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Leaves of young chicory (Cichorium intybus L.) plants were sprayed with selenate (1 mg SeVI/L) to
establish the distribution of added selenium (Se) in the heads. Its concentration was analyzed in the
outer, intermediate, and innermost leaves of chicory heads. The concentration of Se was about double
(43-46 ng Se g-1 DM) that in the control (21-24 ng Se g-1 DM), indicating that the applied Se was
transported from the sprayed leaves to the heads. In cv. Monivip, Se concentration was even
throughout the head, but in cv. Anivip, the innermost leaves had a lower concentration of Se. No
visual symptoms of Se toxicity appeared on the plants, and the quantum yield of photosystem II
showed no indication that Se spraying could be harmful for energy conversion. Se increased the
respiratory potential in young plants but not in plants at harvest time.
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INTRODUCTION

Slovenia is one of the European countries, including Austria,
Croatia, Slovakia, and Finland, that have a low content of
selenium (Se) in the soil (1-6). Cultivation of plants enriched
with Se could be an effective way of producing Se-rich
foodstuffs, thereby benefiting health (7-12). It is known that
Se is an essential micronutrient needed to prevent oxidative
damage and to support hormone balance in human and animal
cells (13). Se-altered immunological functions play a role in
the prevention of arthritis, atherosclerosis, and specific cancers
(14). Most cereal crops and fodder plants are reported to absorb
Se relatively weakly, even when grown on soils with higher Se
contents (15). Plants take up Se from the soil primarily as
selenate (SeO42-) or selenite (SeO32-) (16). It can play a positive
biological role in higher plants (17-20). Studies on ryegrass
and lettuce show that, although Se is harmful for plants in high
concentrations (reduction of biomass), it can exert beneficial
effects at low concentrations (17, 20). Se has been shown to
promote the growth of plants subjected to UV-induced oxidative
stress (21) and to delay senescence and promote the growth of
aging seedlings (6, 20, 21). Senescence processes are partly
delayed due to enhanced antioxidation, which is associated with
an increase of glutathione peroxidase (GSH-Px) activity (17).
This enzyme is particularly active in mitochondria. The general
metabolic activity of individual organisms can be assessed from
terminal electron transport system (ETS) activity in mitochon-
dria. The higher the values are, the greater the readiness of

organisms to overcome sudden environmental changes (22,23).
However, no direct studies have been published on the relation-
ship between respiratory potential and Se addition to the plants.

Common chicory (Cichorium intybusL.) is a bushy perennial
herb with blue or lavender flowers. Leaves, or heads formed
from leaves of chicory, are used as a salad vegetables. In
Southern Europe (Italy, Spain, and Slovenia), chicory leaf heads
are mainly consumed as a raw salad in winter time, when most
vegetables are not available (24). With 3400 tons produced in
2004, chicory is second among leafy salad vegetables in
Slovenia; lettuce is the most cultivated, followed by endive in
third place (25). Red-colored chicory cultivars especially are
low-cost foods, comparable or superior to other foods in having
well-known antioxidant properties (24). Chicory grown by
aeroponics is known as a possible source of selenium-rich
vegetables (26). However, it is not known whether chicory, or
any other leafy vegetable, could be enriched by Se foliar
spraying of young plants and distributed to the edible plant parts.
In tea plants, foliar application with selenate significantly
increased the Se content in the leaves (11).

The purpose of this study was to examine the distribution of
Se in the heads of chicory plants sprayed foliarly with Se and
to determine whether the mass of chicory is influenced by Se
spraying. Additionally, we investigated the effect of Se on the
quantum yield of photosystem II (PSII) and respiratory potential
of plants. Our hypothesis contends that Se will be transported
from the sprayed leaves to the other parts of the plants, while
not imposing any negative effect on the plants.

MATERIALS AND METHODS

Plant Material. Chicory plants (C. intybusL., Cichoriaceae) cvs.
Anivip (red-colored) and Monivip (green-colored) were grown outdoors
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in the experimental field of the Biotechnical Faculty, University of
Ljubljana (320 m above sea level, 46°35′N, 14°55′E), Slovenia, on a
soil (Order Entisols, Suborder Aquents, Great Group Fluvaquents)
containing less than 0.1 mg Se kg-1. The treated and control plants
were watered with water containing no detectable Se (i.e., less than
0.5µg L-1). Plants with about three and four leaves, respectively, were
foliarly sprayed twice, namely, 4 and 6 weeks after germination
(2 week intervals between two sprayings), with an aqueous solution
containing 1 mg Se L-1 in the form of sodium selenate to give 2µg Se
per plant. Plants were planted in a split plot design, in three repeats,
20 plants per treatment and per repeat. In week 19 after germination,
plants were harvested and the parts were separated. Heads were removed
from the rest of the plant and rinsed with water before selenium
determination; the oldest leaves (at least six) not forming the head were
weighed, together with the other nonutilizable remainder.

