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Variation in the main health-promoting
compounds and antioxidant activity of whole and
individual edible parts of baby mustard (Brassica
juncea var. gemmifera)
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Despite being a brassicaceous vegetable that is widely consumed in winter and spring in Southwest
China, there is lack of information available on baby mustard. The aim of this study was to determine
the contents of soluble proteins, soluble sugars, chlorophylls, carotenoids, ascorbic acid,
proanthocyanidins, flavonoids, total phenolics, and glucosinolates, as well as the antioxidant activity of
the whole edible parts and seven individual edible parts (swollen stem: petioles, peel, flesh; lateral bud:
leaves, petioles, peel, flesh) of baby mustard. The results showed that significant differences in health-
promoting compounds and antioxidant activity existed between the different edible parts. The lateral
bud of baby mustard possessed greater health-promoting compounds than the swollen stem. In
particular, the lateral bud leaves possessed abundant antioxidant compounds and antioxidant activity,
indicating that these should be conserved during harvesting due to their potential contribution to
human health. Furthermore, aliphatic glucosinolates were predominant, and sinigrin was the most
abundant glucosinolate in all the assessed parts of baby mustard, the content of which was 15.81 pmol

g’1 dry weight, accounting for more than 87% of the total glucosinolate content. However, the sinigrin
Received 27th June 2018 tent in baby mustard is lower than tub tard, which explains the | t flavor of bab
Accepted 21st September 2018 content in baby mustard is lower than tuber mustard, which explains the less pungent flavor of baby
mustard and its better suitability as a fresh vegetable. In addition, antioxidant activity was highly

DOI: 10.1039/c8ra05504a correlated with total phenolics, whereas gluconasturtiin and soluble sugars were negatively correlated

rsc.li/rsc-advances with the majority of antioxidants.
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Introduction

The concentration and composition of glucosinolates, which
constitute important secondary metabolites of brassicaceous
plants,* are influenced by many environmental factors and also
vary greatly between different tissues within the same plant.>?
By mid-2014, more than 130 different glucosinolates had been
identified.* Based on the structure of different amino acid
precursors, glucosinolates can be grouped into three classes,
namely aliphatic, with a methionine precursor; indole, with
a tryptophan precursor; and aromatic, with an aromatic amino
acid precursor.® It is widely recognized that glucosinolates and
their breakdown products all exhibit strong biological activity.
When cruciferous plant tissues suffer mechanical damage,
glucosinolates will react with myrosinase to destabilize iso-
thiocyanates,® which has also been shown to be effective in
reducing the risk of cancer, particularly bladder, colon, and
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lung cancer.”” In addition to glucosinolates, Brassica vegetables
also contain many health-promoting compounds, including
ascorbic acid, carotenoids, and various phenolics.’**®

The cruciferous vegetable baby mustard (Brassica juncea var.
gemmifera) is a popular vegetable that is grown in the moist
climate of Southwest China. It is a variant of stem mustard that
was discovered in China in 1985 and is eaten in the winter and
spring seasons when fewer fresh vegetables are available.** It is
tender with a sweet and fragrant flavor and can be eaten raw,
cooked, or pickled.' There are a few varieties of baby mustard,
and ‘Linjiang-Ercai’ is the primary variety consumed in South-
west China. Vegetables are indispensable to the human diet and
are valued for their nutritional properties. A number of studies
are available on various Brassica vegetables; however, there have
been far fewer studies on baby mustard, and even fewer
regarding the nutritional composition of the individual edible
parts. The objective of this study was thus to determine the
content and composition of the main health-promoting
compounds and the antioxidant activities in the whole and
individual edible parts of baby mustard. These findings will
provide a guideline for the human diet.
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Experimental
Plant material and cultivation

Baby mustard plants were grown in an open field at an experi-
mental base located at the Sichuan Agricultural University,
China (29°58'54.23"N; 102°59'57.54"E) on September 2" 2016,
and were harvested on December 25, 2016. The cultivar of this
experimental material is ‘Linjiang-Ercai’, which is the main
cultivar in China. Five baby mustard plants were divided into
one group as a repeat, and four repeats were used in this
experiment. After harvesting, whole edible parts of baby
mustard (Fig. 1A) exhibiting similar growth tendencies were
transported to the laboratory immediately and divided into
seven individual parts according to their morphological and
botanical difference, including swollen stem petioles, swollen
stem peel, swollen stem flesh, lateral bud leaves, lateral bud
petioles, lateral bud peel, and lateral bud flesh. The whole
edible parts of baby mustard also constituted a sample (Fig. 1B).
The samples were then lyophilized in a freeze-dryer and stored
at —20 °C until further analysis.

