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Abstract Carbon (C) and nitrogen (N) metabolism are
integrated processes that modulate many aspects of plant
growth, development, and defense. Although plants with
deficient N metabolism have been largely used for the elu-
cidation of the complex network that coordinates the C and N
status in leaves, studies at the whole-plant level are still
lacking. Here, the content of amino acids, organic acids, total
soluble sugars, starch, and phenylpropanoids in the leaves,
roots, and floral buds of a nitrate reductase (NR) double-
deficient mutant of Arabidopsis thaliana (nial nia2) were
compared to those of wild-type plants. Foliar C and N pri-
mary metabolism was affected by NR deficiency, as evi-
denced by decreased levels of most amino acids and organic
acids and total soluble sugars and starch in the nial nia2
leaves. However, no difference was detected in the content of
the analyzed metabolites in the nial nia2 roots and floral
buds in comparison to wild type. Similarly, phenylpropanoid
metabolism was affected in the nial nia2 leaves; however,
the high content of flavonol glycosides in the floral buds was
not altered in the NR-deficient plants. Altogether, these
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results suggest that, even under conditions of deficient nitrate
assimilation, A. thaliana plants are capable of remobilizing
their metabolites from source leaves and maintaining the
C-N status in roots and developing flowers.
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Introduction

Nitrogen (N) is the most limiting nutrient for plant growth
and productivity in various environments because it is the
root-absorbed nutrient that is required in the highest
amount for plant tissues and is a component of such
essential molecules as amino acids, nucleotides, and
chlorophylls (Kraiser et al. 2011; Kusano et al. 2011).
N-derived compounds are also precursors for the synthe-
sis of secondary metabolites, such as those derived from
the phenylpropanoid pathway, which have important
functions in growth, signaling, and defense (Dixon and
Paiva 1995; Peer et al. 2001). The plant N status exerts
great influence on a series of physiological processes,
including photosynthesis (Foyer et al. 2001), and a posi-
tive correlation is observed between the leaf N content
and CO, assimilation rate (Boussadia et al. 2010). Thus,
N deficiency not only affects the levels of N compounds
but also has consequences on carbon (C) metabolism
(Fritz et al. 2006; Boussadia et al. 2010). Conversely,
alterations in photosynthesis and sugar metabolism are
known to greatly influence N assimilation, thereby dem-
onstrating the integration of C and N metabolism in plants
(Matt et al. 2002; Stitt et al. 2002; Kruse et al. 2003;
Sicher and Bunce 2008).
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Plants are capable of obtaining N from the soil, mainly
in the form of nitrate (NO;~) and ammonium (NH4"),
though organic forms, such as amino acids, can also be
utilized (Bloom 1997; Harrison et al. 2007; Nasholm et al.
2009). The first step in plant N assimilation is catalyzed by
nitrate reductase (NR), which reduces NO3;~ to nitrite
(NO;7) in a reaction that is tightly regulated at both the
transcriptional and post-transcriptional levels (Meyer and
Stitt 2001). NO, ™ is then reduced to NH4 " in plastids by
nitrite reductase. The NH, " resulting from this reaction, in
addition to the NH, " absorbed from the soil by the roots, is
assimilated into amino acids by the sequential action of the
glutamine synthetase and glutamine-2-oxoglutarate ami-
notransferase enzymes (Hirel and Lea 2001). Because
NO;~ can be translocated in the xylem sap in relatively
high amounts, NO3;™ assimilation may occur in the leaves
in addition to the roots, with the relative contribution of
each organ varying according to each plant species (Engels
and Marschner 1995). In contrast, the assimilation of newly
absorbed NH,* occurs mainly in the roots, and the
resulting amino acids are translocated by the xylem (Oli-
veira et al. 2013a).

The N-use efficiency depends on its transport into a cell
and its assimilation and translocation within the plant (Xu
et al. 2012). Thus, the absorption and assimilation of
inorganic N from the soil and the transport of N com-
pounds from source (roots and mature leaves) to sink
organs (developing leaves, flowers, and seeds) are inte-
grated into the plant physiology and are essential for plant
growth, development, and stress responses (Rentsch et al.
2007).

