271.0601 271.0597 -1.6 ?2?'8?;3’243'0654’
Puerarin (Daidzein-8-C-glucoside) 182  [M-HJ 15.10 C21H2009  415.1034 415.1022  -3.1  295.0604, 267.0651
Genistin (Genistein-7-O-glucoside) NA [M-HJ 15.25 C21H20010  431.0984  431.0968  -3.8  269.0453
N . . " 237.0568,199.0956,
Daidzein (4',7-Dihydroxyisoflavone) 96 [M+H] 17.31 CisH100s4  255.0652  255.0646  -2.2 137.0233
Flavonols
Rutin (Quercetin-3-O-rutinoside) 15 [M—-HJ 1333 C27H30016  609.1461  609.1458  -0.5  301.0338, 300.0274
Isoquercitrin (Quercetin-3-O-glucoside) 141 [M+H]* 13.42 C21H20012  465.1028  465.1003  -5.3  303.0482
Nicotiflorin (Kaempferol-3-O-rutinoside) 128  [M+H]* 14.07 C27H30015  595.1657 595.1636  -3.6  287.0547
Isorhamnetin-3-O-neohesperidoside NA [M=H] 14.28 CasH32016  623.1617  623.1596  -3.5  315.0458
Astragalin (Kaempferol-3-O-glucoside) 91 [M+H]* 14.58 C21H20011  449.1078  449.1066  -2.7  287.0549
Kaempferide (Kaempferol-4'-O-methyl ether) NA  [M+H]* 21.19 CisH1206  301.0707 301.07 -2.1  286.0463, 258.0517
Flavanones
Naringin (Naringenin-7-O-neohesperidoside) NA  [M-HJ 14.57 Co7H32014  579.1719  579.1698  -3.7  271.0602, 151.0040
Naringenin 19 [M+H]* 15.16 CisHi20s  273.0758 273.0749  -3.3  273.1148, 153.0173
[M—H] 2079  CisHnOs 271.0612 2710606  -2.2 }Z;.gégg,lsl.oozl,
Eriodictyol (3',4',5,7-Tetrahydroxyflavanone) 17 [M—H] 18.30 CisHi206  287.0561  287.0549  -4.2  151.0024
Flavanonols
Dihydrokaempferol NA  [M+H]* 10.83 CisHi206  289.0707 289.0702  -1.7  153.0191
[M—H] 11.83 CisHi20s  287.0561 287.0553  -2.9  243.0657, 125.0257
287.0551,
Dihydroquercetin 161  [M+H]" 11.09 CisHi207  305.0656  305.0651  -1.5  259.0611,231.0658,
153.0176
[M—H] 13.76 CisHi207  303.051  303.0503  -2.3  285.0388, 125.0242
Anthocyanin
Cyanidin-3-O-glucoside 116  [M+H]" 14.58 C21H20011  449.1078  449.1066  -2.7  287.0549
COUMARIN COMPOUNDS
NA [M+H]" 7.24 CisHi609  341.0867 341.0865 -0.8  179.0335
Esculin (6,7-Dihydroxycoumarin-6-glucoside) [M-H] 770 CisHicOo  339.0722  339.0707  -43 };;8;2;,
Scopolin n
(7-Hydroxy-6-methoxycoumarin-p-D-glucoside) [M+H] 8.86 CieHigOs 3551024 3551012 3.3 193.0434
Esculetin (6,7-Dihydroxycoumarin) NA  [M+H]" 9.42 CoHsO4 177.0193  177.0194 0.4 133.0293

N, the number of mung bean accessions detected in HPLC. NA, not applicable. All compounds were tentatively identified by matching MS/MS
data against the SCIEX targeted metabolite library, and identification confidence levels were putative identification.
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2.3 Preliminary identification of phenolics in mung beans