Quality assessment

Glucosinolate composition and content. Glucosinolates were
extracted and analyzed as previously described.'**” Freeze-dried
samples (100 mg) were boiled in 5 mL water for 10 min. The
supernatant was collected after centrifugation (5 min, 4000g),
and the residues were washed once with water (5 mL), centri-
fuged and then combined with the previous extract. The aqueous
extract was applied to a DEAE-Sephadex A-25 (40 mg) column
(pyridine acetate form) (GE Healthcare, Piscataway, NJ). The
glucosinolates were converted into their desulpho analogues by
overnight treatment with 100 pL of 0.1% (1.4 units) aryl sulpha-
tase (Sigma), and the desulphoglucosinolates were eluted with 2
x 0.5 mL water. HPLC analysis of desulphoglucosinolates was
carried out using a Waters High-performance Liquid Chroma-
tography (HPLC) instrument equipped with a Model 2996 PDA
absorbance detector (Waters, USA). Samples (20 puL) were sepa-
rated at 30 °C on a Waters Spherisorb C18 column (250 x 4.6 mm
i.d.; 5 um particle size) using acetonitrile and water at a flow rate
of 1.0 mL min~". Absorbance was detected at 226 nm. ortho-
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Nitrophenyl-p-p-galactopyranoside (Sigma) was used as an
internal standard for HPLC analysis.

Soluble protein content. The soluble protein content was
determined using the method of Bradford.*® Fifty milligrams of
freeze-dried powdered material was soaked in 10 mL of distilled
water. The solution was stirred for 30 s using a vortex mixer,
after which it was allowed to settle for 30 min. The solution was
then centrifuged for 5 min at 4000g and 1 mL transferred to
a polypropylene tube. Subsequently, Coomassie brilliant blue G-
250 was combined with 1 mL of supernatant. The absorbance
was measured at 595 nm within 20 min after the reaction.
Soluble proteins in the samples were calculated based on
a standard curve of bovine serum albumin.

Soluble sugar content. The determination of soluble sugar
content was performed using the method proposed by Morris.*
Fifty milligrams of powder was extracted in 10 mL of distilled
water for 20 min at 90 °C, following which the homogenates
were centrifuged at 4000g for 5 min. A combination of 1 mL of
sample extract, 0.5 mL anthrone-ethyl acetate reagent, and 5 mL
concentrated sulfuric acid was homogenized and boiled for
5 min, and then cooled rapidly using ice water. The absorbance
of the reaction mixtures was measured at 630 nm using a spec-
trophotometer, and the soluble sugar content was determined
using a standard curve of sucrose.

Chlorophyll content. Fifty mg powder of lateral bud leaves
and 300 mg of other samples were ground and extracted with
10 mL ethanol, centrifuged at 4000g at room temperature for
5 min, respectively. The supernatant was collected and total
chlorophyll content was measured by reading the absorbance at
665 nm and 649 nm with a spectrophotometer. Chlorophyll
contents were expressed as mg kg~ " dry weight.*®

Total carotenoid content. Fifty mg of powder was extracted
with 10 mL of a mixture of acetone and petroleum ether (1 : 1, v/
v), total carotenoid content was measured by reading the
absorbance at 451 nm with spectrophotometer. Total carot-
enoid contents were expressed as mg kg~ ' dry weight.!®

Ascorbic acid content. Ascorbic acid content was determined
using the methods of Sun et al.*® Fifty mg of sample powder was
extracted with 5 mL 1.0% (w/v) oxalic acid, subsequently
centrifuged 5 min at 4000g. Each sample was filtered through
a 0.45 pm cellulose acetate filter. HPLC analysis of ascorbic acid

[Petioles | [Pecl| | Flclsh I Lca|vcs I Petilolcs | Pclcl |[Flesh |

Fig. 1 The edible parts of baby mustard. (A) The whole edible parts; (B) the division of the edible parts.
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was carried out using a Waters instrument with a Model 2996
PDA detector (Waters Inc., Milford, USA). Sample (20 pL) were
separated at room temperature on a Waters Spherisorb C18
column (150 x 4.6 mm id; 5 um particle size), using a solvent of
0.1% oxalic acid at a flow rate of 1.0 mL min~'. The amount of
ascorbic acid was calculated from absorbance values at 243 nm,
using authentic ascorbic acid as a standard. The results were
expressed as mg g~ " dry weight.

