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Wild type (WT) and transgenic tobacco plants expressing isopentenyltransferase (IPT), a gene coding the
rate-limiting step in cytokinin (CKs) synthesis, were grown under limited nitrogen (N) conditions. Here,
we analyse the possible effect of N deficiency on C-rich compounds such as phenolic compounds, as well
as on N-rich compounds such as polyamines (PAs) and proline (Pro), examining the pathways involved in
their synthesis and degradation. N deficiency was found to stimulate phenolic metabolism and increase
these compounds both in Psari:IPT as well as in WT tobacco plants. This suggests that nitrate (NO3)
tissue concentration may act as a signal triggering phenolic compound accumulation in N deficiency
plants. In addition, we found the maintenance of PAs in the WT plants would be correlated with the
higher stress response to N deficiency. On the contrary, the reduction of free PAs and Pro found in the
Psark::IPT plants subjected to N deficiency would indicate the operation of an N-recycling mechanism
that could stimulate a more efficient N utilization in Psarg::IPT plants.

© 2012 Published by Elsevier Masson SAS.

1. Introduction

Plant growth and development depends on an adequate supply
of nitrogen (N) in order to synthesize the amino acids (aa), proteins
and nucleic acids [1]. In addition, it is of great importance in the
biochemistry of compounds such as enzymes, pigments, secondary
metabolites, and polyamines (PAs) [2]. N deficiency leads to wide
reprogramming of primary and secondary metabolism [3], and low
N has an extensive impact on the overall plant metabolism,
inducing a shift from N-based to C-based compounds. For example,
a typical sign of N deficiency is the depletion in aa or other N-rich
compound as PAs [4,5] and the accumulation of phenolic metabo-
lites [6,7].

Phenolic compounds are C-rich metabolites that represent the
largest group of plant secondary metabolites [8]. For example
phenolic compounds are important antioxidant and may play an
important role as scavengers of free radicals and other oxidative
species [9]. Phenolic compounds are generally synthesised through

Abbreviations: N, nitrogen; aa, amino acids; PAs, polyamines; ROS, reactive
oxidative species; H,0,, hydrogen peroxide; Put, putrescine; Spm, spermine; Spd,
spermidine; Pro, proline; Orn, ornithine; Arg, arginine; Glu, glutamate; CKs, cyto-
kinins; IPT, isopentenyltransferase.

* Corresponding author.
E-mail address: mmrubio@ugr.es (M.delM. Rubio-Wilhelmi).

0981-9428/$ — see front matter © 2012 Published by Elsevier Masson SAS.
http://dx.doi.org/10.1016/j.plaphy.2012.06.004

the shikimate pathway [10]. From the metabolism of carbohydrates
and glycolysis, the 3-deoxy-D-arabino-heptulosonate 7-phosphate
is biosynthesised by its corresponding synthase (DAHPS, EC
4.1.2.15), a key enzyme controlling the C flow towards phenolic
metabolism. The pathway continues, producing the aa aromatic
phenylalanine, which is afterwards deaminated by the enzyme
phenylalanine ammonium lyase (PAL, EC 4.3.1.5), the key enzyme in
phenolic biosynthesis. PAL catalyses the non-oxidative deamina-
tion of L-phenylalanine to form cinnamic trans-acid. Phenolic
compounds are oxidatively degraded primarily by polyphenol
oxidase (PPO, EC 1.10.3.2) and also by peroxidases (POX, EC 1.11.1.7).
The increase in phenolic compound under low N is mainly attrib-
uted to the enhanced PAL activity [11]. It has been postulated that
the appearance of reactive oxygen species (ROS), especially
hydrogen peroxide (H,0,), under N deficiency could act as a signal
activating PAL activity and the synthesis of phenols [12]. Others
assumed a carbon-nutrient balance hypothesis, according to which
secondary metabolism is directed towards C-rich metabolites, in N
limited plants. Thus, this type of secondary compounds may
accumulate forming a pool of C in plants subjected to N deficiency
due to coordinated regulation the C and N metabolism [6,13].

PAs are known as a group of natural compounds with aliphatic N
structure, that play important roles in many physiological
processes, such as cell growth and development and the response
to environmental stresses [14]. Spermidine (Spd) and spermine

Please cite this article in press as: M.d.M. Rubio-Wilhelmi, et al., Response of carbon and nitrogen-rich metabolites to nitrogen deficiency in
Psark::IPT tobacco plants, Plant Physiology and Biochemistry (2012), http://dx.doi.org/10.1016/j.plaphy.2012.06.004
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(Spm) and their obligate precursor putrescine (Put), are the most
commonly found PAs in higher plants and could be present as free,
conjugated and bound forms [14]. They are formed in the oxoglu-
taric acid pathway of aa biosynthesis. The first step in PAs biosyn-
thesis in higher plants is Put synthesis from decarboxylation of
either ornithine (Orn) or arginine (Arg), in reactions catalysed by
the enzymes ornithine decarboxylase (ODC; EC 4.1.1.17) and argi-
nine decarboxylase (ADC; EC 4.1.1.19) via agmatine (Agm). Spd and
Spm are formed by the subsequent addition of an aminopropyl
moiety onto Put and Spd, respectively. Intracellular free PAs pool,
depend also on several processes including degradation and
conjugation. PAs are oxidatively deaminated by the action of
amines oxidases, include the copper diamine oxidases (DAO; EC
1.4.3.6) and polyamine oxidases (PAO; EC 1.5.3.3). DAO reaction
product from Put is y-aminobutyric (GABA) that is formed via
pyrroline. PAO yields pyrroline, diaminepropane and H,0, [15]. PAs
and proline (Pro) pathways are metabolically linked in their
biosynthesis through the common precursor glutamate (Glu), and
consequently, to the substrates Arg and Orn [16]. Glu is conversed
into Pro by two reactions, catalysed by glutamate dehydrogenase
and A'-pyrroline-5-carboxylate synthetase (P5CS, E.C. 2.7.2.11/
1.2.1.41). Another precursor of Pro synthesis is Orn, which is
transaminated by ornithine-3-aminotransferase (OAT, E.C. 2.6.1.13).
The most dramatic changes in PAs and Pro metabolism and content
are those brought about by nutrient starvation [17,18]. K™ starvation
in barley and Arabidopsis led to the accumulation of Put via ADC
activation, also other mineral deficiencies were found to be asso-
ciated with a stimulation of PAs oxidation [19,20]. N deficiency led
to a depletion of the free PAs and Pro levels in different plant
species as Poa or Phaseolus and possibly the use of degraded PAs
and Pro as N source [4,1].

