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The current study aimed to assess the effect of the germination process of wild mustard seeds on the
phenolic profile, antioxidant, antibacterial, and antidiabetic properties, and some relevant enzyme
activities. The total phenolic and flavonoid contents increased 5- and 10-fold, respectively, and were
maximized on 5-days sprouts. One new phenolic compound was identified on 5-days sprout extract
using HPLC. The concentrations of the identified phenolic compounds increased 1.5-4.3 folds on
5-days sprouts compared with dry seeds. The total antioxidant activity multiplied 17- and 21-fold on
5-days sprouts using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) assays, respectively. The activity of carbohydrate-cleaving, phenolic-synthesizing and
antioxidant enzymes also increased during germination. On 5-days sprouts, there was a substantial
correlation between the highest B-glucosidase and peroxidase activities with highest phenolic and
flavonoid levels and maximum antioxidant activity. The phenolic extract of 5-days sprouts exhibited
antimicrobial activities against Escherichia coli and Staphylococcus aureus and showed potent
antidiabetic activity established by its inhibitory effect against a-amylase and a-glucosidase compared
to dry seeds.
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The extraction of phenolic compounds from various plant sources has lately emerged as a significant research
area because of the health benefits of these compounds'?. Plant phenolic compounds are well known for their
range of therapeutic advantages such as anti-inflammatory, antibacterial, antioxidative, anticancer, anti-diabetic,
and antivenom®~. Mustard is an annual plant grown in many countries and is a member of the Brassicaceae
family. It has several species/varieties such as black, white, brown, wild, rocket, and Ethiopian mustards.The wild
mustard (Sinapis arvensis L.) is the widest spread species worldwide due to its high fecundity, prolonged seed
germination, and natural resistance to several herbicides'. Generally, the mustard plant is well-known as an
economically important spice that possesses various bioactive compounds'>'2. Therefore, their seeds also became
a valuable source of various bioactive substances with many functional properties. Mustard seeds are high in fat
content ranging from 23 to 47%, and glucosinolates with antioxidant, antimicrobial, anticancer and antiherbi-
cides properties'®*. Mustard seeds also contained high amounts of valuable antioxidant phenolic compounds
such as hydroxybenzoic acid, ferulic acid, and sinapic acid. These valuable antioxidants made mustard seeds
could be important to add as food ingredients to protect food against spoilage!®. Mustard phenolic compounds
were previously extracted from some mustard species using different solvents under certain conditions, and the
highest antioxidant activity was obtained when using the methanol solution'>'*. Due to their phenolic content,
the addition of ground mustard seeds improved meat products’ color, chemical, microbial, and sensory proper-
ties and also prolonged the product’s shelf life'*. Interestingly, a diet rich in mustard seeds has protective effects
against colorectal cancer; besides, some antioxidant enzymes were significantly increased '°.

To enhance the biological and nutritive content of plants for human consumption, several processes had been
studied. Germination is an effective and low-cost process/method that promotes dynamic and complex changes
in the bioactive components and nutritional content of plants'’. During germination, the quantity and variety
of phenolic compounds with potent antioxidant effects increased in a number of medicinal plants, including
garden cress seeds and chia seeds. This increase attributed to the rise in some enzyme levels that liberate the
conjugated phenolic compounds with complex carbohydrates such as cellulose, in addition to synthesizing new
phenolic compounds'®?.
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Some studies investigated that during germination of white, brown, and black mustard seeds the total phenolic
contents and antioxidant activity increased®®?'. These studies were not deeply address the quantities/varieties of
the bioactive phenolic compounds, their various biological activities, and associated enzymes. Therefore, this
study aimed to evaluate the germination strategy of wild mustard seeds on the levels of the bioactive phenolic
compounds and their antioxidant, antibacterial and antidiabetic properties in comparison to dry mustard seeds.
In addition, studying the levels of related enzyme activities (B-glucosidase, peroxidase, catalase, polyphenol oxi-
dase, and phenylalanine ammonialyase), which liberated the conjugated phenolic compounds and synthesizing
phenolic compounds.

Materials and methods

Chemicals

Guaiacol, catechol, hydrogen peroxide, p-nitrophenol-S-D-glucopyranoside, L-phenylalanine, trans-cinnamic
acid, Folin-Ciocalteu, ABTS (2, 2-azino-bis (3-ethylbenzo-thiazoline-6-sulfonic acid), DPPH (1, 1-Diphenyl-
2-picrylhydrazyl), a-amylase and a-glucosidase were purchased from Sigma-Aldrich.

Seed source

Wild Mustard (Sinapis arvensis L.) seeds were purchased from local market, Cairo, Egypt. Experimental research
and field studies on the seeds (either cultivated or wild), including the collection of plant material, complied with
relevant institutional, national, and international guidelines and legislation.

Germination process

Mustard dry seeds (10 g) were sterilized in a solution of 0.07% sodium hypochlorite for 5 min at room tempera-
ture. They were then rinsed multiple times in distilled water. The seeds were put into a petri dish with wet cotton.
The germination of seeds took place in the dark at room temperature (25-30 °C). Every day, distilled water was
used to irrigate the seeds. Every day of germination (from 1 to 8 days), the sprouts were collected, dried at 40 °C
for 24 h in the oven, and ground.

Extraction of phenolic compounds

Twenty mL of 80% methanol was added to a flask containing 2 g of powdered mustard seeds or dried sprouts
and shaken at 150 rpm for 24 h at room temperature. The extracts were filtered through filter paper Whatman
No. 1, and the obtained filtrates were named methanol extracts.