Proanthocyanidin content. Proanthocyanidin content was
determined according to the method described by Prior et al.*®
Forty milligrams of the lyophilized powder was transferred to
4 mL of the extracting reagent (acetone : distilled water : acetic
acid =150 : 49 : 1, v/v). The solution was vigorously vortexed for
5 min, shaken for 1 h, and then centrifuged at 4000g for 5 min.
Subsequently, 2.1 mL p-dimethylaminocinnamaldehyde
(DMACA) reagent was added to 700 uL of supernatant. The
absorbance of the mixture was spectrophotometrically detected
at 640 nm after 20 min, and the proanthocyanidin content was
determined using a standard curve of procyanidin B2.

Flavonoid content. Forty milligrams of sample powder was
extracted in 50% ethanol and incubated at room temperature
for 24 h in the dark. The suspension was then centrifuged at
4000g for 5 min at room temperature. A 1.2 mL aliquot of the
supernatant was mixed with 60 pL 2% aluminum trichloride,
the same volume (60 uL) of 1 mol L™ potassium acetate, and
1.680 mL distilled water. Absorption was read at 415 nm after
40 min. The flavonoid content was determined using a standard
calibration curve with quercetin in 50% ethanol as a reference
standard and expressed as mg of quercetin equivalence per g
dry weight.**

Total phenolic content. Total phenolics were extracted with
50% ethanol and incubated at room temperature for 24 h in the
dark. The suspension was centrifuged at 4000g for 5 min at
room temperature. The supernatant (300 pL) was mixed with
1.5 mL 0.2 mol L™ " Folin-Ciocalteu reagent in a polypropylene
tube, after 3 min, 1.2 mL saturated sodium carbonate was
added to each polypropylene tube. The mixtures were allowed to
stand for 20 min at room temperature and the absorbance was
measured at 760 nm with the spectrophotometer as previously
described.” Gallic acid was used as a standard and the results
were expressed as mg garlic acid equivalent (GAE) per g dry
weight.

Ferric reducing antioxidant power (FRAP). FRAP assay was
performed according to the method of Benzie and Strain.>* The
working FRAP reagent was prepared daily by mixing 300 mmol
L~ acetate buffer (pH 3.6), 20 mmol L™" ferric chloride, and
10 mmol L™ 2,4,6-tripyridyl-S-triazine in 40 mmol L™" HCI in
the ratio of 10 : 1 : 1 (v/v/v). The extracted samples (300 pL) were
added to 2.7 mL of the FRAP working solution incubated at
37 °C and vortexed. The absorbance was then recorded at
593 nm using a UV-Vis spectrophotometer after the mixture had
been incubated in at 37 °C for 10 min. FRAP values were
calculated based on FeSO, - 7H,0 standard curves and expressed
as mmol g~ ' dry weight.

2,2-Azinobis(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS).
ABTS antioxidant activity was performed according to the
method of Subhasree et al.>* The radicals ABTS' were generated
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by the addition of 2.45 mmol L' ammonium persulfate to
a 7 mM ABTS solution, and the ABTS" solution was stored in
darkness for 16 h. The ABTS" solution was adjusted with acetate
buffer (pH 4.5) to an absorbance of 0.700 (+ 0.020) at 734 nm.
An aliquot of 300 pL of each extracted sample was added to 3 mL
of ABTS" solution. The absorbance was measured spectropho-
tometrically at 734 nm after exactly 2 h. The percentage inhi-
bition was calculated according to the formula: % inhibition =
[(Acontrol - Asample)/Acontrol] % 100%.

Statistical analysis

All assays were performed in quadruplicate. The results are
shown as the mean + standard deviation (SD). Statistical anal-
ysis was performed using the SPSS package program version 18
(SPSS Inc., Chicago, IL, USA). Data were analyzed using one-way
analysis of variance (ANOVA). The means were compared using
the Least Significant Differences (LSD) test at a significance
level of 0.05. Hierarchical clustering analysis (HCA) and corre-
lation analysis by means of a heatmap were generated using
TIGR MeV software (Version 4.1). Principal component analysis
(PCA) and partial least squares-discriminant analysis (PLS-DA)
were performed in SIMCA-P 11.5 Demo software (Umetrics,
Sweden) with unit variance (UV)-scaling to decipher the rela-
tionships among samples.*®

