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The effect of spraying exogenous plant hormone methyl jasmonate (MeJA) upon radish sprout
(Raphanus sativus L.) was investigated in aspects of total phenolic content (TPC), isothiocyanate
content, antioxidant activity of the radish extract, and enzymatic activities of phenylalanine ammonia
lyase (PAL) and myrosinase. The MeJA treatment significantly increased the TPC that resulted in
the increased DPPH• (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging capacity. In addition,
the PAL activity also increased by 60% at 24 h after MeJA treatment. However, the same treatment
decreased the amount of 4-methylthio-3-butenylisothiocyanate (MTBITC), a major isothiocyanate in
radish sprout and the activity of myrosinase, an enzyme related to produce isothiocyanates.
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INTRODUCTION

Under biotic and abiotic stresses such as pathogen attack,
physical wounding, and UV-light exposure, plants can elicit a
defense response and increase secondary metabolites (1-3).
Unlike the primary metabolites, secondary metabolites have been
viewed in the past as the waste products from mistakes of the
primary metabolism because they are not involved into the
respiration, growth/development, and photosynthesis of plants
(4-5). Nowadays, it is known through much investigation that
these compounds, however, play important roles in various
defensive mechanisms such as the induction of proteinase
inhibitors, polyphenol oxidase, and phytoalexins under stresses
(1, 2, 5-7). In addition, it has been found that many secondary
metabolites such as phenolic compounds, terpenoids, and
alkanoids may have various beneficial properties for humans
(8-10). Therefore, secondary metabolites have attracted re-
markable research interests, including investigations on how to
improve their production via stress induction (4, 10-12). In
previous studies (7, 13-15), elicitors such as chitosan,â-glucan,
and yeast extracts, as well as the plant hormonal chemicals such
as jasmonic acid (JA), methyl jasmonate (MeJA), and salicylic
acid, have been considered as powerful inducers in many
different plants. Among these inducers, MeJA and JA that are
derived principally from linolenic acid through an octadecanoid
pathway have been implicated as key components in wounding
signal transduction (16,17). For example, exogenous MeJA has
been found to be able to mimic the effects of wounding and

pathogen attack, which resulted in the induction of not only
phenolic compounds, terpenoids, and alkanoids but also pro-
teinase inhibitors in various plants (6, 18-21). However, to the
best of our knowledge, the effect of MeJA on the induction of
secondary metabolites in radish sprout has not been investigated.
Since radish is an important vegetable in Asia, especially Korea,
Japan, and China, and its intrinsic health benefits due to the
bioactive compounds such as glucosinolates and isothiocyanates
(22-24) recently have become known, it is of economic and
medical significance to perform this study in terms of the effect
of MeJA on the induction of bioactive phytochemicals in the
radish sprout. Therefore, the relationship between the MeJA and
the TPC, antioxidant capacity, and content of isothiocyanates
of the radish sprout were investigated. Since PAL is the key
regulatory enzyme for the phenylpropanoid pathway associated
with the biosynthesis of phenolics and myrosinase for the
production of isothiocyanates, both enzymatic activities of PAL
and myrosinase were also evaluated.

MATERIALS AND METHODS

Chemicals. MeJA, gallic acid, 2,2-diphenyl-1-picrylhydrazyl
(DPPH•), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), L-phenylalanine, â-mercaptoethanol, cinnamic acid, bovine
serum albumin, Bradford reagent, and Folin-Ciocalteu’s reagent were
purchased from Sigma Chemical Co. (St. Louis, MO). Dodecane was
purchased from Aldrich Chemical Co. (Milwaukee, WI). All HPLC
analytical grade solvents were from Fisher Scientific (Suwanee, GA).

Plant Culture and MeJA Treatment. Radish (Raphanus satiVus
L.) seeds purchased from Bay Farm Services, Inc. (Bay City, MI) were
sown in 0.4 L plastic pots containing a commercial potting mixture
(Fafard 3-B Mix, Fafard Inc., Anderson, SC) in the greenhouse located
at Clemson University at Clemson, SC and watered every day without
any fertilizer. Greenhouse cooling/heating set points were 25/27°C
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under natural light condition. Radish sprouts (7 days old) were sprayed
with 10 mL of 1 mM MeJA dissolved in 0.25% ethanol and
immediately zipped with a vinyl pack (18 cm× 20 cm) with 10 holes
(0.5 cm× 0.5 cm) for 30 min. After removal of the vinyl cover, the
treated radish sprouts were set aside in the open air to completely
remove the remaining MeJA. They are isolated to the control by at
least 2 h. The control radish sprouts were only treated with 0.25%
ethanol.

