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ABSTRACT: The effect of three different nitrogen (N) supply forms differing in their ammonium-to-nitrate (NH4:NO3) ratio
(100% NH4, 50% NH4 þ 50% NO3, 100% NO3) under three different levels of daily photosynthetic active radiation (PAR) (low,
5.0; medium, 6.8; high, 9.0 mol m�2 day�1) on a range of desirable health-promoting phytochemicals in Brassica rapa subsp.
nipposinica var. chinoleifera and Brassica juncea was determined. The 100% NH4 supply under medium PAR levels led to the highest
concentration of glucosinolates based on a low nitrogen/sulfur ratio as well as high levels of carotenoids in the leaves of both Brassica
species. However, the 100% NH4 supply under low and medium PAR levels resulted in low concentrations of flavonoids based on
high N concentration in the leaves. Thus, the data provided here have strong implications for crop management strategies aimed at
optimizing both the concentration and composition of a range of phytochemicals.

KEYWORDS: Brassica rapa, Brassica juncea, nitrate, ammonium, photosynthetic active radiation, glucosinolates, flavonoids,
carotenoids, chlorophylls

’ INTRODUCTION

In the last years, phytochemical compounds found in vege-
tables and fruits have aroused great interest due to their highly
beneficial properties for human health. Several epidemiological
studies, e.g. the meta study of Verhoeven et al.,1 the Health
Professionals’ Study,2 and the bladder cancer study of Tang
et al.,3 have revealed an inverse association between a high
consumption of Brassica vegetables and a lower risk of cancer
incidence. For example, hydrolysis products of certain glucosi-
nolates, such as glucoraphanin, sinigrin, gluconapin, and
gluconasturtiin,4 flavonoids,5 carotenoids,6 and chlorophylls,7,8

are phytochemicals that are associated with anticarcinogenic
properties. Thus, it is unsurprising that Brassica vegetables in
general and leafy Asian Brassica vegetables in particular are
gaining increasing attention by European consumers since they
contain rich sources of glucosinolates as well as high concentra-
tions of flavonoids, carotenoids, and chlorophylls.9,10 The con-
centration and composition of phytochemicals vary widely in
leafy Brassica vegetables, a phenomenon that is influenced by
both genetic and environmental factors4 and exemplified by the
two leafy Asian Brassica species Brassica rapa subsp. nipposinica
var. chinoleifera and Brassica juncea, particularly at the level of
genetic background. These two leafy Asian Brassica species differ
widely in their concentration and composition of glucosinolates
(aliphatic, indole, and aryl glucosinolates), carotenoids (lutein
and β-carotene), and chlorophylls (a and b).9

The key environmental factors affecting phytochemical con-
centration and composition in Brassicaceae are the level and the
form of nitrogen (N) supply. For example, glucosinolate con-
centrations were observed to decline with high N supply levels in
broccoli (B. oleracea var. italica L.) and turnip (B. rapa subsp.
Rapifera L.).11�13 Interestingly, flavonoids were also reported to
decrease at high N levels in apple (Malus domestica Borkh.) and

tomato (Solanum lycopersicum L.) leaves,14,15 whereas lutein,
β-carotene, and chlorophylls were observed to increase with
increasing N supply in spinach (Spinacea oleracea L.) and kale (B.
oleracea L. var. sabellica L.).16,17

However, while the influence of the level of N supply is well
investigated, studies addressing how the N supply form affects
phytochemical concentration and composition are scarce as well
as contradictory. To date, it is known that both nitrate and
ammonium as inorganic N sources can be utilized by plants and
there is preliminary evidence to suggest that, when nitrate and
ammonium are used as N supply types, they result in different
phytochemical concentration and compositions.18 However,
studies have tended to focus preferentially on growth
characteristics,19 contain only a few Brassica species such as kale
and rocket salad (Eruca sativa Mill) or investigate only a single
phytochemical. For example, in rocket salad, the highest gluco-
sinolate concentration occurred at a balanced ratio of ammonium
and nitrate in the nutrient solution,20 whereas in kale, the
carotenoid and chlorophyll concentrations increased by partial
or total replacement of ammonium by nitrate in the nutrient
solution.17 These findings are in sharp contrast to those which
report that ammonium supply increases the chlorophyll content
in endive (Chicorium endivia L. var. crispumHegi.)21 and leaves of
kohlrabi (Brassica oleracea L. var. gongylodes L.).22 In addition, no
comprehensive information is available on whether and how the
N supply form affects phytochemical concentration and compo-
sition in leafy Asian Brassica vegetables: a family that shows
pronounced differences in its phytochemical profile due to the
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different genetic backgrounds of the individual species.9 More-
over, effects of N supply form on plant growth and metabolism
can be modified by plant exposure to different PAR levels.23,24

For example, the concentrations of flavonoids in broccoli and
kale as well as carotenoids and chlorophylls in kale increase with
increased photosynthetic active radiation (PAR) levels25�27 and
concentrations of glucosinolates in broccoli show radiation-
induced variations.28

In this study, we test our hypothesis that partial or total
replacement of nitrate by ammonium in the nutrient solution,
especially under higher PAR levels, will increase the concentra-
tions of the most important phytochemicals, such as glucosino-
lates, flavonoids, carotenoids, and chlorophylls, of two leafy Asian
Brassica species having different phytochemical profiles. While
scare information exists how different forms of nitrogen supply
can affect phytochemicals the results will be related to the N and
sulfur (S) status of the leaves.