Previous studies from our group have shown that an NR
double-deficient mutant of Arabidopsis thaliana (nial
nia2) exhibits reduced growth, a yellowish aspect, and
lower levels of leaf amino acids in comparison to wild-type
plants (Modolo et al. 2006; Oliveira et al. 2009). The
development of this phenotype can be prevented by irri-
gating the mutant plant with glutamine, a treatment that
recovers the leaf amino acid levels (Oliveira et al. 2009).
NR deficiency also leads to decreased nitric oxide (NO)
production in nial nia2 leaves, resulting in compromised
resistance to bacterial infection (Modolo et al. 2006; Vitor
et al. 2013). Secondary metabolism in nial nia2 leaves was
also recently reported to be altered, as suggested by the
reduced content of sinapoylmalate, the main end product of
the phenylpropanoid pathway in A. thaliana leaves (San-
tos-Filho et al. 2012). Although the reduced NO content
was found to be involved in this alteration, the compro-
mised sinapoylmalate synthesis in the nial nia2 leaves was
also related to low levels of malate, indicating that organic
acid metabolism is also disrupted by NR deficiency in A.
thaliana leaves (Santos-Filho et al. 2012). These results
demonstrate that leaf metabolism is strongly affected by
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NR deficiency; however, the levels of metabolites in other
organs of the A. thaliana nial nia2 mutant have not been
investigated to date.

In this study, we investigated the contribution of NR to
the homeostasis of N and C metabolism in different organs
of A. thaliana plants at the beginning of the reproductive
phase. The levels of primary and secondary metabolites in
the roots, leaves, and floral buds of the nial nia2 mutant
were determined and compared to those of the wild-type
plants. The results are discussed with regard to source—sink
interactions and the importance of foliar NO; ™ assimilation
in A. thaliana for maintaining the C and N status in the
whole plant.

Materials and methods
Plant material and growth conditions

Wild-type ecotype Columbia-0 and nial nia2 mutant A.
thaliana plants (Wilkinson and Crawford 1993) were cul-
tivated in vermiculite:perlite (1:1) in a growth chamber at
24 °C, with a 12-h photoperiod and light intensity of
90 umol photons m~>s~'. The wild-type plants were
irrigated with a modified Wilkinson and Crawford (1991)
medium containing 5 mM KH,PO4, 2.5 mM NH4NOs;,
2.5 mM (NH4),SO4, 1 mM MgSO,4, 0.5 mM CaCl,, and
10 mM KNO; and the micronutrients described by Wil-
kinson and Crawford (1991). For the cultivation of nial
nia2 plants, KNO3 was replaced with 10 mM KCI. Under
these growth conditions, the wild-type and nial nia2 leaves
presented no differences in their endogenous NO; ™ content
(Online Resource 1), thereby excluding the possibility of a
differential signaling effect of NO3™ per se in our assays.
As previously reported, NO;~ acts as a signal to induce
organic acid metabolism and repress starch and large sec-
tors of phenylpropanoid metabolism in tobacco (Scheible
et al. 1997; Fritz et al. 2006). The roots and fully expanded
leaves were collected from 4- to 5-week-old plants at the
bolting stage (before anthesis); floral buds at stage 11 of
development (Smyth et al. 1990) were used for the ana-
lysis. The plant tissues were collected at 6 h after the
beginning of the light period, immediately frozen in liquid
N,, and kept at —80 °C until extraction.

Determination of NR activity

NR activity was determined according to Su et al. (1996),
with some modifications. Briefly, the leaves, roots, and
floral buds (150 mg) were ground to a powder in liquid N,
and then homogenized with 1 mL of chilled extraction
buffer containing 50 mM HEPES (pH 7.5), 1 mM EDTA,
10 uyM FAD, 7 mM cysteine, 0.5 mM PMSF, 25 pM
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leupeptin, and 5 pM Na,MoQO,. The mixture was centri-
fuged at 13,000 x g for 10 min at 4 °C. An equal volume of
assay buffer (50 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM
NADH, and 10 mM KNO;) was added to the resulting
supernatant and incubated in the dark at room temperature.
After 60 min, the reaction was stopped by the addition of
the Griess reagent, and nitrite production was quantified at
540 nm (Green et al. 1982).

