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ABSTRACT: Broccoli (Brassica oleracea L. var. italica) is a rich source of chemopreventive compounds. Here, we evaluated and
compared the effect of selenium (Se) treatment on the accumulation of anticancer compounds Se-methylselenocysteine
(SeMSCys) and glucosinolates in broccoli sprouts and florets. Total Se and SeMSCys content in sprouts increased concomitantly
with increasing Se doses. Selenate was superior to selenite in inducing total Se accumulation, but selenite is equally effective as
selenate in promoting SeMSCys synthesis in sprouts. Increasing sulfur doses reduced total Se and SeMSCys content in sprouts
treated with selenate, but not in those with selenite. Examination of five broccoli cultivars reveals that sprouts generally have
better fractional ability than florets to convert inorganic Se into SeMSCys. Distinctive glucosinolate profiles between sprouts and
florets were observed, and sprouts contained approximately 6-fold more glucoraphanin than florets. In contrast to florets,
glucosinolate content was not affected by Se treatment in sprouts. Thus, Se-enriched broccoli sprouts are excellent for
simultaneous accumulation of chemopreventive compounds SeMSCys and glucoraphanin.
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■ INTRODUCTION
Selenium (Se) is an essential trace element for mammals. It is
estimated that between 500−1000 million people worldwide
are deficient in Se.1 Se in the form of selenocysteine constitutes
25 selenoproteins in mammals and plays both structural and
enzymatic roles such as glutathione peroxidases in antioxidant
functions, thioredoxin reductases in thioredoxin system, and
iodothyronine deiodinases in thyroid hormone metabolism.2

According to the Institute of Medicine of the National
Academy, the RDA (recommended dietary allowance) value
for Se is 55 μg day−1 for adults.3 Deficiency in Se results in a
dramatic reduction in activity of selenoproteins in humans,
causing various diseases and disorders such as thyroid gland
dysfunction, irreversible brain injury, Keshan disease (cardio-
myopathy), decreased immune responses to viral infections,
and increased risk to various cancers.2 Apart from selenopro-
teins, other (nonprotein) selenocompounds have also been
implicated to have important health benefits. Interest has been
focused on the anticancer property of monomethylated
selenoamino acids.4−7 Although some selenoproteins may
also act as cancer preventive agents,2,4 studies have shown
that monomethylated Se forms, especially Se-methylselenocys-
teine (SeMSCys) that serves as precursor to methylselenol,
possess potent anticancer activity.4,6

Ingestion of Se-biofortified plant foods has been assumed to
be important to decrease Se deficiency in the population.1 In
general, plants take up inorganic forms of Se (selenate, Se6+, or
selenite, Se4+) applied in soil, nutrient solution (in hydroponic
culture system), or leaves (through foliar spray) and metabolize

them. Given that Se is an analogue of sulfur (S), Se uptake and
assimilation in plants follow S metabolic pathways.8,9

Glucosinolates are a group of S-containing phytochemicals
largely found in plants of the order Brassicales. More than 120
different types of glucosinolates are known. They are classified
as aliphatic (derived from methionine, alanine, leucine,
isoleucine, or valine), indole (derived from tryptophan), or
aromatic (derived from phenylalanine or tyrosine) glucosino-
lates.10 Many of these phytochemical compounds have
attracted great attention because of their beneficial effects on
human health.11,12 Glucoraphanin (4-methylsulfinylbutyl glu-
cosinolate) is an aliphatic glucosinolate that is being widely
studied due to its superior anticancer activity. This important
glucosinolate is metabolized to isothiocyanate sulforaphane,
which acts as potent monoinducer of phase II enzymes in
inactivating carcinogenic metabolites.13,14

Broccoli (Brassica oleracea L. var. italica) vegetable is known
to contain a large amount of glucoraphanin besides other
chemopreventive glucosinolates.14−17 Furthermore, broccoli is
part of a small group of agricultural crops that accumulate
considerable amounts of SeMSCys when grown in Se-
containing soils,18,19 thereby increasing its anticancer prop-
erty.4,20 Florets of mature broccoli plants constitute the main
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edible part of this crop consumed worldwide. Broccoli sprouts
have also been consumed because it is a rich source of bioactive
compounds, in particular, glucoraphanin.15,21 Early works have
shown that there is an inverse relationship between Se and
glucosinolate accumulation in mature broccoli plants,19,22−25

but little information is available on broccoli sprouts. In this
work, we investigated the possibility to simultaneously enrich
SeMSCys and glucoraphanin in broccoli sprout and floret, the
two edible tissues. For this, we evaluated the total Se
accumulation, SeMSCys synthesis, and glucosinolate profiles
in sprouts and florets of broccoli exposed to different forms of
inorganic Se (selenate and selenite), as well as the interaction
between Se and S. To obtain a general trend of changes in
broccoli, five broccoli cultivars were used in this study.

