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ABSTRACT

For metabolomic analysis of maize plants growing under different nitrogen nutrition sequential extraction of fresh
biomass was used and isolated fractions were characterized and evaluated using IR spectra. The IR spectra of in-
dividual fractions were evaluated in relation to the nitrogen rates (2 g or 4 g N), to applied fertilizers (ammonium
nitrogen or urea ammonium nitrate solution) and sampling period. For butanol fraction, typical bands of flavo-
noids, polar phospholipids, steryl glycosides, analogues of ecdysteroids were characterized. The IR spectra of BuOH
fraction showed changes of relative contents of isolated compounds mainly affected by nitrogen rates. For water
fraction bands of organic acids, salts of organic acids, flavonoid glycosides and oligopeptides (phytochelatins and/
or glutathione) were the most significant. The results showed an increased induction of oxalic acid in plants after
4 g N application. Degradation of this acid induced oxidative stress, therefore strong correlation among contents of
oxalic acid, flavonoids and compounds with amide nitrogen (glutathione) was observed in plants growing under 4 g

nitrogen nutrition. The glutathione-ascorbate cycle protects plants against oxidative damage.
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Ammonium (NH,) is one of the major nutrients
for plants, and a ubiquitous intermediate in plant
metabolism. However, this ion is notorious for its
stress effects on plant species (Kronzucker et al.
2001). Besides growth reduction, several charach
teristics of plant metabolism — lower content of
mineral cations and organic anions and higher
levels of amino acids — are altered, resulting in
the so-called ‘ammonium syndrome’

Ammonium dissipated transmembrane proton
gradient that is required for both photosynthesis
and respiratory electron transport and for seques-
tering metabolites in the vacuole. Cytoplasmatic
ammonium toxicity might lead to rapid necrosis
of the plant tissue. Besides controlling ammo-
nium uptake across the plasma membrane, plant
cells can modulate ammonium efflux out of the

cytoplasm, ammonium compartmentation into
the vacuole, or ammonium assimilation in the
cytoplasm or the plastids (Loqué and von Wirén
2004). The stress effect initiates plant defensive
mechanisms with subsequent metabolic chang-
es. Amino acid metabolism has the central role
in stress resistance of plants. The formation of
amino acids, amides and related compounds is
the main pathway of detoxification of ammonium
ions (Britto and Kronzucker 2002). Plants evolve
various protective mechanisms to eliminate or
reduce reactive oxygen species, which includes
enzymes such as ascorbate peroxidase, superoxide
dismutase, glutathione reductase, catalase. Plant
phenolic compounds may also act as antioxidants
or prooxidants in different reactions (Kihkénen
et al. 1999, Domingues-Valdivia et al. 2008).
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Recent progress in plant biology has provided the
means to tackle complex plant nutritional problems
through genomic, transcriptomic, proteomic and
metabolomic approaches. All these approaches
enable to elucidate the functions and interac-
tions of plant nutrients at the molecular, cellular,
organ and whole-plant levels (Yan et al. 2006,
Cevallos-Cevallos et al. 2009). Plant nutriomics
is a new frontier of study that integrates nutri-
tional functions at various levels with genomics,
transcriptomics, proteomics and metabolomics
tools of analysis. Metabolomic analyses consist of
a sequence of steps including sample preparation,
metabolite extraction, derivatization, metabolite
separation, detection, and data treatment. Plant
metabolomics uses various analytical methods,
for example infrared spectroscopy (IR; Pavlikova
et al. 2002). Transcriptomic and metabolomic ap-
proaches were used to study the impact of nitrogen
and sulphur deficiency on N and S remobilization
from senescing canopy tissues (Howarth et al.
2008), plant metabolite profiling under nutrient
deprivation (Bolling and Fiehn 2005), potato tuber
life cycle (Shepherd et al. 2010).

The aim of this paper is the use of IR spectra for
characterization of types of compounds in isolated
fractions, but also evaluation of proportions of
these compounds in relation to metabolism changes
after application of nitrogen fertilizers. The wa-
ter and butanol fractions isolated by sequential
extraction of fresh maize biomass are studied in
detail, because the changes of compounds in water
fraction are affected by nitrogen fertilizers (amino
acids and acids of citrate cycle), while phenolic
compounds and no active ecdysteroid phosphates
are contained in butanol fraction.