Extraction of primary metabolites

Frozen tissue samples (200 mg) were ground in 2 mL of an
MCW solution (methanol:chloroform:water, 12:5:3 v:v:v)
and incubated at room temperature for 24 h. After this
period, the samples were centrifuged for 30 min at
1,500x g, and the supernatant was mixed with chloroform
and water (4:1:1.5 v:v:v). The aqueous phase was collected
after 24 h and used for the analysis of amino acids, organic
acids, NO;5 ™, and soluble sugars. Starch was extracted from
the pellet after centrifugation by incubating with 30 %
PCA (McCready et al. 1950).

Analysis of primary metabolites

Free amino acids were analyzed by reverse-phase HPLC
(Shimadzu Corporation, Kyoto, Japan) using a Waters
Spherisorb ODS2 C-18 column (4.6 pum, 4.6 x 250 mm)
after derivatization with O-phthaldialdehyde, according to
the conditions described by Puiatti and Sodek (1999). For
the determination of organic acids, the dried MCW extracts
were derivatized with N-methyl-N-(tert-butyldimethylsilyl)
trifluoroacetamide (Sigma, St. Louis, MO, USA) in pyri-
dine and then subjected to analysis using a Shimadzu
QP2010plus system (Shimadzu Corporation, Tokyo, Japan)
equipped with a DB-5 column (J & W Scientific, Folsom,
CA, USA) (Oliveira et al. 2013b). The total soluble sugars
and starch were determined colorimetrically after reaction
with 0.15 % anthrone in H,SO, (McCready et al. 1950;
Graham and Smydzuk 1965). The NO;3;~ content was
analyzed by the absorbance at 410 nm after reaction with
5 % salicylic acid in H,SO, (Cataldo et al. 1975).

Extraction and analysis of secondary metabolites

Secondary metabolites were extracted from frozen plant
tissues with an aqueous solution of 50 % methanol (v/v), as
previously described (Santos-Filho et al. 2012). The ana-
lysis was performed using a C-18 Shimpack VP-ODS
column as a part of an HPLC system (Shimadzu Corpo-
ration, Kyoto, Japan) following the solvent and gradient
conditions described by Santos-Filho et al. (2012). Flavo-
nol and sinapic acid derivatives were detected at 345 nm
with a photodiode array detector (SPD-M20A) and

quantified using kaempferol and sinapic acid, respectively,
as standards. For the further identification of phenylprop-
anoid compounds, mass spectrometry analyses were per-
formed using the same HPLC system connected to a mass
spectrometer Esquire 4000 (Bruker Daltonics, Bremen,
Germany) with an electrospray ionization source and an
ion-trap analyzer (Santos-Filho et al. 2012). The product
peaks were identified by their fragmentation pattern in
comparison to previously published data (Tohge et al.
2005; Stobiecki et al. 2006; Matsuda et al. 2009; Santos-
Filho et al. 2012).

Results
Nitrogen metabolism

The leaves, roots, and floral buds of the A. thaliana nial
nia2 mutant presented no detectable NR activity by in vitro
assays (Online Resource 2), which is in accordance with
previous reports (Seligman et al. 2008). These results
demonstrate that NR deficiency occurs in all organs of the
mutant analyzed in the present study. Compared to the
organs of wild-type plants, the leaves presented the highest
NR activity, whereas a very low activity of this enzyme
was detected in the floral buds (Online Resource 2;
Seligman et al. 2008).