Here, we analyzed the phenolic composition of mung beans qualitatively using UPLC-QTOF-MS, a
high-resolution platform that enables sensitive and rapid phenolic profiling with excellent reproducibility (Chen
et al., 2023). By matching retention time, accurate mass (error < 5 ppm), MS/MS fragmentation patterns, and
cross-referencing with the SCIEX library and relevant literature, a total of 31 phenolic compounds were tenta-
tively identified. As detailed in Table 2, these compounds span phenolic acids (4-hydroxybenzoic acid,
p-coumaric acid, and ferulic acid), coumarins (esculin, scopolin, esculetin), and 25 flavonoids across six sub-
classes, including nine flavones (vitexin, isovitexin, glucosylvitexin, vitexin-2-O-rhamnoside, luteolin, lute-
oloside, orientin, isoorientin, diosmetin), four isoflavones (daidzein, puerarin, genistein, genistin), six flavonols
(rutin, isoquercitrin, nicotiflorin, astragalin, kaempferide, isorhamnetin-3-O-neohesperidoside), three fla-
vanones (naringenin, naringin, eriodictyol), two flavanonols (dihydrokaempferol, dihydroquercetin), and one
anthocyanin (cyanidin-3-O-glucoside); this is consistent with previous reports (Yang et al., 2020).

Phytoestrogens, including genistein, daidzein, and glycitein, are bioactive compounds exhibiting weak
estrogen-like effects that predominantly accumulate in leguminous plants, especially soybeans and mung beans
(Zaheer et al., 2017). Mazur et al. (1998) isolated daidzein (9.7 pg/100 g DW) and genistein (365 pug/100 g DW)
from soybeans, while Tang et al. (2014) identified genistein and its glycoside compounds in mung beans. We
successfully detected the aglycone forms of daidzein and genistein, as well as a glycosylated conjugate, genistin,
all of which belong to the isoflavones subclass. It is noteworthy that while flavonoids predominantly exist as
glycosylated or esterified conjugates (Hou et al., 2019), our results confirm that the free aglycone forms can also
be detected in certain cases.

2.4 Quantification analysis of phenolics in different mung bean genotypes

We performed further quantitative analysis of 18 phenolics across the 182 genotypes using HPLC, which
brought their content variability to light. Of the compounds analyzed, six (ferulic acid, rutin, eriodictyol,
naringenin, vitexin-2-O-rhamnoside, and p-coumaric acid) were detected in < 40 accessions (Table 2) with
means < 10 pg/g DW. Astragalin occurred in 91 accessions at a moderate level (13.23 = 12.07 pg/g DW). The
remaining 11 major phenolics (mean values > 50 pg/g DW or present in > 100 accessions) are detailed in Table
S4 (full dataset) and Table 3 (24 representative genotypes). These major compounds belong primarily to the
flavone (e.g., isovitexin, luteoloside), isoflavone (e.g., genistein, puerarin), and phenolic acid (e.g.,
4-hydroxybenzoic acid) subclasses.

Isovitexin (759.53 + 249.61 pg/g DW) and puerarin (227.31 + 77.43 ng/g DW) were the most abundant
flavonoids distributed in all accessions, while 4-hydroxybenzoic acid (302.90 + 134.27 pug/g DW) dominated in
181 accessions. They collectively accounted for > 69% of the total quantified phenolics. Widely distributed
minor compounds included genistein (39.09 + 36.90 pg/g DW, all), isoquercitrin (23.58 + 7.26 pug/g DW, n =
141), and dihydroquercetin (5.53 = 2.67 pg/g DW, n = 161). Isovitexin ranged from 243.39-1734.13 pg/g DW,
peaking in Jinlv 7 (Shanxi, 1734.13 £ 0.27 pg/g DW), Liaolv 5 (Liaoning, 1675.30 + 11.09 pg/g DW), and
Binglv 9 (Shanxi, 1468.39 + 1.83 pg/g DW). Notably, Zhonglv 5 (Beijing) contained exceptionally high
4-hydroxybenzoic acid (709.10 £+ 2.64 pug/g DW) and luteoloside (855.36 + 5.94 pg/g DW). Conversely, Weilv
12 had the lowest isovitexin (243.39 + 4.92 ug/g DW) and 4-hydroxybenzoic acid (165.36 = 11.64 ng/g DW),
while C0925 had the lowest luteoloside (4.14 £ 7.20 pug/g DW); both of these bean varieties were from Weifang.
Hybrids (Jilv 3 x Jilv 7 and Lvfeng 3 x Sulv 2) exhibited intermediate levels, suggesting heterosis.
Luteoloside, detected in 87 accessions, showed huge variation (mean 367.77 + 317.84 ug/g DW). Cya-
nidin-3-O-glucoside was absent (ND) in 66 genotypes, with a very low mean (3.42 + 0.91 pg/g DW). Daidzein
(ND-138.11 + 1.64 pg/g DW), nicotiflorin (ND-113.70 + 8.16 pg/g DW), and vitexin (ND-70.01 = 4.37 ng/g
DW) also varied substantially. The extensive variability suggests genetic or regional influences on phenolic
biosynthesis (Boudet et al., 2007).
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Table 3 Quantitative results for major phenolic components in the extracts of 24 representative mung bean genotypes by HPLC analysis