MATERIAL AND METHODS

Plant material and cultivations. The effect
of nitrogen nutrition for maize metabolism (Zea
mays L. of hybrid Rivaldo) was investigated in pot
experiment. Chernozem soil mixture (pHKCl =7.2,
C,, = 1.83%, CEC = 258 mmol(+)/l<g) was thor-

(0)

Table 1. Design of the experiment

oughly mixed with N dose (2 or 4 g N per pot)
applied in the form of ammonium nitrate (AN) for
control treatments or was left without nitrogen
for treatments with local nitrogen application.
Nitrogen in the liquid form of urea ammonium
nitrate (UAN) solution was applied into top soil
(100 mm depth) at two points of pot 30 days after
maize sowing (CULTAN method; Kozlovsky et
al. 2009). Each treatment was performed in five
replications (Table 1). The aboveground biomass
of maize was sampled after 3 and 13 days after
nitrogen application. This pot experiment was
described in detail by Pavlik et al. (2010a).

Sequential extraction of maize biomass.
Sequential extraction of fresh maize biomass was
conducted according to the extraction scheme
shown in Figure 1. Four fractions were isolated
— petrol ether, butanol, water fractions and non-
extractable residues. Isolated fractions — butanol
(BuOH) and water extracts were characterized
using IR analyses.

Ultra-pure redistilled MeOH (Fluka), redistilled
water and all chemicals (Fluka) of analytical grade
(p-a.) were used for sample analyses and isolations.

Analysis of infrared spectra and proportion
evaluation of compounds contained in water and
butanol fractions. Isolated fractions were char-
acterized using IR spectra, which were measured
transmittance (%) using an IR spectrometer (Bruker
IFS 88). The individual isolated fractions were pressed
into KBr pellets (& 10 mm; sample weight about
1 mg) under 6.86 MPa pressure, with evacuation by
oil rotary vacuum pump. Method of IR analysis was
described in detail by Pavlikova et al. (2005).

Typical bands of functional groups of organic
compounds (flavonoids, polar phospholipids, steryl
glycosides, analogues of ecdysteroids, organic
acids, and salts of organic acids, oligopeptides
(phytochelatins, glutathione) and flavonoid glyco-
sides) were determined. For quantitative analysis
the intensities of individual bands (cm~!) were
calculated and they were divided by intensity of
band finding in all treatments. These quotients
were used for the relative weight comparison of
analyzed substances.

Treatment

N rate (g per pot)

Application time

Ammonium nitrate 1 (AN1)
Urea ammonium nitrate solution 1 (UAN1)
Ammonium nitrate 2 (AN2)

Urea ammonium nitrate solution 2 (UAN2)

2 before sowing
2 30 days after maize sowing
4 before sowing
4 30 days after maize sowing
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( Sample homogenizing
liquid N,

\\

Y

(1. Extraction: methanol
(MeOH) 4% 50 ml;
50' ultrasonic bath

2. Extraction: MeOH+H,0
(7:1) 1x 80 ml;
60" ultrasonic bath

3. Extraction: MeOH+H,0
(7:3) 1x 50 ml;
40' ultrasonic bath

\

Extract collecting and evaporating to 1/20
of volume and + 200 ml MeOH+H,O (1:1)

Isolationof samples

Y
[Shaking of extracts with petroleum ether (Pe)

subsequently 5x 40 ml and 3% 20 ml

Fractionation of extracts

(Collectmg Pe fracuons

Re-extraction:
MeOH+H20 (7:3) 3x 20 ml

[ Final shakmg 60 ml of Pe

Residue extracts: evaporation to 1/10 of volume
and addition of H,O up to 200 ml

{

[Shaking residue extracts with butanol (BuOH)

subsequently 3x 50 ml and 3% 20 ml BuOH

Collecting
BuOH fractions

Final shaking
40 ml BuOH

Pe fraction (I. fraction): evaporation
and dissolvation in MeOH

1x30mland 1x 10 ml

Re-extraction:
subsequently H,O

BuOH fraction (II. fraction):

evaporation

H,O fraction (III. fraction): evaporation

Analyses of fractions

Y

Metabolomic analysis: by IR
and/or analysis by GC-MS of amino

[Metabolomic analysis: by IR]

Metabolomic analysis:
by IR and analysis
by HPLC of B-sitosterol

acids (Pavlik et al. 2010)

(Pavlik et al. 2010)