’MATERIALS AND METHODS

Chemicals. Lutein, β-carotene, chlorophyll a, chlorophyll b and allyl
glucosinolate (sinigrin) were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Dihydroquercetin, kaempferol and isorhamnetin were ob-
tained from Carl Roth GmbH (Karlsruhe, Germany). Methanol, methy-
lene chloride, acetone and acetic acid were purchased from VWR
International (Dresden, Germany). Acetonitrile and aryl sulfatase were
obtained from Th. Geyer GmbH (Berlin, Germany). Reagents and
solvents were of HPLC or analytical grade quality.
Plant Material. Three hydroponic experiments were carried out in

a greenhouse considering three levels of mean daily photosynthetic
active radiation (PAR) at the Leibniz-Institute of Vegetable and Orna-
mental Crops located at Grossbeeren (Germany, latitude 52� N): low
(5.0 ( 0.53 mol m�2) from December 6, 2007 to January 22, 2008;
medium (6.8 ( 1.32 mol m�2) from January 23, 2008 to February 25,
2008; high (9.0 ( 3.2 mol m�2) from March 6, 2008 to April 9, 2008).
The PAR range was chosen to maintain a comparable temperature
without cooling, and the maximum PAR is significantly lower compared
with field conditions. All three experiments were conducted at the same
mean temperature (15 ( 1.6 �C), relative humidity (74%), and CO2

concentration (400 μmol mol�1) with three replications of each
nitrogen treatment. For each experiment, seeds of Brassicia juncea (L.)
Czern. cv. Red Giant and Brassica rapa subsp. nipposinica (L.H. Bailey)
Hanelt var. chinoleifera cv. Mibuna Early were sown in rockwool cubes
under greenhouse conditions. The plants at the two true leaf stage, 25
days after sowing, were transferred into 8 m long gullies supplied
continuously with nutrient solution. The distance between the 46 plants
in each gully was 0.17 m. Nine gullies were randomly arranged in the
greenhouse and each corresponded to one replication.

Total N concentration was the same (11 mM) in all treatments;
however, treatments differed in the N supply form: 100% NH4, 50%
NH4 þ 50% NO3, 100% NO3). In the 100% NH4 treatment, NH4 was
supplied using NH4Cl while NH4NO3 was used in the 50%NH4þ 50%
NO3 treatments. The other macronutrients were supplied in all nutrient
solutions at the following concentrations (mM): K 3.6, Ca 4.2, P 0.6, Mg
1.0, S 1.3; micronutrients had the following concentrations (μM): Fe
40.0, Mn 5.0, Zn 4.0, B 30, Cu 0.5, Mo 0.5. During all experiments, the
electrical conductivity was kept at 2 dS m�1 by adding stock solution or
deionized water according to the variations ((10% of the target value).
In all nutrient solutions, a MES buffer was applied at 1.5 mM to keep the
pH in the range of 5.6�5.8. Note that phosphoric acid or potassium
hydroxide was added when the solution pH drifted above or below the
threshold.

Sample Preparation for Compound Measurement. At
commercial maturity (45, 32, and 33 days after transplanting for
experiments at low, medium, and high PAR, respectively), 20 plants
were harvested for each treatment and replication. Commercial maturity
is defined for reaching at least 45 and 6�7 fully developed leaves in B.
rapa and B. juncea (before starting the generation growth), respectively,
grown at 100% nitrate supply.19 For each sample of B. juncea, themidribs
of the leaves were removed by means of a sharp knife. Two mixed
subsample of fresh leaves (each 15 g) was used for the double estimation
of carotenoids and chlorophylls. To analyze glucosinolate and flavonoid
as well as N and S concentrations, another subsample of leaves (300 g)
was immediately deep frozen at �40 �C, then freeze-dried, and finely
ground.
Glucosinolate Analysis. Glucosinolates were analyzed by HPLC

as their desulfo-glucosinolates.9 Duplicates of freeze-dried sample
material (0.5 g) were heated to and incubated at 75 �C for 1 min,
extracted with 4 mL of a methanol/water mixture (v/v = 7:3, T = 70 �C)
and then centrifuged at 4000 rpm for 10 min. For an internal standard,
200 μL of a 5 mM stock solution of allyl glucosinolate in methanol was
added to one of the duplicates just before the first extraction. The residue
was extracted twice more with 3 mL of the methanol/water mixture
(v/v = 7:3, T = 70 �C). The supernatants were pooled and made up to
10 mL with the methanol/water mixture. From this supernatant, 5 mL
were applied to a 250 μL DEAE-Sephadex A-25 ion-exchanger (Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany, acetic acid-activated)
and rinsed with 10 mL of deionized water. Next, 250 μL of a purified
solution of aryl sulfatase was applied and left for 12 h. The desulfo-
compounds were then flushed with 5 mL of deionized water. The
analysis was conducted using a Merck-Hitachi HPLC system (Merck-
Hitachi, Darmstadt, Germany) with a Spherisorb ODS2 column
(Bischoff, Leonberg, Germany, 5 μm, 250 � 4 mm). A gradient of 0
to 20% acetonitrile in water was selected from minutes 2 to 34, followed
by 20% acetonitrile in water until minute 40, and then 100% acetonitrile
for 10 min. Glucosinolate determination was conducted at a flow rate of
1.3 mLmin�1 and a wavelength of 229 nm. Glucosinolate concentration
was calculated using allyl glucosinolate as internal and external standard
along with the response factor of each compound relative to allyl
glucosinolate.29 The well-known desulfo-glucosinolates were identified
according to previous work.30 The protonated molecular ions [M þ
H]þ and the fragment ions corresponding to [MþH� glucose]þwere
measured by HPLC�APCI-MS2 using the Agilent series 1100 MSD
(ion trap) (Agilent Technologies, Waldbronn, Germany) in the positive
ionization mode.
Flavonoid Analysis. Flavonoids were determined as their aglycons

after acid hydrolyses.31 To 0.5 g of the freeze-dried sample, 40 mL of
62.5% aqueous methanol followed by 10 mL of 8 M HCl was added to
this extract. Thus, the extraction solution consisted of 1.6 MHCl in 50%
aqueous methanol (v/v). After refluxing at 90 �C for 2 h, the extract was
allowed to cool, was adjusted to 100 mL with 50% methanol, and was
sonicated for 5 min before being filtered through a 0.45 μm filter for
HPLC analyses.