7

Content (ug/g DW)

Mung bean ) Cya-
genptype 4-Hydcr(;)g(}13en201 Isovitexin Vitexin Luteoloside Genistein Puerarin Isoquercitrin Nicotiflorin Dihydroquercetin Daidzein nidin-3-0-gl
ucoside
Bailv 11 486.95 +41.87 778.35+5.21 42.51 £24.54 830.81 +5.23 26.77+0.07 119.67 £ 11.92 30.22+0.91 27.73 £17.59 1.42+1.32 ND ND
Bao 20050 273.60 £ 1.74 807.31 +47.34 0.02 +0.03 32.91+0.73 27.87+£0.13 186.96 + 5.41 16.39+£0.18 113.70 +8.16 6.22 +0.90 135.44+0.60 2.44+0.11
Baolv 2 386.44 +0.39 991.81 £0.67 ND ND 30.50 +0.04 215.22+0.13 27.87+0.04 24.30+0.79 5.41 +£1.37 2.70 £0.02 ND
Binglv 15 544.11 £ 16.55 1253.39 £7.28 ND 2991 +14.04 33.11 £4.04 362.43 £5.70 37.34+5.61 28.04 £19.29 6.93+5.53 0.12+0.04 2.28+1.35
b aylgiizlg 95 S1463+6423 119590+ 651  63.04+24.80 ND 4158008  22696+024 7071224  52.14£16.55 6.92+074  0.1320.01 ND
De 0518 113.57 +33.98 617.22 +40.66 8.53 £5.28 ND 31.51+£0.12 258.28 £4.59 ND 5.69 +£3.28 0.97 £0.46 ND ND
Guangrao 1 360.54 +11.06 889.37 + 6.82 ND 5.95+5.21 27.59+0.21 194.92 +3.97 28.57+£6.10 0.03 £0.02 431+0.74 135.98+0.64  3.41 £0.04
LZL148 Jilv 3 389.19£0.92 1046.39 +£0.54 0.05 +0.00 9.37+£0.08 30.27 £0.02 412.07 £0.42 23.99£0.21 ND 8.20 +£0.60 7446 +£0.05 3.12+0.01
Jilv 7 535.07 £ 0.75 784.10 +£1.31 ND 780.85 +7.79 30.87+£0.08 279.22 £13.03 23.97+0.38 ND 6.65 +0.62 0.19+£0.01 1.64 £0.07
Jinlv 7 589.96 +2.44 1734.13 £0.27 56.38 +4.11 7.48 £0.15 148.60+£0.21  236.44 + 11.57 35.93+£0.63 78.44 £ 4.16 10.20 £ 0.06 ND 1.39+1.48
Keda 2 383.25+£23.13 913.43£2.83 4.00 +3.69 ND 160.62 +9.09  227.95+4.83 11.36 + 19.67 0.04 £0.01 4.38+£0.25 ND 1.45+0.03
Liaolv 5 453.50 £99.11 1675.30+11.09 56.40 + 6.69 ND 33.27+£0.08 338.52+0.97 31.40 +13.70 67.85+31.92 1294 +£1.78 ND 1.97+0.17
Lvfeng 3 289.46 +6.57 894.30 +3.76 ND ND 35.23 +£0.05 23520+2.84 ND 0.03 £0.01 5.60 +£0.09 75.46 £0.06 ND
Nenlv 10 339.99 £ 18.66 1008.86+13.94  18.13+10.44 11.47 £5.48 44,11 £1.36 165.70 £ 1.89 21.62 £ 1.46 ND 3.79+2.28 10.89£6.29 1.57+£0091
Sulv 2 624.62 +0.10 607.35+1.49 2.25+0.06 624.22 +2.61 41.67 +£0.08 28297 +1.67 22.52+0.13 1741 £1.11 5.89+£0.01 0.22+0.01 ND
Tulv 7 457.38 £9.49 867.99 + 6.49 1.07 £ 1.59 ND 272.03+12.28 310.23+2.45 ND 0.03+0.01 449 +0.94 ND 1.76 £0.02
Wanlv 2 248.81 £0.09 1015.67 £0.22 31.97+0.35 ND 35.10+£0.04 217.26 £0.32 8.47£0.11 3586 +1.01 3.53+£0.02 2.60 £0.02 ND
Wanlv 6 545.95+0.92 1155.15+4.41 ND ND 4478 £0.10 53433 +1.34 29.70 £0.18 68.99 +5.81 5.17+£1.82 ND 2.15+0.07
Weilv 4 400.90 +36.76 1027.41+£7.23 15.68 £9.05 ND 3422 +0.27 471.51 £7.06 ND 33.92 +22.21 0.97 £ 0.04 110.71+0.12 ND
Yulv 9 372.98 £0.27 1145.66 +1.08 ND ND 23.56 +0.04 324.59 £0.39 26.06 +0.06 39.04 £0.08 445+1.21 0.17+£0.01 ND
Zhenglv 17 269.30 + 3.66 981.28 £ 6.90 0.05+0.01 ND 152.93 +1.69 172.88 £3.94 37.06 +1.34 0.03 £0.01 6.84 +0.66 ND 0.82 +£0.50
Zhonglv 5 709.10 +2.64 869.22 +23.97 0.05+0.01 855.36 +£5.94 30.33 £0.06 253.64 £6.18 29.09 £0.59 5.15+2.97 8.05 +0.06 0.07£0.01 1.39£0.01
Jilv 3 x Jilv 7 404.94£109.86 690.99 + 18.14 70.01 £4.37 644.00 +32.09 36.24+£0.19 24146 £2.22 12.61 £10.74 3.75+2.13 4.72+£0.05 ND 2.97 £0.09
Lvfeng 3xSulv 2 211.50 +4.41 607.76 + 8.69 43.80 £2.83 675.69 £ 19.44 31.29+£0.06 192.79 £5.59 6.57+0.22 0.05+0.01 4.40 +£0.06 ND 3.02+0.01