Figure 1. Sequential extraction scheme of maize aboveground biomass

The band v._, 1733/cm (ester bond) was used
for detection of relationship between compounds
in butanol fraction [conjugated ketone — typi-
cal for analogues of ecdysteroids (CK-AE) and
conjugated ketone—flavonoids (CK-F), aromatic
substances—flavonoids (AS-F), glycosyl substancs
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es—steryl glycosides (GS-SG) or CK-F and GS-SG].
Conjugated ketone bond (v._, 1623/cm) in this
fraction was used for detection of relationship
between ester substances—polar phospholipids
(ES-PPhL) and CK-AE, AS-F, GS-SG, CK-AE.
For detection of relation of compounds in water
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Table 2. The portion of isolated fractions from experimental treatments (%) and from the 1% and 2"d sampling

periods

Fraction AN1 UAN1 AN2 UAN2
Sampling period 1 2 1 2 1 2 1 2
Petroleum ether 0.6 1.5 3.8 2.0 2.7 1.7 2.3 0.8
BuOH 4.8 4.1 4.7 3.4 3.5 4.3 4.2 5.9
H,O 10.2 11.2 9.4 10.9 11.0 11.1 10.1 10.7
Non-extractable residues 84.3 83.2 82.1 83.7 82.7 82.9 83.4 82.6
Y nonpolar fractions 5.5 5.6 8.5 5.4 6.2 6.0 6.5 6.7
Y extractable compounds 15.7 16.8 17.9 16.3 17.3 17.1 16.6 17.4

fraction [organic acids (OA) and amides, aromatic
substances—flavonoids glycosides (AS-FQG), salts
of organic acids (SOA), or amides and conjugated
ketone—flavonoids glycosides (CK-FG), AS-FG,
SOA and/or CK-FG and SOA and/or AS-FG and
SOA] the band Ve o 1052/cm (ester bond) was used.

For calculation of changes of substance different
groups of linear and polynomial functions of the
2nd degree were used.

RESULTS AND DISCUSSION

The content of isolated extracts from plant bio-
mass was affected by nitrogen nutrition (Table 2).
From Table 2 we can see that weights of isolated
fractions — non-extractable residues and ¥ extract-
able compounds — have low variation coefficient
(V, =0.8;4.2%). The low variation was also cale
culated for total extracted weights of experimen-
tal treatments. The highest variation coefficient
(V,=53.6%) was determined for petroleum ether
(Pe) extract. The highest variation coefficient is
given by sensitivity of plants against oxidative stress
induced by NH;r (Morita et al. 2004). Stress affected
the contents of isolated substances — their decrease
in Pe fraction and their increase in water fraction.
The increased levels of amino acids contained in
water fractions confirmed Pavlik et al. (2010a) and
Neuberg et al. (2010). Pavlik et al. (2010a) also
published differences of content of f-sitosterol
and amino acids under ammonium nitrogen stress.
Acetyl-CoA is starting material for biosynthesis
of fatty acids, several amino acids, acids of Krebs’
cycle (citrate cycle), sterols including their glyco-
sides and phytoecdysteroids and provides a link
between the substances contained in BuOH and
water fractions. Lange and Ghassemian (2003)
focused research on the isoprenoid biosynthetic
pathway providing intermediates for the synthesis
of a multitude of natural products which serve
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numerous biochemical functions in plants, for
example sterols, and discussed the importance
of acetyl-CoA in the different pathways. Their
results confirmed our findings. The high correla-
tion between isolated fractions showed their close
relationship (Table 3).

The contents of individual compounds of tested
treatments differed, but reciprocal regulation of
this compound metabolism existed in relation to
nitrogen nutrition. This regulation can be char-
acterized by three relations of compounds: (1)
the contents of both groups of compounds are
increased (direct proportion); (2) the contents of
both groups of compounds are decreased (inverse
proportion); (3) the contents of both groups of com-
pounds are not significantly changed. Metabolomic
analysis is a suitable method for evaluation of
relationships between hundreds of compounds
contained in isolated extracts (Bolling and Fiehn
2005).

Analyses of IR spectra were used for character-
ization of typical bands of functional groups of
organic compounds in isolated extracts (Table 4).
For butanol fraction typical bands of flavonoids,
polar phospholipids, steryl glycosides, analogues of
ecdysteroids were characterized. For water fraction
bands of organic acids, salts of organic acids, flavo-
noid glycosides and oligopeptides (phytochelatins
and/or glutathione) were the most significant.