To evaluate the effect of NR deficiency on N metabo-
lism, the levels of free amino acids in the nial nia2 leaves,
roots, and floral buds were compared to those of the wild-
type plant (Fig. 1a). The total content of amino acids in the
nial nia2 leaves (1,088.30 £ 206.95 nmol g FW™!) was
much lower than that in the wild-type leaves
(3,760.34 4+ 317.58 nmol g FW_I), in accordance with
the results of Modolo et al. (2006) and Oliveira et al.
(2009). In these previous studies, it was found that the
individual levels of most amino acids were reduced in the
nial nia2 leaves. In contrast to the leaves, no significant
difference was detected in the total amino acid content of
the nial nia2 and wild-type roots (1,879.36 £ 296.11 and
1,693.81 & 332.65 nmol g FW ™', respectively) or their
individual amino acid levels (Fig. 1b). It is noteworthy that
the nial nia2 roots accumulated a higher total amount of
amino acids than the leaves, whereas the opposite was
found in the wild-type plants. For both genotypes, very
high levels of amino acids were detected in the floral buds
(Fig. 1a), with a prominent accumulation of glutamine,
asparagine, serine, and aspartate (Fig. 1c). Similar to the
roots, the total and individual contents of amino acids in
the nial nia2 floral buds (21,174.56 £ 5,149.65
nmol g FW™') did not differ significantly from that found
in the wild-type buds (24,968.08 £ 2,577.99 nmol
g FW™!). These results show that, although the levels of
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Fig. 1 Amino acid contents in different organs of wild-type (WT)
and nial nia2 A. thaliana plants. a Total amino acid content in leaves,
roots, and floral buds. b Individual amino acid contents in roots.
¢ Individual amino acid contents in floral buds. Data represent the
mean *+ SE (n = 3). *P < 0.05 compared to the respective wild-type
organ, according to Student’s ¢ test

amino acids in the leaves of A. thaliana are affected by NR
deficiency, the contents of these metabolites are not altered
in the roots and floral buds.
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Carbon metabolism

To analyze the impact of NR deficiency on C metabolism in
the whole plant, the levels of organic acids and sugars in
different organs of the nial nia2 plants were compared to
those of wild type (Figs. 2, 3). Fumarate and malate were
the most abundant organic acids accumulated in the leaves
(Fig. 2a), though the levels of both compounds, in addition
to succinate and citrate, were markedly reduced in the nial
nia2 leaves in comparison to the wild-type leaves. Thus, the
total content of the analyzed organic acids was of
2,017.1 + 174.3 nmol g FW~! in the wild-type leaves,
whereas it decreased to 510.6 £ 62.1 nmol g FW ! in the
nial nia2 leaves. In the roots, malate accounted for almost
50 % of the total organic acid content, and, differently from
the leaves, NR deficiency did not markedly affect the levels
of any of the analyzed organic acids (Fig. 2b). A similar
scenario occurred in the floral buds, with no significant
difference detected for the individual content of organic
acids among the genotypes (Fig. 2¢). In comparison to other
organs, the floral buds accumulated higher amounts of
malate, succinate, citrate, and oxaloacetate resulting in a
higher total organic acid content in both the wild-type and
nial nia2 plants (7,273.5 + 667.8 nmol g FW ™' and
6,446.6 £ 696.2 nmol g FW ™!, respectively).

For the analysis of sugar metabolism, the content of total
soluble sugars (TSS) and starch was determined in the
wild-type and nial nia2 leaves (Fig. 3). The levels of both
TSS and starch were higher in the wild-type leaves com-
pared to the roots and floral buds, and TSS and starch were
decreased in the nial nia2 leaves compared to the wild-
type leaves. However, the content of these metabolites was
not affected by NR deficiency in the roots and floral buds,
similar to the observations for organic acids (Fig. 2).
Overall, these results suggest that, as observed for N
metabolism, NR deficiency affected C metabolism in the
leaves but not in the roots and floral buds.

Secondary metabolism

nial nia2 leaves were recently shown to present lower
levels of phenylpropanoids when compared to the amounts
accumulated in wild-type (Santos-Filho et al. 2012). In
particular, nial nia2 leaves had lower levels of sina-
poylmalate, the major end product of the phenylpropanoid
pathway in A. and accumulated its
immediate precursor, sinapoylglucose. This decrease was
associated with the reduced activity of 1-O-sinapoylglu-
cose:malate sinapoyltransferase (SMT) in nial nia2 leaves
(Santos-Filho et al. 2012).