Data are represented as the mean + standard deviation (SD, n = 3). DW, dry weight; ND, not detected.
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The phenolic profile of mung beans exhibits a distinct compositional hierarchy. Flavones (especially
C-glycosyl flavones, mainly isovitexin and luteoloside) are the most abundant subclass, followed by phenolic
acids (notably 4-hydroxybenzoic acid) and isoflavones (particularly genistein). Other flavonoid subclasses
(flavonols, flavanones, flavanonols, and anthocyanins) occur at lower levels. Mung bean flavonoids, especially
flavones, play a core defensive role through antioxidant activity, pathogen inhibition, and stress signaling, while
influencing nutritional quality (Das et al., 2024). Phenolic acids contribute to antioxidant, anti-inflammatory,
and hypoglycemic effects, and their levels are enhanced during germination (Tomé-Sanchez et al., 2020). Iso-
flavones are involved in hormone modulation and anticancer activity, though they require fermentation or
germination for bioactivation (Aboushanab et al., 2022). The differences in abundance among subclasses reflect
their distinct biosynthetic pathways and physiological functions, illustrating the complex interplay between
mung beans' chemical-defense and nutritional applications.

2.5 Genotypic and regional variations of phenolics in mung beans

The phenolic-compound content of food crops is influenced by genotype (variety or accession) and ag-
ronomic practices, as well as post-harvest and climatic conditions (Zuk et al., 2019). In our study, all 182 mung
bean genotypes were cultivated under identical agronomic conditions at a single site to minimize environmental
variation. This controlled cultivation revealed that the observed differences in phenolic distribution were as-
sociated with genotypic variation and geographical origin. However, a common-garden experiment cannot
eliminate all confounders from original seed sources. The observed geographical differences likely reflect the
genetic composition of the accessions, not direct environmental effects at their origin.