■ MATERIALS AND METHODS
Plant Materials and Treatments. Seeds of broccoli (Brassica

oleracea L. var. italica) cv. GYPSY were obtained commercially (Harris
Seeds, Rochester, NY). For experiments with sprouts, the seeds were
sown on two sheets of filter paper (3 mm, Whatman) soaked with
treatment solutions in Magenta boxes (Bio-World, Dublin, OH), and
grown in a growth chamber with photoperiod of 16/8 h light/dark
period at temperature of 22/18 °C day/night. The treatments
consisted of one control (Milli-Q water), five Se doses (10, 25, 50,
75, and 100 μM) of either selenate (Na2SeO4) or selenite (Na2SeO3),
and one treatment with 25 μM of each selenate and selenite. A sulfur
dosage treatment consisted of three doses (0.1, 1, and 10 mM) of
sulfate (Na2SO4) in the presence and absence of 50 μM Se (either
selenate or selenite). The experiment was conducted in a completely
randomized design, and all treatments were performed with three
replicates. During sprout growth, an additional 1 mL of either water or
solution corresponding to each treatment was added every 24 h. After
7 days, sprouts were harvested, washed with Milli-Q water, dried with
paper towels, and frozen in liquid nitrogen. The samples were ground
with mortar and pestle to fine powder in liquid nitrogen and dried for
48 h in a freeze-dry system (Labconco FreeZone, 6 L Benchtop
Freeze-Dry System model 77520). The lyophilized samples were
stored in a desiccator at 4 °C until use.
In addition, two independent experiments (an experiment with

broccoli sprouts and an experiment with mature broccoli plants) also
were simultaneously carried out in a completely randomized design.
Seeds of five broccoli cultivars (Packman, Diplomat, GYPSY,
Marathon, and De Cicco) were obtained either commercially (Harris
Seeds, Rochester, NY) or as gifts. The experiment with sprouts was
conducted as described above, and treatments consisted of five
broccoli cultivars exposed to either Milli-Q water (control) or 25 μM
Se (supplied as selenate, Na2SeO4). The experiment with mature
broccoli plants was conducted as following. Seeds were sown into 23-
cm-diameter pots filled with 6 dm3 of soil mix (Metro-Mix 360, Sun
Gro Horticulture) in a greenhouse with photoperiod of 14/10 h light/
dark period at temperature of 24 °C. During the plant growth period,
soil mix from each pot was fertilized with Osmocote according to
nutritional needs of the broccoli crop. Treatments consisted of five
broccoli cultivars grown without (control) or with selenate (Na2SeO4)
supply. When plants just initiated floral primordia, six applications
(twice per week for three weeks) of 100 mL of 1.5 mM Na2SeO4
solution were performed in each pot, resulting in a final dosage of 25
μM Se in each application (considering 6 dm3 of soil mix per pot).
The application of 25 μM Na2SeO4 was chosen on the basis of
previous studies7,22,26 and our preliminary tests for its ability to
stimulate SeMSCy synthesis without negative effect on plant growth.
Plants were harvested individually when heads were fully formed and
at market harvest maturity, and the fresh weights of stem, leaves, and
florets were evaluated. Floret samples were collected from each plant
at harvesting time, washed with Milli-Q water, dried with paper towels,
and immediately frozen in liquid nitrogen. Later, these samples were
ground with a mortar and pestle to a fine powder in liquid nitrogen,
freeze-dried, and stored as described above.

Analysis of Total Se and S Contents by ICP. Total Se and S
contents were determined using an ICP trace analyzer emission
spectrometer (model ICAP 61E trace analyzer, Thermo Electron, San
Jose, CA). Freeze-dried samples of 200 mg were weighed into glass
digestion tubes, acid-digested, and measured for their total Se and S
levels as described previously.7 Each sample was analyzed in triplicate.