Results
Glucosinolates

Unsurprisingly, all the individual baby mustard parts contained
glucosinolates. Four indole (4-hydroxy glucobrassicin, gluco-
brassicin, 4-methoxyglucobrassicin, and neoglucobrassicin),
three aliphatic (sinigrin, glucoalyssin, and gluconapin), and one
aromatic (gluconasturtiin) glucosinolates were detected by
High-Performance Liquid Chromatography (HPLC). There were
remarkable differences in the glucosinolate composition and
content among the individual edible parts of baby mustard. The
total glucosinolate content of the edible parts ranged from 6.09
umol g~ in the swollen stem petioles to 33.60 pumol g~ * in the
lateral bud peel. The total glucosinolate content of whole baby
mustard was 18.11 pmol g~ . Aliphatic glucosinolates were the
main contributor, contributing 90.78% of the glucosinolates in
the whole edible parts, followed by indole glucosinolates
(7.62%) and aromatic glucosinolates (1.55%). Among all of the
glucosinolates, sinigrin was the major glucosinolate and
accounted for 87.30% of the whole edible parts. A similar
distribution was observed in the individual edible parts. In
addition, among the edible parts, eight glucosinolates were
detected in the lateral bud peel and lateral bud flesh; seven
glucosinolates were detected in the swollen stem petioles,
swollen stem peel, and lateral bud petioles; and five glucosi-
nolates were observed in the lateral bud leaves. In contrast, only
three glucosinolates were identified in the swollen stem flesh,
including one indole, one aliphatic, and one aromatic glucosi-
nolate. It should be noted that glucoalyssin was identified in all
of the four parts of the lateral bud, but were not detected in the
swollen stem. Excepting the lateral bud leaves, the distribution
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05504a

Open Access Article. Published on 02 October 2018. Downloaded on 7/30/2025 10:16:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
Q Q
- @2 o © T
O = N
s85c 28
H H
= < HH 4 H H
@ n oo M © o
2 - 2N« 0
[ NS S A S o
© «©
- 9 T ©
o o o o™
“8E8- 5
H H
< HH H H
< O 1 AN o«
o x2S en
=¥ N O - ™ (==
v .00 o Nel
o - N © o
S ] N
“ - S S S
% HHHAH H
= S 1n© o :
3] Noen o <
=Y W o OO S o
3
[a)
T o S 2
o
o « T < <
o) =t N O ® n
g g = rnl= =
=1 LSS ] S
~ — [75)
5| E| 8 o H A H
o 3 © S eqa < 8
i I 5] S QAN S ]
g - — - o o - oo
€
>
I
Y Y
f ~ ~
9 2 2
P S S
5 Y .
= 8 Sd3 9 i
2 ) B g g g g
2
kel
9]
©
S o o 9]
kel <+ SN Q .a
> ~N o © o ©
© IS bl =<
c S S o
= H H
c < H & H H
Y = < 2O A [ToT)
o & S8 n g =
7] =Y - 8 o - o o
o
c
©
Q
e} 8 [ T 4 (SIS
< 3} ~ - © QA
2 @ = e e <
c o 2 S S S S o
% ) = H H H H H
0} ) = ©® - © W o
S 2 3] © T Qg = q
5 n =Y <+ 2 O W o o
c
‘©
(o]
5
o ]
) o © 9 4 Qo
w— I ) © ®
9 - 22 e <
— S S S o
c +H H
9] 2 - HH S H H
€ _g © v o o
o] n 3T e aq
O = - S S - S oS
k]
c
©
c
9 £
= S
o) 7
e g
a
3 8 o
] (9]
o ] =« B 23
c < =g o0 7
= ° @n .2 g 71
3] = =] 28
g B =R =] o =
— 17} Rt @ 2w o =2
o o RS =T ©
- [} a xS 2's S > 9
2 5| ££2838 =S&£3
- Ol 200 E£<+0

33848 | RSC Adv., 2018, 8, 33845-33854

1.66 £ 0.11 b 0.66 + 0.05 ¢ 0.35 £ 0.01d

2.20 £ 0.34 a

n.d.

0.22 +0.03 d 0.21 +0.02d
n.d.