Significant genetic variation exists among mung bean accessions with regard to TPC, TFC, and key indi-
vidual phenolics. Ten major variety series are shown in Fig. 1. Notably, Sulv, Jinlv, Liaolv, and Binglv displayed
significantly higher TPC, with means exceeding 1.0 mg GAE/g DW (Fig. 1a, p <0.05 vs. Weilv). Among
these, Sulv stood out as having the highest levels of TPC, TFC, and 4-hydroxybenzoic acid, consistent with its
superior DPPH radical-scavenging capacity. Jinlv ranked second in both TPC and isovitexin content, which
correlated with its high FRAP activity, while Binglv exhibited the greatest puerarin accumulation, corre-
sponding to its exceptional ABTS scavenging performance. In contrast, Bailv exhibited the highest luteoloside
concentration but the lowest FRAP value (Fig. 1b-f). We observed notable differences even among genotypes of
the same variety series, with certain accessions exhibiting markedly higher TPC and TFC compared to others
within their group (e.g., Binglv 9 vs. Binglv 18). Similarly, genotypes originating from the same geographical
region displayed significant divergence in phenolic and flavonoid accumulation. For instance, within the
Shanxi-derived accessions, Jinlv 7 demonstrated substantially elevated TPC and TFC levels relative to Da-
yanglvdou C0385, another accession from the same locality (Table S1), highlighting the influence of genetic
background over environmental factors.

Individual phenolic content also exhibited a significant association with geographical origin, as shown in
Table SS5. Jiangsu accessions demonstrated the highest average TPC (1.13 £ 0.25 mg GAE/g DW), TFC (2.88 +
1.11 mg RE/g DW), and 4-hydroxybenzoic acid (610.91 + 193.1 ug/g DW), along with superior DPPH (6.28 £
2.21 umol TE/g DW); this is likely due to local adaptation. The Thailand genotype had remarkably high values,
whereas Gansu accessions had the lowest. However, the limited sample size warrants caution. Regional varia-
tion was observed. For instance, Jilin and Hebei accessions had elevated levels of luteoloside and vitexin
(696.51 + 83.82 ng/g DW, 40.56 £ 12.57 pug/g DW; 648.58 £ 75.65 pg/g DW, 38.59 + 22.28 pg/g DW), while
Shanxi and Chongqing accessions had higher isovitexin (918.64 = 436.45 pg/g DW; 993.07 £ 156.69 ng/g DW).
Liaoning (101.25 + 42.59 pg/g DW) and Shandong accessions (105.51 + 52.72 pg/g DW) had significantly
higher daidzein than beans from other regions (mostly < 1 pg/g DW or ND). Ferulic acid was detected only in
Jilin (7.39 + 3.21 pg/g DW), Jiangsu (6.08 + 0.54 pg/g DW), and Anhui (2.81 = 0.19 pg/g DW). This geo-
graphical variability suggests that the genetic background of accessions originating from different regions may
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be associated with distinct phenolic biosynthesis characteristics (Cheynier et al., 2013; Joét et al., 2010). No-
tably, potential genotype-by-environment interactions could further modulate phenotypic expression, although
assessing such interactions would require multi-environment trials with replication across sites and years. These
findings underscore the importance of considering both genetic background and geographical origin when
selecting mung bean genotypes with optimal phenolic content for nutritional and functional food applications.
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Fig. 1 (a) Total phenolic content, (b) total flavonoid content, (¢) ferric reducing antioxidant power, (d) DPPH radi-
cal-scavenging activity, (e) ABTS radical-cation-scavenging activity, and (f) distribution of the corresponding contents
of 18 phenolics in different mung bean genotypes from nine representative variety series. Data are represented as the
mean = SD (n = 4-18, the number of accessions). One-way analysis of variance with the Tukey’s multiple comparisons
test was used for multiple comparisons. Differences were considered significant at *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < (0.0001 compared with the Weilv variety series.