Determination of the Se Concentration.Se was determined in the
end of week 19 after germination, in freeze-dried samples of the outer,
intermediate, and innermost leaves of the heads in three independent
samples composed of three plants each, using hydride generation atomic
fluorescence spectrometry (HG-AFS) (27). To 0.150-0.200 g of
sample, 0.5 mL of concentrated H2SO4 and 1.5 mL of HNO3 were added
and heated in a closed tube for 60 min at 130°C in an aluminum block.
Two times 2 mL of H2O2 were added and heated for 15 min at 115°C
after each addition. The solution was then cooled to room temperature,
0.1 mL of V2O5 in H2SO4 was added, and the tube was heated at
115 °C for 20 min. A 2.5 mL amount of concentrated HCl was added
and heated at 100°C for 10 min to reduce SeVI to SeIV. Samples were
diluted to an appropriate volume (around 3 ng Se g-1), and Se was
detected by HG-AFS.

Chlorophyll Fluorescence Measurements.Fluorescence was mea-
sured in the outer leaves 2 days after the first foliar spraying with Se
(in week 4 after germination), then in weeks 14 and 16. The
photochemical quantum yield of PSII was measured using a fluorometer
OS-500 (Opti-Sciences, Tyngsboro, MA). The ratio (Fm - Fo/Fm )
Fv/Fm) is a measure of the potential maximal PSII quantum yield. For
dark adaptation, plants were kept in cuvettes for 15 min followed by
measurement ofFv/Fm at ambient temperature. Fluorescence was excited
with a saturating beam of “white light” [photosynthetic photon flux
density (PPFD)) 8000µmol m-2 s-1, 0.8 s]. Effective quantum yield
was determined by providing a saturating pulse of white light (PPFD
) 9000 µmol m-2 s-1, 0.8 s) to the leaf using a standard 60°angle
clip. The effective quantum yield of PSII provided an estimate of the
actual efficiency of energy conversion in PSII and was defined as (Fm′
- F)/Fm′ ) ∆F/Fm′. Fm′ was the maximal fluorescence of an illuminated
sample, andF was the steady-state fluorescence (28). The effective
quantum yield of PSII was measured under saturating PPFD (1800µmol
m-2 s-1) at ambient temperature.

ETS Activity. Respiratory potential was measured as terminal ETS
activity of mitochondria, as described by Packard (29). ETS activity

was measured 2 days after the first foliar spraying with Se (in week 4
after germination), then in weeks 14, 16, and 19, in the outer leaves.
Leaves were weighed and homogenized for enzyme analysis in cold
homogenizing buffer, 0.1 M sodium phosphate pH 8.4, containing
0.15% (w/v) polyvinyl pyrrolidone, 75µM MgSO4, and 0.2% (v/v)
Triton-X-100, in a mortar and with an ultrasound homogenizer (4710;
Cole-Parmer, Vernon Hills, IL) and then centrifuged (8500 Hz, 0°C,
4 min) in a top-refrigerated ultracentrifuge (2K15, Sigma, Osterode,
Germany). A 0.5 mL amount of the supernatant was mixed with the
1.5 mL of substrate solution [0.1 M sodium phosphate buffer (pH 8.4),
1.7 mM NADH, 0.25 mM NADPH, and 0.2% (v/v) Triton-X-100] and
0.5 mL of INT (20 mg of 2-p-iodo-phenyl 3-p-nitrophenyl 5-phenyl
tetrazolium chloride in 10 mL of bidistilled water). The mixture was
incubated at 20°C for 40 min. After the reaction was stopped with
stopping solution (formaldehyde and phosphoric acid, 1:1), the formazan
absorbance at 490 nm was determined with a UV/vis Spectrometer
System (Lambda 12, Perkin-Elmer, Norwalk, CT). The ETS activity
was calculated as the rate of INT reduction, which was converted to
the amount of oxygen utilized per dry mass (DM) of the leaf per unit
time, as described by Kenner and Ahmed (30).

Statistical Analysis. All measurements were carried out on three
parallel samples in each repeat. The data were evaluated by multifactor
analysis of variance (Statgraphics Version 4), and significance was
accepted atP < 0.05.

RESULTS AND DISCUSSION

Vitality of Plants. No visual symptoms of Se toxicity
appeared on plants. Se did not influence either potential quantum
yield (Fv/Fm) or effective quantum yield (∆F/Fm′) of PSII (Table
1). Similar results were obtained for pumpkin leaves (18). For
a wide variety of dark-adapted plantsFv/Fm values ranged
between 0.8 and 0.833 (28). Values ofFv/Fm were close to the
theoretical maximum, indicating an undamaged antenna complex
(31). Although the effective quantum yield was lower than the
potential quantum yield of PSII, the closeness of the potential

Table 1. Potential (Fv/Fm) and Effective (∆F/Fm′) Quantum Yields of
PSII in Control and Se-Treated Cvs. Anivip and Monivip

cultivar group week 4 week 14 week 16

Fv/Fm
a

Anivip
control 0.78 ± 0.05 0.78 ± 0.04 0.79 ± 0.06
SeTreatb 0.82 ± 0.01 0.79 ± 0.04 0.81 ± 0.02
Monivip
control 0.80 ± 0.02 0.81 ± 0.03 0.77 ± 0.05
SeTreatb 0.79 ± 0.02 0.77 ± 0.04 0.75 ± 0.05

∆F/Fm′a
Anivip
control 0.20 ± 0.09 0.26 ± 0.05 0.28 ± 0.09
SeTreatb 0.27 ± 0.08 0.25 ± 0.08 0.29 ± 0.11
Monivip
control 0.22 ± 0.07 0.31 ± 0.09 0.26 ± 0.05
SeTreatb 0.26 ± 0.09 0.25 ± 0.07 0.27 ± 0.06

a Results are presented as means ± standard deviation (n ) 9). b SeTreat,
Se-treated plants.

