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Abstract
Key message  Naringenin exposure altered auxin redistribution via VrPIN1 leading to morphological alterations 
and significantly reduced the protein precipitable tannins that further enhanced the protein accumulation and 
bioavailability.
Flavonoid exposure is known to affect the antioxidant profile of legumes. However, a detailed study evaluating the effect 
of flavonoid naringenin on morphology and biochemical profile of legume is lacking. The present study is a novel report 
of improved in planta protein bioavailability and antioxidant potential of legume mungbean on naringenin exposure. The 
quantitative evaluation revealed significant protein accumulation (64–122 μg/g FW) on naringenin exposure. Further, an 
increase in protein solubility and digestibility compared to control was evident. Naringenin mediated altered α-amylase 
activity improved the mungbean seed germination rate. Naringenin induced auxin redistribution and altered PIN formed 
transcript expression reduced lateral root density and increased stem length that was subsequently reverted on exogenous 
indole acetic acid application. Naringenin enhanced polyphenolic accumulation and improved the antioxidant potential of 
mungbean. Additionally, the responsiveness of the early gene of the flavonoid biosynthetic pathway,  Chalcone isomerase 
to naringenin concentration was revealed indicating a probable feedback regulation. Further, the presence of alternate liq-
uiritigenin biosynthesis was also evident. The present study, thus reveals the probable potential of phytochemical naringenin 
towards agricultural sustainability in the changing environmental conditions.

Keywords  α-Amylase · Antioxidant · Auxin · Alternate biosynthesis · Chalcone isomerase · Germination · Liquiritigenin · 
Mungbean · Naringenin · Protein · VrPIN1

Introduction

Naringenin is a plant-derived flavanone abundantly present 
in citrus fruits and tomatoes (Kawaii et al. 1999). It has 
considerable antioxidant and anti-inflammatory potential 
(Esmaeili and Alilou 2014; Li et al. 2015b; Mulvihill et al. 
2016; Shakeel et al. 2017; Rehman et al. 2018; Wali et al. 
2020). Reports document the medicinal usage of naringenin 
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against diseases including metabolic syndrome, cancer, brain 
disorders, liver and heart diseases (Wilcox et al. 1999; Yang 
et al. 2011; Park et al. 2012; Alam et al. 2014; Wu et al. 
2016; Hernandez-Aquino and Muriel 2018; Liaquat et al. 
2018). Naringenin is synthesized by the phenylpropanoid 
biosynthetic pathway operating in plants (Jiang et al. 2005). 
The enzyme encoded by gene Chalcone isomerase (CHI) 
catalyzes the conversion of phenylpropanoid intermediate 
naringenin chalcone into naringenin. Naringenin being the 
central intermediate and key branch point for flavonoid syn-
thesis leads to a diversity of secondary metabolites including 
flavones, flavonols, anthocyanins, and isoflavonoids (Jiang 
et al. 2005; Bido et al. 2010). Hence, the enzyme encoded by 
gene CHI has been considered as the regulatory gene of the 
flavonoid biosynthetic pathway (Muir et al. 2001; Verhoeyen 
et al. 2002; Lim and Li 2017).

Flavonoids have also been known to significantly regulate 
plant growth, morphological development, environmental 
responses, and cell signaling (Mandal et al. 2010; Ferreyra 
et al. 2012). However, few studies document the concerted 
effect of naringenin on germination, morphology, and bio-
chemical composition of plants. Naringenin reportedly 
enhanced the nodule number of garden pea without affecting 
their nitrogenase activity (Novak et al. 2002). On the con-
trary, the inhibitory effect of naringenin on the growth of a 
few annual gramineous plants has also been reported (Chen 
et al. 2004; Deng et al. 2004). However, only one report 
documents the inhibitory role of naringenin on the germi-
nation and growth of legume soybean (Bido et al. 2010). 
Legumes are protein-rich plants known for their enhanced 
flavonoid mediated antioxidant potential. Hence, revealing 
the relationship between flavonoids and protein accumula-
tion in legumes becomes important. Earlier, a US Patent, 
US7268276B2 has documented the enhanced production 
of oil and protein by suppressing the transcription factor 
TTG1 from Brassica napus. This disruption was claimed to 
downregulate the phenylpropanoid pathway of plants (Ruez-
insky et al. 2007). However, the underlying mechanism still 
remained unrevealed. Furthermore, in the present scenario 
of prevailing protein-energy malnutrition, the focus is on 
the evaluation of protein enrichment strategies for legumes.

Mungbean (Vigna radiata L.) is the most edible and com-
monly produced leguminous crop of Asian and South Euro-
pean countries. It is a recommended source of plant protein 
than several animal proteins. Mungbean seeds and sprouts 
are a rich source of phenylpropanoids. The sprouts have 
increased protein bioavailability and significantly higher 
antioxidant potential than seeds. The polyphenolic deriva-
tives of the phenylpropanoid pathway are responsible for the 
antioxidant potential and environmental responses of mung-
bean (Guleria and Kumar 2017; Hou et al. 2019; Lu et al. 
2019). Irrespective of the significance of phenylpropanoids 
towards the growth and development of mungbean, various 

molecular and biochemical aspects of the phenylpropanoid 
pathway are still lacking in mungbean (Guleria and Kumar 
2017).