2.6 Genetic analysis of key enzymes for the biosynthesis and regulation of phenolics

Phenolic content variation in mung bean is largely determined by polymorphisms in structural genes, their
transcription factors, and seed-coat pigment genes. Darker-seeded genotypes generally accumulate more phe-
nolics, which influence color and taste (Chai et al., 2021; Alcaraz-Marmol et al., 2017). Biosynthesis of phe-
nolic compounds involves key enzymes such as PAL and CHS. In the phenylpropanoid—flavonoid path-
way, PAL catalyzes the first committed step, converting phenylalanine to cinnamic acid (Kong et al., 2015),
while CHS initiates flavonoid-backbone biosynthesis by condensing malonyl-CoA and coumaroyl-CoA to form
naringenin chalcone (Tong et al., 2021). Subsequent steps involve a series of downstream enzymes, such as CHI,
F3H, F3'H, FLS, DFR, ANS, LAR, ANR, UGTs, and MYB/bHLH/WD40 transcription factors. (Ren et al.,
2026). Polyphenol oxidase, though not directly involved in biosynthesis, oxidizes phenolics to quinones,
causing enzymatic browning and reduced phenolic content in harvested tissues, while also contributing to
pathogen defense by generating toxic products (Daayf et al., 2012). So, higher PPO expres-
sion typically correlates with reduced phenolic stability, not enhanced accumulation.
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Twenty-four representative genotypes were selected for qRT-PCR analysis of three key genes from V.
radiata, including 22 accessions from different variety series and two hybrids (Fig. 2). PAL levels were highest
in De 0518 (32.80 = 20.76 fold change, p < 0.001), but lowest in Binglv 15 (0.11 £ 0.08 fold change). Despite
moderate CHS (3.01 £ 1.89 fold change) and very low PPO (0.03 = 0.01 fold change), Binglv 15 retained high
phenolic content and antioxidant capacity. Keda 2 showed the highest CHS and PPO transcript levels (41.84 +
14.52 and 18.06 + 2.31 fold change, respectively, both p < 0.001), yet only moderate phenolic values. The
lowest CHS levels were observed in Guangrao 1, Jilv 7 and Dayinggelv 925 C5786, while the lowest PPO levels
were in Yulv 9 and Binglv 1. Compared with its hybrid (Lvfeng 3 x Sulv 2), Sulv 2 had higher PAL and CHS
(both p < 0.05) but lower PPO expression, consistent with its elevated phenolic values.

Lvfeng 3 x Sulv 2: = PAL
B CHS
Jily 3 x Jilv 7
B PPO
Zhonglv 5 Kk
Zhenglv 17
Yulv 9
Weilv 4
Wanlv 6
*x
Wanly 2.
Tulu 7:
*
Sulv 2
Nenlv 10 **
Lvfeng 3:
Liaolv 5
Keda 2 — Ak
Jinlv 7
Jilv 7 **
LZL148 Jilv 3 *kk
Guangrao 1
De 0518 i
Dayinggelv 925 C5786
Binglv 15
Baolv 2
Bao 20050
Bailv 11
] U |
0.01 0.1 1 10 100

mRNA fold change (normalized to Actin)

Fig. 2 Expression of PAL, CHS, and PPO mRNA in 24 representative mung bean genotypes. PAL, phenylalanine am-
monia-lyase; CHS, chalcone synthase; PPO, polyphenol oxidase. Data are represented as the mean = SD (n = 3-4).
One-way analysis of variance with Tukey’s multiple comparisons test was used for multiple comparisons. Differences
were considered significant at *p < 0.05, **p < 0.01, and ****p < 0.0001 compared with the sample Lvfeng 3 x Sulv 2.
Statistical significance between the two groups was conducted using unpaired two-tailed Student’s #tests. *p < 0.05,
**p <0.01, and ***p < 0.001 compared with the hybrid sample (red for Lvfeng 3 x Sulv 2, blue for Jilv 3 x Jilv 7).

Previous studies have shown that PAL upregulation is associated with increased phenolic compound syn-
thesis (Kumar et al., 2023), while higher CHS activity correlates with elevated flavonoid accumulation and
antioxidant capacity (Pham et al., 2017). Lower PPO expression has been associated with better phenol-
ic-content retention (Tomas-Barberan et al., 2001). Pearson correlation analysis showed that CHS and PPO
expression were negatively correlated (Fig. S1, p < 0.001). Most individual gene—phenolic correlations were
non-significant, except for CHS vs. genistein, PAL vs. TPC, and PAL vs. 4-hydroxybenzoic acid (Table S6).
Overall, phenolic accumulation does not appear to be controlled by any single gene but may involve complex
interactions, although the correlative nature of these data and the limited sample size (n = 24) preclude strong
mechanistic conclusions.
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2.7 Correlation between phenolics and antioxidant capacity