Cytokinins (CKs) are phytohormones that control the plant
developmental programme and a relationship between CKs and
macronutrient acquisition has been postulated [21]. Recent studies
have indicated that CKs could act as long-distance messengers
signalling the N status of the plant [22], thus regulating the
nutrient-uptake systems [23]. Previous work indicated that tobacco
plants overexpressing isopentenyltransferase (Psargk::IPT), an
enzyme that catalyses the limiting step in CKs synthesis, increase
the amount of CKs, inhibiting the formation of ROS and preventing
the oxidative stress caused by N deficiency [24,25]. Numerous
studies have indicated that compounds such as phenols, PAs or Pro
and its synthesis with oxidative stress such compounds being
described classically as an ROS scavenger [9,26,27]. Here, we aim to
determine the effects of N-deficiency on the synthesis and degra-
dation of phenolic compounds, Pas and Pro in Wild type (WT) and
Psark::IPT tobacco plants.

2. Results
2.1. Phenolic compounds, PAs and Pro

The concentration of soluble phenolic compounds was
measured in WT and transgenic tobacco plants expressing
Psark::IPT (Table 1). The plants were grown under normal condi-
tions (10 mM of N) and under two N-deficient treatments (i.e. 7 and
1 mM of N). The hydroxycinnamic acid content showed a significant
increase under 7 and 1 mM of N treatments in WT tobacco plants,
while in transgenic plants this significant increase was detected
only under severe N deficiency, i.e. the 1 mM treatment (Table 1).
With respect to flavonoids and glycosides, the control treatment
showed the lowest concentrations of these compounds both in the
case of the WT plants as well as in the transgenic plants, showing
a significant increase in these compounds with the N deficiency
(Table 1). Therefore, both lines of tobacco plants, WT and Psark::IPT,

Table 1
Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on phenolic compounds
in two tobacco lines: ‘WT’ and ‘IPT".

Lines/NO3  Compounds
treatment Hydroxycinnamic Flavonoids and Others Total
acids and glycosides (mg g~! DW) (mgg~! DW)
derivatives (mg g~ DW)
(mg g~' DW)
WT
Control 531+0.19¢c 0.52+0.00c 2654+0.06b 849 +£0.14b

Def 7 mM 6.12 + 0.26 b 059+0.00b 3.01 +£0.27b 9.73+0.51b

Def1mM 1091 £0.18a 092 +002a 558+045a 1742 +0.36a
Pvalue -
LSDoos  0.761 0.044 1.078 1.287

IPT
Control  2.59+022b 042 +000c 112+0.16b 414+021b
Def 7mM 2.89 +0.12 b 037+001b 1.06+007b 434+0.12b
Def 1 mM 5.76 + 0.27 a 0.56+0.00a 234+006a 8.67+020a
Pvalue
LSDoos ~ 0.764 0.038 0.383 0.652

Values are means =+ SE (n = 9) and differences between means were compared using
LSD (P = 0.05). Means followed by the same letter in the same column do not differ
significantly. Levels of significance are represented by *P < 0.05, **P < 0.01,
***P < 0.001 and NS (not significant).

registered a higher total phenol concentration in leaf, this being
significant for both lines in the case of the severe N deficiency
treatment (1 mM). Finally, it bears highlighting that under any of
the treatments, the WT plants reached higher total phenol
concentrations than did transgenic plants (Table 1).

PAs are a group of aliphatic amine compounds that are ubiqui-
tous in all plant cells. We found that in WT tobacco plants, the N
deficiency did not cause significant changes in the concentration of
Spd and free Agm, and no detectable amounts of free Put or Spm
were found under any of the treatments. On the other hand, in the
transgenic Psarg::IPT plants, a significant decrease in the free PAs,
Put, and Spd was seen under N deficiency (Table 2) and Spm was
not detected. Both WT and Psagy::IPT tobacco plants showed
a decrease in Pro concentration under N-deficient conditions

(Fig. 1).
2.2. Phenolic compound metabolism

The activity of some of the enzymes controlling the synthesis of
phenolic compounds was measured in the leaves of WT and

Table 2
Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on free polyamines in two
tobacco lines: ‘WT’ and ‘IPT".

Lines/NO3  Free polyamines (mg g~! FW)

treatment Put Spd Spm Agm Total

WT
Control n.d 0.10+003 nd 3.78+0.15 3.88+0.12
Def 7 mM n.d 0.05+0.00 nd 4.20+0.51 4.26 + 0.51
Def 1 mM n.d 0.08 +0.00 nd 3.05+1.02 3.13+1.02
P-value NS NS NS
LSDo.os 0.06 2.30 229

IPT
Control 035+0.00a 023+0.01a nd 395+062a 454+0.60a

Def 7mM 026 +0.03b 0.07+000c nd 3.72+037a 4.06+041a
Def1mM 0.01+0.00c 014+003b nd 135+037b 150+035b
Pvalue ™ p . .