Hence keeping in view the previous gaps, findings and 
need for protein research in legumes, the present article doc-
uments the impact of naringenin on protein accumulation 
and antioxidant potential of legume mungbean. Besides, its 
effect on mungbean morphology and biochemical accumu-
lation of carbohydrate, flavonoid and polyphenols has also 
been evidenced. This is a novel report assessing the possible 
relationship between flavonoid and protein bioavailability 
in legumes.

Materials and methods

Seed procurement and naringenin treatment

Mungbean seeds, Vigna radiata var. PAU911TK was pur-
chased from Punjab Agricultural University, Ludhiana 
(Punjab, India), and naringenin was purchased from Sigma 
Aldrich. The seeds were exposed to five concentrations of 
naringenin, 0.2, 0.4, 0.6, 0.8, and 1 mM through the soil. The 
soil without naringenin supplementation was kept as control. 
The germination data was recorded till 96 h.

In vitro α‑amylase assay

The in vitro α-amylase activity of mungbean seeds germi-
nated in the presence and absence of naringenin was esti-
mated (Afiukwa et al. 2009). Equally weighed seeds germi-
nated in control and naringenin supplemented soil collected 
at different time points were decoated and homogenized in 
0.1 M acetate buffer (pH 4.2). The filtered homogenate was 
centrifuged and the supernatant was used as a crude extract 
for conducting the in vitro α-amylase assay. The α-amylase 
activity was estimated by the iodine/KI method described 
(Afiukwa et al. 2009).

The α-amylase activity was calculated as follows:

Estimation of endogenous indole‑3‑acetic acid (IAA)

The endogenous IAA accumulation of shoot and root sec-
tions of mungbean germinated without and with naringenin 
supplementation was estimated. The IAA was extracted by 
following the protocol documented (Kelen et al. 2004). The 
prepared dried extract was resuspended in phosphate buffer 
and quantified using a UV–visible spectrophotometer by the 
method described earlier (Leveau and Lindow 2005).

Activity (units/mg) = [(Units/ml enzyme)∕(mg sample/ml enzyme)].
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Exogenous application of IAA

Mungbean seeds were germinated on control and narin-
genin supplemented soils for IAA treatment to rescue the 
lateral root density reduction (Zhao et al. 2014). 3 days 
post-seed germination, seedlings were sprayed with 1 mM 
IAA once a day for 10 days. The lateral root count was 
estimated at 0 and 10 days post IAA treatment. Further, 
the endogenous IAA level of roots and shoots post IAA 
treatment was also estimated (Kelen et al. 2004; Leveau 
and Lindow 2005).

Chlorophyll estimation

Chlorophyll content was determined for control as well 
as naringenin exposed mungbean by using the method 
described earlier (Guleria et al. 2014). Extract prepared 
in 80% acetone was used for recording absorbance at 645 
(A645) and 663 nm (A663). MacKinney’s specific absorp-
tion coefficient was employed to quantify total chlorophyll, 
chlorophyll a and chlorophyll b contents (Guleria et al. 
2014). The following equations were used:

Estimation of total carbohydrates

The carbohydrate accumulation of mungbean grown in the 
absence and presence of naringenin was performed by the 
earlier reported method with few modifications (Zhang 
and Blumwald 2001). The extraction was performed with 
methanol and supernatant of the extract was used for car-
bohydrates estimation. The 5% aqueous phenol and conc. 
H2SO4 was used for colorimetric detection of carbohy-
drates at 490 nm.

Estimation of total polyphenolics

The total flavonoids, phenols, and tannins constitute the 
plant’s total polyphenolic fractions (Tsao 2010). The accu-
mulation of polyphenols was estimated in mungbean ger-
minated in the absence and presence of naringenin. Total 
flavonoids were estimated by the method described earlier 
(Chang et al. 2002). The 10% aluminium chloride and 1 M 
potassium acetate were added to the methanolic extract 
and the absorbance was recorded at 415 nm. The total 
phenols and tannins were estimated by an earlier described 
method (Makkar et al. 1993). The methanolic extract was 
spectrophotometrically quantified at 725  nm for total 

Total chlorophyll = 20.21(A645) + 8.22(A663).

Chlorophyll a = 12.7(A663) − 2.69(A645).

Chlorophyll b = 22.9(A645) − 4.48(A663).

phenolics estimation by using Folin-Ciocalteu reagent. 
The quantified phenolics were expressed as x. Phenolics 
were removed from the same extract by polyvinyl polypyr-
rolidone. Following centrifugation, non-tannin phenolic 
content was again measured using Folin-Ciocalteu reagent 
and designated as y. The tannic acid equivalent represent-
ing total tannin percentage was calculated by subtracting 
non-tannin phenols out of total phenolics (x – y).

Estimation of free radical scavenging activity

The free radical scavenging assay was performed using 
2,2-diphenyl-1-picrylhydrazyl (DPPH) to evaluate the 
effect of naringenin on the antioxidant potential of mung-
bean (Guleria and Yadav 2014). To 50 µl of plant methanolic 
extract, 0.1 mM methanolic DPPH solution was added and 
used for UV–Vis spectrophotometric analysis at 517 nm esti-
mated in terms of the percent inhibition of DPPH.