Pearson correlation analysis of 10 key indicators across 182 genotypes (Fig. 3a) revealed significant (p <
0.05) positive correlations between antioxidant indices (FRAP, DPPH, and ABTS) and
TFC/TFC/4-hydroxybenzoic acid/isovitexin. Specifically, TPC exhibited the strongest positive correlations (p
< 0.001) with all measured traits except genistein. It is important to note that these correlations only reflect
statistical associations, not causation. To further identify the main phenolic contributors, we performed multiple
linear regression (MLR) with 20 phenolic predictors (TPC, TFC, and 18 individual compounds) for each an-
tioxidant index (Table S7). All MLR models were highly significant (p < 0.0001), with TPC emerging as the
strongest positive predictor (f = 3.92, 6.41, and 5.97 for FRAP, DPPH, and ABTS, respectively; all p < 0.01),
which confirmed total phenolics as the primary driver (Zhang et al., 2021). Specific individual compounds
showed assay-dependent contributions: dihydroquercetin, naringenin, isoquercitrin, and 4-hydroxybenzoic acid
for ABTS; genistein and nicotiflorin for DPPH; and vitexin-2-O-rhamnoside for FRAP. In contrast, isovitexin
and daidzein exhibited negative coefficients in certain models. Therefore, different phenolic compounds with
distinct chemical properties may contribute differently to each assay. Together, these findings demonstrate that
antioxidant capacity reflects the combined and differential effects of multiple phenolic components beyond
TPC/TFC alone.
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Fig. 3 (a) Pearson correlation analysis between the 10 key indicators (total phenolic/flavonoid content, three antioxi-
dant indicators, five main phenolics; red and blue represent a positive or negative correlation, respectively), (b) prin-
cipal component analysis and (c) cluster analysis involving the 23 variables of 182 mung bean genotypes from 15 orig-
inal places (marked with different colors). Differences were considered significant at *p < 0.05, **p < 0.01 and ***p <
0.001.

Principal component analysis of 182 genotypes from 15 origins (Fig. 3b) revealed suggestive
chemo-geographic patterns, with PC1 (22%) and PC2 (10.3%) collectively explaining 32.3% of total variance.
This relatively low proportion indicates substantial data complexity. Nevertheless, these two dimensions rep-
resent the main directions of variation. Partial geographic tendencies were observed, with Jiangsu/Jilin/Shanxi
genotypes loaded positively on PC1 while Shandong/Gansu accessions loaded negatively. Jinlv7 (Shanxi) stood
out as an extreme chemotype with high isovitexin content and FRAP activity (PC1 > 0, PC2 > 0). The PC1
positively correlated antioxidant metrics and most phenolics, while daidzein and eriodictyol loaded negatively.
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Along PC2, distinct separation patterns between compound classes further indicated that individual phenolics
differ in their contribution profiles. Although these patterns are suggestive rather than definitive, they may offer
preliminary guidance for cultivar selection.

Hierarchical clustering of 182 genotypes (Fig. 3c; Fig. S1 for 24 representative genotypes) revealed dis-
tinct groupings based on phenolic profiles and antioxidant properties. Accessions from the same origin or va-
riety series often clustered together, suggesting potential genetic or geographical influences
(Nurzynska-Wierdak et al., 2023). Antioxidant parameters and phenolic compounds separated into two major
clusters, broadly corresponding to the positive and negative loadings on PC2 of the PCA. Notably, Jinlv 7 had
high levels of flavonoids and antioxidant activity and formed a distinct cluster, while hybrids (e.g., Jilv 3 x Jilv
7 and Lvfeng 3 x Sulv 2) occupied intermediate positions, consistent with the PCA results. These multivariate
analyses collectively highlight the functional diversity among genotypes for potential applications in nutrition
and agriculture.

3 Conclusions

This study demonstrates substantial genotype-associated variation in phenolic profiles and antioxidant
capacity among mung bean genotypes, indicating associations between genotypic differences and phenolic
accumulation. Antioxidant activities correlate strongly with phenolic contents. Key components, such as the
C-glycosyl flavone isovitexin and 4-hydroxybenzoic acid, are tentatively identified as major contributors. There
are distinct accumulation patterns for different phenolic subclasses, including phenolic acids, flavones, and
isoflavones. These findings should facilitate targeted breeding of nutritionally-enhanced mung bean cultivars
and support their utilization in functional foods. Additionally, the established correlations between genotypic
traits and phenolic profiles could provide a scientific basis for selecting superior germplasm for industrial ap-
plications. However, it should be acknowledged that the gene-expression analysis was limited to mature seeds
and only three genes, which may not fully capture the biosynthetic dynamics of seed development or the
complexity of the regulatory network. Further research, including multi-environment trials and genetic analyses
(e.g. genotyping, QTL mapping, marker-trait association or genome-wide association study), is needed to as-
sess the environmental stability of these traits and to better understand the genotypic contributions to phenolic
accumulation.
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