0.31 £0.03d

0.34 £ 0.06 d

4-Methoxy glucobrassicin
Neoglucobrassicin
Total indole

0.21 +£0.02 b 0.11 £ 0.00 ¢

0.09 £+ 0.02 ¢

0.18 £ 0.01 b 0.05 +0.01d

0.24 £ 0.04 a

0.81 £ 0.06 d 0.86 £ 0.23 d 0.21 £ 0.02 e 2.75 + 0.28 a 2.19£0.41b 2.19 £ 0.19b 1.04 £ 0.21d

1.38 £ 0.21 ¢

Aromatic

0.41 £+ 0.01 cd
0.41 £ 0.01 cd
23.78 £ 0.54 b

0.71 £+ 0.06 b

0.34 + 0.14 de
0.34 £ 0.14 de
12.24 £ 1.61d

0.28 + 0.06 de 0.22 £ 0.03 e 0.90 £ 0.21 a 0.55 + 0.03 ¢

0.28 £+ 0.06 de
18.11 £ 2.18 ¢

Gluconasturtiin
Total aromatic

0.71 £ 0.06 b

0.90 £ 0.21 a 0.55 £ 0.03 ¢

0.22 £ 0.03 e

33.60 £ 1.61a

13.71 £ 3.30d 6.18 + 0.59 ¢ 14.02 £ 0.82 d

6.09 £ 0.58 ¢

Total glucosinolates

% Data are expressed as mean + standard deviation. Same letter in the same row means no significant differences among values (p < 0.05) according to the LSD's test.
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of glucosinolates in the swollen stem and lateral bud was
concordant. The peel had the highest glucosinolate content,
followed by the flesh and petioles whether in the swollen stem
or lateral bud. Furthermore, for the same tissue, the contents of
total glucosinolates in the lateral bud were significantly higher
than in the swollen stem (Table 1).

Soluble proteins and soluble sugars

The composition and content of the main nutrients and health-
promoting compounds in baby mustard are shown in Table 2.
The soluble protein content in the seven individual edible parts
ranged from 38.81 mg g~ ' to 91.10 mg g~ . Overall, the soluble
protein content was highest in the lateral bud leaves, followed
by the lateral bud petioles, and was lowest in the swollen stem
petioles. The soluble proteins in the flesh were highest, fol-
lowed by the peel and then the petioles in the swollen stem,
while an opposite pattern was observed in the lateral bud. A
comparison of the seven edible parts with the entire baby
mustard plant indicated that the lateral bud leaves, petioles,
and peel were higher in soluble protein than the whole plant,
while the other parts were lower in soluble protein content.
The soluble sugar contents ranged between 155.31 mg g~ ' in
the lateral bud leaves and 463.85 mg g~ ' in the lateral bud flesh.
The difference among the samples was nearly three-fold. The
soluble sugar content of the petioles was highest in the swollen
stem, whereas the flesh in the lateral bud had the highest
soluble sugar content. Of the edible parts, only the lateral bud
flesh was higher in comparison to the whole parts (Table 2).

Chlorophylls and carotenoids

Chlorophyll content ranged from 10.71 mg kg™ in the swollen
stem flesh to 3345.13 mg kg™ ' in the lateral bud leaves. A
similar distribution was observed with the carotenoid content
in the various edible parts. The carotenoid content ranged from
0.88 mg kg~ in the swollen stem flesh to 335.02 mg kg™ " in the
lateral bud leaves. Thus, the chlorophyll and carotenoid
contents in the lateral bud leaves were generally more than 300
times greater than those in the swollen stem flesh (Table 2).

Ascorbic acid

The ascorbic acid content was lowest in the swollen stem peel
(2.59 mg g~ 1) and highest in the lateral bud petioles (5.11 mg
¢~ "). In the swollen stem, the ascorbic acid content in the flesh
was highest, followed by the petioles and the peel. In the lateral
bud, the petioles had the highest content of ascorbic acid, fol-
lowed by the leaves, flesh, and peel (Table 2).

Proanthocyanidins, flavonoids, and total phenolics

There were significant differences in the contents of proan-
thocyanidins, flavonoids, and total phenolics among the
different edible parts. The highest content of proanthocyani-
dins, flavonoids, and total phenolics were observed in the
lateral bud leaves (3.35 mg g~ ', 19.30 mg g~ !, and 17.66 mg g ',
respectively). The lowest proanthocyanidin content was recor-
ded in the swollen stem flesh (0.20 mg g~ *). However, the lowest