Determination of phenolics

The phenolics in methanol extract were measured by the method of Velioglu et al.>* using the Folin-Ciocalteu
reagent. The methanol extract (0.1 mL) was mixed with Folin-Ciocalteu reagent (0.1 mL) and distilled water
(0.8 mL) and incubated for 5 min. Then, 20% of sodium carbonate solution (0.5 mL) was added to the mixture
and incubated for 20 min. The absorbance was read spectrophotometry at 750 nm. Gallic acid was used as a
standard. From the standard curve of gallic acid, the calibration equationis: Y=A+B*X

12

A = 0.01457; B = 0.0619; R?> = 0.997

Determination of flavonoids

The flavonoids in the methanol extract were measured by the method of Zhishen et al.>. The methanol extract
(0.25 mL), distilled water (1.25 mL), and 5% NaNO2 (0.075 mL) were mixed and incubated for 5 min. Then add
0.15 mL of 10% AICI3 and the mixture was also incubated for 5 min. Then 1.0 M NaOH (0.5 mL) and distilled
water (0.275 mL) were added. The absorbance was read spectrophotometry at 510 nm. Catechin was used as a
standard. From the standard curve of catechin, the calibration equation is: Y=A+B * X

A = 0.00121; B = 0.01232; R?> = 0.997

Analysis of phenolic compounds by HPLC

HPLC analysis of phenolic compounds was detected by using Agilent Technologies 1100 series liquid
chromatography®*. The methanol extract was filtered through a 0.45 um Acrodisc syringe filter before injection.
Methanol extract was separated using a 150 x 4.6 pm XDB-C18 column. The column was eluted by acetonitrile
(solvent A) and 2% acetic acid (v/v) (solvent B). The total run time was 70 min at flow rate one mL/min with
gradient programmed as follows: 100 to 85% (in 30 min), 85 to 50% (in 20 min), 50 to 0% (in 5 min) and 0 to
100% (in 5 min) of solvent B. The obtained peaks were sequentially observed at wave lengths of 280, 320, and
360 nm. The peaks were recognized using identical retention times, UV spectra and compared to commercial
phenolic compounds as standards.

DPPH assay

The DPPH method was used for the determination of antioxidant activity?. The methanol extract (0.1 mL) was
mixed with 0.9 mM DPPH (0.9 mL) for 30 min incubation in the dark, and spectrophotometry read at 517 nm.
The DPPH scavenging % was determined according toequation (1).
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DPPH scavenging % = [(O.D.control — O.D. sample)/O.D. control| x 100. (1)

ABTS assay

The ABTS method was used for the determination of antioxidant activity*. The methanol extract (0.1 mL) was
mixed with ABTS reagent (0.9 mL) for 1 min incubation, and spectrophotometry read at 734 nm. The ABTS
scavenging % was calculated according to Eq. (2).

ABTS scavenging % = [(O.D.control — O.D.sample)/O.D. control] x 100. ()

Total antioxidant activity measurement
According to the equation of Abdel-Aty et al.', the total antioxidant activity was determined according to Eq. (3).

Total antioxidant activity = mg phenolic content/mg ICsp. (3)

ICs, value is the concentration of phenolic compounds required to scavenge 50% of either DPPH or ABTS
free radicals.

Extraction of enzymes
One g of mustard seeds or sprouts was extracted in 50 mM Tris—-HCl buffer, pH 7.2. Then, for 10 min, the sam-
ples were centrifuged at 10,000 rpm and 4 °C. Each obtained supernatant was named acrude enzyme extract.

Peroxidase assay

The peroxidase activity (EC 1.11.1.7) was detected according to Miranda et al.” procedure. The reaction mixture
containing in one ml: crude enzyme extract (0.1 mL), 40 mM guaiacol, and 8 mM H,0, and 20 mM sodium
acetate buffer, pH 5.5. The reaction mixture was incubated for one min at room temperature and spectropho-
tometry read at 470 nm. The increase one O.D. is considered one unit of enzyme activity.

1'27

Catalase assay

The catalase activity (EC 1.11.1.6) was detected according to Bergmeyer procedure®. The reaction mixture con-
taining in one ml: crude enzyme extract (0.1 mL), 25 mM H,0, and 20 mM sodium phosphate buffer, pH 6.8.
The reaction mixture was incubated for one min at room temperature and spectrophotometry read at 240 nm.
The decrease 0.1 O.D. is considered one unit of enzyme activity.

Polyphenol oxidase assay

The polyphenol oxidase activity (EC 1.14.18.1) was detected according to Jiang et al. procedure?. Crude enzyme
extract (0.1 mL) and 20 mM catechol are all present in 1 mL of the reaction mixture at pH 6.8 using sodium
phosphate buffer. The reaction mixture was incubated for 5 min and spectrophotometry read at 400 nm. The
increase 0.1 O.D. is considered one unit.

8-Glucosidase activity assay

The B-Glucosidase activity (EC 3.2.1.21) was detected according to Gunata et al.*® procedure. The reaction mix-
ture containing in one mL: crude enzyme extract (0.1 mL), 0.9 mM p-nitrophenyl-S-D-glucopyranoside and
20 mM sodium acetate buffer, pH 5.5. The reaction mixture was incubated for 20 min and spectrophotometry
read at 405 nm. The release of one pmol p-nitrophenol is considered one unit.

Phenylalanine ammonia lyase activity assay

The phenylalanine ammonia lyase activity (EC 4.3.1.24) was detected according to Goldson et al.*! procedure.
The reaction mixture containing in one mL: crude enzyme extract (0.1 mL), 40 mM L-phenylalanine and 20 mM
Tris—HCl buffer, pH 8.8. The reaction mixture was incubated for 30 min and spectrophotometry read at 290 nm.
The release of one pmol trans-cinnamic acid is considered one unit.

Antimicrobial activity

Bacterial strains

Two bacterial strains were used: one Gram-negative Escherichia coli (ATCC 51,659) and one Gram-positive
Staphylococcus aureus (ATCC 13,565).

Agar diffusion method

The agar diffusion method was performed according to Bauer et al.** procedure. The antibacterial activity of
mustard seeds and 5-days sprout phenolic extracts against pathogenic bacteria was detected on Mueller-Hinton
agar. A total 100 pl of each tested bacterium suspension (108 CFU/ml) was spread on the surface of the plates.
The tested extracts (50 pg gallic acid equivalent (GAE)) were added to wells which punched by a well borer in
the agar medium and incubated for 18 h at 37 £ 1 °C. The antimicrobial activity was evaluated by measuring the
clear growth-inhibition zones (mm). Gentamicin is used as a positive control.
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Determination of minimum inhibition concentration (MIC)

The MIC values for the tested extracts were determined using the agar dilution diffusion technique. 108 CFU/
ml of each pathogenic bacterium were put on Muller Hinton agar media and incubated at 37+2 °C for 18 h
with various doses of each extract. A MIC value was defined as the lowest extract concentration at which each
bacterium’s growth was inhibited.