The flavonoid composition and concentration were determined using
a series 1100 HPLC (Agilent, Waldbronn, Germany) equipped with a
diode array detection system. The extracts were separated on a Prodigy
(ODS 3, 150 � 3.0 mm, 5 μm, 100 Å) column (Phenomenex,
Aschaffenburg, Germany) with a security guard C18 (ODS 3, 4 � 3.0
mm, 5 μm, 100 Å) at a temperature of 25 �C using a water/acetonitrile
gradient.27 Solvent A consisted of 99.5% water and 0.5% acetic acid,
whereas solvent B contained 100% acetonitrile. The following gradient
was used: 30�35% B (5min), 35�39% B (12min), 39�90% B (5min),
90% B isocratic (5 min), 90�30% B (5 min), and 30% B isocratic (5
min). The flow was performed using 0.3 mL/min, and the measured
detector wavelength was 370 nm. The standards dihydroquercetin,
kaempferol and isorhamnetin were used to obtain an external calibration
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curve. The total concentration of flavonoids was calculated as the sum of
the concentration of the individual flavonoid aglycons quercetin,
kaempferol and isorhamnetin.

Quercetin, kaempferol and isorhamnetin were identified as deproto-
nated molecular ions and characteristic mass fragment ions by
HPLC�DAD�ESI-MS2, using an Agilent series 1100 MSD (ion trap)
with ESI as an ion source in negative ionizationmode. Nitrogen was used
as the dry gas (12 L/min, 350 �C) and nebulizer gas (40 psi). Helium
was used as the collision gas in the ion trap. The mass optimization was
performed for quercetin [M � H]� m/z 301.
Carotenoid andChlorophyll Analyses.Carotenoids (β-carotene

and lutein) and chlorophylls (chlorophyll a and chlorophyll b) were
determined by HPLC.9 To 15 g of cut material, 1 g of calcium carbonate,
30 g of sodium sulfate, and 30 mL of acetone were added, and the
samples were homogenized for 2 min. The extract was then filtered
under suction and the solid materials were extracted repeatedly with
acetone until the solid materials were colorless. The extract was then
filtered through a 0.45 μm filter for HPLC analyses. Carotenoid and
chlorophyll concentrations and compositions were determined by HPLC
using a C-18 reversed-phase column LiChrospher 100 (5 μm, 250 �
4 mm; VWR International (Dresden, Germany)) with an isocratic eluent
of 75% acetonitrile, 15% methanol, and 10% methylene chloride. The
analyses were carried out at a flow rate of 1 mL min�1. Wavelengths
of 448, 455, 432, and 464 nm were used to determine lutein, β-carotene,
chlorophyll a, and chlorophyll b, respectively. Concentrations were
quantitatively determined by calibration curves of the related pure
standards. Note that determination of phytochemical concentration was
performed in duplicate.
N and S Analyses. Total N concentration was determined after dry

oxidation by the Dumas method (Elementar Vario EL, Hanau,
Germany), and total S concentration was analyzed by an elementary

analyzer (high-temperature oxidation) and detected with a nondisper-
sive infrared sensor.
Statistical Analysis. All data were statistically analyzed by two-way

ANOVA using SPSS software package (SPSS version 15.0 forWindows)
with N supply form and PAR levels as treatment factors. Furthermore,
one-way ANOVA was performed separately for each experiment. The
means were separated by Tukey’s HSD test (significance level 0.05).
Significant differences are represented by different letters or asterisks in
the tables. Regression analysis was performed to determine the correla-
tion between phytochemical concentrations (total and individual) and
leaf N and S concentrations as well as N/S ratio.

’RESULTS AND DISCUSSION

Glucosinolates. Ten individual glucosinolates were quantita-
tively determined in the Brassica species investigated: three
aliphatic (alkenyl: allyl glucosinolate (sinigrin), but-3-enyl
glucosinolate (gluconapin), and pent-4-enyl glucosinolate
(glucobrassicanapin); two alkyl (4-methylsulfinylbutyl gluco-
sinolate (gucoraphanin) and 5-methylsulfinylpentyl glucosinolate
(glucoalyssin)); four indole (indol-3-ylmethyl glucosinolate
(glucobrassicin), 4-hydroxyindol-3-ylmethyl glucosinolate (4-
hydroxyglucobrassicin), 4-methoxyindol-3-ylmethyl glucosino-
late (4-methoxyglucobrassicin), and 1-methoxyindol-3-ylmethyl
glucosinolate (neoglucobrassicin)); and one aryl (2-phenylethyl
glucosinolate (gluconasturtiin)). The two cultivars can be differ-
entiated by their glucosinolate composition profiles. For exam-
ple, in B. rapa, the predominant glucosinolate was but-3-enyl
glucosinolate followed by pent-4-enyl glucosinolate (Table 1),
whereas in B. juncea, up to 90% of the total glucosinolate