This journal is © The Royal Society of Chemistry 2018
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contents of flavonoids and total phenolics were both detected in
the swollen stem peel (1.84 mg g~* and 1.96 mg g™, respec-
tively). With the exception of the lateral bud leaves, the distri-
bution of flavonoids in the swollen stem and lateral bud was
concordant. The flesh contained the highest flavonoid content,
followed by the petioles and peel whether in the swollen stem or
lateral bud. Furthermore, the lowest proanthocyanidin content
was detected in the flesh, regardless of whether it was the
swollen stem or lateral bud. However, no significant difference
in proanthocyanidin content was found between the petioles
and peel. Nevertheless, the distribution of total phenolics in the
swollen stem and lateral bud among the petioles, peel, and flesh
differed. The highest total phenolic content in the swollen stem
was detected in the flesh, followed by the petioles and the peel.
In contrast, in the lateral bud, the phenolic content in the
petioles was higher than in the flesh, while the peel still con-
tained the lowest content of total phenolics (Table 2).

Antioxidant activity

The results obtained for the antioxidant activity based on the
FRAP and ABTS assays are displayed in Fig. 2. Significant
differences were observed in the individual edible parts. The
highest FRAP and ABTS values (121.17 mmol kg and 69.59%,
respectively) were measured in the lateral bud leaves. The
swollen stem peel was characterized by the lowest FRAP and
ABTS activities (33.92 mmol kg~ * and 19.90%, respectively). The
antioxidant activity of the flesh was significantly higher than the
peel in both the swollen stem and lateral bud. Additionally, the
antioxidant activities of the swollen stem petioles, peel, and
lateral bud peel were significantly lower than the whole edible
parts, while those of the remaining parts were higher.

HCA

HCA of the whole and individual edible parts was performed to
visualize the main health-promoting compounds and antioxi-
dant activities (Fig. 3). To determine the relationships and
trends of these different parts, the heatmap was divided into

160 1 OFRAP mABTS [ 0
a
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T 120 A + 60
£
= g
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E 80 A b 40 »
b
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é d| ed d ed d|
= 40 A f 20
0 - r 0
Whole Petioles Peel Flesh LeavesPetioles Peel Flesh
Swollen stem Lateral bud
Edible parts

Fig. 2 Antioxidant activities in the whole and individual edible parts of
baby mustard. Standard deviations are expressed by bars. For each
tissue, same letter in the same testing method means no significant
differences (p < 0.05) according to the LSD's test.
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four groups. Group A only contained ascorbic acid and flavo-
noids, which were highest in the lateral bud leaves and rela-
tively high in the flesh of the swollen stem and the lateral bud.
Group B is the largest group in Fig. 3 and contained antioxidant
activities and most of the health-promoting compounds. The
lateral bud leaves were highest in these indices. Group C
included gluconasturtiin, a type of aromatic glucosinolate, and
total aromatic glucosinolates, which were highest in the peel
whether in the swollen stem or lateral bud. Sinigrin, the prin-
cipal contributor of total aliphatic glucosinolates and total
glucosinolates, together with soluble sugars and several other
glucosinolates, was located in group D. These were most highly
expressed in the peel and flesh of the lateral bud.

PCA

PCA was performed to compare the distribution of the main
health-promoting compounds and antioxidant activity among
the whole and individual parts of baby mustard. As shown in
Fig. 4, the first component accounted for 52%, while the second
component represented 26%. The whole edible part samples
grouped close to the origin. The leaves and petioles of the lateral
bud could be discriminated from the other parts by PC1.
Additionally, the swollen stem could be discriminated from the
lateral bud by PC2 (Fig. 4A). The results of the PCA and PLS-DA
were congruent and indicated that the whole edible parts were
similar to the lateral bud flesh in terms of the measured
constituents, which is to be expected as the lateral bud flesh is

33850 | RSC Adv., 2018, 8, 33845-33854

the primary edible part in baby mustard (Fig. 4B). Fig. 4C shows
that PC1 was dominated by total phenolics, FRAP, chlorophylls,
carotenoids, glucoalyssin, ABTS, proanthocyanidins, 4-methoxy
glucobrassicin, flavonoids, soluble sugars, gluconasturtiin, and
total aromatic glucosinolates. In contrast, PC2 was dominated
by total glucosinolates, total aliphatic glucosinolates, sinigrin,
gluconapin, and flavonoids. The lateral bud leaves and other
parts were primarily discriminated based on chlorophylls,
carotenoids, total phenolics, FRAP, ABTS, glucoalyssin, 4-
methoxy glucobrassicin, and proanthocyanidins. In contrast,
gluconapin, sinigrin, total aliphatic glucosinolates, and total
glucosinolates play an important role in the lateral peel.