In-vitro antidiabetic assays

a-Amylase inhibition assay

a-Amylase inhibition activities of mustard seeds and 5-days sprout phenolic extracts were determined as
described by Liu et al.**. In one mL reaction mixture: 5 units of pancreatic a-amylase were mixed with 20 mM
sodium phosphate buffer (pH 7.2) and 0.01 mL phenolic extract or acarbose. After incubation for 5 min at 37 °C,
1% starch (0.1 mL) was added and incubated for 30 min. Then 0.5 mL of dinitrosalicylic reagent was added and
boiled for 10 min, and spectrophotometry read at 540 nm. The inhibition was calculated according to Eq. (4).

Inhibitory effect (%) = (O.D. control — O.D.sample)/O.D. control x 100 4)

IC, value is the phenolic concentration required to inhibit 50% of enzymatic activity.

a-Glucosidase inhibition assay

a-Glucosidase inhibition activities of mustard seeds and 5-days sprout phenolic extracts were assayed as reported
by Zhang et al.**. In one mL reaction mixture: one unit of a-glucosidase was mixed with 0.01 mL of phenolic
extract or acarbose at pH 6.8 using sodium phosphate buffer and incubated for 5 min at 37 °C. Then, 2 mM
p-nitrophenyl-a-glucopyranoside was added, and spectrophotometry read at 405 nm after 15 min of incubation.
The inhibition was calculated according to Eq. (5).

Inhibitory effect (%) = (O.D. control — O.D.sample)/O.D. control x 100 (5)

ICs, value is the phenolic concentration required to inhibit 50% of enzymatic activity.
All experimental procedures were carried out in compliance with relevant guidelines.

Statistical analysis

Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test; these tests were conducted in
GraphPad Prism version 5. Data are presented as means + SD (n=4) and differences were considered significant
at P<0.01.

Results and discussion

Recent research demonstrated that a variety of beneficial phenolic compounds were significantly generated
during germination'®!®. Table 1 showed the phenolic and flavonoid contents of wild mustard seeds during
germination. The total phenolic and flavonoid levels of raw mustard seeds (3.62 mg GAE/g and 0.5 mg CE/g,
respectively) considerably increased and maximized on 5-days sprouts (18.23 mg GAE/g and 4.9 mg CE/g,
respectively) by 5 and 10-fold, respectively, and then gradually decreased until the 8-days of germination (7.2 mg
GAE/g and 0.89 mg CE/g, respectively). Bors et al.?’ found that the total phenolic content of brown and black
mustard seeds after 7 days of germination increased from 7.7 to 11.5 mg GAE/g and from 9.3 to 16.8 mg GAE/g,
respectively. Also, Rasera et al.?! observed that during the germination process of white mustard, there was a
positive effect on the total phenolic content.The differences in phenolic contents may be attributed to different
mustard cultivars, cultivation regions, and germination conditions. Table 1 shows the ratio of total flavonoid
content to total phenolic content (CE/GAE %), which increased during germination and maximized on 5-days
sprouts (26.8%).These flavonoids had several bioactive properties such as antioxidant and anticancer effects
as reported by Fraga et al.*. Liu et al.*® reported that during the seed germination the carbohydrates, proteins

Total phenolic Total flavonoid CE/GAE
Days mg GAE/g DW mg CE/g DW (%)
0 (seeds) 3.62+0.15 0.50+0.03* 13.4
1 5.71+0.35" 0.86+0.05" 15.0
2 7.46+0.38° 1.71+0.10¢ 22.9
3 12.16+0.75¢ 2.85+0.13¢ 23.4
4 16.22+0.92¢ 4.0+0.25° 24.6
5 18.23+1.2f 4.9+0.27° 26.8
6 12.1+0.65¢ 2.3+0.128 19.0
7 9.2+0.158 1.24+0.08" 13.47
8 7.2+0.28° 0.89+0.03" 12.3

Table 1. Screening of total phenolic and flavonoid contents of the wild mustard seeds during germination.
GAE gallic acid equivalent, CE catchin equivalent. Values are presented as means+SD (n=4). Values in the
same column with different superscripts (*>>%¢58") are significantly different at (P<0.01).
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and cell wall conjugated-phenolic compounds are degraded and lead to increase the simple sugars, free amino
acids and free/soluble phenolic compounds. This examination could clarify the increase of total phenolic and
flavonoid contents in mustard sprouts.The decline in the total phenolic content of mustard sprouts after 5 days
of germination may be attributed to convert of some free phenolic compounds to bound phenolic compounds
and/or they consumed in lignin synthesis®” .

Table 2 lists the phenolic compounds of dry mustard seeds and their 5-days sprouts using the HPLC-analysis
technique. Thirteen phenolic compounds were identified in the mustard dry seeds, with concentrations ranging
from 0.04 to 0.80 mg/g for chrysin and sinapic acid, respectively. Whereas, fourteen phenolic compounds were
identified in 5-days mustard sprouts extract, with concentrations ranging from 0.12 to 3.4 mg/g for p-coumaric
and sinapic acids, respectively. One new phenolic compound (vanillic acid) appeared on 5-days mustard sprouts.
During germination, new phenolic compounds are synthesized or transformed'®. Fifteen phenolic compounds
were detected in chia dry seeds extract and seventeen phenolic compounds were detected in their 7-days
sprouts'?. Also, two new phenolic compounds appeared in the garden cress 6-days sprouts'®.The concentrations
of phenolic compounds increased several folds (1.5-4.3) in 5-days mustard sprouts compared to the mustard
dry seeds. The p-hydroxybenzoic and sinapic acids were the highest phenolic acids in both mustard extracts
compared to other detected phenolics. The phenolic profile and antioxidant capacity of white mustard seeds
showed high p-hydroxybenzoic and sinapic acid concentrations'®. These phenolic compounds have significant
biological properties, including antimicrobial, antibacterial, antidiabetic, anticancer, and antioxidant activity41'42.
In addition, the concentrations of the identified flavonoids increased in 5-days mustard sprouts compared to
mustard dry seeds. This examination may clarify the increase in the percent of flavonoids/phenolics from 13.4%
for mustard dry seeds to 26.8% for 5-days mustard sprout as shown in Table 1. Therefore, the phenolic extract of
5-days mustard sprouts could be used as dietary supplements for the prevention of several diseases.