Table 2. Influence of Nitrogen (N) Supply Form and Photosynthetically Active Radiation (PAR) Level on Glucosinolate (GS)
Concentration (mg g�1 DM) in Brassica junceaa

alkenyl GS indole GS aryl GS

N form total GS total allyl but-3-enyl total

indol-

3-ylmethyl

4-hydroxyindol-

3-ylmethyl

4-methoxyindol-

3-ylmethyl 2-phenylethyl

PAR

low NH4 4.90 4.09 3.61 0.48 0.38 0.21 0.08 0.10 0.42

NH4 þ NO3 5.21 4.56 4.12 0.44 0.32 0.14 0.09 0.09 0.32

NO3 5.26 4.62 4.17 0.44 0.32 0.14 0.09 0.09 0.32

medium NH4 8.40 7.71 7.12 0.59 0.38 a 0.19 a 0.10 0.09 0.32 b

NH4 þ NO3 6.63 5.99 5.49 0.50 0.34 b 0.15 b 0.10 0.10 0.30 b

NO3 8.59 7.84 7.27 0.57 0.36 ab 0.16 b 0.10 0.10 0.39 a

high NH4 6.49 5.76 5.22 0.54 0.43 a 0.23 a 0.10 0.09 0.31 b

NH4 þ NO3 5.15 4.49 4.01 0.48 0.37 b 0.18 b 0.11 0.09 0.29 b

NO3 5.45 4.70 4.21 0.49 0.34 b 0.18 b 0.11 0.09 0.40 a

main effects

N form NH4 6.60 5.85 5.32 0.54 a 0.40 a 0.21 a 0.09 0.09 0.35 a

NH4 þ NO3 5.66 5.01 4.54 0.47 b 0.35 b 0.16 b 0.09 0.09 0.30 b

NO3 6.43 5.72 5.22 0.50 b 0.34 b 0.15 b 0.09 0.09 0.37 a

PAR low 5.12 b 4.42 b 3.97 b 0.46 b 0.34 0.16 0.08 b 0.09 b 0.35

medium 7.88 a 7.18 a 6.63 a 0.55 a 0.36 0.17 0.10 a 0.10 a 0.33

high 5.70 b 4.98 b 4.48 b 0.50 ab 0.38 0.19 0.11 a 0.09 b 0.33

N form ns ns ns * * * ns ns *

PAR * * * * ns ns * * ns

N form � PAR ns ns ns ns ns ns * ns *
aDifferent letters indicate significant differences within a treatment; ns, not significant; * significant at p < 0.05; “total” is the sum of corresponding
individual compounds quantified.
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concentration was composed of allyl glucosinolate (Table 2).
The profile and level of glucosinolates are comparable with data
previously reported.4 In B. rapa, the total, alkenyl, alkyl, indole,
and aryl glucosinolate concentrations were affected by both N
supply form and PAR levels. Interactions were observed for alkyl,
indole, and aryl glucosinolates, but not for the predominant
alkenyl glucosinolates but-3-enyl glucosinolate and pent-4-enyl
glucosinolate. N supplied as 100% NH4 influenced positively the
concentrations of total, alkenyl, alkyl, and indole glucosinolates
compared to the supply forms of 50% NH4 þ 50% NO3 and
100% NO3. However, the highest concentration of aryl glucosi-
nolate was achieved under 100% NO3 treatment. The corre-
sponding individual glucosinolates clearly showed a similar trend.
Since N supply form as well as PAR level influence total leaf N

and S concentrations, these concentrations were measured and

results are summarized in Table 3. In leaves of B. rapa, 100%NH4

resulted in a high S concentration and in a low N/S ratio. The
glucosinolate concentration was not correlated to either total N
or S concentration, however, a negative linear relationship was
found between the total glucosinolate concentration and theN/S
ratio (Figure 1).
Similar to B. rapa, N supplied as 100% NH4 influenced

positively the concentration of total indole glucosinolates in B.
juncea due to high levels of indol-3-ylmethyl glucosinolate
compared to those of plants supplied with 50% NH4 þ 50%
NO3 or 100% NO3 (Table 2). A similar trend was also found for
buten-3-yl glucosinolate. Surprisingly, the predominant allyl
glucosinolate, which determined the concentrations of alkenyl
and total glucosinolates, was not affected by N supply form but
rather by PAR level. Interestingly, the concentration of the aryl
glucosinolate 2-phenylethyl glucosinolate was high at 100% NO3

as well as 100% NH4 N supply form as found in B. rapa. Similarly
to B. rapa, 100%NH4 supply resulted in high S concentrations in
leaves (Table 3). A negative linear relationship was found
between total glucosinolate concentration and N/S ratio also
for in B. juncea leaves (Figure 1). However, the N/S ratio
combined with the highest total glucosinolate concentration
seems to be species specific: N/S ratio amounted to 6:1 for B.
juncea and 4:1 for B. rapa.
In Brassica vegetables, it is well know that N and S affect the

glucosinolate concentration because glucosinolates are N- and
S-containing compounds derived from several amino acids.11,12,32 In
broccoli plants, total glucosinolate concentrations are high at
insufficient N, independent of the S level and low at insufficient S
in combination with an optimal N supply.11 In addition, N/S
ratios lower than 10:1 are known to have a positive effect on alkyl
and indole glucosinolate concentrations.11 Interactive effects

Table 3. Influence of Nitrogen (N) Supply Form and Photosynthetically Active Radiation (PAR) Level on Leaf N and Sulfur (S)
Concentration (mg g�1 DM) and N/S Ratio in Leaves of Two Brassica Speciesa

