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Summary

Red beet (Beta vulgaris L. ssp. vulgaris) is rich in beta-
cyanins and total phenolics, which are desired by con-
sumers due to their considerable free radical scaven-
ger and antioxidant properties. The aim of the present
research was to evaluate the effect of N starvation on
accumulation of betacyanins and total phenolics in
leaves and roots, as well as biomass production, tissue
N concentrations, total chlorophyll content and leaf gas
exchange. Leaves of hydroponically cultivated red beet
plants subjected to nitrogen deprivation (22.4 mg I-1
N in the nutrient solution) over 26 d exhibited a dra-
matic increase of 262 % in betacyanin concentration,
in comparison to adequately-fed plants (224 mg 1" N
in the nutrient solution). The corresponding increase
of betacyanin concentration in the roots of N-starved
red beet was also significantly higher, specifically
225 %. Furthermore, total phenolics concentration
under N-starvation conditions increased by 39 % in
the leaves and 379 % in the roots, in comparison to
standard N supply. These results suggest that the

biosynthesis of certain secondary plant metabolites,
such as total phenolics and betacyanins, can be stimu-
lated by nutritional stress in red beet plants. Dry leaf
and root biomass production in N-deficient plants was
significantly restricted by 300 and 250 %, respectively,
in comparison with the control plants. The total N
concentration decreased by 13 % in leaves and 66 % in
roots of N-starved plants. Furthermore, the rates of net
CO;-assimilation and transpiration, the stomatal con-
ductance, and the concentration of total chlorophyll,
were severely restricted by N- deprivation, indicating
that the primary metabolism was severely limited by
low nitrogen availability. Our results indicate that, in
red beet plants grown under prolonged N-deficiency
stress, high amounts of total phenolics and betacya-
nins accumulate especially in the roots, presumably
because the allocation of N to secondary metabolic
processes aimed at survival takes strong precedence
over N utilization in growth processes.
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Introduction

Different environmental stresses (including nutrient defi-
ciency, wounding, pathogens, light, temperature, heavy
metals, drought etc.) are known to limit plant growth.
Under stress conditions, plants respond by stimulating
the biosynthesis and accumulation of secondary plant
metabolites, especially plant phenolics and pigments,
which seem to exhibit considerable free radical scavenger
and antioxidant properties (RicE-EvaNs et al. 1997; SUDHA
and RavisHANKAR 2002). Phenolics and pigments, such as
betacyanins are widely distributed secondary metabo-
lites in the plant kingdom. Their accumulation in plants
is a striking example of metabolic plasticity against biotic
and abiotic stress factors, enabling plants to adapt to
changing environments (Bouper 2007; MOoReNoO et al.

2008). The interest in phenolic compounds has increased
in the last decade, because of their presumed beneficial
effects on human health due to their antioxidative and
health protective properties (Rice-Evans et al. 1997).
Recent studies have proved that the dietary polyphenolic
constituents are more effective antioxidants than vitamin
E or C (VINsoN et al. 1998; Du Torr et al. 2001) and were,
therefore, proposed as potential natural food preserva-
tives (NYcHAS 1995).

The biosynthesis and accumulation of phenolic com-
pounds in plant tissues is strongly stimulated by nitrogen
deficiency (SANTSEZ et al. 2000; ScHEIBLE et al. 2004). In
contrast, under prolonged nitrogen deprivation, chloro-
phyll content, net assimilation, plant biomass accumula-
tion and crop productivity are dramatically restricted
(SanTsEz et al. 2000; LEser and TREUTTER 2005).
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The red-violet betacyanins are water-soluble, nitro-
gen-containing pigments contained in species of the
botanical order Caryophyllales and some higher fungi
(Stark et al. 2003). Due to their strong antioxidant
activity, which has been shown in several chemical and
biological assays (EscriBano 1998), betalains are con-
sidered as potential anticancer and anti-aging natural
compounds (NINFALI et al. 1997). Red beet (Beta vulgaris
L. ssp. vulgaris), which is a rich source of betacyanins, is
ranked among the ten most efficient vegetables with re-
spect to antioxidant capacity and antiproliferate activity
against cancer cells (VinsoNn et al. 1998; BowviN et al.
2009). Several works addressed the extraction and sta-
bility of betacyanins in red beet (Kujara et al. 2000;
DE AzereDO et al. 2009). Betacyanins can be produced
also by employing in vitro systems, specifically callus cul-
tures, cell suspensions and hairy roots transformants of
red beet root, but their yield is still lower than that ob-
tained from field-grown red beet (GEORGIEV et al. 2008).