Table 3 showed the antioxidant activity during the germination of wild mustard seeds using the DPPH assay.
Alow ICs, (phenolic concentration required to scavenge 50% of DPPH-free radicals) indicates a high antioxidant
activity. The recorded IC;, extensively decreased from wild mustard seeds (0.056 mg GAE/ml) to their 5-days
sprouts (0.016 mg GAE/ ml). In addition, the total antioxidant activity extensively increased (P <0.01) from
mustard dry seeds (64) to reach the maximum in 5-days sprouts (1139) by 17-fold. Then, the total antioxidant
activity declined until the 8-days after germination. The antioxidant activity of wild mustard seeds during ger-
mination using the ABTS assay was also studied and presented in Table 3. The recorded ICs,values using ABTS
considerably decreased from raw mustard seeds (0.015 mg GAE/ml) to the 5-days mustard sprouts (0.0036 mg
GAE/ml). And then, the obtained ICj, values of ABTS gradually increased up to 8-days sprouts. Also, the total
antioxidant activity significantly increased (P <0.01) from seeds (240) to reach the maximum on 5-days sprouts
(5063) by 21-fold, followed by a decrease until 8-days of germination. Rasera et al.?! observed that extracts
obtained from white mustard during germination had a positive influence on the DPPH and ABTS-radical
scavenging activity. The edible seed sprouts showed highest antioxidant activity, where the antioxidant activity
increased in jack bean 4-days sprouts (~ 1.5-fold)*, soybean 7-days sprouts (~ 1.25-fold), and mung bean 7-days
sprouts (~ 1.6-fold)**. Additionally, Abdel-Aty et al.'” showed that the lowest value of ICs, and the highest total
antioxidant activity using DPPH and ABTS-radicals were detected on 7-days chia sprouts. The antioxidant activ-
ity may have increased because mustard sprouts contained higher levels of antioxidant phenolics and flavonoids
in addition to the new phenolic acid that was produced.

Some enzymes of plant hydrolyzed macromolecules to produce many bioactive compounds, which improved
its functional properties*>*®. Figure 1A showed a screening of the enzymatic activities of p-glucosidase as

Dryseeds | Day 5 sprouts

Compound RT | mg/gDW | mg/g DW Fold increase in sprout
Gallic 5.7 |0.52* 1.0° 1.5
Protocatechuic 9.9 | 0.09° 0.2° 22
p-hydroxybenzoic | 15.1 |0.70* 2.8 4.0
Catechin 18.6 |0.42° 1.4° 33
Chlorogenic 20.6 |0.31° 1.0° 32
Caffeic 214 |0.53° 1.8 3.4
Syringic 23.0 |0.5° 1.5 3.0
Vanillic 24.8 | ND 0.20 -
Ferulic 324 |0.28° 0.68 2.4
Sinapic acid 33.8 | 0.80° 3.4° 4.3
p-coumaric 37.2 ]0.05° 0.12° 24
Rosmarinic 40.0 | 0.09* 0.24° 2.6
Cinnamic 42.8 | 0.07° 0.18 25
Chrysin 52.0 |0.04* 0.14° 32

Table 2. HPLC analysis of phenolic compounds of wild mustard dry seeds and 5-days sprouts. RT retention
time, ND not detection. Values are presented as means+SD (n=4). Values in the same column with different
superscripts (**) are significantly different at (P<0.01).
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DPPH ABTS

Days 1G5, Total antioxidant activity | ICs, Total antioxidant activity
0 (seeds) | 0.056+0.002° 6442.15 0.015+0.001° | 240+122

1 0.023+0.001° 248+8.8" 0.0063 £0.0003° | 906+33"

2 0.01940.0012¢ | 392+12.7¢ 0.0052+0.0002¢ | 1434+ 66°
3 0.018+0.001¢ | 675+18.9¢ 0.0045+0.0003¢ | 2702+98¢
4 0.017+0.0012¢ | 954+24.8° 0.0042+0.0003¢ | 3861 +122f
5 0.016+0.001¢ | 1139+35.7° 0.0036+0.0002f | 5063 + 1338
6 0.020+0.0015¢ | 605+22.8¢ 0.0046+0.0003¢ | 2630+ 105¢
7 0.023+0.0015" | 400+6.7 0.0056+0.0004° | 1642 +88¢
8 0.025+0.018" 288+5.6" 0.0060 +0.0004° | 1200 + 66¢

Table 3. The antioxidant activity of the wild mustard seeds during germination using the DPPH and ABTS
assays. ICsy: mg GAE/ml, Total antioxidant activity: mg phenolic content/ICs,. Values in the same column with
different superscripts (*>*f8) are significantly different at (P<0.01).
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Figure 1. The activity of (A) 3-glucosidase and phenylalanine ammonia lyase and (B) polyphenoloxidase,

