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Watercress (Nasturtium officinale R. Br.) is a perennial herb rich in the secondary metabolites of
glucosinolates and carotenoids. 2-Phenethyl isothiocyanate, the predominate isothiocyanate hydrolysis
product in watercress, can reduce carcinogen activation through inhibition of phase I enzymes and
induction of phase II enzymes. Sulfur (S) and nitrogen (N) have been shown to influence concentrations
of both glucosinolates and carotenoids in a variety of vegetable crops. Our research objectives were
to determine how several levels of N and S fertility interact to affect watercress plant tissue biomass
production, tissue C/N ratios, concentrations of plant pigments, and glucosinolate concentrations.
Watercress was grown using nutrient solution culture under a three by three factorial arrangement,
with three S (8, 16, and 32 mg/L) and three N (6, 56, and 106 mg/L) fertility concentrations. Watercress
shoot tissue biomass, tissue %N, and tissue C/N ratios were influenced by N but were unaffected by
changes in S concentrations or by the interaction of N × S. Tissue pigment concentrations of
�-carotene, lutein, 5,6-epoxylutein, neoxanthin, zeaxanthin, and the chlorophyll pigments responded
to changes in N treatment concentrations but were unaffected by S concentrations or through N ×
S interactions. Watercress tissue concentrations of aromatic, indole, and total glucosinolate
concentrations responded to changes in N treatments; whereas aliphatic, aromatic, and total
glucosinolates responded to changes in S treatment concentrations. Individual glucosinolates of
glucobrassicin, 4-methoxyglucobrassicin, and gluconasturriin responded to N fertility treatments, while
gluconapin, glucobrassicin, and gluconasturiin responded to changes in S fertility concentrations.
Increases in carotenoid and glucosinolate concentrations through fertility management would be
expected to influence the nutritional value of watercress in human diets.
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INTRODUCTION

Watercress (Nasturtium officinale R. Br.) is a perennial herb
found growing in natural waterways in many parts of Europe and
the Americas. It is commercially produced in annual production
systems as a raw salad crop either in natural water systems or in
greenhouse hydroponic culture. Watercress is rich in the glucosi-
nolate compound gluconasturtiin (2-phenethyl glucosinolate). Upon
cellular disruption (chewing or chopping), gluconasturtiin is
hydrolyzed by the enzyme myrosinase (�-thioglucoside glucohy-
drolase; EC 3.2.3.1), or by intestinal microbial thioglucosidases to
produce 2-phenethyl isothiocyanate (1, 2).

2-Phenethyl isothiocyanate, the predominate glucosinolate
hydrolysis product in watercress, has received attention for its
role in the reduction of carcinogen activation through inhibition

of phase I enzymes (such as cytochrome P450s) and its potential
to induce phase II enzymes (3, 4). Most notably, 2-phenethyl
isothiocyanate can effectively inhibit tumorigenesis by increas-
ing metabolism and enhancing excretion of the lung carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, as demon-
strated in both animal and human studies (5–7). When human
subjects consumed 30 g of raw watercress containing 21.6 mg
gluconasturtiin, in vivo urinary excretion studies revealed the
potential conversion to 2.3–5.0 mg of 2-phenethyl isothiocyan-
ate (8).

Carotenoids are lipid-soluble pigments found in all photosyn-
thetic organisms. They are divided into oxygenated xanthophylls,
such as lutein, zeaxanthin, and violaxanthin, and hydrocarbon
carotenes, such as �-carotene, R-carotene, and lycopene (9). There
are over 600 carotenoids found in nature, with 40 dietary caro-
tenoids regularly consumed in the human diet (10). Pro-vitamin A
activity is the classical biological function of carotenoids in
mammalian systems. Health benefits attributed to carotenoids
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include prevention of certain cancers (11–13), cardiovascular
diseases (14), and aging-eye diseases (15, 16), as well as
enhanced immune system functions (17, 18). Watercress can
be an excellent source of dietary carotenoids and concentrations
can range from 5.8 to 10.7 mg lutein/100 g fresh mass (FM)
and from 2.8 to 5.9 mg �-carotene/100 g FM (19–21).

The growing environment can have dramatic influences on
secondary metabolite production in vegetable crops. Previously,
watercress gluconasturtiin concentrations increased under condi-
tions of lower temperatures, longer photoperiods (16 h), and
exposure to red light (22). Similarly, after endogenous gluco-
nasturiin hydrolysis, watercress 2-phenethyl isothiocyanate
concentrations were found to increase under longer photoperiods
(12 h) and higher light intensity (23). However, Palaniswamy
et al. (23) reported higher 2-phenethyl isothiocyanate watercress
concentrations, after endogenous gluconasturiin hydrolysis, at
higher growing temperatures under a 12-h photoperiod. As
sulfur-based compounds, glucosinolate concentrations are in-
fluenced by sulfur (S) fertility levels (24–27). Increasing S
concentrations in hydroponic culture can increase glucosinolate
compounds in kale (Brassica oleracea L. Acephala Group) and
2-phenethyl isothiocyanate concentrations in watercress after
endogenous gluconasturiin hydrolysis (24, 28, 29). Fluctuations
in nutrient solution nitrogen/sulfur (N/S) ratios have increased
2-phenethyl isothiocyanate concentrations in watercress after
endogenous gluconasturiin hydrolysis (29). However, increases
in N and S fertility levels did not influence the concentrations
of either individual or total glucosinolate in broccoli (B. oleracea
L. var. Italica) or broccoli sprouts (B. oleracea L. var. Italica
cv. Marathon) (25, 26).

While increasing the number of servings consumed can be
one way to increase dietary phytonutrients, enhancement efforts
to increase phytonutrient concentrations per serving could make
a significant impact on health. Therefore, our research objectives
were to determine how several levels of N and S fertility interact
to affect watercress plant tissue biomass production, tissue C/N
ratios, concentrations of plant pigments, and glucosinolate
concentrations. Higher concentrations of glucosinolate and
carotenoid compounds would be expected to increase watercress
dietary impacts.