LSDoos  0.06 0.06 1.63 1.62

Values are means + SE (n = 9) and differences between means were compared using
LSD (P = 0.05). Means followed by the same letter in the same column do not differ
significantly. Levels of significance are represented by *P < 0.05, **P < 0.01,
***P < 0.001 and NS (not significant).
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OCONTROL ODEF7mM WMDEF1 mM enzyme C4H that showed increased activity with respect to the N
control (Fig. 2F). On the other hand, the activities of PPO and GPOX
350 - a (Fig. 3A, B), enzymes involved in the degradation of phenol
g 00 - a compounds, were lower under N deficiency treatments, this trend
being significant only under the severe deficiency dosage of 1 mM
w O x50 : ;
= "o b b in the case of the Psagri::IPT tobacco plants (Fig. 3A, B).
= . 200 A
o W
~ % 150 1 2.3. PAs and Pro metabolism
c 100 < c
£ 21 The enzymes involved in the PAs synthesis are shown in Fig. 4.
0 The activity of ADC, the enzyme mediating Agm synthesis,
WT PT increased in WT tobacco plants grown under 1 mM of N as

Tobacco lines

Fig. 1. Effect of 10 mM NO3 (control) and NO3 deficiency (7 and 1 mM) on proline
content in leaves of two tobacco lines: ‘WT and ‘IPT’ under N deficiency. Values are the
means =+ SE (n = 9).

Psark::IPT tobacco plants (Fig. 2). Under the severe N-deficiency
treatment (1 mM), the WT plants showed a significant increase in
the activity of these enzymes, with the exception of DAHP DS-Co
(Fig. 2B). The 7 mM of N application only induced the reduction
of DAHP DS-Mn activity with respect to the controls (Fig. 2A). In the
case of the transgenic Psagrk::IPT plants, the enzymatic activities
increased when grown under 1 mM of N, with the exception of
DAHP-Co and SKDH which remain unchanged (Fig. 2B, C). When
grown under 7 mM of N treatments, the activity of the enzymes did
not significantly differ with respect to controls, except for the

compared to controls and no significant differences were seen in
the transgenic Psagri::IPT plants grown at the N deficiency rates
(Fig. 4A). A greater ODC activity was found in the WT plants grown
under N deficiency, although significant differences were only seen
in the 7 mM treatment. A different response was seen in the
Psari::IPT plants, where ODC activity was higher under the control
N treatment (Fig. 4B). The enzymes involved in the degradation of
PAs, PAO and DAO followed a similar trend, with higher activities
under severe N deficiency treatment 1 mM (Fig. 4C, D).

Table 3 shows the enzymatic activities responsible for the
synthesis and degradation of Pro. Pro synthesis by OAT, was not
appreciably affected by N deficiency. On the other hand, P5CS
activity decreased with N deficiency and this decrease was signif-
icant under the 1 mM deficiency treatment (Table 3). However, in
the transgenic Psarg:: IPT plants, the P5CS activity was significantly
lower both at the 7 mM and the 1 mM rates of N deficiency
(Table 3). The degradation of Pro by the enzyme PDH was

OCONTROL  BDEF 7mM  WDEF 1mM
OE, 14 E
=§ 0.8+ § o
== " = B
N s 061 =5
o £ é o
= 047 o
= BB
8 % 024 c ©
< ©
2 o =
T 0251 -8 =
2z +
o -
S 021 S B
= - 4 =
E = 015 1 > o
= E -3 3 >
»- 01 "k
2 A
S 005 - [, 3
< o
2 0 =0 =
T 84E a o Fr©o &
2 74 b b g
2 6 c L g
i 154 b P a I8 ~a
o
3t ;- b b | 4 ég
= i T
s 2] B
5 * 3
~ wWT PT =

Tobacco lines

Tobacco lines

Fig. 2. Response of flavonoid and phenylpropanoid synthesis-related enzymes activity in leaves of two tobacco lines: ‘WT’ and ‘IPT" under N deficiency. Values are the mean =+ SE

(n=9).
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= 3 Table 3
‘© A a OCONTROL Effect of 10 mM N (control) and N deficiency (7 and 1 mM) on proline metabolism in
° 254 two tobacco lines: ‘WT’ and ‘IPT".
s BDEF 7 mM - — — — —
£ 9 4 b WDEF 1 mM Lines/NO;  OAT (AABSMO h P5CS (A/}I?s340 h PDH (AAES“O h
o o c treatment mg prot ') mg prot ') mg prot ')
o E 1.5 n h a a WT
e - 14 Control 0.187 £ 0.018 0.678 £ 0.095 a 2982 +£0.125a
< 7 mM 0.134 + 0.020 0.357 £ 0.030 a 2119 +£0.112b
= 0.5 B 1mM 0.184 + 0.023 0.245 + 0.029 b 0.122 £ 0.032 ¢
d? P-value NS * o
= 0 LSDo.os 0.060 0.176 0.289
S—
IPT
Control 0.213 £ 0.047 0433 £ 0.012a 3.895 £ 0.525 a
= 7 mM 0.268 + 0.030 0.297 + 0.026 b 2.192 +£0.263 b
'S 1 mM 0.214 £ 0.027 0.150 + 0.034 ¢ 0.924 + 0.068 ¢
= a P-value NS
a LSDg 05 0.105 0.075 0.998
> Values are means =+ SE (n = 9) and differences between means were compared using
E g LSD (P = 0.05). Means followed by the same letter in the same column do not differ
o significantly. Levels of significance are represented by *P < 0.05, **P < 0.01,
= ***P < 0.001 and NS (not significant).
o
e.? have been shown to inhibit of oxidative damage [28], and the
a increased activity of enzymes associated with phenol synthesis, PAL

WT IPT
Tobacco lines

Fig. 3. Response of flavonoid and phenylpropanoid degradation-related enzymes

activity in leaves of two tobacco lines: ‘WT and ‘IPT’ under N deficiency. Values are the
mean + SE (n = 9).

significantly reduced with N deficiency in both lines of tobacco
plants (Table 3).