Quantification of SeMSCys by UPLC. SeMSCys content in
broccoli samples was analyzed following the method essentially as
described previously.19,27 SeMSCys from 25 mg of freeze-dried tissues
was extracted in 50 mM HCl (20:1, v/w) at 4 °C overnight with
continuous shaking. Following centrifugation at 12 000g for 12 min for
three times to remove cell debris, the extracted SeMSCys was tagged
with AccQ·Tag using the AccQ·Tag Ultra UPLC derivatization kit
according to the manufacturer’s protocol (Waters Corp., Milford,
U.S.). The AccQ·Tag derivatives were analyzed on an Acquity UPLC
system (Waters Corp., Milford, U.S.) using an AccQ·Tag Ultra column
(100 mm × 2.1 mm). The concentration of SeMSCys in the samples
was calculated on the basis of peak areas and a calibration curve
generated from the commercial standard (Sigma-Aldrich).

Analysis of Glucosinolates by UPLC. Extraction and analysis of
glucosinolates were carried out following the protocol described by
Ramos et al.19 Approximately 25 mg of freeze-dried tissues was mixed
in 1.4 mL of 80% MeOH preheated to 75−80 °C and vortexed for 10
s. The mixtures were incubated in a water bath for 15 min at 80 °C
and centrifuged at 12 000g for 12 min twice. The supernatants (0.8
mL) were transferred to DEAE Sephadex A-25 columns. To each
column was added 140 μL of sulfatase (15 U, Sigma), and then it was
incubated at room temperature overnight in the dark. Desulfo-
glucosinolates were then eluted with 0.2 mL of 80% MeOH followed
by 0.2 mL of water. The eluents were combined, speedvac-dried, and
dissolved in 600 μL of water. The samples were analyzed on an
Acquity UPLC system (Waters) using an HSS T3 column (1.8 μm,
100 mm × 2.1 mm) and eluted with a mobile phase consisting of
solvent A (water) and solvent B (100% acetonitrile) at a flow rate of
0.65 mL/min for a total of 6 min. Quantification of individual
glucosinolate from samples was achieved on the basis of peak areas and
a calibration curve constructed from commercial sinigrin standard
(Sigma-Aldrich).

Identification of Individual Glucosinolate by LC−MS/MS.
LC−MS/MS was performed on an Acquity UPLC system coupled to a
Xevo G2 QTof mass spectrometer with a LockSpray source (Waters
Corp., Milford, MA, USA). The desulfo-glucosinolates from both
sprouts and florets of broccoli were separated on a HSS T3 column
(1.8 μm, 2.1 mm × 100 mm, Waters) and then detected by PDA at
UV absorbance of 229 nm and the Xevo G2 QTof using a standard ion
source. The Xevo G2 QTof was operated in positive ion, data-
dependent acquisition (DDA) mode. The MS and MS/MS data were
postacquisition lock mass corrected using the monoisotopic mass at
m/z 566.2771 Da of the single charged ion of leucine enkephalin.
Identification of individual glucosinolate was carried out following the
methods as reported.28,29 Each desulfo-glucosinolate was identified on
the basis of the protonated precursor ion masses (M + H)+ and its
group-specific fragment ions including the ion with the loss of a sugar
group (M + H − C6H10O5)

+ and the observed metal ion adducts: (M
+ Na)+ and (M + K)+.

Statistical Analyses. Statistical analyses of the data were
performed using variance analysis (ANOVA) at 5% probability level
to test for significant difference between treatment means. The values
obtained were expressed as means of three replicates with
corresponding standard deviations (±SD).

■ RESULTS AND DISCUSSION
Se Level in Broccoli Sprouts Increases with Increasing

Se Dosage. Broccoli is a Se and S accumulator. To examine
meticulously the ability of broccoli to accumulate Se, we first
performed the dosage analysis in broccoli sprouts. Sprouts of
broccoli cv. GYPSY were germinated and grown under different
doses of either selenate or selenite. Se was not detectable in
broccoli sprouts germinated in Milli-Q water. In contrast, the
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total Se content in the broccoli sprouts increased concomitantly
with increasing doses of both selenate and selenite from 10 to
100 μM Se in the growth solution (Table 1). Significantly

higher levels of total Se content were observed in those sprouts
treated with selenate than selenite (p ≤ 0.0001). For example,
the total Se content in 50 μM selenate and selenite treated
sprouts was 179 and 98 μg g−1 DW, respectively, showing an
over 1.8-fold difference in total Se content. This result is
consistent with those reported in leaf and floret of mature
broccoli plants7 and others crops5,27,30−32 showing that selenate
is much more effective than selenite in promoting Se
accumulation. Noticeably, while the Se content is much lower
in selenite treated leaves and florets than selenate treated
tissues,7 the total Se contents on average were only around 35%
lower in selenite treated sprouts than selenate treated ones
(Table 1).
The total Se content in broccoli sprouts simultaneously

treated with 25 μM of each selenate and selenite was about
intermediary to the values obtained for treatments with 50 μM
of selenate and 50 μM of selenite (Table 1). These data suggest
that there was no interaction between selenate and selenite in
affecting total Se content in the broccoli sprouts. In contrast,
previous studies in leaf tissue of broccoli show that
supplementation of selenite to selenate treatments inhibits
the selenate promoted Se accumulation.7