Coefficients of determination (Tables 5 and 6)
confirmed the significant nitrogen effect on bio-
synthesis regulation of evaluated substances. The
IR spectra of individual fractions were evaluated
in relation to the nitrogen rates (2 g or 4 g N), to
applied fertilizers (ammonium nitrogen or urea
ammonium nitrate solution) and sampling period.

The IR spectra of BuOH fraction showed changes
of relative contents of isolated compounds mainly
affected by nitrogen rates and nitrogen fertilizers
(Table 5). The results did not confirm a significant
effect of sampling periods. Very closed linear
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Table 3. The relationship between isolated fractions of individual treatments characterised by coefficient of

determination R? using polynomial function of the 34 degree (R;)

Effect of R?

Pe extract on the BuOH extract 0.678
Pe extract on the H,O extract 0.686
Pe extract on the ERB*? 0.517
H,O extract on the ERB*? 0.592
NPE on the H,O extract 0.661
NPE on the ERB*2 0.730

Effect of R?

BuOH extract on the Pe extract No*!
H,O extract on Pe extract 0.629
ERB*2 on the Pe extract 0.721
ERB*? on the H,O extract 0.725
H,O extract on the NPE 0.803
ERB*2 on the NPE 0.894

ERB - extraction residue of biomass isolated after extraction; NPE — sum of non-polar extracts (petroleum ether

extract and BuOH extract); *! coefficients of determination (R;) characterising significant dependence are only

published here; *? coefficients of determination (RSZ) are the identical for sum of extracts

correlations between contents of ecdysteroids
and flavonoids (R? 0.96-0.99) or polar phosphor
lipids and steryl glycosides (R*> 0.89-0.91), or po-
lar phospholipids and analogues of ecdysteroids
(R%0.68-0.69) were observed in relation to nitroi
gen rate. A decrease of linear relation of isolated
compounds was mostly observed after 4 g N rate

in contrast to 2 g N. The decrease of linear de-
pendence of flavonoids and steryl glycosides was
from R? 0.72 (2 g N rate) to 0.55 (4 g N rate) or
polar phospholipids and analogues of ecdysteroids
from R? 0.94 to 0.82. The polynomial function of
the 2" degree showed strong dependence for both
nitrogen rates, especially for 4 g N rate (Table 5).

Table 4. The main groups of compounds in BuOH and H,O fractions characterized by IR spectra (BuOH — bu-

tanol fraction)

IR bands (cm™)

The main groups IR bands (cm™!) of compounds in BuOH fraction

flavonoids (secondary metabolism) and interconnected bands: v_,1622-1623 conjugated ketone

Varom 1513-1515  (flavonoeids), v, 3396-3417, v, 1268-1273, 8, . 785-786, bands v,y 15131515 can
be connected with aromatic ring of tocopherols
ester binding — polar phospholipids and interconnected bands: v , 1164-1165 ester,

Voo 17261733 Vpo 984-985(sh 985); vi,_ 1268-1273, v, 2926-2928; v, 2853-2855 and
By 1 =4 719-724

Veo 1070-1071

steryl glycosides and interconnected bands: v , 1033 —sh 1035 (saccharide — secondary alcohol),
Ve 2926-2928; v, 2853-2855, v, 3396-3417

conjugated ketone — typical for analogues of ecdysteroids; in maize for example ecdysteroid

Veo 1652

phosphates — 20-hydroxyecdysone phosphate and interconnected bands v, and/or phosphate

1033 — sh 1035, vp,, 984-985 (sh 985), vp_, 1268-1273

IR bands (cm™)

The main groups IR bands (cm~!) of compounds in H,O fraction

Ve_o sh 1705-1720

organic acids — acids of citric cycle, phenylpropanoids, oxalic, amino acids and other plant
organic acids, v._, sh 1720-1725 probably dimeric form

asymmetric v.,4—; Salts of organic acids (acids of citric cycle, phenylpropanoid, oxalic, amino
Veoo~ Sh 1600-1627 acids and other plant organic acids) and interconnected bands: symmetric v~ 1385-1405

(sh 1405)

Voo Sh1665-1680 ) i ione

amides — band of v_, is characterized as Amide I — oligopeptides: for example phytochelatins,

secondary metabolism of polar compounds of phenylpropanoid metabolism (for example polar