MATERIALS AND METHODS

Plant Culture for Watercress. Seeds of watercress (Johnny’s
Selected Seed, Winslow, ME) were sown into 2.5 × 2.5 cm growing
cubes (Grodan A/S, Dk-2640, Hedehusene, Denmark) and germinated
in a model E15 growth chamber (Conviron, Winnipeg, Manitoba) at
20 °C day/night under a 16 h photoperiod on 9 June 2006. The growing
cubes were submerged in water and fertilized with a half-strength
Hoagland’s nutrient solution upon seedling emergence (30). At 16 days
after planting (DAP), the plantlets were transferred to 11-L containers
(Rubbermaid Inc., Wooster, OH) filled with 9 L of a nutrient solution
(30). Each container held six individual plants placed into 2-cm round
holes set at 11 × 9 cm spacing on the lid. A completely randomized
design was replicated in each of four growth chambers. Treatments
consisted of a three by three factorial arrangement, with three S and
three N fertility concentrations. Sulfur treatments consisted of 8, 16,
and 32 mg/L S, which were delivered by the addition of 62, 123, and
246 mg/L MgSO4 ·7H2O, respectively. Magnesium (Mg) was balanced
by the addition of 339, 288, and 186 mg/L MgCl2 ·6H2O to the 8, 16,
and 32 mg/L S treatments, respectively. The N treatments consisted of
6, 56, and 106 mg/L N. The 6 mg/L N treatment was achieved by
adding 24 mg/L Ca(NO3)2 ·4H2O, 14 mg/L KNO3, and 13 mg/L
NH4H2PO4, the 56 mg/L N treatment was achieved by addition of 210
mg/L Ca(NO3)2 ·4H2O, 124 mg/L KNO3, and 115 mg/L NH4H2PO4,
and the 106 mg/L N treatment was achieved by addition of 378 mg/L
Ca(NO3)2 ·4H2O, 239 mg/L KNO3, and 230 mg/L NH4H2PO4. Potas-

sium (K) and phosphorus (P) were balanced by addition of 387, 245,
and 82 mg/L KH2PO4 to the 8, 16, and 32 mg/L S treatments,
respectively. Calcium (Ca) was balanced by addition of 279, 177, and
59 mg/L CaCl2 ·2H2O to the 8, 16, and 32 mg/L S treatments,
respectively. All solutions contained 5 mg/L Fe chelate (derived from
sodium ferric ethylenediamine di-(o-hydroxyphenylacetate) from Sprint
138 (Becker Underwood, Inc., Ames, IA), 1.43 mg/L H3BO3, 0.90 mg/L
MnCl2 4H2O, 0.04 mg/L CuSO4 7H2O, 0.11 mg/L ZnSO4 7H2O, and
0.02 mg/L Na2MoO4 2H2O. Photosynthetically active radiation (PAR)
was measured using a model QSO-ELEC light meter (Apogee Instru-
ments; Logan, UT) at four locations on top of each container (without
plants present) at the four corner plant holes and were averaged for
each of nine containers. Irradiance inside each chamber was measured
at the beginning and confirmed at the end of each replication and
averaged 500 ( 100 µmol/m2/s. Solutions were aerated via a model
25E133W222 air blower (Spencer; Winsor, CT) connected to air stones.
Deionized water was added daily to maintain initial solution volumes
in each container. Plants were harvested 28 DAP. At harvest, shoot
and root tissues were collected from each containers (6 plants each),
and fresh mass (FW) recorded. Shoot tissues were lyophilized for 48
h and stored at -80 °C prior to extractions and analysis.

Tissue %N, %C, and C/N Ratio Determination for Watercress.
A 0.01-g sample of freeze-dried watercress shoot tissue was placed in
a tin crucible and analyzed for total %N and %C using a FlashEA
1112 series NC Soil Analyzer (Thermo, Waltham, MA). Data generated
was used to calculate the C/N ratio for each experimental sample.

Carotenoid Determination for Watercress. Tissue Extraction. Plant
pigments were extracted from freeze-dried tissues according to Kopsell
et al. (31) and analyzed according to Emenhiser et al. (32). A 0.10 g
subsample was rehydrated with 0.8 mL of ultra pure H2O at 40 °C for
20 min. After incubation, 0.8 mL of the internal standard ethyl-�-8′-
apo-carotenoate (Sigma Chemical Co., St. Louis, MO) was added to
determine extraction efficiency. The addition of 2.5 mL of tetrahydro-
furan (THF) stabilized with 25 mg/L of 2,6-di-tert-butyl-4-methox-
yphenol (BHT) was performed after sample hydration. The sample was
then homogenized in a Potter-Elvehjem tissue grinding tube (Kontes,
Vineland, NJ) using ∼25 insertions with a pestle attached to a drill
press set at 540 rpm. During homogenation, the tube was immersed in
ice to dissipate heat. The tube was then placed into a clinical centrifuge
for 3 min at 500gn. The supernatant was removed, and the sample pellet
was resuspended in 2 mL of THF and homogenized again with the
same extraction technique. The procedure was repeated for a total of
four extractions to obtain a colorless supernatant. The combined
supernatants were reduced to 1.5 mL under a stream of nitrogen gas
and were brought up to a final volume of 5 mL with methanol (MeOH).
A 2 mL aliquot was filtered through a 0.2-µm Econofilter PTFE 25/20
polytetrafluoroethylene filter (Agilent Technologies, Wilmington, DE)
using a 5-mL syringe prior to high-performance liquid chromatography
(HPLC) analysis.

Carotenoid Liquid Chromatography Analysis. An Agilent 1100 series
HPLC unit with a photodiode array detector (Agilent Technologies,
Palo Alto, CA) was used for pigment separation. Chromatographic
separations were achieved using a 250 × 4.6 mm i.d., 5 µm analytical
scale polymeric C30 reverse-phase column (ProntoSIL, MAC-MOD
Analytical Inc., Chadds Ford, PA), which allowed for effective
separation of chemically similar carotenoid compounds. The column
was equipped with a 10 × 4.0 mm i.d. guard cartridge and holder
(ProntoSIL) and was maintained at 30 °C using a thermostated column
compartment. All separations were achieved isocratically using a binary
mobile phase of 11% methyl tert-butyl ethanol (MTBE), 88.9% MeOH,
and 0.1% triethylamine (TEA) (v/v). The flow rate was 1.0 mL/min,
with a run time of 53 min, followed by a 10 min equilibration prior to
the next injection. Eluted compounds from a 20 µL injection loop were
detected at 453 (carotenoids and internal standard), 652 [chlorophyll a
(Chl a)], and 665 [chlorophyll b (Chl b)] nm, and the data were
collected, recorded, and integrated using ChemStation Software (Agilent
Technologies). Internal standard % recovery ranged from 62 to 100%,
with a mean for all samples at 80%. Peak assignment for individual
pigments was performed by comparison of retention times and line
spectra obtained from photodiode array detection using external
standards of antheraxanthin, neoxanthin, 5,6-epoxylutein, lutein, vio-
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laxanthin, and zeaxanthin (Carotenature, Lupsingen, Switzerland) and
�-carotene, Chl a, Chl b (Sigma Chemical Co.). The concentration of
the external pigment standards were determined spectrophotometrically
using methods described by Davies and Köst (33). Slurried Spinach
2385 standard reference material (National Institute of Science and
Technology, Gaithersburg, MD) was used for method validation.