Extraction of Phenolic Compounds and Isothiocyanates from
Radish Sprout.The radish sprouts were harvested at 0, 6, 12, 24, and
48 h after the treatment of MeJA and ground in liquid nitrogen into
fine powder. Two grams of the radish sprout powder was mixed with
20 mL of 80% aqueous methanol to extract the phenolic compounds
or with 20 mL of methyl t-butyl ether (MTBE) to extract isothio-
cyanates. The mixtures were shaken at room temperature for 12 h and
then centrifuged at 2000g for 20 min. After centrifugation, the methanol
and MTBE supernatants were used for the determination of phenolic
compounds and isothiocyanates, respectively.

Determination of TPC of the Methanolic Extract of Radish
Sprout. The total phenolic content (TPC) of the radish sprout extract
was determined using the method described by Singleton and Rossi
(25). Fifty microliters of methanolic extract was mixed with 450µL
of distilled water and 250µL of 2 N Folin-Ciocalteu’s reagent. The
mixture added to 1.25 mL of 20% Na2CO3 was incubated at 25°C for
20 min and then centrifuged at 2000g for 10 min. The absorbance of
the supernatant was measured at 735 nm, and the standard curve was
prepared using gallic acid. In this case, the absorbance was converted
to the phenolic content in terms of milligrams of gallic acid equiv
(GAE)/g of fresh weight (FW) of sample.

Separation of Antioxidant Phenolic Compounds.To separate
antioxidant phenolic compounds in the radish sprout extract, reverse-
phase C18 high-performance liquid chromatography (HPLC) was used.
The Shimadzu LC-10AT HPLC system (Kyoto, Japan) consisted of a
YMC ODS-AQ C18 column (250 mm× 4.6 mm, 5µm; Waters, MA)
and a Shimadzu SPD-M10V photodiode array detector (PDA). The
column was equilibrated with HPLC water containing 0.05% trifluo-
roacetic acid (TFA). Fifty microliters of the methanolic extract was
injected and eluted with HPLC water containing 0.05% TFA and
acetonitrile at a flow rate of 1 mL/min. The absorbance of the eluant
was scanned from 200 to 500 nm by the PDA.

Identification of Isothiocyanates. Isothiocyanates extracted from
the radish sprout by MTBE were determined by GC/MS. A DB-5
capillary column (60 m× 0.25 mm, thickness) 0.25 µm; J&W
Scientific, Folsom, CA) was installed in a Shimadzu GC-17A instrument
that was also connected to a QP 5050 mass spectrometer (MS) detector
(Kyoto, Japan). The GC oven temperature was programmed from 60
to 280 °C at a rate of 10°C/min and held at 280°C for 5 min. The
injector and ion source temperatures were 220 and 290°C, respectively.
The detector voltage was set at 70 eV, and the MS spectra were obtained
in the mass range ofm/z43-350. Helium was used as the carrier gas
at a flow rate of 1.1 mL/min. Two microliters of the extract was injected
in a split mode at a 1:5 ratio. Identification of the analytes was based
on comparison with mass spectra of Wiley and NIST mass spectral
databases, retention index (RI), and the purchased authentic compounds.

DPPH• Free Radical Scavenging Activity.The antioxidant capacity
of the radish sprout extract was evaluated by the DPPH• free radical
scavenging assay. The scavenging activity on DPPH• free radicals by
the radish sprout extract was determined according to the method of
Yamaguchi et al. (26) with slight modifications. The reaction mixture
containing 0.1 mL of sample, 0.3 mL of 0.1 M Tris-HCl (pH 7.4), 0.1
mL of methanol, and 0.5 mL of 0.3 mM DPPH• was vigorously shaken
and incubated in the dark at room temperature for 10 min. After
incubation, the absorbance of the reaction mixture was spectrophoto-
metrically measured at 517 nm, and the scavenging activity of the
DPPH• free radical was calculated by using the following formula:

The obtained DPPH• free radical scavenging activity was converted to

the antioxidant activity in terms of mmol of Trolox equivalent (TE)/g
of FW of sample.