3. Discussion

N deficiency increased the concentration of phenols as well as
the enzymes involved in their synthesis and degradation in WT and
transgenic Psari::IPT plants (Table 1; Fig. 2). These compounds

OCONTROL

a

A

ADC

[}
5
4
3
2
1
04

B

06 - a ab

oDC
(mg Puth”'mg™" protein) (mg Agm h™'mg" protein)

b
WT

Tobacco lines

BDEF 7 mM

a -
b b
b b
h b -
a D
05 4
0.4 1 4
0.3 1
02 .
0.1 S bb b b b b
0 4 |
IPT IPT

in particular, and tissue phenol concentrations have been reported
in plants grown under diverse abiotic stress, including N deficit
[10,11,29]. Furthermore, it has been suggested that ROS are mole-
cules involved in signalling between the perception of stress and
the expression of the enzyme PAL, and therefore an increase in ROS
would act as a signal, increasing phenolic compounds synthesis.
Previous results by our group have shown that under N deficiency,
only WT tobacco plants increased in ROS [25], and therefore, the
greater PAL activity and the higher quantity of phenols in both plant
lines did not correlate with the increment in ROS. Recently, the role
of N in the regulation of the synthesis of phenol compounds, and
the role of nitrate (NO3) in the regulation phenylpropanoid
metabolism have been proposed [6]. Thus, several genes associated
with phenolic metabolism are induced by N deficiency, including
members of the gene families encoding enzymes such as PAL, 4CL,

HDEF 1mM

a -

B &8 &8 8

(wajoid | Bus uiwin)
ova

o

B 8 & 8
(wajoid | Bus uiwn)
ovd

T
—y
o

o

WT

Tobacco lines

Fig. 4. Effect of 10 mM NO3 (control) and NO3 deficiency (7 and 1 mM) on arginine decarboxylase (ADC) (A), ornithine decarboxylase (ODC) (B), diamine oxidases (DAO) (C) and
polyamine oxidases (PAO) (D) in leaves of two tobacco lines: ‘WT and ‘IPT". Values are the mean + SE (n = 9).
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and C4H [30,3]. Therefore, the increase in the activity of the
enzymes involved in the phenolic compounds metabolism shown
in this work, as well as the increase in the quantity of phenols
observed in both WT and Psagy::IPT plants submitted to N defi-
ciency, appears to supports the notion of N as a possible regulator of
phenolic metabolism, and that changes in the N concentrations
could trigger variations in phenolic metabolism. The low concen-
trations of NO3 and total reduced N found previously both in the
WT and in Psarg::IPT lines subjected to N deficiency [25] would
support the hypothesis that changes in NO3 tissue concentrations
could act as a signal, triggering phenolic accumulation in N defi-
cient plants [6] and therefore phenolic compounds could be syn-
thesised as a C pool in plants as a response to low N concentrations.

PAs and Pro metabolism is associated with the tolerance of
plants to adverse environmental conditions [18,14]. Our results
show that in response to a severe N deficiency, the synthesis and
degradation of PAs are stimulated and the amounts of free PAs are
maintained in the WT plants (Fig. 4; Table 2). On the other hand, N
deficiency induced a reduction in free PAs amounts in the trans-
genic Psarg::IPT plants, and this reduction was associated with the
increased activities of DAO and PAO (Table 2; Fig. 4C, D). In the WT
plants, the maintenance of PAs was associated with the improve-
ment of ADC activity (Fig. 4A), which has been shown to play
predominant roles in the accumulation of PAs under stress condi-
tions [31]. It has been postulated that PAs may function along the
signalling processes associated with the plant responses to
different stress signals [32]. Furthermore, their antioxidant effect
due to a combination of their anionic and cationic-binding prop-
erties in radical scavenging has been reported [33]. Therefore, the
previously noted increase in ROS in WT plants, caused by the N
deficiency [25], could be involved in the maintenance of these
compounds despite their high N content. However, the increased
DAO and PAO activities (Fig. 4C, D) could be considered an N-
recycling mechanism, given that GABA, a product of these enzymes,
is subsequently transaminated and oxidised to succinic acid, which
is incorporated into the TCA cycle. Thus, this pathway ensures the
recycling of C and N from Put [15].

The accumulation of Pro has been associated with the response
of plants to environmental stress [34,35]. Nevertheless, the
reduction in Pro concentrations has been also reported during N
deficiency [36,7]. WT and transgenic Psark:IPT plants displayed
a reduction in Pro (Table 3, Fig. 1), that appears to be associated
with the inhibition of P5CS, and would indicate a possible redi-
rection of N towards the synthesis of other essential aa.