Protein estimation

Protein was extracted from mungbean germinated in the 
absence and presence of naringenin by using TCA based 
extraction and quantified as described earlier (Tang et al. 
2003). The detailed description is provided in the supple-
mentary information. The digestibility and solubility of 
isolated protein were evaluated. The protein was digested 
with 0.2 mg/ml trypsin suspension dissolved in Tris–HCl 
buffer (pH 7.6) and incubated for 2 h at 37 °C. The reaction 
was stopped with 50% TCA and incubated for 30 min at 
4 °C followed by centrifugation. The obtained pellet was 
resuspended in sodium hydroxide solution and protein pre-
sent in TCA precipitate was quantified using Bradford assay 
(Elkhalil et al. 2001). For solubility measurements, the pH 
of 1 mg/ml suspension of isolated protein was adjusted sepa-
rately from pH 2.0–12.0. The prepared suspensions were 
pellet down and protein was quantified (Tang et al. 2003).

Calculations were performed as follows:

Estimation of protein precipitable tannins

The protein precipitable tannins present in control and nar-
ingenin exposed mungbean was quantified (Makkar et al. 

Protein digestibility (%)

=
[

(total protein in sample

− total protein in TCA precipitate)/total protein in sample
]

× 100.

Protein solubility (%)

= (protein in supernatant/protein in initial sample) × 100.
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1993). The 2 ml BSA was incubated with tannins isolated 
from mungbean at 4 °C for 16 h. The mixture was pellet 
down and resuspended in 1% SDS. The SDS-triethanola-
mine solution was added to suspension followed by a ferric 
chloride solution. The absorbance of the prepared solution 
was recorded at 510 nm after incubating it at room tempera-
ture for 30 min. The obtained values represented protein-
precipitable phenolics, designated as x. From the similar 
extract, total phenolics were also estimated designated as 
y to calculate the percentage of total protein precipitable 
phenolics as (x/y) × 100.

cDNA synthesis and gene expression analysis

Total RNA was isolated from 100 mg of control and narin-
genin exposed fresh mungbean tissue with SV Total RNA 
isolation system (Promega, USA). The 1 μg of isolated RNA 
was used for the synthesis of first-strand cDNA using Super-
script III RT (Invitrogen) and oligodT primers. The cDNA 
equally quantified with 26 s rRNA was used for comparative 
gene expression analysis (Singh et al. 2004). The relative 
expression analysis for genes VrPIN1, Superoxide dismutase 
(VrSOD, GenBank ID: HQ259253.1), Catalase (VrCAT​
, GenBank ID: HQ260598.1) and Ascorbate peroxidase 
(VrAPX, GenBank ID: EU652949.1) and Chalcone isomer-
ase (VrCHI, GenBank ID: KP164975.1) was conducted. The 
gene-specific primer sequences and thermal profile used for 
transcript analysis are mentioned in Table S1.

Bio‑informatic evaluation of V. radiata VrCHI protein 
binding affinity with substrates

To evaluate the binding affinity of VrCHI protein for sub-
strates naringenin chalcone and isoliquiritigenin, the three-
dimensional structure for the protein was predicted using 
SWISS-MODELLER server and docked with the substrates 
using molecular docking server (Guleria and Yadav 2012; 
Waterhouse et al. 2018). The protein molecule was docked 
individually with both the substrates and repeated twice to 
obtain the best results.

Statistical analysis

All evaluations were performed in triplicate fashion until 
and unless stated. Data presented in graphs and tables repre-
sent mean ± standard deviation. Least significant differences 
for the evaluated parameters between control and naringenin 
exposed mungbean were calculated by Student’s t test cor-
responding to P < 0.05, P < 0.01 and P < 0.001.

Results

Naringenin enhanced α‑amylase activity to increase 
germination rate

The germination rate of mungbean seeds exposed to nar-
ingenin was significantly enhanced than control in a con-
centration-dependent manner. The germination rate was 
enhanced by 10–25% at 24 h with an increase in naringenin 
concentration. Likewise, the increment in germination rate 

Fig. 1   Effect of naringenin exposure on mungbean germination rate. 
a The germination rate of mungbean without and with naringenin 
exposure was recorded at 24, 48, 72 and 96 h. Naringenin exposure 
enhanced the germination rate of mungbean. b The line graph shows 

enhanced α-amylase activity of mungbean seeds on naringenin expo-
sure in a concentration-dependent manner compared to control. Data 
is represented as mean ± standard deviation of three independent 
measurements (*P < 0.05, **P < 0.01, ***P < 0.001)
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was found to be 6–15% at 48 h and 3% at 72 and 96 h than 
control (Fig. 1a).

The emergence of root and shoot on seed germination is 
stimulated by α-amylase mediated hydrolysis of endosperm 
starch into metabolizable sugars (Kaneko et  al. 2002). 
Hence, the seedlings germinated in the absence and pres-
ence of naringenin were evaluated for α-amylase activity. 
The crude amylase extract isolated from control and narin-
genin exposed seedlings were added to pre-quantified starch 
for the quantification of hydrolyzed products. Surprisingly, 
naringenin exposed seedlings showed enhanced α-amylase 
activity than control. The activity was consistently increased 
with an increase in naringenin concentration with maximum 
activity obtained at 2 h of exposure. The average enhance-
ment in α-amylase activity of seedlings exposed to 0.2, 
0.4, 0.6, 0.8, and 1 mM naringenin was found to be 14, 23, 
29, 35, and 44% compared to control plants, respectively 
(Fig. 1b).