catalase, and peroxidase during the germination of wild mustard seeds. Values were significantly different at
(P<0.01).
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carbohydrate-cleaving enzymes and phenylalanine ammonia lyase as phenolic-synthesizing enzymes during
the germination of wild mustard seeds. The activity of B-glucosidase increased gradually to reach a maximum
on 5-days sprouts (40 U/g) and decreased gradually until 8-days of germination (12.5 U/g). The highest activity
of B-glucosidase on 5-days sprouts indicated that there is a high correlation between this enzyme and the high-
est phenolic and flavonoid contents on the same day. Kranz et al.*’ observed that the activity of f-glucosidase
increased during the germination of barley to reach its maximum activity on 12-days sprouts (102 U/kg) and
the activity of B-glucosidase increased during the germination of wheat to reach its maximum activity on 7-days
sprouts (400 U/kg). The B-glucosidase efficiently hydrolyzed the phenolic glycosides to release free phenolic
compounds*®. Additionally, the activity of phenylalanine ammonia lyase (PAL) increased gradually to reach the
maximum on 3-days sprouts (17.5 U/g) and also decreased gradually until 8-days sprouts (7 U/g). However,
the activity of PAL showed a low correlation with the highest phenolic and flavonoid contents and the antioxi-
dant activity on 5-days sprouts. Zhan et al.’ investigated the activity of PAL during the germination of garden
cress and found that the activity of PAL increased from 0-day of germination (0.155 umol cinnamic acid/g)
and reached a maximum on 5 day of germination (0.187 umol cinnamic acid/g). The essential enzyme for the
production of flavonoids and phenolics is PAL, which can catalyze the production of trans-cinnamic acid. The
phenylpropanoid metabolic pathway can convert trans-cinnamic acid into an intermediary product such as
coumaric acid and sinapic acid*.

The enzymatic activities of polyphenoloxidase (PPO), catalase (CAT) and peroxidase (POD) as antioxidant
enzymes during the germination of wild mustard were screened in Fig. 1B. The PPO, CAT, and POD activities
significantly increased (P <0.01) and reached their highest values on 7-days sprouts (50 U/g), 3-days sprouts (450
U/g), and 5-days sprouts (500 U/g), respectively. The activities of three enzymes decreased gradually till 8-days
of germination. The PPO, CAT and POD catalyzed the oxidation and generation of phenolic compounds and
consumption of H,0,>'-5* The highest activity of POD on 5-days sprouts indicated a high correlation between this
enzyme and the highest phenolic and flavonoid levels on the same day. The POD is critical in the polymerization
of mono- and di-phenols for the formation of polyphenols/phenolics and the activation of antioxidants during
the germination process*’.This may explain the association between the increase in POD enzyme activity and
the increase in the concentration of polyphenols in 5-days mustard sprouts. Similarly, the phenolic content of
green gram sprouts was associated with an increase in POD activity®. Several folds of increase in POD activity
in 6-days sprouts of garden cress and 7-days sprouts of chia were demonstrated, which were strongly associated
with high levels of polyphenols and antioxidant activity'®!?. However, the findings indicated little association
between the greatest phenolic and flavonoid levels on 5-days sprouts of mustard and the activities of PPO and
CAT. In contrast, a strong correlation between the phenolic, flavonoid contents, the antioxidant activity, and
the activities of PPO and CAT on 6-days sprouts of garden cress and 7-days sprouts of chia was detected'®"’. In
eight different barley cultivars after 24 h of germination, the PPO activity and total phenolic content increased
together™. Collectively, there is a substantial correlation between the highest p-glucosidase and peroxidase activi-
ties, and highest phenolic and flavonoid levels, and maximum antioxidant activity on 5-days mustard sprouts.
The reduction of PAL, PPO and CAT activities on 5-days sprouts may be attributed to the increase of the content
of some phenolic compounds which act as enzymatic inhibitors®”*,

The antibacterial activity of wild mustard dry seeds and 5-days sprout phenolic extracts was investigated
(Table 4).The inhibition zone diameters of dry seeds and 5-days sprouts against Gram-positive (S. aureus) strain
were 5 and 17 mm, respectively, while the inhibition zones against Gram-negative (E. coli) were 4 and 16 mm,
respectively. Gentamicin, as positive control, caused similar inhibition zones (14 and 16 mm) against the two
tested pathogenic bacterial strains. Additionally, the MIC of dry seeds and 5-days sprouts against Gram-positive
strain were 0.83 and 0.45 mg/ml, respectively, while the MIC against Gram-negative strain was 0.93 and 0.52 mg/
ml, respectively. The MIC of Gentamicin against Gram-positive strain and Gram- negative strain were 0.64 and
0.92 mg/ml, respectively.These results indicated that the germination process of wild mustard seeds enhanced
their antibacterial activity against the examined harmful bacterial strains. This may be attributed to enhancing
all phenolic compounds such as p-hydroxybenzoic and sinapic acid and producing a new vanillic acid. These
phenolic compounds may inhibit the growth of the bacteria through generating of H,O, molecules, which caused
changes in proteins of the bacteria and oxidative damage®. Similarly, the potent antibacterial activity of 7-days
chia sprout phenolic extract was demonstrated toward the same bacteria®.

In type 2 diabetes, the ability of insulin to stimulate cellular uptake of glucose from the blood is very low®.
Thus, inhibitors of both a-amylase and a-glucosidase reduced the release of glucose from long-chain carbohy-
drates, followed by delaying glucose absorption and managing diabetes®'. Acarbose is used as a positive control
for inhibiting the activity of these enzymes®. The phenolic compounds of some plants showed antidiabetic
activity®.The inhibitory effects of mustard seed and 5-days sprout phenolic extracts against a-amylase and

E. coli S. A
Sample Inhibition zone (mm) | MIC (mg/mL) | Inhibition zone (mm) | MIC (mg/mL)
Mustard dry seed 4.0+0.122 0.9340.02° 5.0+0.2° 0.83+0.03?
Day 5-mustard sprouts | 16.0£0.8" 0.52+0.01° 17.0£0.7° 0.45+0.03"
Gentamicin 14.0+0.5° 0.92+0.03° 16.0+0.6° 0.64+0.04°

Table 4. Antibacterial activity and MIC of wild mustard seeds and 5-days sprouts. Values in the same column
with different superscripts (**) are significantly different at (P<0.01).
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1C;, (ug GAE/ml)
Sample a-Amylase a-Glucosidase
Mustard seeds 360+12° 200+8°
5-days sprouts 82.6+3% 39+1.2%
Acarabose 625+22° 430+15°

Table 5. 1Cs, values of wild mustard seeds and 5-days sprouts phenolic extracts for inhibition of diabetic
enzymatic activities. ICy, (ug GAE/ml) value is the phenolic concentration required to inhibit 50% of
enzymatic activity. Values in the same column with different superscripts (*°) are significantly different at
(P<0.01).