It is noteworthy that 7-day-old broccoli sprouts exposed to
higher dose of selenate at 100 μM and selenite at 75 and 100
μM exhibited toxicity symptoms with decreased root growth
and purple cotyledons (data not shown). These symptoms
were more evident in treatment with 100 μM selenite, showing
that selenite was more toxic than selenate to broccoli sprouts.
Selenate and Selenite Are Equally Effective in

Promoting SeMSCys Synthesis in Broccoli Sprouts.

SeMSCys is a monomethylated form of Se that has been
demonstrated to have strong anticarcinogenic activity.4,6

Among many crops, broccoli plants are known to have the
ability to accumulate high levels of SeMSCys when grown in
Se-containing environments.18,19 SeMSCys was not detectable
in broccoli sprouts exposed to water (control treatment). Its
content increased concomitantly with increasing doses of Se up
to 75 μM in growth solution, and it did not differ greatly
between treatments at 75 and 100 μM of Se (Table 1).
SeMSCys content correlated well with total Se content (Table
1) at dosage up to 75 μM of Se in 7-day-old broccoli sprouts.
Interestingly, unlike the case for total Se content, SeMSCys

content in broccoli sprouts was not influenced by the Se form
supplied. Both selenate and selenite promote the same levels of
SeMSCys synthesis in broccoli sprouts (Table 1). Thus,
although selenate treated broccoli sprouts accumulated higher
amounts of total Se when exposed to the same doses of selenate
and selenite, this additional Se accumulation did not convert
into SeMSCys. This result disagrees with that reported for
mature broccoli plants in previous studies, where selenate is
found to be much effective in stimulating SeMSCys
accumulation in leaves and florets than selenite.7 The
mechanisms involved in plant Se metabolism are not similar
between the two Se forms. Selenate is taken up by roots and
largely transported to shoot where it is assimilated predom-
inantly in leaf chloroplasts, while selenite is largely and rapidly
assimilated in roots.8,9,33 The different localization of
metabolism plus that SeMSCys is synthesized in young tissues
may explain the equal capacity of broccoli sprouts to synthesize
SeMSCys when treated with selenate or selenite as sprouts are
young tissues that contain both shoot and root tissues.
Broccoli sprouts exposed to 25 μM of each selenate and

selenite synthesized SeMSCys at the level similar to that
obtained in either 50 μM of selenate or 50 μM of selenite
treatment (Table 1), indicating that there was no interaction
between selenate and selenite in promoting SeMSCys
accumulation in the broccoli sprouts.
Although both selenate and selenite promoted similar levels

of SeMSCys accumulation when sprouts were exposed to same
dosage of Se treatment, a much higher rate of conversion of
total Se into SeMSCys was observed in selenite-treated sprouts
than selenate-treated sprouts (Table 1). The conversion rates in
50 μM selenite and selenate treated sprouts were 50% and
25.7%, respectively, showing that selenite is more efficient than
selenate in converting total Se into SeMSCys in broccoli
sprouts.

Total Se Levels Are Reduced by High Dosage of
Sulfate in Sprouts Treated with Selenate But Unaffected
with Selenite. As an analogue of selenate (SeO4

2−), sulfate
(SO4

2−) affects Se accumulation in plants.8,9 To gain a better
understanding of the interaction between S and Se, we
investigated whether supply of S as sulfate influenced the
responses of the sprouts of broccoli cv. GYPSY to selenate and
selenite treatments. Supply of S in growth solution improved
root development of the 7-day-old broccoli sprouts, which
could be verified visually. Increasing S doses affected total Se
content of the broccoli sprouts differently depending on the Se
form applied (Table 2). A low S dose (0.1 mM) did not
dramatically altered total Se content in sprouts treated with 50
μM selenate, but medium (1 mM) and high (10 mM) S dose
significantly decreased total Se contents in these sprouts by
20% and 67%, respectively (p ≤ 0.0001), when compared to
sprouts treated only with 50 μM selenate (without S supply)

Table 1. Total Se and SeMSCys Content in 7-Day-Old
Sprouts of Broccoli cv. GYPSY Exposed to Different Forms
(Selenate and Selenite) and Various Dosages of Se