Glucosinolate Determination for Watercress. Tissue Extraction.
Glucosinalbin (4-hydroxybenzyl), gluconapin (3-butenyl), 4-hydroxy-
glucobrassicin (4-hydroxy-3-indolylmethyl), glucobrassicin (3-indolyl-
methyl), 4-methoxyglucobrassicin (4-methoxy-3-indolylmethyl), and
gluconasturtiin (2-phenethyl) were extracted from freeze-dried water-
cress leaf tissue. For glucosinolate analysis, 0.2 g of freeze-dried tissue
sample was combined with 1 mL of benzyl glucosinolate solution (1
mM) as an internal standard, 2.0 mL of MeOH, and 0.1 mL of
barium-lead acetate (0.6 M) in a 16 × 100-mm culture tube, and the
mixture was shaken at 60 rpm for 1 h. Each tube was then centrifuged
at 2000 gn for 10 min. A 0.5 mL aliquot of supernatant was then added
to a 1-mL column containing 0.3 mL DEAE Sephadex A-25 (Sigma-
Aldrich, St. Louis, MO). The sample was desulfated by the procedure
of Raney and McGregor (34).

Glucosinolate Liquid Chromatography Analysis. Extracted desulfo-
glucosinolates were separated with an HPLC unit with a photodiode array
detector (1100 series, Agilent Technologies) using a reverse-phase 250 ×
4.6 mm i.d., 5-µm Luna C18 column (Phenomenex, Inc., Torrance, CA,
USA) at a wavelength of 230 nm. The column temperature was set at 40
°C, with a flow rate of 1 mL/min. The gradient elution parameters were
100% water for 1 min, followed by a 15 min linear gradient to 75% water/
25% acetonitrile. Solvent levels were then held constant for 5 min, and
returned to 100% water for the final final 5 min. Desulfoglucosinolates
were identified by comparison with retention times of authentic standards
or previously reported results (35, 36).

Statistical Analysis. Data was subjected to analysis of variance
(ANOVA), regression, and contrast procedures to test the significance
of main effects and possible interactions using SAS statistical software
(JMP, version 6.0.0, SAS Institute, Cary, NC). Interactions among
fertility treatments for dependent variables were not observed; therefore,
interpretations and discussions center on the main effects. Orthogonal
polynomials were used to study changes associated with increases in
either N or S fertility concentrations by partitioning the sum of squares
into components associated with linear or quadratic terms.

RESULTS

Watercress Tissue Biomass. Watercress shoot tissue biomass
was influenced by N (F ) 631.8; Pe 0.001) but was unaffected
by changes in S concentrations or by the interaction of N × S.
Average watercress shoot biomass ranged from 4.5 to 38.6
g/plant. Watercress root tissue biomass was influenced by N
(F ) 34.6; P e 0.001) but was unaffected by changes in S
concentrations or by the interaction of N × S. Average
watercress root biomass ranged from 3.1 to 5.6 g/plant. Shoot
FM increased linearly [shoot FM ) 4.53 + 0.34 (trt)] in
response to increasing N concentrations in nutrient solutions.
Root FM increased linearly [root FM ) 3.52 + 0.02 (trt)] in
response to increasing N concentrations in nutrient solutions
(Table 1).

Watercress %N, %C, and C/N Ratio. Shoot tissue %N was
influenced by N treatment concentrations (F ) 114.1; P e
0.001) but was unaffected by S concentrations or through N ×
S interactions. Average shoot tissue %N ranged from 1.1 to
4.8% for the N treatments of 6 and 106 mg N/L, respectively.
Watercress shoot tissue %N increased linearly [tissue %N )
0.97 + 0.04 (trt)] in response to increasing N treatment
concentrations (Table 2). The main effect of N treatment
concentrations influenced watercress biomass production; there-
fore, we examined shoot tissue %C and C/N ratios among the
main effect treatments. Shoot tissue %C was not influenced by
the experimental treatments. The C/N ratio in watercress shoot
tissues was influenced by N treatments (F ) 888.4; P e 0.001)

but was unaffected by S concentrations or through N × S
interactions. The C/N ratio of watercress tissues decreased in a
linear trend [C/N ratio ) 34.51-0.28 (trt)] in response to
increasing N concentrations in nutrient solutions (Table 2).

Watercress Carotenoid and Chlorophyll Compounds. The
watercress shoot tissue carotenoid concentrations of �-carotene
(F ) 14.5; P e 0.001), lutein (F ) 87.6; P e 0.001), 5,6-
epoxylutein (F ) 16.9; P e 0.001), neoxanthin (F ) 44.1; P
e 0.001), and zeaxanthin (F ) 31.5; P e 0.001) all responded
to changes in N treatment concentrations but were unaffected
by S concentrations or through N × S interactions. Watercress
tissue �-carotene ranged from 0.3 to 0.9 mg/100 g FM, lutein
ranged from 2.4 to 9.5 mg/100 g FM, 5,6-epoxylutein ranged
from 0.2 to 0.4 mg/100 g FM, neoxanthin ranged from 0.4 to
2.4 mg/100 g FM, and zeaxanthin ranged from 0.2 to 0.6 mg/
100 g FM. Watercress tissue carotenoid pigments increased
linearly [�-carotene ) 0.29 + 0.01 (trt); lutein ) 2.42 + 0.07
(trt); 5,6-epoxylutein ) 0.24 + 0.01 (trt); neoxanthin ) 0.44
+ 0.02 (trt); zeaxanthin ) 0.25 + 0.01 (trt)] in response to
increasing N concentrations in nutrient solutions (Table 3). None
of the carotenoids in the watercress tissue responded to S
concentrations or the interaction of N × S. Shoot tissue
concentrations of antheraxanthin and violaxanthin were not
influenced by the experimental treatments (data not shown).
Watercress tissue chlorophyll a concentrations (F ) 123.5; P
e 0.001) responded to changes in N treatments concentrations
but not to changes in S treatments or by the interaction of N ×
S. Chlorophyll a concentrations in the watercress shoot tissues
ranged from 10.6 to 70.5 mg/100 g FM. Tissue chlorophyll b
concentrations were influenced by N treatments (F ) 127.5; P

Table 1. Mean Biomassa for Nitrogen and Sulfur Fertility Treatments for
Watercress Grown in Nutrient Solutions

tissue biomass (g)

treatment
(mg/L)

shoot fresh
mass

root fresh
mass

Nitrogen
6 4.55 ( 0.36 3.07 ( 0.27
56 27.64 ( 2.03 6.14 ( 1.20
106 38.60 ( 3.41 5.57 ( 0.96
linear contrast Pe 0.001 Pe 0.001

Sulfur
8 23.76 ( 15.50 4.97 ( 1.62
16 24.30 ( 15.39 5.03 ( 1.50
32 22.75 ( 14.49 4.76 ( 1.83
linear contrast nsb nsb

a Values are for six plants per replication ( standard deviation. b ns ) not
significant.