Varon, 1510-1515

Ve-o

flavonoid glycosides) and interconnected bands: v , 1070 (sh 1070), v , 1052-1054,
1620-1630 conjugated ketone (flavonoids), v

orni 3401-3417

sh — shoulder

PLANT SOIL ENVIRON,, 56, 2010 (11): 533-540
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Table 5. The relationship between isolated compounds of BuOH fraction of individual treatments and sampling
periods characterised by coefficient of determination R? using linear (R12) and polynomial function of the 2"d
degree (R22)

Effect of R? R} Effect of R? R}

0.993 1.000 0.993 1.000
CK-AE on the CK-F CK-F on the CK-AE

0.980 1.000 0.961 0.999

0.688 0.788 0.688 0.733
CK-AE on the GS-SG GS-SG on the CK-AE

0.684 0.987 0.684 0.975

0.723 0.791 0.723 0.793
CK-F on the GS-SG GS-SG on the CK-F

0.547 0.995 0.547 0.961

0.882 0.998 0.882 0.985
ES-PPhL on the CK-AE CK-AE on the ES-PPhL

0.733 0.998 0.733 0.997

0.651 0.653 0.651 0.828
ES-PPhL on the AS-F AS-F on the ES-PPhL

0.001 1.000 0.001 0.675

0.889 0.906 0.889 0.995
ES-PPhL on the GS-SG GS-SG on the ES-PPhL

0.914 0.998 0.914 1.000

0.947 0.998 0.947 0.992
ES-PPhL on the CK-AE CK-AE on the ES-PPhL

0.824 0.999 0.824 0.999

CK-AE - conjugated ketone — typical for analogues of ecdysteroids (band: v._, 1652/cm); CK-F — conjugated
ketone—flavonoids (bands: v._, 1622-1623/cm); GS-SG — glycosyl substances—steryl glycosides (bands: v o
1070-1071/ ¢cm); AS-F — aromatic substances—flavonoids (bands: v 1513-1515/cm); ES-PPhL — ester sub-
stances—polar phospholipids (band: _ 1726-1733/cm)

AROM

The results confirmed the effect of more factors Analyses of individual variants treated with
(not only N nutrition) on biosyntheses of isolated  nitrogen showed that metabolism of phospho-
compounds. lipids and steryl glycosides contained in BuOH

Table 6. The relationship between isolated compounds of H,O fraction of individual treatments and sampling
periods characterised by coefficient of determination R? using linear (RIZ) and polynomial function of the 2"
degree (R22)

Effect of R} R; Effect of R} R;

0.197 0.468 0.197 0.952
OA on the amides amides on the OA

0.632 0.677 0.632 0.984

0.093 0.743 0.093 0.856
OA on the CK-FG CK-FG on the OA

0.775 0.824 0.775 0.989

0.057 0.967 0.057 0.401
OA on the SOA SOA on the OA

0.617 0.643 0.617 0.906

0.855 0.856 0.855 0.941
Amides on the CK-FG CK-FG on the amides

0.971 0.991 0.971 0.998

0.221 0.283 0.221 0.417
Amides on the SOA SOA on the amides

0.997 0.997 0.997 0.997

0.562 0.626 0.562 0.755
CK-FG on the SOA SOA on the CK-FG

0.956 0.990 0.956 0.967

1665—-1680/cm); AS-FG—aromatic substanc-
AROM coo— 1385-1405/
cm), including oxalate (band: v.,,- 1385/cm); CK-FG — conjugated ketone—flavonoid glycosides (bands: v_,
1620-1630/cm)

OA - organic acids (bands: v_, 1705-1725/cm); amides (bands: v
es—flavonoid glycosides (bands: v

Amide I
1510-1515/cm); SOA — salts of organic acids (symmetric v
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fraction is connected with regulation of ecdys-
teroids metabolism. Metabolism of ecdysteroids
is also connected with metabolism of flavonoids
— compounds protected the cells against oxidative
stress. Liu et al. (2010) and Rubin et al. (2009)
confirmed the influence of nitrogen nutrition on
the secondary metabolism and synthesis of fla-
vonoids. According to our results and according
to Pavlik et al. (2010b) the role of ecdysteroids in
plants is connected with function of flavonoids,
for example protection against oxidative stress.
The relation between polar phospholipids (prob-
ably double bonds of unsaturated fatty acids) and
flavonoid compounds was not confirmed.