In the present study, the level of phenylpropanoids in the
wild-type and nial nia2 roots and floral buds were ana-
lyzed by HPLC and mass spectrometry to evaluate whether

thaliana leaves,
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NR deficiency would affect the production of these sec-
ondary metabolites, as observed for leaf tissues. In both
genotypes, no phenylpropanoids were detected in the root
extracts, which is in accordance with a previous report

«Fig. 2 Organic acid contents in the a leaves, b roots, and ¢ floral buds
of wild-type (WT) and nial nia? plants. The organic acids were
quantified using gas chromatography—mass spectrometry after deriv-
atization with N-methyl-N-(fert-butyldimethylsilyl)trifluoroacetamide
in pyridine. Data represent the mean + SE (n = 3). *P < 0.05,
*#*P < (.01 compared to the respective wild-type organ, according to
Student’s ¢ test

showing that the roots of soil-grown A. thaliana plants
contain almost no soluble phenylpropanoids because the
accumulation of these metabolites is light dependent
(Hemm et al. 2004).

However, high levels of phenylpropanoids were detec-
ted in the extracts of the wild-type and nial nia2 floral
buds. In particular, glycoside derivatives of the flavonols
kaempferol, quercetin, and isorhamnetin were identified in
the floral buds of both genotypes, as observed in the
chromatographic profile shown in Fig. 4 and the mass
spectrometry characterization (Online Resource 3). In
contrast to leaves (Santos-Filho et al. 2012), sinapic acid
esters were not detected in the floral buds. Of the metab-
olites observed in floral buds, only kaempferol derivatives
were detected in the leaves, though at much lower amounts
(Santos-Filho et al. 2012). A quantitative analysis demon-
strated that the wild-type and nial nia2 floral buds did not
present any significant difference with regard to the levels
of any of the flavonol glycosides (Fig. 5). These results
show that phenylpropanoid metabolism is not affected in
the floral buds of NR-deficient plants.

Discussion

NR-deficient plants of different species have been widely
used as a model to demonstrate the importance of NOz™
assimilation for diverse aspects of plant growth and
metabolism (Foyer et al. 1994; Scheible et al. 1997; Fritz
et al. 2006; Sicher and Bunce 2008; Kruse et al. 2010). In
the present study, the nial nia2 mutant was used to
investigate the contribution of NO3;~ assimilation to the C
and N status in A. thaliana plants undergoing the floral
transition. In addition to leaves, the nial nia2 mutant
presents a strongly reduced NR activity in roots and floral
buds (Online Resource 2; Seligman et al. 2008). Never-
theless, although leaf metabolism was drastically affected
by NR deficiency, no difference was detected in the levels
of the analyzed metabolites in the nial nia2 roots and floral
buds in comparison to wild type. These findings demon-
strate source—sink interactions and the importance of leaf
NO;™ assimilation in A. thaliana plants.

Due to the very limited capacity of NO5~ assimilation by
the nial nia2 mutant, the plants with this genotype rely mostly
on NH, " as an N source for the synthesis of amino acids and
other N-derived compounds. When first characterized, a
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nutrient solution with a low NO3;~ concentration (2.5 mM)
and a predominance of NH," (7.5 mM) was considered as
most suitable for the growth of the nial nia2 mutant (Wil-
kinson and Crawford 1993); indeed, these growth conditions
were applied here for the nial nia2 plants. As it is not trans-
located at high levels in the xylem sap, NH, ' is mainly
assimilated into amino acids in root tissues (Oliveira et al.
2013a); therefore, these characteristics of NH, 1 assimilation
may explain why the levels of root amino acids are not
affected in NR-deficient plants (Fig. 1a, b). In contrast, leaf N
metabolism is more dependent on NO3; ™ assimilation, relying
on the NO; ™ thatis translocated at relatively high amounts by
the xylem as an important N source (Oliveira et al. 2013a). In
nial nia2 plants, amino acids would mainly be provided to the
leaves by the roots via the xylem sap. The reduced amino acid
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levels in the nial nia2 leaves compared to wild type (Fig. 1a;
Modolo et al. 2006; Oliveira et al. 2009) suggest that NH,*
assimilation in roots is insufficient to supply the leaf demand
for N, which is high due to the intensive synthesis of chloro-
phyll and photosynthetic proteins (Boussadia et al. 2010).
Indeed, in wild-type, higher levels of amino acids were
detected in the leaves in comparison to the roots, whereas the
opposite was observed in the nial nia2 mutant (Fig. 1a).
The development of foliar chlorosis and the reduced leaf
amino acid levels in the nial nia2 plants (Fig. 1a; Modolo
et al. 2006; Oliveira et al. 2009) strongly suggest that a con-
dition of N deficiency occurs in nial nia2 leaves. It has been
shown that N deficiency results in low contents of chlorophyll
and Rubisco, leading to compromised CO, assimilation
(Foyer et al. 1994). Alterations in photosynthetic metabolism
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are most likely related to the decreased levels of total soluble
sugars and starch, as well as organic acids, in the nial nia2
leaves (Figs. 2a, 3). Additionally, the C skeletons produced by
the source nial nia2 leaves may be directed to the roots, which
act as an important sink due to the C demand for NH,"
assimilation. In fact, the contents of soluble sugars, starch, and
organic acids were not affected in the nial nia2 roots
(Figs. 2b, 3), indicating that the source leaves of this mutant
are able to supply the C demand of the roots, thus maintaining
NH, " assimilation.