Phenotypic characterization of mungbean 
on naringenin exposure

The seedlings exposed to naringenin were observed for 
their change in morphology with respect to control (Fig. 
S1). With the increase in naringenin concentration, exposed 
seedlings showed 27.2, 34, 34, 31, and 40.7% increase in 

shoot length (Table 1). However, root length showed non-
significant variation than control (Table 1). Whereas the lat-
eral root number was significantly reduced by 28, 32, 32, 34, 
and 36% on the exposure of 0.2–1 mM naringenin (Table 1). 
Further, the fresh biomass of naringenin exposed seedlings 
compared to control was enhanced by 5, 36, 42, 100, and 
127%, respectively (Table 1). Likewise, the relative water 
content was increased by 7, 16, 17, 23, and 25% in the nar-
ingenin concentration-dependent manner (Table 1).

Exogenous IAA rescued lateral root count reduced 
by naringenin

Naringenin significantly reduced the lateral root count of 
mungbean (Fig. 2a, b). The indole-3 acetic acid (IAA) con-
tent is known to regulate lateral root emergence and growth 
(Overvoorde et al. 2010). Quantitative estimation showed 
a significant reduction in root IAA content on naringenin 
exposure than control (Table 2). The IAA content of control 
roots was estimated to be 29.5 µg/g of fresh weight. Whereas 
the content was reduced by 9, 24, 37, 44, and 53% in roots 
exposed to 0.2, 0.4, 0.6, 0.8, and 1 mM naringenin, respec-
tively (Table 2).

Exogenous application of 1 mM IAA for 10 days sig-
nificantly enhanced the lateral root number than control 
(Fig. 2c, d). At 0 days of IAA spray, the lateral root num-
ber was reduced by 25–44% in presence of naringenin. 

Table 1   Effect of naringenin exposure on the morpho-biochemical parameters of mungbean

The measurements are the mean ± SD of four replicates, (aP < 0.05; bP < 0.01; cP < 0.001)
TFC total flavonoid content, TPC total phenolic content

Parameter/sample Control 0.2 mM naringenin 0.4 mM naringenin 0.6 mM naringenin 0.8 mM naringenin 1 mM naringenin

Shoot length (mm) 103 ± 7 131 ± 5c 138 ± 5c 138 ± 7c 135 ± 5c 145 ± 5c

Root length (mm) 30 ± 8 30 ± 5 23 ± 2 22.5 ± 3.5 28 ± 1 23 ± 5
Lateral root number 15.6 ± 2.3 11.3 ± 3a 10.6 ± 1.1a 10.6 ± 4a 10.3 ± 3.2a 10 ± 3.6a

Fresh biomass (mg) 267.7 ± 7 280 ± 21 363 ± 9c 378.5 ± 3c 536 ± 36c 606 ± 5c

Relative water content 74.75 ± 3.4 79.96 ± 0.99 a 86.92 ± 4.2c 87.54 ± 4.5 c 91.59 ± 2.7 c 93.77 ± 2c

Chlorophyll a (mg/g 
FW)

22.29 ± 0.42 23.72 ± 0.11b 30.87 ± 1.34c 33.14 ± 0.47c 33.7 ± 0.09c 36.35 ± 0.1c

Chlorophyll b (mg/g 
FW)

0.435 ± 0.03 0.642 ± 0.2 4.05 ± 0.44c 4.36 ± 0.4c 6.89 ± 0.11c 13.85 ± 2.05c

Total chlorophyll (mg/g 
FW)

22.7 ± 0.46 24.36 ± 0.09a 34.92 ± 0.9c 37.51 ± 0.07c 40.59 ± 0.01c 50.21 ± 2.16c

Carbohydrates (mg/m 
FW)

35.65 ± 3.5 39.31 ± 2.0c 42.45 ± 0.9c 47.68 ± 0.5c 51.60 ± 1.6c 49.64 ± 2.9c

TFC (mg/g FW) 32.86 ± 0.1 52.30 ± 6.8c 56.2 ± 6.8c 58.63 ± 9.8c 68.85 ± 2.7c 73.21 ± 4.1c

TPC (μg/g FW) 262.45 ± 8.6 316.3 ± 15.2c 372.30 ± 0.8c 408.91 ± 19.5c 488.61 ± 2.6c 556.30 ± 45.6c

Total Tannins (percent 
tannic acid equivalent)

243.07 ± 4.5c 286.46 ± 10.4c 338.78 ± 3.6c 370.61 ± 12.9c 401.08 ± 1.4c 438.62 ± 22.9c

Free radical scaveng-
ing potential (percent 
inhibition)

34.09 ± 4.0 45.24 ± 3.0b 52.13 ± 6.0c 57.38 ± 4c 58.29 ± 6.0c 66.49 ± 0.4c
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Fig. 2   IAA induced variation in the mungbean shoot length and lat-
eral root count in the presence and absence of naringenin. a Compari-
son of three days old mungbean stem length and number of lateral 
roots grown in the absence and presence of naringenin. The narin-
genin exposed mungbean showed a significant increment in stem 
length and reduced density of lateral roots compared to control. b 
Gel documentation system image shows a variation in the lateral root 

number of V. radiata with and without naringenin. Naringenin expo-
sure reduced the lateral root density compared to control. c Image 
representing the reversal of shoot elongation and rescue of lateral root 
density after ten days of IAA spray. d The image is a close view rep-
resenting the rescue of lateral root count in mungbean post 10 days of 
IAA spray

Table 2   Naringenin induced 
variation in endogenous 
auxin accumulation leading 
to a morphological alteration 
in mungbean shoot and root 
sections

The measurements are the mean ± SD of four replicates, (aP < 0.05; bP < 0.01; cP < 0.001)

Sample/parameter Shoot length Lateral root count Shoot endogenous IAA Root endogenous IAA