The relative contents of compounds isolated
from plants growing after application of 2 g N into
water fraction were affected by sampling period
(Table 6). The effect of nitrogen form was not ob-
served. We can see the relationship mainly between
amide substances of oligopeptides (for example
glutathione — band amide I 1665-1680/ cm) and
bands of organic acids and their salts (1385-1405/
cm). The correlation was calculated for typical band
(1385/cm) for oxalates and bands characterizing
amides, polar metabolites of phenylpropanoid
metabolism and organic acids. Linear dependences
of relative contents of organic acids and amides
(R?0.20) or organic acids and very polar flavonoid
glycosides (R? 0.09) or organic acids and their salts
(R? 0.06) or amides and salts of organic acids (R?
0.22) were low. After application of 4 g N linear
dependences were increased (R%20.63, 0.78, 0.62
and 1.00). For 4 g N treatments we can observe
especially the effects of N nutrition. Both N rates
affected linear correlations of relative contents of
amides and polar flavonoid glycosides (R? 0.86
and 0.97) or polar flavonoid glycosides and salts
of organic acids (R? 0.56 and 0.96). Biosyntheses
of compounds contained in water fraction were
affected only by one basic factor, or by major gene.
This finding resulted in the fact that the calculation
of polynomial function of the 2"d degree showed
mostly similar dependences. The linear correlations
were not close therefore we can suppose the effect
of minor genes. These genes have a minor effect
on biosyntheses of isolated compounds and this
effect is typical for polygenic trait of phenotypic
or genotypic variance.

Differences of individual experimental treatments
showed the effect of nitrogen nutrition on significant
relation between metabolism of oligopeptides and
polar substances of phenylpropanoid metabolism
(for example polar flavonoid glycosides) and also
correlation amides and oxalates (Table 6). Werner and
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Schmidt (2002) described the formation of ammonia
salts of organic acids in plants. According to Morita
et al. (2004) ammonium ions induce formation of
oxalic acid and its ammonium salt from ascorbic acid
and simultaneously increase the activity of oxalate
oxide. Oxalate oxide participates in developmental
processes by producing H,O,, which is involved in the
oxidative cross-linking of cell wall polymer (Morita
et al. 2004) in addition to protecting against fungal
infection (Bolwell and Wojtaszek 1997) and producing
pathogenesis-related protein (Chamnongpol et al.
1998). These results confirmed that oxidative stress
is affected by nitrogen application by the CULTAN
method. The plants responded to stress by forma-
tion of salts (mainly salts of oxalic acid) and polar
substances of phenylpropanoid metabolism (for
example flavonoids). This response is confirmed by
strong dependence of amide substances and flavo-
noids and also organic acids (including their salts)
and flavonoids.

REFERENCES

Bolling C., Fiehn O. (2005): Metabolite profiling of Chlamydomo-
nas reinhardtii under nutrient deprivation. Plant Physiology,
139: 1995-2005.

Bolwell G.P.,, Wojtaszek P. (1997): Mechanisms for the generation
of reactive oxygen species in plant defense — a broad perspec-
tive. Physiological and Molecular Plant Pathology, 51: 347-366.

Britto D.T., Kronzucker H.J. (2002): NH, toxicity in higher plants:
a critical review. Journal of Plant Physiology, 159: 567-584.

Cevallos-Cevallos .M., Reyes-De-Corcueraa J.I., Etxeberriaa E.,
Danyluka M.D., Rodrick G.E. (2009): Metabolomic analysis in
food science: a review. Trends in Food Science and Technol-
ogy, 20: 557-566.

Chamnongpol S., Willekens H., Moeder W., Langebartels C.,
Sandermann H., Van Montagu A., Inze D., Van Camp W. (1998):
Defense activation and enhanced pathogen tolerance induced
by H,0, in transgenic tobacco. Proceedings of the National
Academy of Sciences of the United States of America, 95:
5818-5823.

Dominguez-Valdivia M.D., Aparicio-Tejo P.M., Lamsfus C., Cruz
C., Martins-Loucao M.A., Moran J.F. (2008): Nitrogen nutrition
and antioxidant metabolism in ammonium-tolerant and -sensi-
tive plants more options. Physiologia Plantarum, 132: 359-369.

Howarth J.R., Parmar S., Jones J., Shepherd C.E., Corol D.-I.,
Galster A.M., Hawkins N.D., Miller S.]., Baker J.M., Verrier
PJ., Ward J.L., Beale M.H., Barraclough P.B., Hawkesford M.].
(2008): Co-ordinated expression of amino acid metabolism
in response to N and S deficiency during wheat grain filling.
Journal of Experimental Botany, 59: 3675-3689.