Determination of Enzymatic Activities of PAL and Myrosinase.
To determine the enzymatic activities of PAL and myrosinase, the crude
enzymes were extracted from the radish sprout by 0.1 M sodium-borate
buffer (pH 8.8) containing 15 mMâ-mercaptoethanol. The extracts
were saturated with ammonium sulfate at 80%, and the precipitates of
the extracts were dissolved in 0.1 M sodium-borate buffer (pH 8.8)
for PAL and in 0.1 M sodium-phosphate buffer (pH 6.5) for myrosinase.
After centrifugation at 15 000g for 20 min, the supernatants were used
as the crude enzymes. The amounts of proteins in the crude enzymes
were measured by the Bradford assay (27) using bovine serum albumin
as a standard.

PAL activity. Two-hundred microliters of the crude enzyme was
added into 1 mL of 0.1 M sodium-borate buffer (pH 8.8) containing
10 mM L-phenylalanine. The reaction was incubated at 37°C for 7 h,
and then cinnamic acid, a product of the enzymatic reaction, was

Figure 1. Time course of the total amount of phenolic compounds in the
radish sprout treated with 1 mM MeJA. The amount of total phenolic
compounds extracted by 80% methanol from radish sprout was spectro-
photometrically determined at 735 nm. Gallic acid was used as a standard
compound. Error bars in the figure were standard deviations of triplicate
experiments.

Figure 2. Time course of DPPH• free radical scavenging activity of the
radish sprout treated with 1 mM MeJA (A) and its linear correlation (B).
DPPH• free radical scavenging activity of the radish sprout extract was
spectrophotometrically measured at 517 nm. Error bars in the figure were
standard deviations of triplicate experiments.

scavenging activity (%))

(1 - absorbance of sample at 517 nm
absorbance of control at 517 nm) × 100 (%) (1)
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extracted by toluene. The amount of cinnamic acid dissolved in toluene
was measured spectrophotometrically at 290 nm (28). The PAL activity
was expressed in ñkat. One katal was defined as the enzyme activity
producing 1 mol of cinnamic acid equiv per second, and the specific
activity was expressed as ñkat per milligram of protein.

Myrosinase Activity. Myrosinase activity in radish sprouts was
determined according to the method of Pessina et al. (29) with slight
modifications. The reaction mixture containing 950µL of 33.3 mM
sodium-phosphate buffer (pH 6.5) and 0.2 mM substrate sinigrin was
preincubated at 37°C for 5 min. The reaction was initiated by adding
50 µL of the crude enzyme and was incubated at 37°C for 10 min.
After incubation, the reaction mixture was diluted with methanol, and
the concentration of the remaining sinigrin was determined spectro-
photometrically at 227 nm. The sinigrin standard curve was preprepared.
One myrosinase unit corresponded to 1 nM sinigrin transformed per
minute. The specific activity is expressed as units per milligram of
protein.

Experimental Design and Data Analysis.To investigate the effect
of MeJA on radish sprouts, radish sprouts were cultivated at three

randomly selected places in the greenhouse for adopting a randomized
complete block design. Two plastic pots containing radish sprouts were
in each place and for each harvest time. All experiments were in
triplicate. All data were subjected to analysis of variance (SAS 9.1,
SAS Institute Inc., Cary, NC) and also analyzed with nonlinear
regressions. The least significant difference was used to find the
difference among all sample means atp < 0.05.