Pre-IAA exposure
 Control 52.7 ± 2.5 10.7 ± 0.57 36.5 ± 0.2 29.5 ± 0.5
 0.2 mM naringenin 73.7 ± 7.1c 8 ± 2b 38.66 ± 0.4a 26.96 ± 0.2a

 0.4 mM naringenin 84.3 ± 1.2c 7.8 ± 0.83b 42.96 ± 0.4c 22.43 ± 0.7c

 0.6 mM naringenin 89.0 ± 2.2c 6.3 ± 1c 47.81 ± 0.3c 18.58 ± 0.3c

 0.8 mM naringenin 99.0 ± 3.4c 6.2 ± 0.44c 49.81 ± 0.3c 16.5 ± 0.2c

 1 mM naringenin 112.3 ± 9.3c 6 ± 1c 53.27 ± 0.2c 13.89 ± 0.4c

Post-IAA exposure
 Control 147.5 ± 19.4 18 ± 4 35.66 ± 0.1c 37.27 ± 0.2c

 0.2 mM naringenin 113.8 ± 10.6b 25 ± 2b 31.81 ± 0.1c 49.73 ± 0.4c

 0.4 mM naringenin 92.0 ± 8.2c 29.2 ± 4c 29.27 ± 0.2c 53.04 ± 0.3c

 0.6 mM naringenin 67.3 ± 8.1c 31.8 ± 2c 26.27 ± 0.1c 55.89 ± 0.2c

 0.8 mM naringenin 50.2 ± 13.1c 33.4 ± 3c 22.96 ± 0.2c 59.04 ± 0.3c

 1 mM naringenin 43.8 ± 14.6c 35.4 ± 1c 19.66 ± 0.3c 63.12 ± 0.2c
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Interestingly, the lateral root count of naringenin exposed 
plants was recovered and comparatively enhanced than con-
trol after the 10th day of IAA spray. Naringenin exposed 
mungbean showed an increase of 39, 62, 77, 86, and 97% in 
lateral root number compared to control (Fig. 2d).

Subsequently, post-IAA exposure, the endogenous IAA 
content of naringenin exposed roots was also enhanced than 
control (Table 2). The IAA level of control and 1 mM narin-
genin exposed root was estimated to be 37.27 and 63.12 μg/g 
fresh weight, respectively. The percent increase in root 
IAA content compared to control was 33, 42, 50, 58, 69% 
in 0.2–1 mM naringenin exposed mungbean, respectively 
(Table 2). Hence, naringenin mediated reduction in root IAA 
accumulation led to inhibition of lateral root emergence and 
density.

Exogenous IAA reversed naringenin mediated shoot 
elongation

Mungbean grown in presence of naringenin showed signifi-
cant enhancement in the stem length (Fig. 2a). The shoot 
length was increased by 40–113% on 0.2–1 mM naringenin 
exposure than control (Table 2). Auxins are well documented 
to regulate plant morphogenesis including alterations in 
shoot and root architecture (Lavenus et al. 2013). Likewise, 
the present study reports increased IAA accumulation in 
mungbean shoots on naringenin exposure. The IAA content 
was quantified to be 36.5 ± 0.2 and 53.27 ± 0.2 μg/g fresh 
weight in control and 1 mM naringenin exposed shoots, 
respectively (Table 2). Naringenin exposure enhanced the 
shoot IAA accumulation by 6, 18, 31, 36, and 46% compared 
to control (Table 2).

However, naringenin shoots were significantly shortened 
post-IAA spray (Fig. 2c). The percent reduction in narin-
genin exposed stem length than control was found to be 23, 
38, 54, 66, and 70% post-IAA spray (Table 2). Moreover, 
IAA accumulation in naringenin shoots showed a significant 
reduction of 11–45% post-IAA spray (Table 2). Hence, nar-
ingenin mediated alteration in shoot–root IAA accumulation 
was responsible for the observed morphological variations 
of mungbean.

VrPIN1 expression altered on naringenin exposure

The present study documents naringenin mediated varia-
tion in the shoot-root endogenous auxin levels with a prob-
able role in regulating auxin transport from shoot to roots. 
PIN FORMED (PIN) proteins are auxin efflux regulators 
(Ganguly et al. 2010). PIN1 has been specifically identi-
fied to regulate the movement of auxins from stem to roots 
(Galweiler et al. 1998). To date, the transcriptomic analysis 
of mungbean has validated the presence of only one auxin 
efflux transporter gene Vr21159 corresponding to PIN1 

protein (Li et al. 2015a). Since 1 mM naringenin exposure 
showed the most significant alteration in IAA accumulation 
compared to control, hence the expression of VrPIN1 desig-
nated for transcript Vr21159 was evaluated in the identified 
samples.

Naringenin significantly altered the VrPIN1 expres-
sion in shoot and root sections (Fig. S2A). The transcript 
expression was enhanced by 58% in naringenin exposed 
shoots than control. However compared to the control, the 
naringenin exposed roots showed a 48% reduction in the 
VrPIN1 mRNA accumulation (Fig. 3a). Likewise post IAA 
spray, VrPIN1 transcript expression of naringenin exposed 
mungbean tissues was significantly reversed to attain the 
control expression (Fig. S2B). The 22% reduction and 87% 
enhancement in the VrPIN1 mRNA accumulation in narin-
genin exposed shoot and root was noticed (Fig. 3b). Thus, 
a probable potential of naringenin to alter auxin source-
sink distribution by the plausible regulation of PIN1 pro-
tein was indicated.