a-glucosidase were evaluated (Table 5). ICs, values of mustard 5-days sprout phenolic extract for inhibition of
a-amylase (82.6 ug GAE/ml) and a-glucosidase (39 pug GAE/ml) were less than those recorded for mustard seed
extract (360 and 200 ug GAE/ml, respectively). The ICs, values of both mustard phenolic extracts for inhibition
of a-glucosidase were lower than those for a-amylase. Acarabose had higher IC;; against both enzymes compared
to both phenolic extracts. The results indicated that 5-days phenolic extracts showed strong inhibition for both
enzymes compared to seed. This finding could be explained by the 5-days mustard sprout phenolic extract con-
taining high levels of phenolic acids that possess potent antidiabetic properties, such as caffeic, p-hydroxybenzoic,
and p-coumaric acids®®,

Conclusions

The present study demonstrated that the phenolic and flavonoid contents increases several folds during the
germination of wild mustard seeds. There is a substantial correlation between the highest -glucosidase and
peroxidase activities, and highest phenolic and flavonoid levels, and maximum antioxidant activity on 5-days
mustard sprouts. The phenolic content of 5-days mustard sprouts showed potent antioxidant, antibacterial, and
antidiabetic activities compared to dry seeds. Mustard sprouts are a rich source of antioxidant-phenolic com-
pounds and could be used as functional food, antibacterial and antidiabetic agents.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request.

Received: 15 December 2023; Accepted: 23 April 2024
Published online: 08 May 2024

References
1. Pordevi¢, B. S. et al. Extraction of phenolic compounds from black mustard (Brassica nigra L.) seed by deep eutectic solvents. J.
Food Meas. Charact. 15, 1931-1938 (2021).
2. Zourgui, M. N. et al. Phytochemical screening, antioxidant and antimicrobial activities of Opuntia streptacantha fruit skin. J. Food
Meas. Charact. 14, 2721-2733 (2020).
3. Ferreira, I. C. E R., Martins, N. & Barros, L. Chapter one - Phenolic compounds and its bioavailability. In vitro bioactive compounds
or health promoters? In Advances in Food and Nutrition Research Vol. 82 (ed. Toldr4, F.) 1-44 (Academic Press, 2017).
4. Abdel-Aty, A. M., Salama, W. H., Hamed, M. B., Fahmy, A. S. & Mohamed, S. A. Phenolic-antioxidant capacity of mango seed
kernels: Therapeutic effect against viper venoms. Rev. Bras. Farmacogn. 28, 594-600 (2018).
5. Salama, W. H., Abdel-Aty, A. M. & Fahmy, A. S. Rosemary leaves extract: Anti-snake action against Egyptian Cerastes cerastes
venom. J. Tradit. Complement. Med. 8, 465-475 (2018).
6. Septembre-Malaterre, A., Remize, F. & Poucheret, P. Fruits and vegetables, as a source of nutritional compounds and phytochemi-
cals: Changes in bioactive compounds during lactic fermentation. Food Res. Int. 104, 86-99 (2018).
7. Abdel-Aty, A. M. et al. Ficus carica, Ficus sycomorus and Euphorbia tirucalli latex extracts: Phytochemical screening, antioxidant
and cytotoxic properties. Biocatal. Agric. Biotechnol. 20, 101199 (2019).
8. Barakat, A. Z,, Hamed, A. R., Bassuiny, R. ., Abdel-Aty, A. M. & Mohamed, S. A. Date palm and saw palmetto seeds functional
properties: Antioxidant, anti-inflammatory and antimicrobial activities. J. Food Meas. Charact. 14, 1064-1072 (2020).
9. Barakat, A. Z., Bassuiny, R. I, Abdel-Aty, A. M. & Mohamed, S. A. Diabetic complications and oxidative stress: The role of phenolic-
rich extracts of saw palmetto and date palm seeds. J. Food Biochem. 44, e13416 (2020).
10. Grygier, A. Mustard seeds as a bioactive component of food. Food Rev. Int. https://doi.org/10.1080/87559129.2021.2015774 (2022).
11. Fahey, J. W. Brassica: Characteristics and properties. In Encyclopedia of Food and Health (eds Caballero, B. et al.) 469-477 (Academic
Press, 2016).
12. Rasera, G., Hilkner, M., Alencar, S. & Janser, R. Biologically active compounds from white and black mustard grains: An optimiza-
tion study for recovery and identification of phenolic antioxidants. Ind. Crops Prod. 135, 294-300 (2019).
13. Bassan, P. et al. Extraction, profiling and bioactivity analysis of volatile glucosinolates present in oil extract of Brassica Juncea Var.
Raya. Physiol. Mol. Biol. Plants 24, 399-409 (2018).
14. Szydlowska-Czerniak, A., Tulodziecka, A., Karlovits, G. & Szlyk, E. Optimization of ultrasound-assisted extraction of natural
antioxidants from mustard seed cultivars. J. Sci. Food Agric. 95, 1445-1453 (2015).
15. Caglar, M. Y., GOk, V., Tomar, O. & Akarca, G. Determination of the effect of different ground mustard seeds on quality charac-
teristics of meatballs. Korean J. Food Sci. Animal Resour. 38, 530-543 (2018).
16. Martinovié, N., Polak, T., Ulrih, N. P. & Abramovi¢, H. Mustard seed: Phenolic composition and effects on lipid oxidation in oil,
oil-in-water emulsion and oleogel. Ind. Crops Prod. 156, 112851 (2020).
17. Sritongtae, B., Sangsukiam, T., Morgan, M. R. A. & Duangmal, K. Effect of acid pretreatment and the germination period on the
composition and antioxidant activity of rice bean (Vigna umbellata). Food Chem. 227, 280-288 (2017).
18. Abdel-Aty, A. M., Salama, W. H., Fahmy, A. S. & Mohamed, S. A. Impact of germination on antioxidant capacity of garden cress:
New calculation for determination of total antioxidant activity. Sci. Hortic. 246, 155-160 (2019).