Se form
Se dose
(μM)

total Se
(μg g−1 DW)a

SeMSCys
(μg g−1 DW)a

conversion
(%)b

selenate
(Na2SeO4)

10 31.6 ± 1.4 29.2 ± 3.4 40.1
25 80.0 ± 0.1 62.1 ± 2.7 33.7
50 178.9 ± 0.9 105.8 ± 2.3 25.7
75 214.5 ± 0.9 149.2 ± 5.5 30.2
100 263.2 ± 6.0 157.3 ± 2.2 25.9

selenite
(Na2SeO3)

10 19.9 ± 6.3 19.2 ± 0.5 41.8
25 50.0 ± 0.2 68.9 ± 4.5 59.9
50 97.8 ± 1.3 112.7 ± 5.9 50.0
75 146.1 ± 2.0 149.8 ± 3.3 44.5
100 185.3 ± 2.1 167.4 ± 10.6 39.2

ANOVAc Se form **** NS
Se dose **** ****
Se form
× Se
dose

**** NS

25 μM selenate
+ 25 μM
selenite

50 124.7 ± 2.5d 103.9 ± 3.4 36.2

aValues are averages of three replicates ± SD (standard deviation).
bCalculated using only the Se (atomic weight = 79) from SeMSCys
(molecular weight = 182). cNS and “****” indicate nonsignificance
and significance at p ≤ 0.0001, respectively. dSignificant difference (p
≤ 0.05) between 25 μM selenate + 25 μM selenite treatment and 50
μM Se (either selenate or selenite) treatment.
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(Table 2). The inhibitory effect of S on Se accumulation is also
reported in mature broccoli plants treated with selenate.7 This
antagonistic interaction between sulfate and selenate seems to
be mostly due to competition of uptake and assimilation
system, which has been well documented.8,9,34−36 On the other
hand, no inhibition of total Se accumulation in sprouts grown
in 50 μM selenite was observed with increased levels of S
supply (Table 2). Increasing S doses slightly increased total Se
content. This increase might be due to better root development
of sprouts grown under S supplement, which enabled a slight
increase in selenite uptake from growth solution. Furthermore,
because sulfate transporters do not mediate selenite uptake in
plants, S did not compete for transport to interfere with Se
uptake. Selenite is taken up by plants through passive diffusion
and may use phosphate transporters.9,35

SeMSCys Levels Are Reduced by High Dosage of
Sulfate in Sprouts Treated with Selenate But Unaffected
with Selenite. Sprouts treated with 50 μM of selenate
contained 35% and 70% lower SeMSCys content when exposed
to medium (1 mM) and high (10 mM) S dose, respectively
(Table 2), showing an inhibition of SeMSCys synthesis in
selenate-treated sprout. In contrast, SeMSCys content in
selenite-treated sprouts was not influenced by increasing S
dosage from 0.1 to 10 mM and remained similar between
control and 10 mM S supply. The effect of S dosage on
SeMSCys accumulation in the 7-day-old broccoli sprouts was
linked to that of total Se accumulation. Consistently, a general
much higher rate of conversion of total Se into SeMSCys was
observed in selenite-treated sprouts than selenate-treated
sprouts (Table 2).
Increasing S dosage was also reported to decrease SeMSCys

content in leaves of selenate-treated broccoli plant.7 The
decreased SeMSCys synthesis of selenate-treated sprouts in
response to high S dose treatments was most likely to be linked
with the reduction of Se uptake, which diminished the Se
availability in the cells.
Different Capacity of Total Se and SeMSCys Accumu-

lation in Sprouts and Florets of Broccoli. To investigate

the general response of broccoli to Se, we examined the total Se
content in sprouts and florets of five broccoli cultivars exposed
to Se supply. In this experiment, only selenate was used as Se
source, because this form increased total Se and SeMSCys
content in both broccoli sprouts (Table 1) and mature broccoli
plants7 more effectively than selenite. Both broccoli sprouts and
mature broccoli plants were exposed to 25 μM of selenate as
this concentration of selenate supplement did not show any
toxicity symptom in comparison to control, which was verified
by visual inspection of the sprouts and plants, and also by fresh
weight of root, shoot, and floret of the mature plants (data not
shown). Slight variable values of total Se content in sprouts and
florets were found among these broccoli cultivars studied
(Table 3). Variation in total Se content among accessions of

mature broccoli plants was reported in a previous study.19 In
general, florets (average value of 489 μg g−1) of mature broccoli
plants had approximately 6.5-fold higher total Se content than
7-day-old broccoli sprouts (average value of 76 μg g−1) under
the treatment conditions. Exposure time, architecture of the
root system, and other factors may have contributed to the
difference noted in the Se accumulation between broccoli
sprouts and florets. Broccoli plants, as well as other brassica
crops, are classified as Se secondary accumulators because they
can accumulate hundreds μg Se g−1 DW when exposed to Se-
enriched growth media.19,37