Table 2. Mean Leaf Tissue Nitrogen (N), Carbon (C), and the C/N Ratioa

on a Dry Mass basis for Nitrogen (N) and Sulfur (S) Fertility Treatments
for Watercress Grown in Nutrient Solutions

treatment (mg/L) tissue %N tissue %C C/N ratio

Nitrogen
6 1.07 ( 0.05 38.59 ( 1.43 36.38 ( 1.78
56 3.26 ( 0.49 39.22 ( 1.71 12.25 ( 1.62
106 4.75 ( 0.79 39.91 ( 0.77 7.97 ( 2.70
linear contrast Pe 0.001 nsb Pe 0.001

Sulfur
8 2.92 ( 1.61 39.05 ( 1.67 19.49 ( 13.06
16 3.29 ( 1.75 39.47 ( 0.74 17.65 ( 12.78
32 2.91 ( 1.54 39.63 ( 0.78 17.90 ( 13.22
linear contrast nsb nsb nsb

a Values are for six plants per replication ( standard deviation. b ns )
nonsignificant.
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e 0.001), but not S or the interaction of N × S. Chlorophyll b
concentrations in the watercress shoot tissues ranged from 5.8
to 28.3 mg/100 g FM. Total chlorophyll concentrations in the
watercress tissues were influenced by N treatments (F ) 130.5;
Pe 0.001), but not S or the interaction of N × S. Concentrations
of watercress total chlorophyll ranged from 16.4 to 98.8 mg/
100 g FM. The chlorophyll a/b ratio in the watercress tissues
was influenced by N treatments (F ) 8.03; P e 0.001), but not
S or the interaction of N × S. Watercress tissue chlorophyll
pigments increased linearly [chlorophyll a ) 10.21 + 0.59 (trt);
chlorophyll b ) 5.87 + 0.23 (trt); total chlorophyll ) 16.08 +
0.83 (trt); a/b ratio ) 1.84 + 0.01 (trt)] in response to increasing
N concentrations in nutrient solutions (Table 4).

Watercress Glucosinolate Compounds. Watercress tissue
aromatic glucosinolates responded to changes in N (F ) 4.08;
P ) 0.03) and S (F ) 3.01; P ) 0.06) treatment concentrations,
but not to N × S interactions. Indole glucosinolates responded
to changes in N (F ) 5.22; P ) 0.01) treatment concentrations,
but not to S or N × S interactions. Total glucosinolate
concentrations responded to changes in N (F ) 3.46; P ) 0.04)
and S (F ) 3.05; P ) 0.06) treatment concentrations, but not
to N × S interactions. Concentrations of indole glucosinolates
increased linearly [indole glucosinolates ) 0.78 + 0.01 (trt)]
in response to increases in N treatment concentrations in nutrient
solutions, while concentrations of aromatic and total glucosi-
nolates increased, then decreased [aromatic glucosinolates )
11.09 + 0.02 (trt) - 0.001 (trt2); total glucosinolates ) 11.86
+ 0.01 (trt) - 0.001 (trt2)] in response to increases in N

treatment concentrations in nutrient solutions (Table 5). Wa-
tercress tissue concentrations of aliphatic glucosinolates were
influenced by S (F ) 4.33; P ) 0.02), but not N or the
interaction of N × S. Aliphatic glucosinolates increased linearly
[aliphatic glucosinolates ) 0.03 + 0.01 (trt)] in response to
increasing S concentrations in nutrient solutions (Table 5).
Watercress gluconasturtiin concentrations were responsive to
N (F ) 3.86; P ) 0.03) and S (F ) 2.25, P ) 0.05) treatment
concentrations, but not to N × S interactions. 4-methoxyglu-
cobrassicin responded to N (F ) 57.61; P e 0.001) treatments,
but did not respond to S and N × S treatments. Glucobrassicin
concentrations were responsive to N (F ) 3.44; P ) 0.05) and
S (F ) 2.08, P ) 0.07) treatment concentrations, but not to N
× S interactions. Concentrations of 4-methoxyglucobrassicin
glucosinolates increased linearly [4-methoxyglucobrassicin )
0.20 + 0.002 (trt)] in response to increases in N treatment
concentrations in nutrient solutions, while concentrations of
gluconasturiin [gluconasturiin ) 10.02 + 0.02 (trt) - 0.001
(trt2)] and glucobrassicin [glucobrassicin ) 0.49 + 0.001 (trt)
- 0.001 (trt2)] glucosinolates increased, then decreased in
response to increases in N treatment concentrations in nutrient
solutions. Glucobrassicin [glucobrassicin ) 0.23 + 0.007 (trt)]
and gluconasturiin [gluconasturiin ) 5.40 + 0.16 (trt)] increased
linearly in response to increasing S treatment concentrations
(Table 6). Gluconapin concentrations responded to S (F ) 4.33;

Table 3. Mean Carotenoid Pigment Concentrationsa Expressed on a Fresh Mass Basis for Nitrogen and Sulfur Fertility Treatments for Watercress Grown in
Nutrient Solutions

pigment concentration (mg/100 g)

treatment (mg/L) �-carotene lutein 5,6-epoxy lutein neoxanthin zeaxanthin

Nitrogen
6 0.33 ( 0.05 2.43 ( 0.40 0.23 ( 0.03 0.42 ( 0.15 0.23 ( 0.07
56 0.63 ( 0.28 7.38 ( 0.93 0.39 ( 0.08 1.80 ( 0.42 0.53 ( 0.09
106 0.93 ( 0.27 9.52 ( 1.41 0.42 ( 0.09 2.35 ( 0.49 0.60 ( 0.11
linear contrast Pe 0.001 Pe 0.001 Pe 0.001 Pe 0.001 Pe 0.001

Sulfur
8 0.53 ( 0.37 6.18 ( 3.01 0.34 ( 0.10 1.54 ( 0.88 0.41 ( 0.18
16 0.59 ( 0.24 6.26 ( 3.09 0.36 ( 0.12 1.55 ( 0.99 0.48 ( 0.20
32 0.71 ( 0.36 6.86 ( 3.59 0.35 ( 0.11 1.46 ( 0.92 0.48 ( 0.18
linear contrast nsb nsb nsb nsb nsb

a Values are for six plants per replication ( standard deviation. b ns ) nonsignificant.