B. rapa B. juncea

N form N S N/S ratio N S N/S ratio

PAR

low NH4 72.70 13.48 a 5.41 77.60 a 10.40 7.47

NH4 þ NO3 74.87 12.51 ab 6.01 74.73 ab 8.80 8.51

NO3 63.90 10.69 b 6.11 66.90 b 8.91 7.60

medium NH4 69.33 a 13.33 a 5.21 a 73.43 a 12.44 a 5.90

NH4 þ NO3 60.37 b 13.84 a 4.37 b 67.27 b 10.25 b 6.59

NO3 54.53 c 11.19 b 4.88 ab 59.10 c 9.93 b 5.97

high NH4 55.80 13.10 a 4.26 b 63.33 10.87 a 5.77 b

NH4 þ NO3 61.53 10.63 b 5.80 a 67.60 8.09 b 8.37 a

NO3 60.13 10.00 c 6.02 a 64.53 7.81 b 8.28 a

main effects

N form NH4 65.94 a 13.30 a 4.96 b 71.12 a 11.24 a 6.38 b

NH4 þ NO3 65.59 a 12.33 b 5.39 ab 69.87 a 9.05 b 7.82 a

NO3 59.52 b 10.62 c 5.67 a 63.51 b 8.88 b 7.29 a

PAR low 70.49 a 12.23 a 5.84 a 73.08 a 9.37 b 7.86 a

medium 61.41 b 12.79 a 4.82 b 66.60 b 10.87 a 6.15 b

high 59.16 b 11.24 b 5.36 ab 64.82 b 8.92 b 7.47 a

N form * * * * * *

PAR * * * * * *

N form � PAR * ns * * ns *
aDifferent letters indicate significant differences within a treatment; ns, not significant; * significant at p e 0.05.

Figure 1. Relationship between total glucosinolate concentration (mg
g�1 DM) and ratio of total nitrogen (N) to sulfur (S) concentration in
leaves of Brassica rapa (b) and Brassica juncea (2). Total glucosinolates
in B. rapa = 7.60 � 0.76(N/S) (r = 0.72*). Total glucosinolates in B.
juncea = 13.72 � 1.05(N/S) (r = 0.83*). * significant at p < 0.05.
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between N and S assimilatory pathways are well documented,
and O-acetylserine is also known to play a key role.33 Of note is
that O-acetylserine is a precursor of the N- and S-containing
amino acid cysteine that is converted to a number of compounds
such as methionine, the precursor of aliphatic glucosinolate
synthesis. During conditions of S limitation, O-acetylserine
accumulates and cysteine decreases,34 whereas during conditions
of N limitation, O-acetylserine is reduced.35 Thus, high N and
low S concentrations (high N/S ratio) could lead to an accumu-
lation of O-acetylserine and reduced cysteine and methionine
syntheses, thereby resulting in a lack of precursors for aliphatic
glucosinolate synthesis. Surprisingly, the aliphatic allyl glucosi-
nolate was not affected by theN supply form inB. juncea, whereas
the aliphatic but-3-enyl glucosinolate and pent-4-enyl glucosino-
late showed the highest value at 100% NH4 supply (high S
concentration in the leaves) in both cultivars together with the
aliphatic 4-methylsulfinylbutyl glucosinolate and 5-methylsulfi-
nylpentyl glucosinolate in B. rapa. Taken together, these results
suggest a level of methylthioalkylmalate synthase- (MAM)
specific expression as a response to sulfur concentration since
several MAMs control the side-chain length of different methio-
nine-derived aliphatic glucosinolates.36,37

A previous study has shown that while genes involved in the
methionine biosynthetic pathway are downregulated in Arabi-
dopsis thaliana seedlings under S-limited growth conditions,
genes of the aromatic amino acids synthesis pathway, such as
phenylalanine and tryptophan, are induced.38 Consistent with
this, our results show that the phenylalanine-derived aryl gluco-
sinolate 2-phenylethyl glucosinolate increases in the leaves under
100% NO3 supply (low S concentration in the leaves), especially
in B. rapa. Furthermore, the increased production of tryptophan

results in increased auxin production under S-limited condi-
tions34 which could lead to a concomitant decrease in indole
glucosinolates since tryptophan is the precursor of indole
glucosinolates and auxin.39 Moreover, in rocket salad, Kim
et al.20 reported highest concentrations of the indole glucosino-
lates indol-3-ylmethyl glucosinolate and 4-methoxyindol-3-yl-
methyl glucosinolate with a 100% NH4 supply, but highest
concentrations of total glucosinolates with a 50% NH4 þ 50%
NO3 supply. This group therefore speculated that these two indole
glucosinolates were probably involved in NH4

þ detoxification.
For B. rapa, we found that the highest concentrations of total

and alkenyl glucosinolates were induced at medium and high
PAR levels and that these were caused by high concentrations of
but-3-enyl glucosinolate and pent-4-enyl glucosinolate. For B.
juncea, medium PAR levels primarily increased the allyl glucosi-
nolate and but-3-enyl glucosinolate and thus the total and alkenyl
glucosinolates which did not further increase at high PAR level.
Interestingly, the PAR level also influenced the N and S status of
the plant. The lowest N/S ratio was found for both species at
medium PAR levels resulting in high total and alkenyl glucosi-
nolate concentrations. Furthermore, our study confirms the
results found by Wallsgrove and Bennet,40 who reported that
low PAR intensity reduces the glucosinolate content of rape
leaves due to decreasing flavin-containing monooxygenases
which catalyze the formation of aliphatic aldoxime, a key
regulator step in aliphatic glucosinolate biosynthesis. In contrast,
we found that the main indole glucosinolate indol-3-ylmethyl
glucosinolate was higher at low PAR levels in B. rapa which was
also found in a study on broccoli.28 This could not be confirmed
for the investigated indole glucosinolates 4-hydroxyindol-3-ylmethyl
glucosinolate, 4-methoxyindol-3-ylmethyl glucosinolate, and

Table 4. Influence of Nitrogen (N) Supply Form and Photosynthetically Active Radiation (PAR) Level on Flavonoid
Concentration (mg g−1 DM) in Leaves of Two Brassica Speciesa

B. rapa B. juncea

N form total kaempferol quercetin isorhamnetin total kaempferol quercetin isorhamnetin