RESULTS AND DISCUSSION

Effect of MeJA on TPC and DPPH• Activity of the Radish
Sprout Extract. Within 48 h after the 1 mM MeJA treatment,
the TPC of the methanolic extract of radish sprouts significantly
increased. Its highest amount was recorded at 12 h, which was
41% higher than that of the control at the same harvesting time.
The phenomenon that the TPC of the radish sprout decreased
after 12 h might be due to the consumption of some phenolic
compounds for the biosynthesis of lignin involved in the plant

Figure 3. HPLC profile of the phenolic compounds of radish sprout and the DPPH• free radical scavenging activity of the collected fractions (A). Effect
of MeJA on antioxidant phenolic compounds in radish sprout (B). Fifty microliters of the methanol extract was injected into the YMC ODS-AQ C18 column
(250 mm × 4.6 mm, 5 µm) and eluted with HPLC water containing 0.05% TFA and acetonitrile at a flow rate of 1 mL/min. The absorbance of the eluant
was scanned from 200 to 500 nm by PDA. Error bars in the figure were standard deviations of triplicate experiments.
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defense systems. However, the TPCs of the radish spout after
the treatment were all higher than those of the control. In other
words, there was no significant difference in the TPC between
the control (0.25% ethanol) and the sample before treatment (0
h) (Figure 1). This result was in agreement with the previous
paper (21) that phenolic compounds could be significantly
induced in some fruits after the MeJA treatment, although we
used higher concentrations (1 mM) of MeJA on radish sprout
in this research, while the other research groups used lower
concentrations (0.01 and 0.1 mM) of MeJA on red and black
raspberries. Nevertheless, it was confirmed that the phenolic
compounds in radish sprouts could also be induced by the MeJA.

Following the evaluation of the antioxidant capacity of the
radish sprout extract revealed that the treated samples had
significantly higher DPPH• free radical scavenging activity than
that of the control (Figure 2A). Its antioxidant activity (260-
290 µmol of TE/100 g of FW) was quite comparable to those
of peas (300µmol of TE/100 g of FW) and red potato (350
µmol of TE/100 g of FW) (30).

The relationship between the phenolic compounds and the
antioxidant activity was further investigated. A high correlation
between the total amount of phenolic compounds and the DPPH•

free radical scavenging activity of the radish sprout extract was
quantitatively established in an equation ofy ) 1.917x - 0.377
(R2 ) 0.973) (Figure 2B). This result indicated that the

increased free radical scavenging activity might be due to the
increased phenolic compounds induced by MeJA treatment. A
similar correlation was also found between the increased total
phenolic content and the increased antioxidant capacity of
potatoes by wounding stress (31). To further clarify which
antioxidant phenolic compound(s) in radish sprout has (have)
been affected by the MeJA treatment, the phenolic compounds
in the radish sprout extract were separated and analyzed
quantitatively and qualitatively by the C18 HPLC.

Effect of MeJA on Antioxidant Phenolic Compounds in
Radish Sprout.One major peak and more than six small peaks
were separated from the methanolic extract of the radish sprout
by C18 HPLC. The antioxidant activity of all collected HPLC
fractions was also measured (Figure 3A). Among these peaks,
two peaks labeled as I and II that accounted for 50 and 14% of
the total area of peaks, respectively, were found with the
antioxidant activity. Further studies revealed that these two peaks
contained five phenolic compounds (i.e., ferulic acid, isoferulic
acid, sinapic acid, methyl ferulate, and methylsinapate) that were
identified by GC/MS after acidic hydrolysis and chemical
derivatization. Also, it was obvious that peak II possessed a
stronger antioxidant activity than peak I regarding the activity/
area ratio. Also, chromatographic quantification confirmed that
peaks I and II were also significantly affected by the MeJA
treatment (Figure 3B). Both peaks, which have been shown in

Figure 4. Phenylpropanoid pathway regulated by PAL and the structures of phenolic intermediates induced in the radish sprout by MeJA (A). Time
course of PAL activity of the radish sprout treated with MeJA (B). The amount of cinnamic acid produced from phenylalanine by PAL was measured at
290 nm by a spectrophotometer, and the PAL activity was expressed in Fkat. Error bars in the figure were standard deviations of triplicate experiments.
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a time course change with very similar quantitative profiles to
those of the total content of phenolics and antioxidant activity
of the radish sprout extract with the MeJA treatment, approached
their maximal amounts at 12 and 6 h, respectively, and then
decreased gradually.