Correlation analysis

The correlation between the health-promoting compounds and
antioxidant activity was expressed as a heatmap (Fig. 5).
Correlation analysis indicated two significantly positively
correlated connections between the variables. The first was the
correlation between glucobrassicin, ascorbic acid, flavonoids,
FRAP, ABTS, chlorophylls, carotenoids, total phenolics, glu-
coalyssin, proanthocyanidins, 4-methoxy glucobrassicin,
soluble proteins, and total indole glucosinolates, and the
second was the association between gluconasturtiin, total
aromatic glucosinolates, soluble sugars, neoglucobrassicin, 4-
hydroxy glucobrassicin, gluconapin, sinigrin, total aliphatic
glucosinolates, and total glucosinolates, with the exception that
gluconasturtiin and total aromatic glucosinolates were not

This journal is © The Royal Society of Chemistry 2018
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correlated with soluble sugars and neoglucobrassicin. However,
most of the variables between the first group and second group
were negatively correlated with each other. In addition, the
positive correlations between chlorophylls and carotenoids, as
well as among sinigrin, total aliphatic glucosinolates, and total
glucosinolates, were highest, while the greatest negative corre-
lations were observed between gluconasturtiin, total aromatic
glucosinolates, soluble sugars and flavonoids, FRAP, ABTS,
chlorophylls, carotenoids, total phenolics, glucoalyssin, proan-
thocyanidins, and 4-methoxy glucobrassicin.

This journal is © The Royal Society of Chemistry 2018

The ABTS and FRAP results were consistent with each other.
The correlation analysis indicated that antioxidant activity was
positively associated with ascorbic acid, chlorophylls, caroten-
oids, total phenolics, flavonoids, glucoalyssin, proanthocyani-
dins, 4-methoxy glucobrassicin, soluble proteins, and total
indole glucosinolates. Specifically, the correlation with total
phenolics was highest, whereas the remaining components
were negatively correlated, with the exception of glucobrassicin.
Glucosinolates could be divided into three parts based on the
correlation analysis. The first part contained glucoalyssin,

RSC Adv., 2018, 8, 33845-33854 | 33851
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which was positively correlated with 4-methoxy glucobrassicin,
both of which were negatively correlated with gluconasturtiin,
total aromatic glucosinolates, neoglucobrassicin, and 4-hydroxy
glucobrassicin. The second part contained gluconasturtiin,
which was highly positively correlated with total aromatic glu-
cosinolates. The third part contained neoglucobrassicin, 4-
hydroxy glucobrassicin, sinigrin, total aliphatic glucosinolates,
and total glucosinolates, all of which were positively correlated
with one another.

Discussion

The present study is the first to comprehensively assess the
primary health-promoting compounds, identify the glucosino-
late compositions, and evaluate the antioxidant activities of the
whole and individual edible parts of baby mustard. Our results
showed that significant differences existed among the different
individual edible parts, and the nutritional value of the lateral
bud was higher than the swollen stem. Eight glucosinolates
were detected, and sinigrin was found to be the major
glucosinolate.

Many studies have indicated that significant differences exist
among different plant organs/tissues in terms of nutritional
composition and content.>**” Generally, the leaves are more
nutritious than the petioles, roots, and other organs.”® Our

33852 | RSC Adv., 2018, 8, 33845-33854

ive correlation.

results are consistent with this, except with regards to the
ascorbic acid and soluble sugar contents. In our study, the
content of ascorbic acid in the flesh was higher than the peel,
which corroborates a previous study.? Interestingly, the soluble
protein, chlorophyll, carotenoid, proanthocyanidin, and
majority of glucosinolate contents in the lateral bud were higher
than in the swollen stem in the corresponding tissues, which
might be explained by the source-sink theory.