SeMSCys content in sprouts and florets of various broccoli
cultivars was examined. SeMSCys level was linked to that of
total Se content, with some exceptions. SeMSCys content of
the sprouts (average value of 70 μg g−1 DW) did not vary
greatly among cultivars (Table 3). However, florets of both cv.
GYPSY and cv. Marathon (average value of 88 μg g−1 DW) had
lower SeMSCys content than florets of cv. De Cicco (average
value of 137 μg g−1 DW), while florets of cv. Packman and cv.
Diplomat exhibited intermediary SeMSCys content (Table 3).
In general, a much high conversion rate of total Se into
SeMSCys was observed in sprouts than florets under the
current treatment conditions.

Table 2. Total Se and SeMSCys Content in 7-Day-Old
Sprouts of Broccoli cv. GYPSY Exposed to Different Se
Forms (Selenate and Selenite) and Various S Dosages

Se form
S dose
(mM)

total Se
(μg g−1 DW)a

SeMSCys
(μg g−1 DW)a

conversion
(%)b

selenate
(50 μM)

0.0 178.9 ± 0.9 105.8 ± 2.3 25.7
0.1 168.6 ± 2.4 99.5 ± 1.8 25.6
1.0 142.5 ± 0.3 64.3 ± 3.8 19.6
10.0 59.9 ± 0.4 30.3 ± 1.8 21.9

selenite
(50 μM)

0.0 97.8 ± 1.3 112.7 ± 5.9 50.0
0.1 112.7 ± 3.1 110.8 ± 3.1 42.7
1.0 116.7 ± 2.0 114.9 ± 8.6 42.8
10.0 129.1 ± 2.2 114.3 ± 5.3 38.4

ANOVAc Se form *** ****
S dose **** ****
Se form × S
dose

**** ****

aValues are averages of three replicates ± SD (standard deviation).
bCalculated using only the Se (atomic weight = 79) from SeMSCys
(molecular weight = 182). c“***” and “****” indicate significance at p
≤ 0.001 and 0.0001, respectively. Data of treatment without S (0 μM S
dose) were copied from the Table 1 (50 μM Se dose; selenate or
selenite) for comparison, because both Tables 1 and 2 are part of the
same experiment.

Table 3. Total Se and SeMSCys Content in 7-Day-Old
Sprouts and Florets of Five Broccoli Cultivars Exposed to 25
μM of Selenate

edible
part cultivars

total Se
(μg g−1 DW)a

SeMSCys
(μg g−1 DW)a

conversion
(%)b

sprout Packman 79.1 ± 5.3 67.5 ± 1.8 37.0
Diplomat 71.7 ± 8.3 73.2 ± 2.9 44.3
GYPSY 87.5 ± 5.2 72.3 ± 3.0 35.9
Marathon 85.6 ± 6.7 70.8 ± 4.7 35.9
De Cicco 58.4 ± 4.6 64.6 ± 5.1 48.0
average 76.5 69.7 40.2
ANOVAc * NS

floret Packman 472.4 ± 64.3 102.6 ± 16.0 9.4
Diplomat 531.1 ± 58.5 126.8 ± 20.2 10.4
GYPSY 401.1 ± 50.8 87.8 ± 5.4 9.5
Marathon 483.2 ± 80.0 88.5 ± 11.3 8.0
De Cicco 557.6 ± 82.6 137.1 ± 24.7 10.7
average 489.1 108.6 9.6
ANOVA NS *

aValues are averages of three replicates ± SD (standard deviation).
bCalculated using only the Se (atomic weight = 79) from SeMSCys
(molecular weight = 182). cNS and “*” indicate nonsignificance and
significance at p ≤ 0.05, respectively.
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Variation in SeMSCys accumulation among accessions of
mature broccoli plants was also reported previously.19 The
ability of broccoli specie to synthesize and accumulate
considerable amounts of the potent anticancer SeMSCys is
related to the activity of several enzymes from the Se transport
and assimilation pathway.5,7−9,19 In this study, florets of mature
broccoli plants contained around 1.6-fold higher SeMSCys
content than did 7-day-old broccoli sprouts. On the other hand,
total Se content of florets was 6.5-fold higher than that of
sprouts, indicating a better fractional ability of sprouts to
convert inorganic Se into SeMSCys.
Glucosinolate Profile in Sprouts. The fact that ingestion