PAR

low NH4 1.72 c 1.05 c 0.10 b 0.56 1.70 b 1.35 b 0.09 b 0.27

NH4 þ NO3 2.31 b 1.79 b 0.17 a 0.35 3.15 a 2.64 a 0.22 a 0.29

NO3 2.69 a 2.07 a 0.20 a 0.42 3.19 a 2.60 a 0.27 a 0.32

medium NH4 2.69 b 1.86 b 0.12 b 0.72 2.84 b 2.17 b 0.24 b 0.43

NH4 þ NO3 3.67 a 2.64 a 0.23 a 0.80 4.05 a 3.23 a 0.34 a 0.48

NO3 3.95 a 2.90 a 0.24 a 0.81 4.16 a 3.29 a 0.35 a 0.52

high NH4 5.52 3.31 0.39 1.83 4.51 b 3.30 b 0.42 0.80

NH4 þ NO3 4.74 2.96 0.33 1.45 5.27 a 4.04 a 0.38 0.85

NO3 4.88 3.06 0.34 1.48 5.19 a 3.76 ab 0.47 0.96

main effects

N form NH4 3.31 2.07 b 0.20 b 1.04 3.02 b 2.28 b 0.25 b 0.50

NH4 þ NO3 3.57 2.46 a 0.24 ab 0.87 4.16 a 3.30 a 0.31 a 0.54

NO3 3.84 2.68 a 0.26 a 0.90 4.18 a 3.21 a 0.37 a 0.60

PAR low 2.24 c 1.64 c 0.16 b 0.45 b 2.68 c 2.20 c 0.19 c 0.29 c

medium 3.44 b 2.47 b 0.20 b 0.78 b 3.68 b 2.90 b 0.31 b 0.48 b

high 5.05 a 3.11 a 0.35 a 1.58 a 4.99 a 3.70 a 0.42 a 0.87 a

N form ns * * ns * * * ns

PAR * * * * * * * *

N form � PAR * * * ns ns ns ns ns
aDifferent letters indicate significant differences within a treatment; ns, not significant; * significant at p e 0.05; “total” is the sum of corresponding
individual compounds quantified.
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1-methoxyindol-3-ylmethyl glucosinolate which were found in
relatively low concentrations in both cultivars. Furthermore, no
clear radiation effect was found for the 2-phenylethyl glucosino-
late. Taken together, our results are in agreement with previous
studies on B. oleracea varieties in which the concentrations of
total glucosinolates were higher in plants cultivated under high
PAR in the spring compared with those grown under low PAR in
fall.41,42

Thus, our investigation highlights that treatment with 100%
NH4 increases the production of glucosinolates in the leaves
concurring with a high S level and a low N/S ratio. Furthermore,
medium PAR levels enhance the concentration of alkenyl
glucosinolates in both Brassica species as well as a high PAR
level in B. rapa. Of note is that a low PAR level predominantly
enhance indole glucosinolates in B. rapa.
Flavonoids. Three flavonols were quantified: the predomi-

nant flavonol was kaempferol, followed by isorhamnetin and
quercetin (Table 4). Recently, kaempferol and isorhamnetin
derivatives were detected in B. juncea, but no quercetin deriva-
tives were found.55 The level of flavonols was higher (8.9�27.9
mg g�1 DM) than in our study, perhaps because plants were
grown in the field in China (high sunlight supply compared with
our greenhouse conditions) and different cultivars were used. In
both Brassica species, kaempferol and quercetin concentrations
were affected by both the N supply form and the PAR level,
whereas the isorhamnetin concentration was only affected by the
PAR level. N supply form and the PAR level interacted in B. rapa.
Moreover, also in both species, the 100% NH4 supply led to low
kaempferol and quercetin concentrations compared to the 50%
NH4 þ 50% NO3 and 100% NO3 supplies. Furthermore, the
higher the PAR level, the higher the concentrations of flavonols
were. At high PAR levels, a significant effect of N supply formwas
only found for kaempferol in B. juncea. Results depict a negative
linear relationship between the concentrations of N in leaves and
the concentrations of the total flavonols in both species
(Figure 2) as well as for the individual flavonols kaempferol
and quercetin (data not shown). Furthermore, a high N con-
centration was found in leaves of both species grown with the
100% NH4 supply at medium PAR levels, and in B. juncea, also at
low PAR levels (Table 3). The decrease of total flavonol
concentration was correlated to increasing N concentration for
both species although the level of flavonols was higher in B.
juncea (Figure 2).
In onion species (Allium cepa L. and Allium fistulosum L.), an

increased N level in plant tissue of predominantly NH4 supplied
plants in comparison to predominantly NO3 supplied plants was

also found.43,44 This increased N level led to a lower concentra-
tion of quercetin glucosides while isorhamnetin monoglucosides
were not affected and isorhamnetin diglucosides increased.44

However, most studies on N supply and its influence on
flavonoid concentration were performed without investigating
the N concentration in the plant. Generally, high N supply
reduces the concentrations of flavonols in B. oleracea such as
broccoli and tronchuda cabbage.45,46 Finally, Steward et al.47

concluded that reduced N availability in tomato leaf tissue can
upregulate the flavonol biosynthetic functions in plants as a
protection mechanism against further stress such as pathogen
attack or light-induced damage.
Different enzymes of flavonoid biosynthesis seem to be

influenced by the nitrogen level. The first step of the phenylpro-
panoid pathway is the conversion of phenylalanine to cinnamic
acid by phenylalanine ammonia-lyase (PAL). To date, most
studies have reported that PAL activity decreases with increasing
N availability and that this results in a lower flavonoid concen-
tration in e.g. apple leaves.14 Recently, a study on a medicinal
plant (Echinacea angustifolia) has shown that PAL activity in the
leaves was not influenced by two different NO3:NH4 ratios (1:0
and 1:1) in the nutrient solution; however, the PAL activity was
reduced in the root tissues of plants grown at a 1:1 NO3:NH4