In conclusion, N deficiency induced changes in the primary and
secondary metabolism. Our work indicates that N deficiency treat-
ments stimulated phenolic metabolism and increased phenol
contents in both WT and transgenic Psarg::IPT plants. Therefore,
phenolic compounds could be accumulated, indicating NO3 tissue
concentration may act as a signal triggering phenolic compound
accumulation in N deficiency plants. The maintenance of PAs in the
WT plants would be correlated with the higher stress response to N
deficiency. On the other hand, the reduction of free PAs and Pro found
in the Psarg::IPT plants subjected to N deficiency would indicate the
operation of an N-recycling mechanism that could stimulate a more
efficient N utilization as seen by the previously reported enhanced
growth at otherwise inimical low N fertilization regimes [5].

4. Methods
4.1. Plant material, growth conditions and plant growth
Seeds of WT (Nicotiana tabaccum cv.SR1, Wild Type) and

transgenic plants expressing Psark::IPT were germinated and
grown in soil for 30 days (d) in a tray with wells (each well

3 c¢m x 3 cm x 10 cm). During this time, no differences in germi-
nation or plant development between WT and the transgenic
plants were observed. Afterwards, the seedlings were transferred
to a growth chamber under controlled conditions with relative
humidity of 50 + 10%, at 28°C/20 °C (day/night), and a 16 h/8 h
photoperiod with a PPFD (photosynthetic photon-flux density) of
350 pmol m—2 s~ ! (measured with an SB quantum 190 sensor, LI —
COR Inc., Lincoln, NE, USA). Under these conditions, plants were
grown in individual pots (25 cm upper diameter, 17 cm lower
diameter, and 25 cm high) of 8 L in volume and filled with a 1:1
perlite:vermiculite mixture. During 30 d, the plants were grown in
a complete nutrient solution containing: 10 mM NaNOs, 2 mM
NaH;PO4, 5 mM KCl, 2.5 mM CaCly, 1.5 mM Cl;Mg, 2 mM NajSO4,
2 ],J.M MDCIZ, 0.75 uM ZHCIZ, 0.25 ],J.M CLlClz, 0.1 uM (NH4)5MO7024,
5 uM Fe-EDDHA, and 50 pM H3BOs, pH 5.8. The nutrient solution
was renewed every 3 d and the soil was rinsed with distilled water
to avoid nutrient accumulation. The N treatments began 60 DAS
and were maintained for 30 d. The treatments were 10 mM
(Control), 7 mM and 1 mM NaNOs. The experimental design was
a randomized complete block with six treatments, arranged in
individual pots with six plants per treatment, and three replicates.
The experiment was repeated three times under the same condi-
tions (n = 9). All plants were at the late vegetative stage when
harvested. Middle leaves (positions 7th and 8th) were harvested,
frozen immediately in liquid No, and kept at —80 °C until used.

4.2. Phenolic compound and PAs analysis by HPLC/UV

Phenolic compounds were assayed in accordance with the
method of Sanchez-Rodriguez et al. [29]. The HPLC/UV analyses
were carried out with an Agilent HPLC 1100 series.

For the identification of PAs, 3 g of fresh leaves was homoge-
nized in 4 mL of 6% (v/v) cold perchloric acid (PCA), kept on ice for
1 h, and then centrifuged at 21,000 g for 30 min. The pellet was
extracted twice with 2 mL of 5% PCA and recentrifuged. The three
supernatants were pooled and used to determine the levels of free
PAs. The supernatant was benzoylated in accordance with the
method of Aziz and Larher [37]. The HPLC/UV analyses were carried
out with an Agilent HPLC 1100 series.

4.3. Pro concentration

For the determination of the free-Pro concentration, leaves were
homogenized in 5 mL of ethanol at 96%. The insoluble fraction of
the extract was washed with 5 mL of ethanol at 70%. The extract
was centrifuged at 3500 g for 10 min and the supernatant was
preserved 4 °C for the Pro determination [38].

4.4. Enzyme extractions and assays

For determination of DAHPS (DS-Mn, DS-Co) and phenylalanine
PAL activities, 0.2 g whole fresh leaf was homogenized in 100 mM
potassium-phosphate buffer (pH 8.0) containing 1.4 mM 2-
mercaptoethanol. The homogenate was centrifugated at 15,000 g for
15 min at4 °C. The supernatant was passed through a Sephadex G-25
column (24 x 100 mm) previously equilibrated with the same buffer.
DAHPS activity was assayed using a modified method of Morris et al.
[39]. PAL activity was measured by a method of Tanaka et al. [40].

For determination of SKDH and PPO activities, whole fresh leaf
was homogenized in 50 mM potassium phosphate buffer (pH 7.0).
Homogenates were centrifuged at 15,000 g for 15 min at 4 °C.
Shikimate dehydrogenase (SKDH, EC1.1.1.25) activity was deter-
mined according to Ali et al. [41]. PPO assay was performed in
mixture containing 2.85 mL of 50 mM potassium phosphate buffer
(pH 7.0), 50 pL of 60 mM catechol and 0.1 mL of supernatant.
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Increase in absorbance was read over 3 min at 390 nm [42]. For
determination of cinnamate 4-hydroxylase (C4H, EC 1.14.13.11),
fresh sample of leaf was homogenized in 200 mM potassium
phosphate buffer (pH 7.5) containing 2 mM of 2-mercaptoethanol.
Homogenates were centrifuged at 10,000 g for 15 min at 4 °C. C4H
activity was assayed by using the method described by Lamb and
Rubery [43]. For 4-coumarate coenzyme A ligase (4CL, EC 6.2.1.12)
activity was performed. The extract buffer was 0.05 M Tris—HCI (pH
8.8) containing 14 mM mercaptoethanol and 30% glycerol. The
activity was determined with the spectrophotometric method,
using caffeic acid as the preferred phenolic substrate [44]. For
determination of guaiacol peroxidase (GPOX, EC 1.11.1.7) the extract
buffer was 50 mM Tris—HCI (pH 7.5) containing 5 mM mercap-
toethanol, 2 mM DTT (dithiothreitol)), 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF) and 2 mM EDTA-Na. Homogenates
were centrifuged at 16,500 g for 30 min at 4 °C. GPOX activity was
determined by monitoring guaiacol oxidation at 485 nm [45].