Determination of the PAL Activity. Many phenolic com-
pounds in plants are produced through the phenylpropanoid
pathway, which is initiated by the PAL (EC 4.3.1.5). The
identified five free phenolics (i.e., ferulic acid, isoferulic acid,
sinapic acid, methyl ferulate, and methylsinapate) in radish
sprout can also be produced through this pathway (Figure 4A)
(32). Therefore, there was a necessity to investigate the effect
of MeJA on PAL and the relationship between the induction of
phenolic compounds and the activity of PAL. As shown in
Figure 4B, the PAL activity of the radish sprout significantly
increased within 48 h after the MeJA treatment, while there
was no significant change of the PAL activity of the control
(about 36Fkat/mg of protein). After the MeJA treatment, the
highest PAL activity was achieved at 24 h, and its maximal
level was kept at 62Fkat/mg of protein for at least another 24
h. This induced activity was 72% higher than that of the control.
This observation agreed with the previous report that MeJA at
low concentrations could induce phenolic compounds and the
PAL activity in Coleus blumeiand tobacco cells (33,34).
However, the appearance of the maximal value of the PAL

activity lagged behind that of the TPC value after the MeJA
treatment. This discrepancy indicated that the earlier increased
TPC after the MeJA treatment might be attributed to the induced
activities of other enzymes, instead of the PAL, that are related
to the phenylpropanoid pathway.

Effect of MeJA on Isothiocyanates and Myrosinase in
Radish Sprout. Isothiocyanates are produced from glucosino-
lates by myrosinase (EC 3.2.3.1) when the cruciferous vegetables
are wounded. Isothiocyanates have been linked with several
biological activities such as antimicrobial, antimutagenic,
and anticarcinogenic activities (35-38). In this study, a
major isothiocyanate (i.e., 4-(methylthio)butylisothiocyanate
(MTBITC) known as an antimicrobial and antimutagenic agent
(24)) was successfully extracted from the treated radish sprout
by MTBE and identified by GC/MS (Figure 5A). Unlike the
previous report that wounding could rapidly induce the content
of MTBITC in radish (23, 24), MTBITC significantly decreased
in our study after the MeJA treatment. After 48 h of treatment,
MTBITC in the radish sprout approached its lowest amount that
was 4-fold less than that of the control (Figure 5B). Also, the
myrosinase activity significantly decreased after the MeJA
treatment (Figure 6). The enzyme’s initial activity was deter-
mined at 69 U/mg of protein, but it decreased to 22 U/mg of
protein within 12 h and was maintained without significant
change up to 48 h, while there was no significant change of the

Figure 5. GC profile of isothiocyanates in radish sprout (A) and the effect of MeJA on the isothiocyanate content (B). Isothiocyanates were extracted
by MTBE and determined by GC/MS equipped with a DB-5 capillary column. The GC oven temperature was programmed from 60 to 280 °C at a rate
of 10 °C /min and held at 280 °C for 5 min. The injector and ion source temperatures were 220 and 290 °C, respectively. Error bars in the figure were
standard deviations of triplicate experiments.
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enzyme activity in the control plants. Even though it was
previously reported that isothiocyantes could be accumulated
by wounding and phototropic stimulation in radish (23,24) and
MeJA could induced myrosinase in hairy root cultures of
Tropaeolum majus(39), our study, however, observed a
quantitative decrease of MTBITC and deceased enzyme activity
of myrosinase in the radish sprouts after the MeJA treatment.
Such a discrepancy in tests may need more investigation.

Conclusion. To increase the nutritional value of radish
sprouts, exogenous MeJA, which is well-known as a plant
hormone and one key component in wounding/stress signal
transduction, was sprayed on the 7 day old radish sprout (R.
satiVusL.). After the treatment, it was found that MeJA could
significantly increase the total amount of phenolic compounds
and resulted in a higher DPPH• free radical scavenging activity.
In addition, the activity of PAL, a key regulatory enzyme
responsible for the phenylpropanoid metabolism associated with
the production of phenolic compounds, also increased in the
radish sprout after the MeJA treatment. However, our investiga-
tion also observed a decreased myrosinase activity and a parallel
trend of decreased isothiocyanate content. Even though more
detailed research is needed to explore the complex relationship
between the MeJA and the secondary metabolites in radish
sprout, this study has demonstrated to a certain extent that MeJA
can significantly affect the nutritional value (antioxidant capac-
ity) of radish sprout and may be one useful tool for the induction
of health-benefiting chemicals in our plant diet.
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