Enhanced chlorophyll and carbohydrate 
accumulation on naringenin exposure

Mungbean showed an enhanced biomass accumulation 
on naringenin exposure. The plant biomass accumulation 
is directly related to their chlorophyll content (Langton 
et al. 2003). Hence, naringenin exposed mungbean showed 
enhanced chlorophyll content compared to the control. The 
chlorophyll a and b content was increased by 6–63 and 
47–3083% in presence of naringenin (Table 1). An overall 
increase of 7, 54, 65, 79, and 121% in total chlorophyll con-
tent of mungbean in presence of 0.2–1 mM naringenin was 
noticed (Table 1).

The chlorophyll content of plants is responsible for their 
productivity in terms of carbohydrate accumulation (Benett 
et al. 2008). The carbohydrate accumulation in the presence 
of 0.2–1 mM naringenin was increased by 10, 19, 34, 45, 
and 39% than control, respectively (Table 1). Hence, nar-
ingenin mediated increment in chlorophyll accumulation of 
mungbean positively affected their fresh biomass and car-
bohydrate accumulation.

Naringenin enhanced polyphenolics 
and antioxidant potential of mungbean

The total polyphenolic accumulation of mungbean was con-
siderably enhanced in presence of naringenin. The total fla-
vonoids, phenolics, and tannin fraction of mungbean were 
increased by 59–123, 21–112, and 18–80% on 0.2–1 mM 
naringenin exposure than control, respectively (Table 1).
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Since polyphenolics, in majority flavonoids contribute to 
the antioxidant potential of legumes, mungbean exposed to 
naringenin showed enhanced free radical scavenging poten-
tial than control (Mierziak et al. 2014). An increment of 33, 
53, 68, 71 and 95% compared to control in the presence of 
0.2–1 mM naringenin was evident (Table 1). Further, the 
transcript expression of VrSOD, VrCAT​, and VrAPX was 
comparatively enhanced on naringenin exposure (Fig. 3c–e). 
Compared to control, the mRNA accumulation of VrSOD, 
VrCAT​ and VrAPX was enhanced by 105–218, 28–74 and 
67–278% on 0.2–1 mM naringenin exposure (Fig. 3c–e).

Reduced protein precipitable tannins enhanced 
protein accumulation and bioavailability 
on naringenin exposure

Naringenin is a metabolite of phenylpropanoid pathway 
that emerges as a diversion of shikimate pathway synthe-
sizing phenylalanine, tryptophan, and tyrosine (Guleria 
and Kumar 2017). These amino acids play an important 
in plant protein biosynthesis, hence it becomes important 
to evaluate the impact of naringenin exposure on mung-
bean protein accumulation (Maeda and Dudareva 2012). 

Fig. 3   Comparative gene expression analysis of control and narin-
genin exposed mungbean. a The bar diagram represents the inte-
grated density values (IDV) of VrPIN1 amplicon as measured with 
ImageJ software in shoot and root of control and 1  mM naringenin 
exposed mungbean before (a) and after (b) IAA spray. Each bar in the 
bar diagram presents the IDV of the amplicons representing genes, 

(c) VrSOD, (d) VrCAT​ and (e) VrAPX in control and naringenin 
exposed mungbean. f The bar graph shows the IDV of VrCHI tran-
script expression in control and naringenin exposed mungbean. The 
gene encoding 26  s rRNA was used as an internal control. Data is 
represented as mean ± standard deviation of three independent meas-
urements (**P < 0.01, ***P < 0.001)
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Mungbean protein content was significantly enhanced by 
46, 84, 97, 151, and 177% on naringenin exposure in a 
concentration-dependent manner (Fig. 4a).

The protein precipitable tannins are anti-nutritional 
factors of legumes that make proteins less soluble and 
less digestible on binding to reduce the overall protein 
bioavailability (Mohamed et al. 2009; Gilani et al. 2012; 
Sarwar et al. 2012). Hence in the present study, narin-
genin mediated protein enhancement could be significant 
only if the proteins are considerably bioavailable. Surpris-
ingly, naringenin exposure reduced the protein precipi-
table tannins compared to control (Fig. 4b). The percent 
reduction in tannin fraction than control was 5, 13, 24, 36, 
and 41% in a naringenin concentration-dependent manner 

(Fig. 4b). Moreover, protein digestibility and solubility 
were enhanced in the presence of naringenin (Fig. 4c, d). 
An increment of 2–6% in protein digestibility than control 
on exposure of naringenin was evident (Fig. 4c). Like-
wise, naringenin enhanced protein solubility of mung-
bean compared to control. The protein showed reduced 
solubility at acidic pH and enhanced solubility at alkaline 
pH (Fig. 4d). The protein solubility was evaluated to be 
25% and 30–45% in the absence and presence of narin-
genin at pH 2. At pH 9 and beyond, the protein solubility 
was more than 50%, with increased solubility in the pres-
ence of naringenin (Fig. 4d). Hence, naringenin medi-
ated reduction in protein precipitable tannins evidently 
enhanced the protein bioavailability of mungbean.