Kahkonen M.P.,, Hopia A.L, Vuorela H.J., Rauka J.P., Pihlaja K.,
Kujala T.S., Heinonen M. (1999): Antioxidant activity of plant

539



extracts containing phenolic compounds. Journal of Agricultural
and Food Chemistry, 47: 3954-3962.

Kozlovsky O., Balik J., Cerny J., Kulhdnek M., Kos M., Prasilova O.
(2009): Influence of nitrogen fertilizer injection (CULTAN) on
yield, yield components formation and quality of winter wheat
grain. Plant, Soil and Environment, 55: 536-543.

Kronzucker H.J., Brutto D.T., Davenport R.J., Tester M. (2001):
Ammonium toxicity and the real cost of transport. Trends in
Plant Science, 6: 335-337.

Lange B.M., Ghassemian M. (2003): Genome organization in Ara-
bidopsis thaliana: a survey for genes involved in isoprenoid and
chlorophyll metabolism. Plant Molecular Biology, 51: 925-948.

Liu W., Zhu D.W., Liu D.H., Geng M.]., Zhou W.B., Mi W.J.,,
Yang T.W., Hamilton D. (2010): Influence of nitrogen on the
primary and secondary metabolism and synthesis of flavonoids
in Chrysanthemum morifolium Ramat. Journal of Plant Nutri-
tion, 33: 240-254.

Loqué D., von Wirén N. (2004): Regulatory levels fort the transport
of ammonium in plant roots. Journal of Experimental Botany,
55:1293-1305.

Morita A., Suzuki R., Yokota H. (2004): Effect of ammonium ap-
plication on the oxalate content of tea plants (Camellia sinensis
L.) more options. Soil Science and Plant Nutrition, 50: 763-769.

Neuberg M., Pavlikova D., Pavlik M., Balik J. (2010): The effect
of nitrogen nutrition on proline and asparagine in plant. Plant,
Soil and Environment, 56: 305-311.

Pavlik M., Pavlikovd D., Balik J., Neuberg M. (2010a): The con-

tents of amino acids and sterols in maize plants growing under

different nitrogen conditions. Plant, Soil and Environment,
56:125-132.

Pavlik M., Ry$ava H., Wimmer Z. (2010b.): Metabolism of insect
ecdysteroids and signification of insect intestinal microbiota.
Chemické Listy, 104: 831-837. (In Czech)

Pavlikové D., Pavlik M., Vasickovd S., Szakova J., Tlusto$ P., Vokac¢
K., Balik J. (2002): The effect of soil properties on cadmium
bonds to organic substances of spinach biomass. Applied Or-
ganometallic Chemistry, 16: 187-191.

Pavlikova D., Pavlik M., Vasickova S., Szédkova J., Vokac¢ K., Balik J.,
Tlusto$ P. (2005): Development of a procedure for the sequend
tial extraction of substances binding trace elements in plant
biomass. Analytical and Bioanalytical Chemistry, 381: 863—872.

Rubin G., Tohge T., Matsuda F., Saito K., Scheible W.R. (2009):
Members of the LBD family of transcriptor factors repress
anthocyanin synthesis and affect additional nitrogen responses
in Arabidopsis. The Plant Cell, 21: 3567-3584.

Shepherd L.V.T.,, Alexander C.A., Sungurtas J.A., McNicol J.W.,
Stewart D., Davies H.V. (2010): Metabolomic analysis of the
potato tuber life cycle. Metabolomics, 6: 274-291.

Werner R.A., Schmidt H.-L. (2002): The in vivo nitrogen isotope
discrimination among organic plant compounds. Phytochem-
istry, 61: 465-484.

Yan X., Wu P, Ling H., Xu G., Xu F,, Zhang Q. (2006): Plant nu-

triomics in China: An overview. Annals of Botany, 98: 473-482.

Received on July 21, 2010

Corresponding author:

Ing. Milan Pavlik, CSc., Academy of Sciences of the Czech Republic, Institute of Experimental Botany,
Isotope Laboratory, Videnska 1083, 142 20 Prague 4, Czech Republic
phone: + 420 241 062 476, fax: + 420 241 062 150, e-mail: pavlik@biomed.cas.cz

540

PLANT SOIL ENVIRON,, 56, 2010 (11): 533-540