Scientific Reports |

(2024) 14:10528 | https://doi.org/10.1038/s41598-024-60452-5 nature portfolio


https://doi.org/10.1080/87559129.2021.2015774

www.nature.com/scientificreports/

19. Abdel-Aty, A. M., Elsayed, A. M., Salah, H. A., Bassuiny, R. I. & Mohamed, S. A. Egyptian chia seeds (Salvia hispanica L.) dur-
ing germination: Upgrading of phenolic profile, antioxidant, antibacterial properties and relevant enzymes activities. Food Sci.
Biotechnol. 30, 723-734 (2021).

20. Bors, M. et al. The influence of variety and processing on the total phenolic content and antioxidant activity of mustard. Rom
Biotechnol. Lett. 22, 12514-12519 (2017).

21. Rasera, G., Hilkner, M. & Castro, R. Free and insoluble-bound phenolics: How does the variation of these compounds affect the
antioxidant properties of mustard grains during germination?. Food Res. Int. 133, 109115 (2020).

22. Veliogly, Y. S., Mazza, G., Gao, L. & Oomah, B. D. Antioxidant activity and total phenolics in selected fruits, vegetables, and grain
products. J. Agric. Food Chem. 46, 4113-4117 (1998).

23. Zhishen, J., Mengcheng, T. & Jianming, W. The determination of flavonoid contents in mulberry and their scavenging effects on
superoxide radicals. Food Chem. 64, 555-559 (1999).

24. Kim, K.-H,, Tsao, R., Yang, R. & Cui, S. W. Phenolic acid profiles and antioxidant activities of wheat bran extracts and the effect
of hydrolysis conditions. Food Chem. 95, 466-473 (2006).

25. Ao, C,, Li, A, Elzaawely, A. A, Xuan, T. D. & Tawata, S. Evaluation of antioxidant and antibacterial activities of Ficus microcarpa
L. fil. extract. Food Control 19, 940-948 (2008).

26. Re, R. et al. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 26,
1231-1237 (1999).

27. Miranda, M. V., Fernandez Lahore, H. M. & Cascone, O. Horseradish peroxidase extraction and purification by aqueous two-phase
partition. App. Biochem. Biotechnol. 53, 147-154 (1995).

28. Bergmeyer, H. U. Methods of Enzymatic Analysis 2nd edn, Vol. 1, 438 (Academic press, 1974).

29. Jiang, Y. M., Zhang, Z. Q., Joyce, D. C. & Ketsa, S. Postharvest biology and handling of longan fruit (Dimocarpus longan Lour.).
Postharvest Biol. Technol. 26, 241-252 (2002).

30. Gunata, Y. Z., Bayonove, C. L., Cordonnier, R. E., Arnaud, A. & Galzy, P. Hydrolysis of grape monoterpenyl glycosides by Candida
molischiana and Candida wickerhamii B-glucosidases. J. Sci. Food Agric. 50, 499-506 (1990).

31. Goldson, A., Lam, M., Scaman, C. H., Clemens, S. & Kermode, A. Screening of phenylalanine ammonia lyase in plant tissues, and
retention of activity during dehydration. J. Sci. Food Agric. 88, 619-625 (2008).

32. Bauer, A. W, Kirby, W. M., Sherris, J. C. & Turck, M. Antibiotic susceptibility testing by a standardized single disk method. Am.
J. Clin. Pathol. 45, 493-496 (1966).

33. Liu, S., Li, D., Huang, Y., Chen, X. & Lu, Y. W. Inhibition of pancreatic lipase, a glucosidase, a-amylase, and hypolipidemic effects
of the total flavonoids from Nelumbo nucifera leaves. J. Ethnopharmacol. 149, 263-269 (2013).

34. Zhang, J. et al. a-Glucosidase inhibitory activity of polyphenols from the burs of Castaneamollissima Blume. Molecules 19, 8373—
8386 (2014).

35. Fraga, C. G,, Croft, K. D., Kennedy, D. O. & Tomaés-Barberan, F. A. The effects of polyphenols and other bioactives on human
health. Food Funct. 10, 514-528 (2019).

36. Liu, B. G., Guo, X. N, Zhu, K. X. & Liu, Y. Nutritional evaluation and antioxidant activity of sesame sprouts. Food Chem. 129,
799-803 (2011).

37. Mandal, S. M., Chakraborty, D. & Dey, S. Phenolic acids act as signaling molecules in plant-microbe symbioses. Plant Signal. Behav.
5,359-368 (2010).

38. Guo, X. B, Li, T., Tang, K. X. & Liu, R. H. Effect of germination on phytochemical profiles and antioxidant activity of mung bean
sprouts (Vigna radiata). J. Agric. Food Chem. 60, 11050-11055 (2012).

39. Hung, P. V,, Maeda, T., Yamamoto, S. & Morita, N. Effects of germination on nutritional composition of waxy wheat. J. Sci. Food
Agric. 92, 667-672 (2012).

40. Abdel-Aty, A. M. et al. Purification and characterization of peroxidases from garden cress sprouts and their roles in lignification
and removal of phenol and p-chlorophenol. J. Food Biochem. 45, 13526 (2021).

41. Nawaz, H,, Shad, M. A. & Muzaffar, S. Phytochemical composition and antioxidant potential of brassica. Brassica Germplasm
Charact. Breed. Util. 1,7-26 (2018).

42. Nicacio, A. E., Rodrigues, C. A., Visentainer, J. V. & Maldaner, L. Evaluation of the QuEChERS method for the determination of
phenolic compounds in yellow (Brassica alba), brown (Brassica juncea), and black (Brassica nigra) mustard seeds. Food Chem.
340, 128162 (2021).

43. Aguilera, Y. et al. Changes in non-nutritional factors and antioxidant activity during germination of non-conventional legumes.
J. Agric. Food Chem. 61, 8120-8125 (2013).

44. Fernandez-Orozco, R. et al. Kinetic study of the antioxidant compounds and antioxidant capacity during germination of Vigna
radiata cv. emmerald, Glycine max cv. jutro and Glycine max cv. merit. Food Chem. 111, 622-630 (2008).

45. Mohamed, M. A., Mohamed, T. M., Mohamed, S. A. & Fahmy, A. S. Distribution of lipases in the Gramineae. Partial purification
and characterization of esterase from Avena fatua. Bioresour. Technol. 73, 227-234 (2000).