Under field conditions, the yield and quality of beta-
cyanins obtained from red beet roots is significantly in-
fluenced by lack of minerals, drought, salinity, and path-
ogen attacks (RAMACHANDRA RA0 and RAVISHANKAR 2002;
Ucrinovic 1999). However, specifically the impact of
nitrogen starvation on the concentration of betacyanins
and phenolics and their partitioning between leaves and
roots of red beet plants has been hardly investigated up to
date. AkiTa et al. (2000) showed that the amount and form
of N supplied in the in vitro cell suspensions affects beta-
cyanin accumulation. In intact plants, it seems that there is
a physiological trade-off between growth and secondary
metabolism imposed by developmental constraints in
growing cells, and competition between primary and sec-
ondary metabolic pathways in mature cells (Loomis 1932;
Herms and MAaTTsoN 1992). According to this concept, re-
source availability, such as N supply level in crop plants,
may shift the balance between growth and secondary me-
tabolism. In red beet plants, this shift may considerably
influence the accumulation of the secondary metabolites
betacyanins and total phenolics. To test this hypothesis in
red beet, plant growth parameters and concentrations of
these secondary metabolites have to be determined un-
der conditions of both standard and limited N supply.

The main objective of the present study was to deter-
mine the influence of nitrogen deprivation on the con-
centration of betacyanins and total phenolics in red beet
plants grown hydroponically. In addition, the impact of
nitrogen starvation on biomass production, tissue N con-
centrations, total chlorophyll content and gas exchange
parameters were also investigated. Furthermore, the reg-
ulatory mechanisms between accumulation of secondary

plant metabolites that are characterized by high antioxi-
dant activity and plant growth under nitrogen starvation
conditions are also discussed.

Materials and Methods
Growth conditions

The experiment was carried out from 18 February until
25 April 2008 in a heated glasshouse located at the Tech-
nological Institute of Mesolonghi, in Western Greece. The
plants were grown under natural light conditions and the
air temperature inside the glasshouse was maintained
between 16 and 28 °C during the day and 15 to 21 °C
during the night.

Red beet (Beta vulgaris L. ssp. vulgaris) seedlings
grown in peat cubes (4x4x4 cm) were transferred to 6
individual gullies (1.10 m length x 0.10 m width x 0.10 m
depth, 15 plants per gully) filled with perlite as soon as
the third true leaf had expanded. Each gully, which con-
stituted an experimental unit, was connected to a differ-
ent storage tank which contained 50 1 of nutrient solution
(Table 1). Two different N treatments (22.4 and 224 mg -1
NOs~-N in the nutrient solution) were applied and each of
them was in triplicate. The culture mediums were con-
tinuously aerated and renewed weekly to prevent nutri-
ent depletion. Drip irrigation was given automatically by
using small peristaltic pumps.

Gas exchange measurements

Gas exchange measurements were conducted in four
plants per experimental unit from 10 to 20 April 2008,
using an LCi Portable Photosynthesis System (ADC Bio-
Scientific Ltd.). Specifically, net CO, assimilation rate
(umol COy m™2s71), transpiration rate (mmol m=2s1)
and stomatal conductance for CO, diffusion (mol m=2 s1)
were conducted in leaves of the same physiological age at
the same daytime under identical conditions (incident
photon flux density on the leaf surface approximately
1000 umol m~2 s~1 and leaf surface temperature 28 °C).

Total biomass, nitrogen and chlorophyll determinations

After completion of the gas exchange measurements, the
plants were harvested and separated into leaves and
roots, wrapped in plastic bags and transferred immedi-
ately to the lab. The harvested plants were at the stage of
commercial maturity, both in the control and the N-limited
treatment. At that stage the roots of all plants were tuber-

Table 1. Composition of the nutrient solutions in the two different N-supply treatments.