of broccoli reduces the incidence of certain cancer in humans is
most likely to be linked to the presence of glucosinolates.38 In
this study, glucosinolates from broccoli were separated by
UPLC and identified by MS/MS. A total of nine individual
glucosinolates were identified in the 7-day-old sprouts of
broccoli cv. GYPSY, which included five aliphatic glucosinolates
and four indole glucosinolates. The aliphatic glucosinolates
were glucoiberin (3-methylsulfinylpropyl), glucoraphanin (4-
methylsulfinylbutyl), glucoalyssin (5-methylsulfinylpentyl), glu-
coiberverin (3-methylthiopropyl), and glucoerucin (4-methyl-
thiobutyl). The indole glucosinolates were 4-hydroxygluco-

brassicin (4-hydroxyindol-3-ylmethyl), glucobrassicin (indol-3-
ylmethyl), 4-methoxyglucobrassicin (4-methoxyindol-3-ylmeth-
yl), and neoglucobrassicin (1-methoxyindol-3-ylmethyl) (Fig-
ure 1).
The aliphatic glucosinolates glucoraphanin and glucoerucin

were the first and second most abundant, constituting
approximately 72% and 13% of the total glucosinolate content,
respectively, in broccoli sprouts. The sum of the other seven
glucosinolates consisted of approximately only 15% of the total
glucosinolates. A previous study also reported that gluco-
raphanin and glucoerucin represented more than 70% and 20%
of the glucosinolates found in 3-day-old broccoli sprouts,
respectively.21 Glucoraphanin is a direct precursor of the
isothiocyanate sulforaphane, a very potent monoinducer of
phase II enzymes that metabolically inactivate carcinogens.13

Consequently glucoraphanin as well as sulforaphane has been
recently largely investigated in broccoli specie.14,16,39 Gluco-
erucin also plays an important role for human health,11 and it
may also exhibit chemopreventive properties.14

Glucoraphanin Content in Sprouts Is Not Affected by
Se and S Treatment. Considering that glucoraphanin is the
dominant and most important glucosinolate in broccoli sprouts,
we examined the effects of Se and S dosage on the

Figure 1. Typical UPLC elution chromatogram of individual glucosinolates (as desulpho-glucosinolates) that were found in the 7-day-old sprouts of
broccoli cv. GYPSY. The arrow indicates elution position of the internal standard (sinigrin). Glucoiberverin was eluted slightly earlier than 4-
hydroxyglucobrassicin, and their peaks were overlapped. Letters (A) or (I) indicate aliphatic or indole glucosinolates, respectively.

Figure 2. Glucoraphanin content in 7-day-old broccoli sprouts exposed to treatments with various Se dosage (A) and S dosage in the absence
(control) and presence of 50 μM Na2SeO4 (selenate) or Na2SeO3 (selenite) (B). Error bars indicate standard deviation (n = 3). Values marked by
asterisks indicate significant difference between selenate and selenite treatments (p ≤ 0.05). In (A), 25 Sa + 25 Si represents treatment with 25 μM
selenate + 25 μM selenite.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf4016834 | J. Agric. Food Chem. 2013, 61, 6216−62236220



glucoraphanin content in 7-day-old broccoli sprouts. In general,
glucoraphanin content was not considerably affected by
increasing Se dosage in growth solutions (Figure 2A). Similar
tendencies were observed for the content of the other eight
glucosinolates (data not shown), with a few minor exceptions.
Increasing S dosage caused slight (not significant) variations in
glucoraphanin content (Figure 2B). The literature has shown
that S fertilization may favor glucoraphanin accumulation,16

although an early study reports negative effects in broccoli
sprouts.15 Glucoerucin content also had variation similar to that
of glucoraphanin, while content of glucobrassicin and neo-
glucobrassicin (both are indole glucosinolates) was significantly
(p ≤ 0.05) increased under high S dose (10 mM) as compared
to control (data not shown).
Distinctive Glucosinolate Profiles in Sprouts and

Florets of Broccoli. The glucosinolate profiles in sprouts
and florets of various cultivars were examined. A similar pattern
of individual glucosinolate composition was found among these
five broccoli cultivars, and the glucosinolate profiles were
substantially different between sprouts and florets (Figure 3).
In 7-day-old sprouts of the studied broccoli cultivars,
glucoraphanin was the most abundant glucosinolate, accounting
an average over 65% of the total glucosinolates accumulated
(Figure 3A). On the other hand, florets of mature broccoli
plants contained glucoraphanin, glucobrassicin, and neo-
glucobrassicin as major glucosinolates, accounting on average
approximately 30%, 22%, and 34% of the total glucosinolates
(Figure 3B). Although glucobrassicin is metabolized to indole-
3-carbinol that is proven to be a chemopreventive agent,40

breakdown products of neoglucobrassicin seem to inhibit the
anticancer activity of the glucoraphanin hydrolysis products.41