Glucosinolates and their breakdown products are beneficial to
human health. Several studies have suggested that aliphatic glu-
cosinolates constitute a predominant component of total glucosi-
nolates in Brassica.***" In this study, aliphatic glucosinolates
accounted for almost 90% of the whole edible parts of baby
mustard. Additionally, the glucosinolate composition and content
in the different edible parts differed significantly in our study,
which corroborates the results of Maldini et al.** and Sun et al.*®
Furthermore, the content of aromatic glucosinolates in the peel
was higher than the other edible parts of baby mustard. Consid-
ering that the peel constitutes the protective screen of plants, we
inferred that the high content of aromatic glucosinolates in the
peel protects the plants by resisting disease and pathogens.*

Many studies have confirmed that glucosinolate composi-
tions differ among distinct species. The most abundant gluco-
sinolate in mustard is sinigrin,** while in broccoli it is
glucoraphanin;'” in Chinese kale it is gluconapin;' in loose-

This journal is © The Royal Society of Chemistry 2018
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curd cauliflower it is glucoiberin;** in cabbage it is gluco-
brassicin; and in the different tissues of wild radish it is glu-
coraphanin and glucoraphasatin.®> However, glucosinolate
compositions are typically similar in the same species. Seven
types of glucosinolates have previously been detected in Indian
mustard,*® nine have been detected in tuber mustard, and eight
were detected in baby mustard in the present study. In our
study, the content of sinigrin in the various tissues of the edible
parts of baby mustard accounted for about 70% to 90% of the
total glucosinolate composition. Sinigrin is also the dominant
glucosinolate in tuber mustard. However, there was a slight
difference in aliphatic glucosinolate composition between baby
mustard and tuber mustard, whereas the composition of other
glucosinolates was the same.*” Sinigrin was found to be one of
the most important glucosinolates influencing the flavor of
cruciferous plants, and is an important component of pungency
in mustard. However, the sinigrin content in baby mustard
(15.81 umol g~ DW) was significantly lower than in tuber
mustard (29.09 pmol g~' DW), which is reflected by their
different uses in the everyday human diet. Tuber mustard is
typically made into preserved Szechuan pickle by the people of
Southwest China, the unique flavor of which is mainly attrib-
uted to the abundant glucosinolate hydrolysates. Baby mustard
has been artificially bred for its low glucosinolate content, and
particularly its sinigrin content, which renders the flavor of
baby mustard less pungent and more suitable for being eaten
fresh.

Antioxidant activity between different plant organs/tissues
generally differs significantly.®*® Our results also indicated
that the leaves, petioles, peel, and flesh of the edible parts of
baby mustard exhibited good and distinct antioxidant activity
as determined by ABTS and FRAP, and the tissue with the
highest antioxidant activity was the leaves, while the swollen
stem peel had the lowest activity. The antioxidant activity of the
peel in tuber mustard and bamboo shoots mustard is higher
than the flesh,”® and similar results have been found in apple.*®
However, in our study, the antioxidant activity of the peel and
flesh in baby mustard exhibited a contrary pattern. Antioxidant
activity is correlated with total phenolic content in many
studies,* and the total phenolic content in the flesh was also
higher than in the peel in baby mustard.

Gluconasturtiin, soluble sugars, and many antioxidants were
negatively correlated, whereas gluconasturtiin and soluble
sugars did not exhibit any correlation. Interestingly, glucosi-
nolates, soluble sugars, and antioxidant activity are all closely
associated with stress resistance in plants.****** Usually, the
soluble sugar content will increase and plant growth will
decline when plants are subjected to adverse situations. We
inferred that soluble sugars, as the primary energy material,
respond to stress by increasing the osmotic pressure in plants,
thus resulting in growth suppression. As the situation becomes
more serious, the soluble sugar content will increase accord-
ingly. However, the high level of antioxidant activity will be
beneficial for reducing injury in plants, and thus the soluble
sugar content will decrease. Glucosinolate metabolites are one
of the most predominant defense and immunity components in
plants. It has been reported that glucosinolates will interact

This journal is © The Royal Society of Chemistry 2018
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with each other to maintain cellular homeostasis in plants.** In
our study, glucoalyssin and 4-methoxy glucobrassicin demon-
strated a synergistic interaction, and both were negatively
correlated with gluconasturtiin.

Conclusions

This is the first report on the content and composition of
health-promoting compounds, glucosinolates, and antioxidant
activity in the whole and individual edible parts of baby
mustard. The contents of these significantly differed among the
whole and individual parts. Glucosinolate content was highest
in the lateral bud peel in comparison to the other parts. The
lateral bud had higher nutritional value than the swollen stem.
In addition, the lateral bud leaves contained high levels of
antioxidants and antioxidant activity, and thus should be
conserved during harvesting for their health-promoting prop-
erties. Besides tissues, varieties and developmental stages also
have a significant influence on health-promoting compounds,
which will be explored in further study. In summary, the
information in this study provides a theoretical reference for
human dietary nutrition and a foundation for the further study
of baby mustard.
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