Macronutrient (mM)  Standard N-supply ~ Deficient N-supply

Micronutrient (UM) Standard N-supply ~ Deficient N-supply

KNO3 8.0 0.0
KH,PO,4 1.0 1.0
K»SO4 0.0 4.0
MgSO4 2.0 2.0
Ca(NO3), 4.0 0.8
cacl, 1.0 4.2

NaFe-EDTA 40.0 40.0
MnCl, 9.0 9.0
ZnS0, 3.0 3.0
CuSO,4 0.5 0.5
H3BO3 45.0 45.0
Na,MoO4 0.4 0.4
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ized. Dry mass was determined after oven-drying leaves
and roots at 60 °C until constant weight. The total N
content was estimated by the Kjeldahl method, which is
based on digestion of dry mass in HySO4. Total chloro-
phyll content was estimated according to SHINANO et al.
(1996). Initially, the sampled leaves were washed using
deionised water and then 6 cyclic leaflets with a diameter
of 10.4 mm were obtained from each sample and weighed.
Chlorophyll was extracted using an 80 % acetone solution.
The determination of chlorophyll a and b was performed
by means of a spectrophotometer (Hitachi U-1000, Tokyo,
Japan) at 645 and 663 nm, respectively.

Betacyanins and phenolics determination

The concentrations of total phenolics and betacyanins in
fresh leaves and roots were measured in six randomly
selected samples per N supply treatment (two samples
per experimental unit). The extraction of total phenolics
and betacyanins from the plant tissue samples and their
quantitative determination were carried out according to
Mazza et al. (1999). Each sample, which consisted of 10 g
of fresh plant material, was homogenized at a controlled
temperature level of 4 °C using a blender at low speed for
1 min, after addition of 100 ml of extraction solution
comprising methanol, formic acid and milli q water
(M:F:M) at a ratio of 50:1.5:48.5. After 10 min of incuba-
tion, the mixture was centrifuged at 10.000 rpm (type:
Centra-MP4R of IEC, USA) for 10 min at 4 °C. The super-
natant was then used for the determination of total
phenolics and betacyanins via a UV spectrophotometer
(UV-1601, Shimadzu Corp., Japan). Standard solutions
for the determination of total phenols and betacyanins
were prepared by dissolving 10 mg gallic acid (100 g, Sig-
ma, USA), and 500 mg betanin (Red Beet extract diluted
with Dextrin, 25 g, TCI Europe nv, Belgium) in 100 ml
M:F:W solution to obtain concentrations of 0.59 mM and
9 mM, respectively.

Statistics

The experiment was set as a completely randomized de-
sign with each channel comprising one replicate. Statisti-

cal analysis was conducted using the statistical package
Statgraphics 5.1.Plus (Statistical Graphics Corporation).
The significance of differences between treatment means
was evaluated by applying one-way analysis of variance
(P<0.05).

Results
Total phenolics accumulation

The concentration of total phenolics, expressed as gallic
acid equivalents, increased significantly in both the
leaves and the roots of the N-stressed red beet plants in
comparison with the control plants which were ade-
quately supplied with N (Fig. 1). In particular, after 26 d
of N-deprivation, the concentration of total phenolics in
the leaves rose by 39 % as compared with that measured
in plants grown under unlimited N supply. In the roots of
N-deficient plants, the total phenolics concentration
increased dramatically to a level that was 379 % higher
than that measured in the N replete plants. Furthermore,
N-starvation enhanced the exudation of phenolic com-
pounds by the roots of red beet in comparison with stand-
ard N-supply, as indicated by measurements in extracts
from perlite particles (140 pug g1 versus 41 pg g1, re-
spectively).

Betacyanin accumulation

The prolonged deprivation of N resulted in a strong accu-
mulation of betacyanins in red beet plants. In particular,
under low nitrogen supply, the betacyanin concentration
in plant leaves and roots increased by 262 % and 225 %
respectively, in comparison to those measured in plants
grown under standard N-supply conditions (Fig. 2).

Total biomass, nitrogen and total chlorophyll

The plants grown under N-limited conditions were very
small and their leaves tended to be red violet in color,
while those of the plants grown under standard N supply
conditions were green with red violet veins.The N-depri-

Fig.1. Impact of N starva-
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and roots of hydroponical-
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vation restricted appreciably the dry biomass accumula-
tion in both leaves and roots by 300 and 250 %, respec-
tively, in comparison with the plants grown under unlim-
ited N supply (Fig. 3). Moreover, the severe limitation in
N supply via the nutrient solution restricted significantly
the total N concentrations by 13 % in the leaves and 66 %
in the roots, in comparison with those measured in the N
replete plants (Fig. 4).