Fig. 4   Effect of naringenin exposure on the accumulation and bio-
availability of protein in mungbean. a Bar graph shows an increase in 
the protein content of naringenin exposed mungbean plants compared 
to the control. Each bar represents the mean of three independent 
measurements (***P < 0.001). b The bar diagram shows the protein 
in vitro digestibility of mungbean in control and naringenin supple-
mented soil. c The graph depicts the protein solubility in response to 

naringenin concentrations with respect to control. d The bar diagram 
shows the percent of protein precipitable phenolics estimated from 
mungbean grown in the absence and presence of naringenin. Narin-
genin supplementation increased the protein content with a significant 
increment in protein in vitro digestibility and solubility. The consid-
erable reduction in the fraction of protein precipitable phenolics was 
also evident
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Naringenin decreased VrCHI mRNA accumulation

Chalcone isomerase (CHI) diverts the phenylpropanoid 
pathway towards flavonoid biosynthesis by catalyzing the 
conversion of chalconoid naringenin chalcone into flavo-
noid naringenin. Interestingly, enhancement in naringenin 
concentration showed consistent downregulation of VrCHI 
expression. With an increase in naringenin concentration 
beyond 0.2 mM, the VrCHI mRNA accumulation was down-
regulated by 6, 12, 17, and 26%, respectively. However in 
comparison to control, the transcript expression was com-
paratively higher in presence of naringenin (Fig. 3f). Hence, 
naringenin mediated probable feedback regulation of VrCHI 
along with its involvement in an alternate metabolic step 
was indicated.

VrCHI showed highest affinity for isoliquiritigenin

Presence of CHI isozymes with specificity for substrates nar-
ingenin chalcone and isoliquiritigenin (Fig. S3A) has been 
reported from legumes (Kimura et al. 2001). To validate 
the hypothesis in mungbean, a three-dimensional structure 
of VrCHI protein was predicted and validated (Fig. S3B, C, 
D). On molecular docking of VrCHI model with naringenin 
chalcone and isoliquiritigenin, the least binding energy for 
isoliquiritigenin, − 6.37 kcal/mol than for naringenin chal-
cone, − 4.15 kcal/mol was estimated (Fig. S3E, F). The least 
binding energy of protein with a ligand indicates the highest 
affinity of their interaction (Guleria and Yadav 2012; Gule-
ria and Yadav 2013). VrCHI further showed an enhanced 
number of polar, hydrogen, and hydrophobic interactions 
for isoliquiritigenin than naringenin chalcone (Fig. S3G, H). 
Hence, VrCHI protein/enzyme might be involved in alter-
nate biosynthesis of liquiritigenin in addition to its catalytic 
activity towards naringenin biosynthesis (Patil et al. 2010; 
Guleria and Yadav 2013).

Discussion

Naringenin is a plant-derived flavonoid synthesized by the 
phenylpropanoid biosynthetic pathway. It is synthesized 
from naringenin chalcone diverting the phenylpropanoid 
pathway towards flavonoids by the enzyme encoded by 
gene CHI (Mierziak et al. 2014). Naringenin like other fla-
vonoids is important because of its antioxidant potential that 
imparts environmental responsiveness/ resistance to plants 
(Mierziak et al. 2014). Enhanced accumulation of flavonols 
has detoxified the free radicals accumulated in tomato on 
abiotic stress exposure (Mierziak et al. 2014). A possible 
improvement in plant stress tolerance by engineering phe-
nylpropanoid metabolism has also been hypothesized (Mar-
tinez et al. 2016). However, the lack of molecular evaluation 

of phenylpropanoid metabolism in legumes has delayed the 
respective process (Guleria and Kumar 2017). Keeping the 
facts in view, the present study evaluated and for the first 
time reports the naringenin mediated promotion of mung-
bean vegetative growth and biochemical accumulation. The 
early gene of the flavonoid pathway, VrCHI showed respon-
siveness towards naringenin. Most importantly, the narin-
genin exposed mungbean showed enhanced protein content 
with increased protein bioavailability.

α-Amylase is the predominant hydrolytic enzyme in the 
seed aleurone layer that provides energy for radicle and 
plumule emergence by hydrolyzing starch into metaboliz-
able sugars (Kaneko et al. 2002). The significant role of 
α-amylase activity towards seed germination has already 
been reported (Helland et al. 2002; Kaneko et al. 2002; 
Singh et al. 2007; Liu et al. 2018). Recently, enhancement 
in the α-amylase activity of rice seeds on silver nanopar-
ticles exposure was attributed to their improved germina-
tion (Mahakham et al. 2017). Likewise, naringenin induced 
enhancement in α-amylase activity was responsible for 
mungbean germination rate.