Developing floral buds present intense metabolic activity
and also constitute important sinks for C and N compounds
(Ludewig and Fliigge 2013). In accordance with this, the
developing flowers of A. thaliana presented very high levels
of the metabolites analyzed in this study. In particular, the
floral buds accumulated much higher levels of amino acids
than the leaves and roots in both genotypes (Fig. 1). It is also
noteworthy that the NR activity was very low, even in the
wild-type floral buds (Online Resource 2; Seligman et al.
2008). Taken together, these results show that, rather than
assimilating inorganic N, these reproductive structures
import amino acids from source organs, as has been previ-
ously reported (Tegeder 2012). In NO; ™ -cultivated A. tha-
liana plants, it was estimated that most of the N exported to
the floral axis and reproductive organs is derived from
rosette leaves, whereas N remobilization from roots to
reproductive structures is very weak (Diaz et al. 2008). The
amino acids synthesized in the roots are mainly exported
through the xylem sap to photosynthetically active leaves, as
transpiration is intense in these organs (Hirner et al. 2006).
These amino acids can be metabolized, transiently stored, or
loaded into the phloem for redistribution to flowers, fruits,
and seeds (Hirner et al. 2006; Tegeder 2012), and the
transfer of amino acids from the xylem directly to the
phloem also contributes to the rapid provision of sink organs
(Zhang et al. 2010). The sink strength of the floral buds
appeared to be unaffected by NR deficiency, as the levels of
amino acids, total soluble sugars, starch, and organic acids
were not reduced in the nial nia2 floral buds in comparison
to the wild-type plants (Figs. 1, 2, 3). Thus, organic com-
pounds from source leaves might also be directed to feed the
demand of developing flower buds, which additionally may
have contributed to the reduced content of the analyzed
metabolites in the nial nia2 leaves. Thus, it may be sug-
gested that nial nia2 plants address NR deficiency in a way
that effectively maintains the remobilization of key com-
pounds of C and N metabolism from source leaves to
developing flowers and related structures to ensure repro-
ductive success.

In addition to primary C and N metabolism, the phe-
nylpropanoid content was shown to be affected in NR-
deficient leaves (Santos-Filho et al. 2012). The limited
conversion of sinapoylglucose to sinapoylmalate has been

associated with low levels of malate and with the deficient
production of NO by nial nia2 leaves (Santos-Filho et al.
2012). In contrast to leaves, which predominantly accu-
mulate sinapate esters (Santos-Filho et al. 2012), floral
buds present high levels of flavonol glycosides (Figs. 4, 5),
most of which have not previously been detected in leaves
(Santos-Filho et al. 2012). Indeed, the presence of glyco-
side derivatives of kaempferol, quercetin, and isorhamnetin
in the reproductive structures of A. thaliana has been
reported (Peer et al. 2001; Jones et al. 2003; Routaboul
et al. 2006). Similar to the observations of primary
metabolites in floral buds, NR deficiency did not affect the
production of phenylpropanoids in these organs, as no
significant difference was detected in the levels of flavo-
nols accumulated in the wild-type and nial nia2 buds
(Fig. 5). It is noteworthy that flavonol production in leaves,
although much lower than that in floral buds, is also
unaffected in nial nia2 leaves (Santos-Filho et al. 2012).