The total chlorophyll concentration and the rates of
net assimilation and transpiration, as well as the stomatal
conductance in the leaves of N-stressed red beet plants
were strongly restricted by the limited supply of nitrogen
(Table 2). In particular, the limited N supply decreased
the total leaf chlorophyll content by 28 %, in comparison
with standard N supply. Furthermore, the N-deprivation
suppressed the rates of net CO5 assimilation and transpi-
ration, as well as the stomatal conductance were reduced
by 66, 70, and 83 %, respectively, in comparison with
those determined in N replete plants.

Discussion
Effects of N starvation on total phenolics accumulation

Our results are in agreement with previous findings
which showed that the accumulation of phenolic com-
pounds in plant tissues is often enhanced under condi-
tions of restricted nitrogen nutrition (MERCURE et al.
2004; KovAcik and Backor 2007). Lower levels of phe-
nolic compounds in leaves and needles of plants grown
under high N supply has been reported for many other
crop plants, including basil (NGUYEN and NIEMEYER 2008),
apple trees (LEsER and TREUTTER 2005) and potato (Mit-
TELSTRASS et al. 2006). It is well known that environmen-
tal stresses, including nitrogen starvation (KovACik and
Backor 2007), may increase the production of reactive
oxygen species (ROS). Plants have evolved a complex
array of detoxification mechanisms to combat oxidative
damage caused by ROS. One of these mechanisms de-
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@ 22.4 mg ' NO;-N

Dry weight per plant (g)
=y

Fig. 3. Dry matter accumu-
lation in the leaves and
roots of hydroponically
b grown red beet plants in
response to the level of N
supply (solely NOs-N) via
the nutrient solution. For
each plant part, signifi-

Leaves

cant differences between
means are indicated by
different letters (P < 0.05).

Roots
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Fig. 4. Impact of N starva-
tion on the total-N con-
centration in leaves and
roots of hydroponically
grown red beet plants, as
b influenced by low or ade-
quate N supply (22.4 or
224 mg ™ as NOsN) via
the nutrient solution. For
each plant part, signifi-

Leaves

cant differences between
means are indicated by

Roots different letters (P < 0.05).

Table 2. Total chlorophyll content and gas exchange parameters in leaves of hydroponically grown red beet, as influenced by
N deprivation. N was supplied to the plants via the nutrient solution at two concentration levels, specifically 22.4 and 224 in

form of NOs-N.

NOs-N concentration in  Total chlorophyll content

Net CO; assimilation rate

Transpiration rate Stomatal conductance

the nutrient solution (ug cm2) (wmol m=2s71) (mmol m=2s72) (mol m2s72)
(mg )
224.0 38.5a 2097 a 6.51a 0.47 a
22.4 27.6b 712b 1.98b 0.08 b

Means followed by different letters within each column differ significantly at P < 0.05

ploys the high antioxidative capacity of phenolic com-
pounds which act as scavengers of free radicals and other
oxidative species (RICE-Evans et al. 1997). In particular,
phenols seem to be involved in the detoxification of HyO5
and other oxygen radicals through their phenolic hydro-
gen (RICE-Evans et al. 1997). In this cycle, phenolic com-
pounds are oxidized to phenoxyl radicals, which can be
subsequently reduced again by ascorbate (Yamasaki and
GRrACE 1998). Hence, it seems that the appreciable in-
crease of total phenolics content in red beet shoot and
roots caused by N-starvation stress is aimed at protecting
the plant cells from excessive production of ROS. Further-
more, the enhanced production of phenolic compounds
under N-deficiency conditions may be facilitated by
concomitant release of N-free carbon skeletons that are
shunted into the phenylpropanoid metabolism (XionG et
al. 2010).

In our experiment, N starvation raised the accumula-
tion of total phenolics to a much higher level in the roots
than in the leaves of red beet plants. Under unlimited N
supply, the total phenolics content is lower in the roots
than in the leaves, where they function as protective
UV-filters (Gourb and LisTER 2005). KovACik and BACKOR
(2007) also found a stronger increase in the total pheno-
lics content in roots than in leaves of N-deficient Matri-
caria chamomilla as compared with N-replete plants. The
more marked response of roots than leaves to N-defi-
ciency with respect to phenol accumulation may be

ascribed to the role of phenols as solubilizing agents for
different nutrients being unavailable in the soil, thereby
facilitating their uptake (Dakora and PHiLLiPS 2002).
Exudation of phenolic compounds in the rhizosphere has
been recorded under both phosphate- and nitrogen-defi-
ciency conditions (Juszczuk et al. 2004). Increased root
exudation of phenolic compounds in N-starved red beet
plants has been observed also in our experiment.