ratio.48 However, the study does not report whether and how the
NO3:NH4 ratio affects the N concentration in leaf and root
tissues. Moreover, the MYB12 transcription factor, known to
regulate flavonol synthesis, is slightly induced by N deficiency in
Arabidopsis thaliana seedlings, resulting in an accumulation of
flavonols.49 Interestingly, isorhamnetin concentration was not
affected under our investigated conditions. A further enzyme,
O-methyltransferase, catalyzes the conversion of quercetin to
isorhamnetin. Thus, this enzyme seems to be not affected by N
concentration. Finally, the level of the amino acid phenylalanine
in the leaves itself can affect the concentration of flavonoids in
vegetable tissue which is dependent on the nutrition status of the
plant,38 a point already discussed for glucosinolate biosynthesis.
Therefore, N supplied as NO3 seems to increase both the
phenylalanine-derived aryl glucosinolate 2-phenylethyl glucosi-
nolate and flavonoid concentrations.
In regard to the effects of different PAR intensities on

flavonoid concentration, our results are in agreement with several
other studies on Brassica. For example, in broccoli, the concen-
trations of kaempferol and quercetin increased with increasing
PAR levels.26 In addition, exposure of leaves of B. napus to
supplementary UV radiation resulted in an overall increase in the
levels of flavonoids of up to 150% with the level of quercetin
being increased by 36-fold.50 Thus, the PAR level seems to be the
determining factor for flavonoid biosynthesis in Brassica species.
Numerous studies have largely demonstrated that the accu-

mulation of flavonoids by plants is the main defense mechanism
against several environmental stresses including radiation. Fla-
vonoids together with other antioxidant compounds present in
green leaves are known to absorb UV and thereby act as a
selective filter that protects plant tissue against harmful rays.51

Interestingly, for both species at high PAR levels, we observed no
significant effect of N supply form for quercetin, and in addition,
for kaempferol in B. juncea. These findings are in agreement with
the result that at high PAR intensity N form did not influence N
concentration in leaves. Thus, different environmental stress
factors, e.g. high PAR intensity, may be able to compensate for
each other. Besides the PAR effect on the defense mechanisms of
flavonoids our results depict also an effect on theN concentration in

Figure 2. Relationship between total flavonoid concentration (mg g�1

DM) and nitrogen (N) concentration in leaves of Brassica rapa (b) and
Brassica juncea (2). Total flavonoids in B. rapa = 13.20 � 0.15(N) (r =
0.84*). Total flavonoids in B. juncea = 13.70 � 0.14(N) (r = 0.73*). *
significant at p < 0.05).
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the leaves. Low PAR increased the N concentration in the leaves
of both species resulting in decreased concentrations of flavonols
(Table 3, Figure 2).
Taken together, the results presented here on the influence of

N supply form clearly show that the concentration of flavonoids
decreases with high N concentration in the leaves as demon-
strated by the 100%NH4 supply. Thus, plants grown using either
a 50% NH4 þ 50% NO3 or 100% NO3 supply and also at
medium or high PAR levels were found to be rich in flavonoids.
Carotenoids and Chlorophylls. In both leafy Asian Brassica

species, the carotenoids lutein and β-carotene as well as the
chlorophylls a and b were quantified. In both Brassica species, the
lutein concentration was found to be slightly higher than that of
β-carotene, while chlorophyll a was the predominant chlorophyll
pigment (Table 5). InB. rapa, N supply form, changes in the PAR
level and their interaction were observed to affect total carote-
noid concentration, whereas total chlorophyll concentration
responded to PAR levels and the interactive effect of N supply
form. Similarly, in B. juncea, total carotenoid and chlorophyll
concentrations were affected by N supply form, PAR levels, and
their interaction. However, in both Brassica species, N concen-
tration did not correlate with carotenoid or chlorophyll concen-
trations (data not shown).
These findings indicate that carotenoids and chlorophylls in

both B. rapa and B. juncea respond differently to the supplied N
form and that this is also affected by PAR levels since, e.g., low
carotenoid and chlorophyll concentrations occur with the 100%
NO3 supply in combination with medium and high PAR levels
and with the 100% NH4 supply in combination with low PAR

levels. Another study has shown that increasing the concentra-
tion of NO3 in a mixed supply of NO3/NH4 enhances the
carotenoid and chlorophyll concentrations in kale grown in
winter/spring under low PAR levels.17 In B. rapa and B. juncea,
100%NH4 supply and inB. juncea also the 50%NH4þ 50%NO3

treatment resulted in the highest concentrations of total carote-
noids, lutein, β-carotene, and chlorophyll a. High concentrations
were reached at medium and high PAR levels, whereas low PAR
levels showed an opposite trend, and when in combination with
the 100% NH4 supply, the lowest concentrations of total
carotenoids and total chlorophylls as well as their individual
pigments were found. Moreover, in endive leaves, chlorophyll a
and b concentrations were higher in NH4-supplied plants
compared to those supplied solely with NO3 under high PAR
levels.21 In contrast, carotenoids in carrots (Daucus carota L.)
were not affected by the N supply form when grown at higher
PAR levels.52 Taken together, these findings suggest a species-
specific as well as plant organ-specific response to the form of
supplied N under different PAR intensity conditions in respect to
both carotenoid and chlorophyll biosyntheses.
NO3 and NH4 uptake also influences the uptake of other

anions and cations since the uptake of all ions is involved in
maintaining electroneutrality within the plant.53 Increasing the
NH4 supply was also reported to decrease magnesium, calcium,
and potassium concentrations in leaf tissues.23 Magnesium has
many functions in photosynthesis since it is present in chlor-
ophyll and is also known to be involved in thylakoid stacking.
Thus, a NH4-induced reduction of magnesium could cause a
decrease in chlorophyll concentration possibly promoted under