The occurrence of high levels of flavonols in floral buds
may be associated with full fertility and reproductive suc-
cess, as suggested by studies in corn and petunia (Mo et al.
1992). More recently, Thompson et al. (2010) demonstrated
that the absence of the flavonoid transporter FFT (At-
DTX35), normally found at high levels in flowers, affects
the content of flavonoids in A. thaliana plants and impairs
pollen development and seed germination. Moreover,
flavonoids have been reported to promote the reduction of
nitrite to NO (Takahama et al. 2002), a signaling molecule
that has been suggested to be involved in flower develop-
ment (Seligman et al. 2008). Thus, it may be hypothesized
as to whether the high levels of flavonoids accumulated in A.
thaliana flower buds have a role in NO synthesis, even under
conditions of limited nitrite, as occurs in the nial nia2
mutant (Seligman et al. 2008). Consistent with this, NO
production in floral buds is only slightly affected in NR-
deficient plants, in contrast to the drastic effect observed in
leaves and roots (Seligman et al. 2008).

A better understanding of the metabolic basis of N-use
efficiency by plants is required to promote the growth of
economically important crops under conditions of low N
(see Tschoep et al. 2009). In addition to the efficiency of N
uptake, the efficiency by which N is assimilated by the
plant and transformed into biomass determines the efficient
use of N (Hirel et al. 2007). The present results demon-
strate the existence of N and C allocation and recycling in
NR-deficient A. thaliana plants, suggesting the occurrence
of a mechanism for plant acclimation to growth under
conditions of low N assimilation.

Acknowledgments We would like to thank Dr. Ladaslav Sodek for
the GC-MS system used for the analysis of organic acids. This work
was supported by Fundacdo de Amparo a Pesquisa do Estado de Sdo
Paulo (FAPESP, Grant No. 08/11636-5); Coordenacdo de Aper-
feicoamento de Pessoal de Nivel Superior (CAPES, a student

@ Springer



1128

P. R. Santos-Filho et al.

fellowship to P.R.S.F.) and Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPq, a research fellowship to L.S.).

Conflict of interest The authors declare that they have no conflict
of interest.

References

Bloom AJ (1997) Nitrogen as a limiting factor. Crop acquisition of
ammonium and nitrate. In: Jackson LE (ed) Ecology in
agriculture. Academic Press, San Diego, pp 145-172

Boussadia O, Steppe K, Zgallai H, Ben El Hadj S, Braham M, Lemeur
R, Van Labeke MC (2010) Effects of nitrogen deficiency on leaf
photosynthesis, carbohydrate status and biomass production in two
olive cultivars ‘Meski’ and ‘Koroneiki’. Sci Hortic 123:336-342

Cataldo DA, Haroon M, Schrader LE, Youngs VL (1975) Rapid
colorimetric determination of nitrate in plant tissues by nitration
of salicylic acid. Commun Soil Plant Anal 6:71-80

Diaz C, Lemaitre T, Christ A, Azzopardi M, Kato Y, Sato F, Morot-
Gaudry J-F, Dily FL, Masclaux-Daubresse C (2008) Nitrogen
recycling and remobilization are differentially controlled by leaf
senescence and development stage in Arabidopsis under low
nitrogen nutrition. Plant Physiol 147:1437-1449

Dixon RA, Paiva NL (1995) Stress induced phenylpropanoid
metabolism. Plant Cell 7:1085-1097

Engels C, Marschner H (1995) Plant uptake and utilization of
nitrogen. In: Bacon PE (ed) Nitrogen fertilization in the
environment. M. Dekker, New York, pp 41-81