ADC and ODC activities were determined according to Xu et al.
[46] with some modifications. Plant material (1.5 g) was homoge-
nized in 50 mM potassium phosphate buffer (pH 6.3) containing
5 mM EDTA, 0.1 mM PMSF, 40 pM pyridoxal phosphate (PLP), 5 mM
DTT, 20 mM ascorbic acid, and 0.1% polyvinylpyrrolidone. The
homogenate was centrifuged at 12,000 g for 40 min at 4 °C and the
supernatant was dialyzed at 4 °C, against 3 mL of 10 mM potassium
phosphate buffer (pH 6.3) containing 0.05 mM PLP, 1 mM DTT,
0.1 mM EDTA for 24 h in darkness. The dialyzed extract was used for
enzyme assay. DAO and PAO activities were determined by
measuring the generation of H,0,, a product of the oxidation of
PAs, as described by Xu et al. [46], with some modifications. Plant
material (0.5 g) was homogenized in 100 mM potassium phosphate
buffer (pH 6.5). The homogenate was centrifuged at 10,000 g for
20 min at 4 °C. The supernatant was used for enzyme assays.

P5CS, extraction was carried out according to Sumithra et al.
[47]. Leaves were homogenized with extraction buffer containing
100 mM Tris—HCI (pH 7.5), 10 mM B-mercaptoethanol, 10 mM
MgCl, and 1 mM PMSF and then centrifuged at 10,000 g for 15 min.
The supernatant was used for enzyme assays. For OAT and proline
dehydrogenase (PDH, E.C. 1.5.99.8) extraction, leaves were
homogenized in 100 mM K-phosphate buffer (pH 7.8). The
homogenate was filtered and centrifuged at 12,000 g for 20 min
(4 °C) [48]. OAT was assayed according to Charest and Phan (1990)
in 0.2 M Tris—KOH buffer (pH 8.0) containing 5 mM ornithine,
10 mM a-ketoglutarate and 0.25 mM NADH. The decrease in
absorbance of NADH was monitored at 340 nm for 1 min after
initiating the reaction with the addition the enzyme extract. PDH
activity was assayed by the reduction of NAD" at 340 nm.

4.5. Statistical analysis

The data compiled were submitted to an analysis of variance
(ANOVA) and the differences between the means were compared
by Duncan’s multiple-range test (P > 0.05).

Acknowledgements

This work was financed by the PAI programme (Plan Andaluz de
Investigacion, Grupo de Investigacion AGR161) and by a grant from
the FPU of the Ministerio de Educacion y Ciencia awarded to MRW.

References

[1] E. Sanchez, R.M. Rivero, J.M. Ruiz, L. Romero, Changes in biomass, enzymatic
activity and protein concentration in roots and leaves of green bean plants
(Phaseolus vulgaris L. cv. Strike) under high NH4NOs application rates, Sci.
Horticult. 99 (2004) 237—248.

[2] F.J.M. Maathuis, Physiological functions of mineral macronutrients, Curr. Opin.
Plant Biol. 12 (2009) 250—325.

[3] W.R. Scheible, R. Morcuende, T. Czechowski, C. Frizt, D. Osuna, N. Palacios-
Rojas, D. Schindelash, O. Thimm, M.K. Udvardi, M. Stitt, Genome-wide
reprogramming of primary and secondary metabolism, protein synthesis,
cellular growth processes, and the regulatory infrastructure of Arabidopsis in
response to nitrogen, Plant Physiol. 136 (2004) 2483—2499.

[4] JJ.CM. Van Arendonk, E. Karanov, V. Alexiera, H. Lambers, Polyamine
concentrations in four Poa species differing in their maximum relative growth
rate, Brown with free access to nitrate and limiting nitrate supply, Plant
Growth Regul. 24 (1998) 77—89.

[5] M.M. Rubio-Wilhelmi, E. Sanchez-Rodriguez, M.A. Rosales, B. Blasco, ].J. Rios,

L. Romero, E. Blumwald, ].M. Ruiz, Ammonium formation and assimilation in

Psark::IPT tobacco transgenic plants under low N, J. Plant Physiol. 169 (2012)

157—-162.

C. Fritz, N. Palacio-Rojas, R. Feil, M. Stitt, Regulation of secondary metabolism

by the carbon—nitrogen status in tobacco: nitrate inhibits large sectors of

phenylpropanoid metabolism, Plant J. 46 (2006) 533—548.

[7] J. Kovacik, B. Klejdus, F. Stork, ]J. Hedbavny, Nitrate deficiency reduces
cadmium and nickel accumulation in chamomile plants, J. Agric. Food Chem.
59 (2011) 5139-5149.

[8] A. Giorgi, M. Mingozzi, M. Madeo, G. Speranza, M. Cocucci, Effect of nitrogen
starvation on the phenolic metabolism and antioxidant properties of Yarrow
(Achillea collina Becker ex Rchb.), Food Chem. 114 (2009) 204—211.