Table 5. Influence of Nitrogen (N) Supply Form and Photosynthetically Active Radiation (PAR) Level on Carotenoid and
Chlorophyll Concentration (mg g�1 DM) in Leaves of Two Brassica Speciesa

B. rapa B. juncea

carotenoids chlorophylls carotenoids chlorophylls

N form total lutein β-carotene total chlorophyll a chlorophyll b total lutein β-carotene total chlorophyll a chlorophyll b

PAR

low NH4 1.72 1.04 0.68 14.16 11.30 2.86 b 1.26 b 0.75 b 0.51 c 10.84 b 8.50 b 2.34 b

NH4 þ NO3 1.81 1.04 0.77 17.71 13.67 4.04 a 1.75 a 0.93 a 0.82 a 17.38 a 13.41 a 3.97 a

NO3 1.77 1.01 0.76 17.31 13.28 4.02 a 1.55 a 0.84 ab 0.71 b 15.68 a 12.00 a 3.68 a

medium NH4 2.02 a 1.11 a 0.91 a 17.15 13.61 a 3.54 2.11 a 1.06 a 1.05 a 18.99 a 15.16 a 3.83 a

NH4 þ NO3 1.81 ab 1.01 b 0.80 ab 16.55 12.70 ab 3.85 1.92 a 1.01 a 0.91 b 18.49 a 14.31 a 4.18 a

NO3 1.55 b 0.89 ab 0.66 b 14.08 10.78 b 3.30 1.26 b 0.68 b 0.58 c 11.97 b 9.25 b 2.72 b

high NH4 1.89 1.03 a 0.85 a 16.19 a 12.71 a 3.48 a 1.52 a 0.78 a 0.74 a 13.87 a 10.78 a 3.09

NH4 þ NO3 1.56 0.87 b 0.69 b 14.20 b 10.86 b 3.34 ab 1.31 ab 0.69 ab 0.62 ab 12.06 ab 9.26 ab 2.80

NO3 1.44 0.81 b 0.63 b 12.85 c 9.79 c 3.06 b 1.16 b 0.64 b 0.52 b 10.43 b 7.98 b 2.45

main effects

N form NH4 1.87 a 1.06 a 0.81 a 15.84 12.54 a 3.30 b 1.63 a 0.86 a 0.76 a 14.56 b 11.48 b 3.09 b

NH4 þ NO3 1.72 ab 0.97 b 0.75 ab 16.15 12.41 a 3.74 a 1.66 a 0.88 a 0.79 a 15.97 a 12.32 a 3.65 a

NO3 1.58 b 0.90 b 0.68 b 14.74 11.28 b 3.46 ab 1.32 b 0.72 b 0.60 b 12.70 c 9.74 c 2.95 b

PAR low 1.76 ab 1.03 a 0.74 16.39 a 12.75 a 3.64 a 1.52 b 0.84 b 0.68 b 14.63 b 11.30 b 3.33 b

medium 1.79 a 1.01 a 0.79 15.93 a 12.36 a 3.57 ab 1.76 a 0.91 a 0.85 a 16.48 a 12.91 a 3.58 a

high 1.62 b 0.90 b 0.72 14.41 b 11.12 b 3.29 b 1.33 c 0.70 c 0.63 c 12.12 c 9.34 c 2.78 c

N form * * * ns * * * * * * * *

PAR * * ns * * * * * * * * *

N form � PAR * ns * * * * * * * * * *
aDifferent letters indicate significant differences within a treatment; ns, not significant;* significant at p < 0.05; “total” is the sum of corresponding
individual compounds quantified.
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increasing PAR levels. Decreasing concentrations of chlorophyll
observed at increasing PAR levels might also indicate a rising
intolerance to NH4, resulting in a disruption of the chloroplast
ultrastructure as was previously demonstrated in citrus leaves
receiving a high NH4 supply.

54

Interestingly, in broccoli, single treatments with different PAR
levels (1.9 to 13.4 mol m�2 day�1) did not greatly affect car-
otenoid and chlorophyll concentrations.28 In sharp contrast,
PAR levels between 7.2 and 35.7 mol m�2 day�1 were observed
to affect carotenoid and chlorophyll concentrations with
11.5�19.3 and 11.5 mol m�2 day�1 causing the highest con-
centrations in kale and spinach, respectively.25 These findings
suggest that photodegradation of these phytochemicals takes
place at higher PAR levels.25 Our findings onB. rapa andB. juncea
seem to follow a similar pattern with an increase in carotenoid
concentration to a certain PAR level followed by a decrease.
However, carotenoid and chlorophylls concentrations were also
observed to be affected by the N form supplied. For example, in
both Brassica species, increasing NH4 supply resulted in increas-
ing concentrations of carotenoids and chlorophylls at medium
and high PAR levels; however, at low PAR levels, the 100% NH4

supply resulted in the lowest concentrations of carotenoids and
chlorophylls.
In conclusion, the results of our study clearly show that the

choice of N supply form can lead to increased concentrations of
key phytochemicals in B. rapa and B. juncea and that this can also
be further mediated by using an appropriate PAR level. There-
fore, the correct supply of N form and PAR intensity is a simple
but effective crop management strategy that enables enhanced
concentration of health-promoting phytochemical compounds
to occur. In the future, molecular and genetic approaches will
be used to advance understanding of the phytochemical path-
ways in B. rapa and B. juncea, as an additional step to managing
both concentration and composition of key phytochemical
compounds.
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