46. Mohamed, S. A., Al-Malki, A. L. & Kumosani, T. A. Partial purification and characterization of five a-amylases from a wheat local
variety (Balady) during germination. Aust. J. Basic Appl. Sci. 3, 1740-1748 (2009).

47. Kranz, B., Koch, M., Schapfl, M. & Fischer, L. Investigation of the germination of barley and wheat grains with a design of experi-
ments for the production of hydrolases. Food Technol. Biotechnol. 53, 127-135 (2015).

48. Saleh, R. M. et al. Solid-state fermentation by Trichoderma viride for enhancing phenolic content, antioxidant and antimicrobial
activities in ginger. Lett. Appl. Microbiol. 67,161-167 (2018).

49. Zhan, L., Fontana, E., Tibaldi, G. & Nicola, S. Qualitative and physiological response of minimally processed garden cress (Lepidium
sativum L.) to harvest handling and storage conditions. J. Food Agric. Environ. 7, 43-50 (2009).

50. Ren, S.-C. & Sun, J.-T. Changes in phenolic content, phenylalanine ammonia-lyase (PAL) activity, and antioxidant capacity of two
buckwheat sprouts in relation to germination. J. Funct. Foods 7,298-304 (2014).

51. El-Naggar, M. E., Abdel-Aty, A. M., Wassel, A. R,, Elaraby, N. M. & Mohamed, S. A. Immobilization of horseradish peroxidase on
cationic microporous starch: Physico-bio-chemical characterization and removal of phenolic compounds. Int. J. Biol. Macromol.
181, 734-742 (2021).

52. Mohamed, S. A., Abdel-Aty, A. M., Hamed, M. B., El-Badry, M. O. & Fahmy, A. S. Ficus syncomorus latex: A thermostable per-
oxidase. Afr. J. Biotechnol. 10, 17532-17543 (2011).

53. Mohamed, S. A., El-Badry, M. O., Drees, E. A. & Fahmy, A. S. Properties of a cationic peroxidase from Citrus Jambhiri cv. Adalia.
Appl. Biochem. Biotechnol. 150, 127-137 (2008).

54. Al-Najada, A. R. & Mohamed, S. A. Changes of antioxidant capacity and oxidoreductases of Saudi date cultivars (Phoenix dactylifera
L.) during storage. Sci. Hortic. 170, 275-280 (2014).

55. Chen, Z. et al. Comparison of phenolic profiles, antioxidant capacity and relevant enzyme activity of different Chinese wheat
varieties during germination. Food Biosci. 20, 159-167 (2017).

56. Sharma, P. & Gujral, H. S. Antioxidant and polyphenol oxidase activity of germinated barley and its milling fractions. Food Chem.
120, 673-678 (2010).

57. Adefegha, S. A., Oboh, G., Ejakpovi, I. I. & Oyeleye, S. I. Antioxidant and anti-diabetic effects of gallic and protocatechuic acids:
A structure—function perspective. Comp. Clin. Pathol. 24, 1579-1585 (2015).

Scientific Reports |  (2024) 14:10528 | https://doi.org/10.1038/s41598-024-60452-5 nature portfolio



www.nature.com/scientificreports/

58. Gondi, M. & Prasada Rao, U. J. Ethanol extract of mango (Mangifera indica L.) peel inhibits alpha-amylase and alpha-glucosidase
activities, and ameliorates diabetes related biochemical parameters in streptozotocin (STZ)-induced diabetic rats. J. Food Sci.
Technol. 52, 7883-7893 (2015).

59. Taleb, H., Maddocks, S. E., Morris, R. K. & Kanekanian, A. D. The antibacterial activity of date syrup polyphenols against S. aureus
and E. coli. Front. Microbiol. 7, 00198 (2016).

60. Orme, C. M. & Bogan, J. S. Sorting out diabetes. Science 324, 1155-1156 (2009).

61. Lordan, S., Smyth, T. ], Soler-Vila, A., Stanton, C. & Ross, R. P. The a-amylase and a-glucosidase inhibitory effects of Irish seaweed
extracts. Food Chem. 141, 2170-2176 (2013).

62. Rosak, C. & Mertes, G. Critical evaluation of the role of acarbose in the treatment of diabetes: Patient considerations. Diabet.
Metab. Synd. Obes. 5, 357-367 (2012).

63. Stojkovic, D. et al. An insight into antidiabetic properties of six medicinal and edible mushrooms: Inhibition of a-amylase and
a-glucosidase linked to type-2 diabetes. S. Afr. J. Bot. 120, 100-103 (2019).

64. Xu, W,, Luo, Q., Wen, X,, Xiao, M. & Mei, Q. Antioxidant and anti-diabetic effects of caffeic acid in a rat model of diabetes. Trop.
J. Pharm. Res. 19, 1227-1232 (2020).

Author contributions

S.A.M., HA.S. and A.M.A. designed the research; H.A.S., A.M.E., and R.I.B. conducted the research; S.A.M.,
H.A.S. and A.M.A. analyzed the data; S.A.M., A.M.E. and A.M.A. wrote the paper. All authors have read and
approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.A.M.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

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

© The Author(s) 2024

Scientific Reports |

(2024) 14:10528 | https://doi.org/10.1038/s41598-024-60452-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improvement of phenolic profile and biological activities of wild mustard sprouts
	Materials and methods
	Chemicals
	Seed source
	Germination process
	Extraction of phenolic compounds
	Determination of phenolics
	Determination of flavonoids
	Analysis of phenolic compounds by HPLC
	DPPH assay
	ABTS assay
	Total antioxidant activity measurement
	Extraction of enzymes
	Peroxidase assay
	Catalase assay
	Polyphenol oxidase assay
	β-Glucosidase activity assay
	Phenylalanine ammonia lyase activity assay
	Antimicrobial activity
	Bacterial strains
	Agar diffusion method
	Determination of minimum inhibition concentration (MIC)

	In-vitro antidiabetic assays
	α-Amylase inhibition assay
	α-Glucosidase inhibition assay

	Statistical analysis

	Results and discussion
	Conclusions
	References