Table 4. Mean Chlorophyll Pigment Concentrationsa Expressed on a
Fresh Mass Basis for Nitrogen and Sulfur Fertility Treatments for
Watercress Grown in Nutrient Solutions

pigment concentration (mg/100 g)

treatment
(mg/L)

chlorophyll
a

chlorophyll
b

total
chlorophyll

chlorophyll
a/b ratio

Nitrogen
6 10.64 ( 3.12 5.75 ( 1.29 16.39 ( 4.39 1.82 ( 0.21
56 50.03 ( 10.45 21.47 ( 4.02 71.49 ( 14.23 2.33 ( 0.18
106 70.45 ( 11.97 28.32 ( 4.37 98.77 ( 15.88 2.50 ( 0.23
linear

contrast
Pe 0.001 Pe 0.001 Pe 0.001 Pe 0.001

Sulfur
8 43.54 ( 27.68 18.28 ( 10.18 61.82 ( 37.71 2.23 ( 0.41
16 40.22 ( 24.58 17.44 ( 9.58 57.66 ( 34.09 2.15 ( 0.37
32 47.36 ( 29.67 19.81 ( 11.42 67.18 ( 41.02 2.26 ( 0.29
linear

contrast
nsb nsb nsb nsb

a Values are for six plants per replication ( standard deviation. b ns )
nonsignificant.

Table 5. Mean Group Glucosinolate Concentrationsa Expressed on a Dry
Mass Basis for Nitrogen and Sulfur Fertility Treatments for Watercress
Grown in Nutrient Solutions

glucosinolate concentration (µmol/g)treatment
(mg/L) aliphatic aromatic indole total

Nitrogen
6 0.08 ( 0.09 7.33 ( 2.76 0.78 ( 0.51 8.19 ( 2.85
56 0.09 ( 0.05 11.98 ( 3.38 0.50 ( 0.20 12.56 ( 3.58
106 0.04 ( 0.05 9.07 ( 5.91 0.33 ( 0.23 9.44 ( 6.12
linear

contrast
nsb nsb P ) 0.003 nsb

quadratic
contrast

nsb P ) 0.01 nsb P ) 0.05

Sulfur
8 0.03 ( 0.04 7.52 ( 3.48 0.41 ( 0.27 7.96 ( 3.61
16 0.09 ( 0.09 9.30 ( 4.87 0.65 ( 0.57 10.03 ( 4.98
32 0.09 ( 0.04 11.55 ( 4.61 0.55 ( 0.16 12.19 ( 4.67
linear

contrast
P ) 0.04 P ) 0.03 nsb P ) 0.03

quadratic
contrast

nsb nsb nsb nsb

a Values are for six plants per replication ( standard deviation. b ns )
Nonsignificant.
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P e 0.02) treatments; however, N treatments and N × S
interactions had no effect. Gluconapin glucosinolates increased
linearly [gluconapin ) 0.03 + 0.02 (trt)] in response to
increasing S concentrations in nutrient solutions (Table 6).
Individual glucosinolates concentrations of glucosinalbin and
4-hydroxyglucobrassicin were not influenced by experimental
treatments (Table 6).

DISCUSSION

Increases in N concentrations in nutrient solutions increased
shoot and root tissue biomass production in watercress. Biomass
increases resulting from increases in N concentrations could be
expected because biomass production in the herbal crop parsley
(Petroselinum crispum Nym.) and in several kale cultivars
increased under similar nutrient solution N treatment concentra-
tions (37, 38). Watercress biomass did not respond to increases
in S fertility. Similarly, kale biomass accumulations were
unaffected by increases in nutrient solution S concentrations
(24).

Since watercress tissue biomass responded to increases in N
concentrations, we investigated possible treatment influences
on tissue %N, %C, and the C/N ratio. Tissue %N in the
watercress increased significantly with increasing solution
culture N concentrations. Similar results occurred with parsley
(37). Watercress %C in shoot tissues was unaffected by N
treatment concentrations. Therefore, C/N ratios in watercress
shoot tissues significantly decreased with increasing N treatment
concentrations. These findings are in agreement with those
reported for leave tissue of young oaks (Quercus petraea L.
and Q. robur L.) grown under increasing N concentrations (39).

The influences of N on plant growth parameters are well
understood; however, knowledge of the influence of N fertility
on protein, vitamin, and phytonutrient contents in crop plants
is limited and often contradictory. In the current study, increas-
ing N treatment concentrations significantly increased watercress
tissue �-carotene, lutein, 5,6-epoxylutein, neoxanthin, and
zeaxanthin. In a past review, Mozafar (40) concluded that
increasing rates of N fertilizers resulted in the decrease of
vitamins and phytonutrients, while often increasing tissue NO3-N
levels. Several early studies demonstrate increases in carotene
carotenoid content under increasing N fertilization for members
of the Brassicaceae and Chenopodiaceae (41–43). More recently,
linear increases in lutein/zeaxanthin and �-carotene were
observed in parsley grown under increasing N concentrations
in nutrient solution culture (37). Tissue carotenoid concentrations
generally increased with increasing N concentration rates for

carrot (Daucus carota L.) (44, 45). However, increasing N
fertility rates were reported to decrease carotene content in
carrots (46) or to have no effect on the accumulation of
carotenoid pigments in kale (38). The response in carotenoid
phytonutrients to N fertility appears to be species specific.