[9] C.S. Grace, B.A. Logan, Energy dissipation and radical scavenging by the plant
phenylpropanoid pathway, Philos. Trans. R. Soc. Lond. B 355 (2000)
1499-1510.

[10] R.A. Dixon, N.L. Paiva, Stress-induced phenylpropanoid metabolism, Plant Cell
7 (1995) 1085—1097.

[11] J. Kovacik, B. Klejdus, M. Backor, M. Repcdk, Phenylalanine ammonia-lyase
activity and phenolic compounds accumulation in nitrogen-deficient Matri-
caria chamomilla leaf rosettes, Plant Sci. 172 (2007) 393—399.

[12] J. Kovacik, B. Klejdus, M. Backor, Nitric oxide signals ROS scavenger-
mediated enhancement of PAL activity in nitrogen-deficient Matricaria
chamomilla roots: side effects of scavengers, Free Radic. Biol. Med. 46
(2009) 1686—1693.

[13] L. Blaschke, M. Forstreuter, L]. Sheppard, LK. Leith, M.B. Murray, A. Polle,
Lignification in beech (Fagus sylvatica) grown at elevated CO, concentrations:
interaction with nutrient availability and leaf maturation, Tree Physiol. 22
(2002) 469—477.

[14] S. Singh Gill, N. Tuteja, Polyamines and abiotic stress tolerance in plants, Plant
Signal. Behav. 5 (2001) 26—33.

[15] A. Bouchereau, A. Aziz, F. Larher, J. Martin-Tanguy, Polyamines and environ-
mental challenges: recent development, Plant Sci. 140 (1999) 103—125.

[16] K.B. Balestrasse, S.M. Gallego, M.P. Benavides, M.L. Tomaro, Polyamines and
proline are affected by cadmium stress in nodules and roots of soybean plants,
Plant Soil 270 (2005) 343—353.

[17] H.E. Flores, Changes in polyamines metabolism in response to abiotic stress,
in: R. Slocum, H.E. Flores (Eds.), The Biochemistry and Physiology of Poly-
amines in Plants, CRC Press, Boca Raton, FL, 1991, pp. 214—225.

[18] L. Szabados, A. Savouré, Proline: a multifunctional amino acid, Trends Plant
Sci. 15 (2009) 89—97.

[19] FJ. Richards, E.G. Coleman, Occurrence of putrescine in potassium-deficient
barley, Nature 170 (1952) 160—461.

[20] M.B. Watson, R.L. Malmberg, Regulation of Arabidopsis thaliana (L.) Heynh
arginine decarboxylase by potassium deficiency stress, Plant Physiol. 111
(1996) 1077—1083.

[21] W.G. Brenner, G.A. Romanov, 1. Kélmer, L. Briirkle, T. Schmiilling, Immediate-
early and delayed cytokinin response genes of Arabidopsis thaliana identified
by genome-wide expression profiling reveal novel cytokinin-sensitive
processes and suggest cytokinin action through transcriptional cascade,
Plant J. 44 (2005) 314—333.

[22] K. Takei, T. Takahashi, T. Sugiyama, T. Yamaya, H. Sakakibara, Multiple routes
communicating nitrogen availability from roots to shoots: a signal trans-
duction pathway mediated by cytokinin, J. Exp. Bot. 53 (2002) 971-977.

[23] H. Sakakibara, K. Takei, N. Hirose, Interactions between nitrogen and cyto-
kinin in the regulation of metabolism and development, Trends Plant Sci. 11
(2006) 440—448.

[24] R.M. Rivero, M. Kojima, A. Gepstein, H. Sakakibara, R. Mittler, S. Gepstein,
E. Blumwald, Delayed leaf senescence induces extreme drought tolerance in
a flowering plant, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 19631—19636.

[25] M.M. Rubio-Wilhelmi, E. Sanchez-Rodriguez, M.A. Rosales, B. Blasco, J.J. Rios,
L. Romero, E. Blumwald, ].M. Ruiz, Effect of cytokinins on oxidative stress in
tobacco plants under nitrogen deficiency, Environ. Exp. Bot. 62 (2011)
167—-173.

[26] ]. Matysik, B. Alia-Bhalu, P. Mohanty, Molecular mechanisms of quenching of
reactive oxygen species by proline under stress in plants, Curr. Sci. 82 (2002)
525—532.

[27] M.D. Groppa, M.P. Benavides, Polyamines and abiotic stress: recent advances,
Amino Acids 34 (2008) 35—45.

[28] C.A. Rice-Evans, N.J. Miller, G. Paganga, Structure—antioxidant activity rela-
tionships flavonoids and phenolic acids, Free Radic. Biol. Med. 20 (1996)
933-953.

[29] E. Sanchez-Rodriguez, D.A. Moreno, F. Ferreres, M.M. Rubio-Wilhelmi,
J.M. Ruiz, Differential responses of five cherry tomato varieties to water stress:

(6

Please cite this article in press as: M.d.M. Rubio-Wilhelmi, et al., Response of carbon and nitrogen-rich metabolites to nitrogen deficiency in
Psark::IPT tobacco plants, Plant Physiology and Biochemistry (2012), http://dx.doi.org/10.1016/j.plaphy.2012.06.004

696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
7as!

712
713
714
715
716
717
718
719
720
721

722
723
724
725
726
727
728
729
730
731

732
733
734
735
736
737
738
739
740
741

742
743
744
745
746
747
748
749
750
751

752
753
754
755
756
757
758
759
760



761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

PLAPHY3378 proof m 18 June 2012 m 7/7

M.delM. Rubio-Wilhelmi et al. / Plant Physiology and Biochemistry xxx (2012) 1-7 7

changes on phenolic metabolites and related enzymes, Phytochemistry 72
(2011) 723-729.