Effects of N starvation on betacyanin accumulation

The concentration of betacyanin was strongly increased
in both leaves and roots of N-starved plants. In cell sus-
pension culture of table beet, the increase of the total N
supply above a threshold level reduced the betacyanin
content (AKITA et al. 2000). The present research revealed
that N-deficient red beet plants grown hydroponically
accumulate appreciably more betacyanins in their tissues
in comparison to N-replete plants. This was surprising,
given that betacyanins are nitrogenous pigments. Beta-
lains are rather scarce in nature in comparison to other
natural pigments and, therefore, they have not been
much explored as bioactive compounds (Azerepo 2009).
However, some studies have indicated that betalains are
capable of acting as potent antioxidants both in vitro and
in vivo (WETTASINGHE et al. 2002; MoRENO et al. 2008).
The biosynthetic pathway of the nitrogen-containing
water-soluble betalains, which are derived from the amino
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acid tyrosine, is only partially understood (STARK et al.
2003; TanAkA et al. 2008). The antioxidative ability of
betacyanins is ascribed to their cyclic amine, which is
similar to that of the antioxidant ethoxyquine (LN and
OrcotT 1995). The profound increase in the concentra-
tions of betacyanins in both shoot and root of red beet
under conditions of limited N supply, in addition to its
possible relevance to other physiological processes, con-
stitutes also a stress adaptation aimed at increasing the
antioxidant potential inside the cells. This response indi-
cates that red beet plants exposed to severe nutrient
stress set survival in much higher order of precedence
than growth when allocating the limited nutrient sources
to the different metabolic functions. As stated by SCHEIBLE
et al. (2004), N-starvation imposes a wide reprogram-
ming between primary and secondary plant metabo-
lism, by induction of many genes controlling functions of
the secondary metabolism, while repressing genes as-
signed to functions related to plant growth and develop-
ment.

In previous studies, it has generally been asserted that
N-deficiency induces a wide re-allocation between primary
and secondary plant metabolism (ScHEIBLE et al. 2004) by
stimulating phenolic biosynthesis and accumulation and
depressing plant growth and development in several
crops (LeEser and TREUTTER 2005; KovACik and BacCkor
2007; NGuyen and NiEMEYER 2008). In the present study,
the prolonged nitrogen deprivation exhibited negative ef-
fects on biomass accumulation, both in roots and leaves,
in agreement with previous findings (SaNTSEz et al. 2000;
Leser and TREUTTER 2005). Under low nitrogen supply, in
accordance with the findings of this study, the limited
growth is strongly associated with the reduction in
chlorophyll content and photosynthetic characteristics
(BETTMANN et al. 2006). Comparable decreases were
found in stomatal conductance and transpiration, sug-
gesting strong stomatal regulation of gas exchange under
N stress (MasLova et al. 2010).

Many hypotheses have been put forward to explain
patterns and variations in the concentration of car-
bon-based secondary compounds in plant tissues, ac-
cording to the availability of resources. Most studied are
the carbon-nutrient balance hypothesis (CNBH) (McKEY
1979), and the growth-differentiation balance hypothesis
(GDBH) (HerMms and MATTsoN 1992). Both of them sug-
gest that plants continuously make an effective use of
costly versus beneficial investments towards defence ver-
sus growth processes, the trade-off being mainly condi-
tioned by resource availability, such as N and P (LE BoT et
al. 2009). Our results are in accordance with these con-
siderations.

The results of the present research demonstrate that
hydroponically-cultivated red beet plants accumulated
high amounts of total phenolics and betacyanins under
prolonged N-stress, especially in the roots. Since hydro-
ponics enables rapid and efficient manipulation of the
nutrient supply, this cropping system might be utilized
for large-scale production of plants that are rich in health
promoting secondary metabolites such as betalains. Nev-
ertheless, further research is needed to develop a scheme
of N supply that can maximize their production by effi-
ciently balancing the two contrasting consequences of re-
duced N supply, namely growth restriction and enhanced
phenol and betacyanin concentrations. In addition to the
level of N supply, the form of N provided to in vitro cell
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suspensions of red beet also affected betacyanin accumu-
lation (AxiTa et al. 2000). Hence, future research work
concerning the impact of N supply on the accumulation
of total phenols and betacyanins in red beet crops needs
to address their responses not only to the N fertilization
dosage, but also to the N source (ammonium-N vs. ni-
trate-N).
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