Figure 1. Terminal ETS activity in control and Se-treated cvs. Anivip (A)
and Monivip (B), expressed on a DM basis. An asterisk indicates values
significantly different from the controls at P < 0.05. Results are presented
as means ± standard deviation for three independent analyses. Error
bars show 95% confidence intervals.
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photochemical efficiency to the theoretical maximum indicated
reversible inactivation rather than damage to the reaction center.
Se treatment did not affect the potential quantum yield of PSII
in common buckwheat (32) but was shown to increase it in
strawberry (33). It increased effective quantum efficiency of
PSII in common buckwheat (32). In these species, Se exerted
a positive role on the photochemistry of PSII.

ETS activity was highest in young Se-treated plants only in
cv. Anivip, while later in their development there was no
difference between control and Se-treated plants (Figure 1A).
ETS activity was highest in Se-treated plants and remained so
until 16 weeks after germination in cv. Monivip (Figure 1B).
Assimilation and transport of elements like Se demand an
additional supply of energy derived from enhanced respiratory
potential. Increased mitochondrial activity in Se-treated plants
therefore augmented the energetic cost involved in generating
the internal pathways for Se from the outer to the middle leaves.
Enhanced mitochondrial activity due to added Se, as presented
here, has been known from Sreekala et al. (34), when Se was
applied toTrigonella foenum-graecumseedlings.

Se Distribution in Leaves of the Head.In the heads of plants
foliarly sprayed with Se, the concentration of Se was, on
average, more than double (2-fold) that in untreated plants in
cv. Monivip (Figure 2B) and 1.9-fold more in cv. Anivip
(Figure 2A). Clearly, the sprayed Se was transported from the
sprayed leaves to the leaves of the chicory head. In cv. Monivip,
Se concentration was uniform throughout the head, while in
cv. Anivip the youngest, innermost leaves had a lower concen-
tration of Se, in comparison to the intermediate ones, but still
higher than in the control (Figure 2A,B). Thus, Se-enriched
chicory is a potential source of dietary Se, since the foliar-added
Se is in all parts of the head. Foliarly sprayed chicory heads

are a suitable vegetable for growing in localities where the
concentration of Se in the soil is low. Foliar application,
performed manually only on plants, is the most appropriate way
to add Se, since contamination of the soil is minimal. Foliar
application to barley at 10 and 20 g Se ha-1, as sodium selenate,
increased the Se content of barley grain and straw and red clover
forage (35). According to our previous study (18), we expected
a stimulatory effect of Se on the biomass of chicory due to low
Se concentration in plants. The total DM of plants was higher
in Se-sprayed plants than in controls in cv. Monivip, but in cv.
Anivip, there were no significant differences between sprayed
and control plants. The mass of heads did not differ between
Se-treated plants and controls in either cultivar (Table 2). A
stimulatory effect of foliar application of Se on growth has been
reported for ryegrass (17), lettuce (20), potato (36), and green
tea leaves (11). Plant growth promoted by Se is the result of
increased starch accumulation in chloroplasts (37) and dimin-
ished lipid peroxidation (20).

In summary, the leaves of chicory efficiently take up foliarly
sprayed Se, which is afterward transported to the later-formed
leaves of the head. Chicory included in the diet can be a possible
source of Se intake for human beings. Chicory, including Se-
rich chicory heads, has in southern Europe and in other regions,
where there is a low content of Se in the soil and where leaf
chicory is feasibly grown, the potential as a low price vegetable
with a suitable content of Se. There are cultivar differences:
Se increases the mass of the plant in cv. Monivip but not in cv.
Anivip. Se was not toxic to the plants, measured either by visual
signs or by the flow of electrons in PSII. It clearly influenced
respiratory activity in chicory plants.

ABBREVIATIONS USED

cv., cultivar; DM, dry mass; ETS, electron transport system;
F, the steady-state fluorescence;Fo, minimal chlorophyll a
fluorescence yield in dark-adapted samples;Fm, maximal
chlorophylla fluorescence yield in dark-adapted samples;Fm′,
maximal chlorophylla fluorescence yield of an illuminated
sample;Fv, variable fluorescence; IN, inner; INT, iodo-nitro-
tetrazolium-chloride; IT, intermediate; OT, outer; PPFD, pho-
tosynthetic photon flux density; PSII, photosystem II; SeTreat,
Se-treated plants.
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