Thus, broccoli sprouts appear to be a better source for

accumulating glucosinolates with high chemopreventive proper-
ties. Further, total glucosinolates accumulated (value that
summarizes the accumulation of all individual glucosinolates)
were much higher in sprouts than in florets (data not shown).

Selenate Exerts Minimal Effect on Glucosinolate Level
in Sprouts But Suppresses Glucosinolate Accumulation
in Florets. The effect of Se on glucosinolate accumulation was
examined in sprouts and florets of these broccoli cultivars. In
general, the individual glucosinolates in the 7-day-old sprouts of
the five broccoli cultivars were not affected by 25 μM selenate
treatment (Figure 3A). The fact that Se exerts no effect on
glucosinolate content in sprouts could be due to the fact that
those glucosinolates are pre-existed and not newly synthesized.
Indeed, glucosinolates are rich in broccoli seeds and
sprouts.16,38

In contrast, florets of selenate-treated plants exhibited
approximately 36% (an average value among the five cultivars)
lower total glucosinolate content than florets of nontreated
plants (Figure 3B). This floret result is consistent with previous
studies showing suppression of total glucosinolate levels by Se
treatment in broccoli and rapid-cycling Brassica oleracea
plants.19,22−25 Thus, it appears that Se exerts a considerable
effect in reducing the general accumulation of glucoraphanin in
florets (Figure 3B). The molecular mechanism that underlies
the inhibition of the glucosinolate accumulation in response to
Se treatment is not clarified because the metabolic pathways
that regulate the biosynthesis of indole and aliphatic
glucosinolates in plants are complex.10 In florets, Se competes
with or affects sulfur metabolism that influenced glucosinolate
synthesis and accumulation, although supplementation of 25
μM of selenate was found to slightly enhance total S

Figure 3. Contents of seven main individual glucosinolates quantified in 7-day-old broccoli sprouts (A) and broccoli floret (B) exposed to 25 μM of
selenate. Error bars indicate standard deviation (n = 3). Values marked by asterisks indicate significant difference between control and selenate
treatments (p ≤ 0.05). In the selenate treatments, average Se contents in tissues were approximately 75 μg g−1 DW in sprouts and 490 μg g−1 DW in
florets as detailed in Table 3. Individual glucosinolate: glucoiberin (GLS 1), glucoraphanin (GLS 2), glucoiberverin/4-hydroxyglucobrassicin (GLS
3), glucoerucin (GLS 4), glucobrassicin (GLS 5), 4-methoxyglucobrassicin (GLS 6), and neoglucobrassicin (GLS 7). Numbers 1−5 represent the
five broccoli cultivars (Packman, Diplomat, GYPSY, Marathon, and De Cicco, respectively).
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accumulation in florets of these broccoli cultivars (data not
show).
In conclusion, the present results show that Se-enriched

broccoli sprouts might be expected to have greater anticancer
activity due to the synthesis of SeMSCys without negatively
affecting chemopreventive glucosinolate accumulation. Distinc-
tive glucosinolate profiles between broccoli sprouts and florets
were observed, and sprouts contained approximately 6-fold
higher content of the potent anticancer glucoraphanin than
floret of mature broccoli plants. Noticeably, a recent work
indicates that Brassica crops supplied with selenate have the
potential to incorporate Se into selenoglucosinolates.42 The
synthetic Se-containing isothiocyanates are reported to be more
potent anticancer inhibitors than their sulfur counterparts.43

Under the conditions of our experiments, when broccoli
sprouts and plants were treated with 25 μM selenate, a serving
size of 7.20 g of fresh sprouts or 1.12 g of fresh florets
(considering an average moisture content of 90% for both
edible parts) will meet the daily requirement of Se, 55 μg day−1

for adults.3 This amount of sprouts provides approximately
50.18 μg of SeMSCys and 17.12 mg of glucoraphanin
(molecular weight = 437), and this amount of florets offers
approximately 12.16 μg of SeMSCys and 0.32 mg of
glucoraphanin. Thus, Se-biofortified broccoli that provides
adequate levels of anticancer agents could be an excellent
source of chemopreventive compounds.
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