Nitrogen is essential for chlorophyll pigment production, and
deficiencies of this macronutrient manifest as chlorosis in leaf
tissues. In the current study, increasing N fertility significantly
increased watercress tissue chlorophyll pigments and chlorophyll
a/b ratios. Similarities in behavior of carotenoids and chloro-
phylls are reported for different crop species. Chlorophyll
pigments were found to correlate highly with carotenoid levels
in the leaves of tobacco (Nicotiana tabacum L.) (47), Swiss
chard (Beta Vulgaris L.) (48), several B. oleracea cultigens (31),
and lettuce (Lactuca satiVa L.) genotypes (49). Sulfur fertility
did not influence chlorophyll concentrations for watercress
(Table 4); on the other hand, a comparison between 0 and 1000
kg S/ha revealed significant increases in total chlorophyll in
the leaves of two Italian ecotypes of B. rapa L. subsp. sylVestris
L. Janch. var. esculenta Hort (50). However, changes in
chlorophyll production may be expected when deficient (0 kg/
ha) and luxuriant (1000 kg/ha) S treatments are compared.
Genomic analysis has revealed signaling functions among
chlorophyll biosynthetic pathway intermediate compounds
which regulate transcriptional production of light-harvesting
chlorophyll-binding proteins (carotene and xanthophyll caro-
tenoids) (51). Further, the biosynthesis of chlorophyll molecules
appears to be linked to the occurrence and production of light-
harvesting complex polypeptides (52). Together, genomic and
analytical data demonstrate the close connections between
chlorophyll and carotenoid biosynthetic pathways.

Glucosinolates are S-rich, anionic natural products that upon
hydrolysis by an endogenous thioglucosidase, called myrosinase,
produce isothiocyanates, thiocyanates, and nitriles. The identity
of the side chains of glucosinolates, which include aliphatic,
aromatic, or heteroaromatic groups, determine the nature of the
isothiocyanate, thiocyanate, or nitrile formed (53). Glucosinolate
concentrations and their hydrolysis products can change in
response to S fertility levels in plants that synthesize these
compounds (24–27). Previously, decreasing N/S ratios (increas-
ing S proportions) in nutrient solutions increased 2-phenethyl
isothiocyanate concentrations in watercress after endogenous
gluconasturiin hydrolysis (29). In broccoli and broccoli sprouts,
increases in N and S fertility levels did not influence the
concentrations of either individual or total glucosinolate (25, 26).
The concentration of glucosinolate compounds significantly

Table 6. Mean Individual Glucosinolate Concentrationsa Expressed on a Dry Mass Basis for Nitrogen and Sulfur Fertility Treatments for Watercress Grown
in Nutrient Solutions

glucosinolate concentration (µmol/g)

treatment (mg/L) glucosinalbin gluconapin 4-hydroxyl-glucobrassicin glucobrassicin 4-methoxy-glucobrassicin gluconasturiin

Nitrogen
6 0.82 ( 0.44 0.08 ( 0.09 0.19 ( 0.47 0.37 ( 0.11 0.22 ( 0.05 6.51 ( 2.54
56 1.11 ( 0.24 0.09 ( 0.05 ndb 0.44 ( 0.18 0.05 ( 0.03 10.87 ( 3.23
106 1.05 ( 0.20 0.04 ( 0.05 0.02 ( 0.08 0.27 ( 0.21 0.04 ( 0.05 8.02 ( 5.90
linear contrast nsc nsc nsc nsc Pe 0.001 nsc

quadratic contrast nsc nsc nsc P ) 0.05 nsc P ) 0.02

Sulfur
8 1.05 ( 0.26 0.03 ( 0.04 0.04 ( 0.13 0.27 ( 0.17 0.10 ( 0.09 6.47 ( 3.38
16 0.91 ( 0.49 0.09 ( 0.09 0.37 ( 0.21 0.37 ( 0.21 0.11 ( 0.10 8.39 ( 4.60
32 1.02 ( 0.16 0.09 ( 0.04 0.44 ( 0.13 0.44 ( 0.13 0.10 ( 0.10 10.53 ( 4.55
linear contrast nsc P ) 0.04 nsc P ) 0.03 nsc P ) 0.02
quadratic contrast nsc nsc nsc nsc nsc nsc

a Values are for six plants per replication ( standard deviation. b nd ) nondetectable. c ns ) nonsignificant.
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increased in kale as nutrient solution S treatment concentrations
increased from 4 to 64 mg/L (24). In the current study, S
treatments increased aliphatic, aromatic, and total glucosinolates
(Table 5). Increases in S treatment concentrations also increased
the individual glucosinolates of gluconapin, glucobrassicin, and
gluconasturiin (Table 6). Increases in N treatment concentrations
significantly influenced aromatic, indole, and total glucosinolate
concentrations, as well as influencing the concentrations of
glucobrassicin, 4-methoxyglucobrassicin, and gluconaturiin in
the watercress plants (Tables 5 and 6).

In the current study, we examined the influence of N and S
fertility on growth parameters, pigment accumulation, and
glucosinolate production in the perennial herb watercress. The
results from this experiment indicate that the main effect of N
fertility influenced biomass production, C/N ratios, carotenoid
and chlorophyll pigment accumulations, aromatic glucosinolates,
indole glucosinolates, total glucosinolates, and several individual
glucosinolate compounds. Increases in S fertility increased
aliphatic glucosinolates, aromatic glucosinolates, and total
glucosinolates. Sulfur fertility also influenced watercress glu-
conapin, glucobrassicin, 4-methoxyglucobrassicin, and gluco-
nasturiin concentrations. Previous studies have concluded that
a proper balance between N and S will maximize glucosinolate
concentrations in Brassica species (25, 26). Increases in
carotenoid and glucosinolate concentrations through fertility
management would be expected to influence the nutritional value
of watercress in human diets.

ABBREVIATIONS USED

ANOVA, analysis of variance; BHT, 2,6-di-tert-butyl-4-
methoxyphenol; DAP, days after planting; DM, dry mass;
ETOH, ethanol; FM, fresh mass; HPLC, high-performance
liquid chromatography; MeOH, methanol; TEA, triethylamine;
THF, tetrahydrofuran.

ACKNOWLEDGMENT

We thank Amy Belitz and Allison Stewart for their contribu-
tions to this project.

LITERATURE CITED

(1) Fahey, J. W.; Zhang, Y.; Talalay, P. Broccoli sprouts: An excellent
rich source of inducers of enzymes that protect against chemical
carcinogens. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 10367–10372.

(2) Heaney, R. K.; Fenwick, G. R. The analysis of glucosinolates in
Brassica species using gas chromatography. Direct determination
of the thiocyanate precursors, glucobrassicin and neoglucobras-
sicin. J. Sci. Food Agric. 1980, 31, 593–599.

(3) Hecht, S. S. Chemoprevention by isothiocyanates. J. Cell.
Biochem. 1995, S22, 195–209.

(4) Pullar, J. M.; Thomson, S. J.; King, M. J.; Turnbull, C. I.;
Midwinter, R. G.; Hampton, M. B. The chemopreventative agent
phenethyl isothiocyanate sensitizes cells to FAS-mediated apop-
tosis. Carcinogenesis 2004, 25, 765–772.