Naringenin exposed mungbean showed increased shoot 
length but reduced lateral root density. However, the param-
eters were significantly reversed on IAA exogenous spray. 
Auxins are well documented to regulate plant morphogen-
esis including shoot and root parameters (Lavenus et al. 
2013). In the present study, naringenin mediated enhance-
ment and reduction in IAA accumulation of shoot and root 
was noticed, respectively. Earlier, naringenin exposure has 
been reported to reduce the root growth of model plant 
Arabidopsis thaliana (Brown et al. 2001). Enhanced IAA 
accumulation in maize roots than shoots was likewise 
reported to increase root growth with a simultaneous reduc-
tion in stem length (Li et al. 2018). Inhibited transport of 
polar auxins at the root- shoot junction on the application 
of auxin transport inhibitor reduced the free IAA accumu-
lation of A. thaliana roots, thus decreasing the lateral root 
density (Casimiro et al. 2001). PIN FORMED (PIN) pro-
teins are the essential regulators of auxin efflux. The PIN 
mRNA accumulation has been documented to show a posi-
tive relationship with the IAA content (Benkova et al. 2003; 
Oochi et al. 2019). Likewise, in the present study naringenin 
mediated enhanced VrPIN1 expression in mungbean shoots 
than roots indicated increased auxin accumulation in shoot 
sections. Earlier, increased movement of auxin from shoot 
to root reduced the shoot length but enhanced the lateral 
root number (Li et al. 2018). Hence, naringenin mediated 
altered VrPIN expression probably reduced the auxin trans-
port from shoot to root with enhanced shoot auxin leading 
to increased shoot length and reduced lateral root number. 
Collectively, naringenin was identified as a negative regula-
tor of IAA/auxin accumulation in mungbean responsible for 
the observed morphological variations.
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Mungbean showed enhancement in fresh biomass, chlo-
rophyll and carbohydrate accumulation on naringenin expo-
sure. Earlier, chlorophyll content was positively correlated 
to biomass accumulation in A. thaliana transgenics over-
expressing SrUGT85C2 from Stevia rebaudiana (Guleria 
et al. 2014). Hence, increased chlorophyll on naringenin 
exposure enhanced the fresh biomass of mungbean in terms 
of increased carbohydrate accumulation. Moreover, nar-
ingenin exposure enhanced total polyphenolics accumula-
tion in mungbean. Earlier, exogenously applied unnatural 
tryptamine was readily taken up by the Catharanthus roseus 
hairy root cultures to induce in vivo synthesis of desired 
artificial unnatural novel alkaloids (Runguphan et al. 2009). 
Likewise, in the present study exogenously applied narin-
genin might be taken up by mungbean via roots to enhance 
the in vivo naringenin levels leading to the enhanced bio-
synthesis and accumulation of downstream polyphenolic 
metabolites, i.e. flavonoids, tannins, and phenols.

Polyphenolics essentially flavonoids enhance the free 
radical scavenging potential of plants (Nakabayashi et al. 
2014; Soengas et al. 2018). Enhanced polyphenolics of 
legumes than non-leguminous plants are responsible for 
their significant antioxidant potential (Diaz-Batalla et al. 
2006). MYB transcription factor overexpressing A. thali-
ana transgenics hyperaccumulate flavonoids to enhance their 
free radical scavenging and high water retention potential 
(Nakabayashi et al. 2014). The present study likewise docu-
ments naringenin mediated enhanced polyphenolic accumu-
lation leading to increased antioxidant potential and rela-
tive water content of mungbean. Flavonoids further interact 
and enhance the enzymatic regulators of free radicals, i.e., 
superoxide dismutase (SOD), catalase (CAT​) and ascorbate 
peroxidase (APX) in plant cytosol (Hernandez et al. 2009). 
In the present study, enhanced expression of antioxidant 
genes VrSOD, VrCAT​ and VrAPX along with polyphenolics 
increased the antioxidant potential of mungbean on narin-
genin exposure.

A negative correlation between isoflavonoid and protein 
accumulation of soybean has already been reported (Charron 
et al. 2005). Plants with altered phenylpropanoid pathway 
have also been documented to enhance seed oil and protein 
content without any understanding of the underlying mecha-
nism (Charron et al. 2005). The phenylpropanoid naringenin 
exposure in the present study, likewise reports enhanced 
protein accumulation. Protein solubility and in vitro digest-
ibility are the critical factors determining protein nutritional 
bioavailability (Butts et al. 2012). Hence, naringenin sig-
nificantly enhanced protein bioavailability with a consist-
ent reduction in the protein precipitable tannins. However, 
a detailed study to understand the underlying basis of protein 
alteration on phenylpropanoid variation is still required.

Further, possible feedback regulation of the phenylpropa-
noid pathway on naringenin exposure was indicated. Earlier, 

exogenous application of catechin was reported to down-
regulate the expression of the flavanone-3 hydroxylase gene 
of the flavonoid pathway in tea indicating a feedback inhibi-
tion mechanism (Singh et al. 2008). The mungbean VrCHI 
protein moreover showed the highest affinity for isoliquiriti-
genin than naringenin chalcone on bio-informatic analysis. 
Earlier, considerable bifurcation of the steviol glycoside 
biosynthesis pathway in Stevia has also been hypothesized 
using bioinformatic prediction and docking studies (Guleria 
and Yadav 2013). Although the existence and activity of 
CHI isozyme are subjected to vary with the type of legu-
minous plant (Kimura et al. 2001). These observations thus 
collectively necessitate a detailed in vivo study in mungbean 
to reveal the existence of CHI isoforms, alternate liquiriti-
genin biosynthesis, and the existence of feedback inhibition 
mechanism.

Conclusion

In conclusion, the present study documents a considerable 
enhancement in protein bioavailability on naringenin expo-
sure reflecting a possible positive relationship between fla-
vonoids and protein. Naringenin mediated alterations in 
VrPIN1 mRNA confirmed auxin redistribution leading to 
variation in mungbean morphology. Further, the respon-
siveness of the VrCHI transcript towards naringenin was 
indicated. Additionally, the probable presence of alternate 
liquiritigenin biosynthesis in mungbean with a require-
ment of a detailed study was indicated. Hence, the present 
study for the first time documents growth and nutritional 
enrichment property of naringenin towards mungbean with 
an observed significant impact on protein bioavailability. 
These findings further recommend the possible potential 
role of naringenin towards stress tolerance and agricultural 
sustainability of plants including legumes. In the current 
scenario of global climate change, the use of phytochemi-
cals for sustained and improved crop growth and survival 
will offer a novel approach.
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