R. Wang, M. Okamoto, X. Xing, N.M. Crawford, Microarray analysis of the
nitrate response in Arabidopsis roots shoots reveals over 1,000 rapidly
responding genes and new linkages to glucose, trehalose-6-phosphate, iron,
and sulfate metabolism, Plant Physiol. 132 (2003) 556—567.

B.Q. Wang, Q.-F. Zhang, J.H. Liu, G.H. Li, Overexpression of PtADC confers
enhanced dehydrated and drought tolerance in transgenic tobacco and
tomato: effect on ROS elimination, Biochem. Biophys. Res. Commun. 413
(2011) 10-16.

JH. Liu, H. Kitashiba, J. Wang, Y. Ban, T. Moriguchi, Polyamines and their
ability to provide environmental stress tolerance to plants, Plant Biotechnol.
24 (2007) 117—-126.

R. Wimalasekera, F. Tebartz, G.F.E. Scherer, Polyamines, polyamine oxidases
and nitric oxide in development, abiotic and biotic stresses, Plant Sci. 181
(2011) 593—603.

N.L. Choudhary, RK. Sairam, A. Tyagi, Expression of deltal-pyrroline-5-
carboxilate synthetase gene during drought in rice (Oryza sativa L.), Indian J.
Biochem. Biophys. 42 (2005) 366—370.

S.L. Yang, S.S. Lang, M. Gong, Hydrogen peroxide-induced proline and meta-
bolic pathway of its accumulation in maize seedlings, ]. Plant Physiol. 166
(2009) 1694—1699.

T. Lemaitre, L. Gaufichon, S. Boutet-Mercey, A. Christ, C. Masclaux-Dau-
bresse, Enzymatic and metabolic diagnostic of nitrogen deficiency in
Arabidopsis thaliana Wassileskija accession, Plant Cell Physiol. 49 (2008)
1056—1065.

A. Aziz, F. Larher, Changes in polyamine titers associated with the proline
response and osmotic adjustment of rape leaf discs submitted to osmotic
stress, Plant Sci. 112 (1995) 175—186.

[38]

[39]

[40]

[41]

[42]

[43]
[44]
[45]

[46]

[47]

[48]

]J. Irigoyen, D.W. Emerich, M. Sanchez-Diaz, Water stress induced changes in
the concentrations of proline and total soluble sugars in nodulated alfafa
(Medicago sativa) plants, Physiol. Plantarum 84 (1992) 55—60.

P.F. Morris, RL. Doong, RA. Jensen, Evidence from Solanum tuberosum in
support of the dual-pathway hypothesis of aromatic biosynthesis, Plant
Physiol. (89) (1989) 10—14.

Y. Tanaka, M. Kojima, L. Uritani, Properties, development and cellular locali-
zation of cinnamic acid 4-hydroxylase in cul-injured sweet potato, Plant Cell
Physiol. 15 (1974) 843—854.

M.B. Alj, N. Singh, A.M. Shohael, E.J. Hahn, K.Y. Paek, Phenolics metabolism and
lignin synthesis in root suspension cultures of Panax ginseng in response to
copper stress, Plant Sci. 171 (2006) 147—154.

E. Aquino-Bolafios, E. Mercado-Silva, Effects of polyphenol oxidase and
peroxidase activity, phenolics and lignin content on the browning of cut
jicama, Postharvest Biol. Technol. 33 (2004) 257—283.

C. Lamb, P.H. Rubery, A spectrophotometric assay for trans-cinnamic acid 4-
hydroxylase activity, Anal. Biochem. 68 (1975) 554—561.

K.H. Knoblock, K. Hahlbrock, Isoenzymes of p-coumarate: CoA ligase from cell
suspension cultures of Glycine max, Eur. J. Biochem. 52 (1975) 311-320.

F. Ghanati, A. Morita, H. Yokota, Deposition of suberin in roots of soybean
induced by excess boron, Plant Sci. 168 (2005) 397—405.

Y. Xu, G.X. Shi, CX. Ding, X.Y. Xu, Polyamine metabolism and physiological
responses of Potamogeton crispus leaves under lead stress, Russ. J. Plant
Physiol. 58 (2011) 460—466.

K. Sumithra, P.P. Jutur, B.D. Carmel, A.R. Reddy, Salinity-induced changes in
two cultivars of Vigna radiate: responses of antioxidative and proline
metabolism, Plant Growth Regul. 50 (2006) 11—-22.

C. Charest, C.T. Phan, Cold acclimation on wheat: properties of enzymes
involved in proline metabolism, Physiol. Plantarum 80 (1990) 159—168.

Please cite this article in press as: M.d.M. Rubio-Wilhelmi, et al., Response of carbon and nitrogen-rich metabolites to nitrogen deficiency in
Psark::IPT tobacco plants, Plant Physiology and Biochemistry (2012), http://dx.doi.org/10.1016/j.plaphy.2012.06.004

784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806



	Response of carbon and nitrogen-rich metabolites to nitrogen deficiency in PSARK∷IPT tobacco plants
	1. Introduction
	2. Results
	2.1. Phenolic compounds, PAs and Pro
	2.2. Phenolic compound metabolism
	2.3. PAs and Pro metabolism

	3. Discussion
	4. Methods
	4.1. Plant material, growth conditions and plant growth
	4.2. Phenolic compound and PAs analysis by HPLC/UV
	4.3. Pro concentration
	4.4. Enzyme extractions and assays
	4.5. Statistical analysis

	Acknowledgements
	References