(5) Hecht, S. S.; Carmaella, S. G.; Murphy, S. E. Effects of watercress
consumption on urinary metabolites of nicotine in smokers.
Cancer Epidemiol. Biomarkers PreVention 1999, 8, 907–913.

(6) Boysen, G.; Kenney, P. M. J.; Upadhyaya, P.; Wang, M.; Hecht,
S. S. Effects of benzyl isothiocyanate and 2-phenethyl isothio-
cyanate on benzo[a]pyrene and 4-(methylnitrosamino)-1-(3-pry-
ridyl)-1-butanone metabolism in F-344 rats. Carcinogenesis 2003,
24, 517–525.

(7) von Weymarn, L. B.; Chun, J. A.; Hollenberg, P. F. Effects of
benzyl and phenethyl isothiocyanate on P450s 2A6 and 2A13:
Potential for chemoprevention in smokers. Carcinogenesis 2006,
27, 782–790.

(8) Chung, F.-L.; Morse, M. A.; Eklind, K. I. Lewis, J. Quantitation
of human uptake of the anticarcinogen phenethyl isothiocyanate
after a watercress meal. Cancer Epidemiol., Biomarkers PreVen-
tion 1992, 1, 383–388.

(9) Zaripheh, S.; Erdman, J. W. Factors that influence the bioavail-
ability of xanthophylls. J. Nutr. 2002, 132, 531S–534S.

(10) Bendich, A. Biological functions of carotenoids. In Carotenoids in
Human Health; Canfield, L. M., Krinsky, N. I., Olsen, J. A., Eds.;
New York Academy of Sciences: New York, 1993; pp 61–67.

(11) Tang, L.; Jin, T.; Zeng, X.; Wang, J.-S. Lycopene inhibits the
growth of human androgen-independent prostate cancer cells in
vitro and in BALB/c nude mice. J. Nutr. 2005, 135, 287–290.

(12) Seifried, H. E.; McDonald, S. S.; Anderson, D. E.; Greenwald,
P.; Milner, J. A. The antioxidant conundrum in cancer. Cancer
ReV. 2003, 63, 4295–4298.

(13) Finley, J. W. Proposed criteria for assessing the efficacy of cancer
reduction by plant foods enriched in carotenoids, glucosinolates,
polyphenols and selenocompounds. Ann. Bot. 2005, 95, 1075–
1096.

(14) Granado, F.; Olmedilla, B.; Blanco, I. Nutritional and clinical
relevance of lutein in human health. Br. J. Nutr. 2003, 90, 487–
502.

(15) Sommerburg, O.; Keunen, J. E. E.; Bird, A. C.; van Kuijk,
F. J. G. M. Fruits and vegetables that are sources for lutein and
zeaxanthin: the macular pigment in human eyes. Br. J. Ophthal-
mol. 1998, 82, 907–910.

(16) Johnson, E. J.; Hammond, B. R.; Yeun, K.-J.; Qin, J.; Wang, X. D.;
Castaneda, C.; Snodderly, D. M.; Russell, R. M. Relation among
serum and tissue concentrations of lutein and zeaxanthin and macular
pigment density. Am. J. Clin. Nutr. 2000, 71, 1555–1562.

(17) Garcia, A. L.; Rühl, R.; Herz, U.; Koebnick, C.; Schweigert, F. J.;
Worm, M. Retinoid- and carotenoid-enriched diets influence the
ontogenesis of the immune system in mice. Immunology 2003,
110, 180–187.

(18) Hughes, D. A. Effects of carotenoids on human immune function.
Proc. Nutr. Soc. 1999, 58, 713–718.

(19) Hart, D. J.; Scott, K. J. Development and evaluation of an HPLC
method for the analysis of carotenoids in foods and the measure-
ment of the carotenoid content of vegetables and fruits commonly
consumed in the U.K. Food Chem. 1995, 54, 101–111.

(20) O’Neill, M. E.; Carroll, Y.; Corridan, B.; Olmedilla, B.; Granado,
F.; Blanco, I.; Van den Berg, H.; Hininger, I.; Rousell, A.-M.;
Chopra, M.; Sothon, S.; Thurnham, D. I. A European carotenoid
database to assess carotenoid intakes and its use in a five-country
comparative study. Br. J. Nutr. 2001, 85, 499–507.

(21) U.S. Department of Agriculture, Agricultural Research Service,
USDA National Nutrient Database for Standard Release, release
19, Nutrient Data Laboratory Home Page. http://www.ars.usda.
gov/ba/bhnrc.ndl (accessed June 1, 2007).

(22) Engelen-Eigles, G.; Holden, G.; Cohen, J. D.; Gardner, G. The
effect of temperature, photoperiod, and light quality on glucon-
asturtiin concentration in watercress (Nasturium officinale R. Br.).
J. Agric. Food Chem. 2006, 54, 328–334.

(23) Palaniswamy, U.; McAvoy, R.; Bible, B. Supplemental light before
harvest increases phenethyl isothiocyanate in watercress under 8-h
photoperiod. HortScience 1997, 32, 222–223.

(24) Kopsell, D. E.; Kopsell, D. A.; Randle, W. M.; Coolong, T. W.;
Sams, C. E.; Curran-Celentano, J. Kale carotenoids remain stable
while flavor compounds respond to changes in sulfur fertility. J.
Agric. Food Chem. 2003, 51, 5319–5325.

(25) Aries, A.; Rosa, E.; Carvalho, R. Effect of nitrogen and sulfur
fertilization on glucosinolates in the leaves and roots of broccoli
sprouts (Brassica oleracea var Italica). J. Sci. Food Agric. 2006,
86, 1512–1516.

(26) Schonhof, I.; Blankenburg, D.; Müller, S.; Krumbein, A. Sulfur
and nitrogen supply influence growth, product appearance, and
glucosinolate concentration of broccoli. J. Plant Nutr. Soil Sci.
2007, 170, 65–72.

(27) Malhi, S. S.; Gan, Y.; Raney, J. P. Yield, seed quality, and sulfur
uptake of Brassica oilseed crops in response to sulfur fertilization.
Agron. J. 2007, 99, 570–577.

Influence of N and S on Secondary Metabolites in Watercress J. Agric. Food Chem., Vol. 55, No. 26, 2007 10633



(28) Freeman, G. G.; Mossadeghi, N. Studies on sulfhur nutrition and
flavour production in watercress (Rorippa nasturtium-aquaticum
(L) Hayek). J. Hort. Sci. 1972, 47, 375–387.

(29) Palaniswamy, U.; McAvoy, R.; Bible, B.; Singha, S.; Hill, D.
Phenethyl isothiocyanate concentration in watercress (Nasturtium
officinale R, Br.) is altered by the nitrogen to sulfur ratio in
hydroponic solution. In Phytochemicals and Health; Gustine,
D. L., Flores, H. E., Eds.; American Society of Plant Physiology:
Rockville, MD, 1995; pp 280–283.

(30) Hoagland, D. R.; Arnon, D. I. The water-culture method for
growing plants without soil. Circ. Calif. Agric. Exp. Stn. 1950, 1,
347.

(31) Kopsell, D. A.; Kopsell, D. E.; Lefsrud, M. G.; Curran-Celentano,
J.; Dukach, L. E. Variation in lutein, �-carotene, and chlorophyll
concentrations among Brassica oleracea cultigens and seasons.
HortScience 2004, 39, 361–364.

(32) Emenhiser, C.; Simunovic, N.; Sander, L. C.; Schwartz, S. J.
Separation of geometric carotenoid isomers in biological extracts
using a polymeric C30 column in reverse-phase liquid chroma-
tography. J. Agric. Food Chem. 1996, 44, 3887–3893.

(33) Davies, B. H.; Köst H. P., Chromatograhpic methods for the
separation of carotenoids. In CRC Handbook of Chromatography,
Plant Pigments; Köst, H. P., Zweig, G., andSherma, J., Eds.; CRC
Press: Boca Raton, FL, 1988; Vol. 1, pp 1–185.

(34) Raney, J. P.; McGregor. D. I. Determination of glucosinolate
content by gas liquid chromatography of trimethylsilyl derivatives
of desulfated glucosinolates. Proceedings of the Oil Crops
Network, Shanghai, China, April 21–23, 1990.

(35) Hansen, M.; Møller, P.; Sørensen, H.; Cantwell de Trejo, M.
Glucosinolates in broccoli stored under controlled atmosphere.
J. Amer. Soc. Hort. Sci. 1995, 120, 1069–1074.

(36) Kushad, M. M.; Brown, A. F.; Kurilich, A. C.; Juvik, J. A.; Klein,
B. P.; Wallig, M. A.; Jeffery, E. H. Variation of glucosinolates
in vegetable crops of Brassica oleracea. J. Agric. Food Chem.
1999, 47, 1541–1548.

(37) Chenard, C. H.; Kopsell, D. A.; Kopsell, D. E. Nitrogen
concentration affects nutrient and carotenoid accumulation in
parsley. J. Plant Nutr. 2005, 28, 285–297.

(38) Kopsell, D. A.; Kopsell, D. E.; Curran-Celentano, J. Carotenoid
pigments in kale are influenced by nitrogen concentration and
form. J. Sci. Food Agric. 2007, 87, 900–907.

(39) Thomas, F. M.; Ahlers, U. Effects of excess nitrogen on frost
hardiness and freezing injury of above-ground tissues of young
oaks (Quercus petraea and Q. robur). New Phytol. 1999, 144,
73–83.

(40) Mozafar, A. Nitrogen fertilizers and the amount of vitamins in
plants: A review. J. Plant Nutr. 1993, 16, 2479–2506.

(41) Miller, E. V.; Army, T. J.; Krackenberger, H. F. Ascorbic acid,
carotene, riboflavin, and thiamine content of turnip greens in
relation to nitrogen fertilization. Proc. Soil Sci. Soc. Am. 1956,
20, 379–382.

(42) Sheets, O. A.; Prementer, L.; Wade, M.; Gieger, M.; Anderson,
W. S.; Peterson, W. J.; Rigney, J. A.; Wakeley, J. T.; Cochran,
F. D.; Eheart, J. F.; Young, R. W.; Massey, P. E. The nutritive
value of collards. Southern Coop. Series Bull. 1954, 39, 5–32.

(43) Brown, H. D.; Patton, M. B.; Blythe, A. Influence of mineral levels
upon carotene and ascorbic acid contents of Swiss chard grown
in the greenhouse. Food Res. 1947, 12, 4–9.

(44) Hochmuth, G. J.; Brecht, J. K.; Bassett, M. J. Nitorgen fertilization
to maximize carrot yield and quality on a sandy soil. Hortscience
1999, 34, 641–645.

(45) Kaack, K.; Nielsen, M.; Christensen, L. P.; Thorup-Kristensen,
K. Nutritionally important chemical constituents and yield of carrot
(Daucus carota L.) roots grown organically using ten levels of
green manure. Acta Agric. Scand. 2001, 51, 125–136.

(46) Southards, C. J.; Miller, C. H. A greenhouse study on the
macroelement nutrition of the carrot. Proc. Am. Soc. Hort. Sci.
1962, 81, 335–340.

(47) Grunwald, C.; Sims, J. L.; Sheen, S. J. Effects of nitrogen
fertilization and stalk position on chlorophyll, carotenoids, and
certain lipids of three tobacco genotypes. Can. J. Plant Sci. 1977,
57, 525–535.

(48) Ihl, M.; Shene, C.; Scheuermann, E.; Bifani, V. Correlation for
pigment content through colour determination using tristimulus
values in a green leafy vegetable, Swiss chard. J. Sci. Food Agric.
1994, 66, 527–531.

(49) Mou, B. Genetic variation of beta-carotene and lutein contents in
lettuce. J. Am. Soc. Hort. Sci. 2005, 130, 870–876.

(50) De Pascale, S.; Maggio, A.; Pernice, R.; Fogliano, V.; Barbieri,
G. Sulphur fertilization may improve the nutritional value of
Brassica rapa L. subsp Sylvestris. Eur. J. Agron. 2007, 26, 418–
424.

(51) Lohr, M.; Im, C.; Grossman, A. R. Genome-based examination
of chlorophyll and carotenoid biosymthesis in Chlamydomonas
reinhardtii. Plant Physiol. 2005, 138, 490–515.

(52) Xu, H.; Vavilin, D.; Vermass, W. Chlorophyll b can serve as the
major pigment in functional photosystem II complexes of cyano-
bacteria. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 14168–14173.

(53) Halkier, B. A.; Gershenzon, J. Biology and biochemistry of
glucosinolates. Ann. ReV. Plant Biol. 2006, 57, 303–333.

Received for review September 19, 2007. Revised manuscript received
October 25, 2007. Accepted October 26, 2007.

JF072793F

10634 J. Agric. Food Chem., Vol. 55, No. 26, 2007 Kopsell et al.