Foyer CH, Lescure JC, Lefebvre C, Morot-Gaudry JF, Vincentz M,
Vaucheret H (1994) Adaptations of photosynthetic electron
transport, carbon assimilation, and carbon partitioning in trans-
genic Nicotiana plumbaginifolia plants to changes in nitrate
reductase activity. Plant Physiol 104:171-178

Foyer C, Ferrario-Mery S, Noctor G (2001) Interactions between
carbon and nitrogen metabolism. In: Lea PJ, Morot-Gaudry J-F
(eds) Plant Nitrogen. Springer, Berlin, pp 237-254

Fritz C, Palacios-Rojas N, Feil R, Stitt M (2006) Regulation of secondary
metabolism by the carbon—nitrogen status in tobacco: nitrate inhibits
large sectors of phenylpropanoid metabolism. Plant J 46:533-548

Graham D, Smydzuk J (1965) Use of anthrone in the quantitative
determination of hexose phosphates. Anal Biochem 11:246-255

Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnock JS,
Tannenbaum SR (1982) Analysis of nitrate, nitrite, and [ISN]
nitrate in biological fluids. Anal Biochem 126:131-138

Harrison KA, Bol R, Bardgett RD (2007) Preferences for different
nitrogen forms by coexisting plant species and soil microbes.
Ecology 88:989-999

Hemm MR, Rider SD, Ogas J, Murry DJ, Chapple C (2004) Light
induces phenylpropanoid metabolism in Arabidopsis roots. Plant
J 38:765-778

Hirel B, Lea PJ (2001) Ammonia assimilation. In: Lea PJ, Morot-
Gaudry J-F (eds) Plant nitrogen. Springer, Berlin, pp 79-100

Hirel B, Le Gouis J, Ney B, Gallais A (2007) The challenge of
improving nitrogen use efficiency in crop plants: towards a more
central role for genetic variability and quantitative genetics
within integrated approaches. J Exp Bot 58:2369-2387

Hirner A, Ladwig F, Stransky H, Okumot S, Keinath M, Harms A,
Frommer WB, Koch W (2006) Arabidopsis LHT1 is a high-
affinity transporter for cellular amino acid uptake in both root
epidermis and leaf mesophyll. Plant Cell 18:1931-1946

Jones P, Messner B, Nakajima J-1, Schiffner A-R, Saito K (2003)
UGT73C6 and UGT78DI, glycosyltransferases involved in
flavonol glycoside biosynthesis in Arabidopsis thaliana. J Biol
Chem 278:43910-43918

@ Springer

Kraiser T, Gras DE, Gutiérrez AG, Gonzalez B, Gutiérrez RA (2011)
A holistic view of nitrogen acquisition in plants. J Exp Bot
62:1455-1466

Kruse J, Hetzger I, Hansch RH, Mendel RR, Rennenberg H (2003)
Elevated pCO(2) affects C and N metabolism in wild type and
transgenic tobacco exhibiting altered C/N balance in metabolite
analysis. Plant Biol 5:540-549

Kruse J, Haensch R, Mendel RR, Rennenberg H (2010) The role of
root nitrate reduction in the systemic control of biomass
partitioning between leaves and roots in accordance to the
C/N-status of tobacco plants. Plant Soil 332:387-403

Kusano M, Fukushima A, Redestig H, Saito K (2011) Metabolomic
approaches toward understanding nitrogen metabolism in plants.
J Exp Bot 62:1439-1453

Ludewig F, Fliigge U-I (2013) Role of metabolite transporters in
source—sink carbon allocation. Front Plant Sci 4:231

Matsuda F, Sakakibara KY, Niida R, Kuromori T, Shinozaki K, Saito
K (2009) MS/MS spectral tag-based annotation of non-targeted
profile of plant secondary metabolites. Plant J 57:555-577

Matt P, Krapp A, Haake V, Mock HP, Stitt M (2002) Decreased
Rubisco activity leads to dramatic changes of nitrate metabo-
lism, amino acid metabolism and the levels of phenylpropanoids
and nicotine in tobacco antisense RBCS transformants. Plant J
30:663-677

McCready RM, Guggols J, Silveira V, Owens HS (1950) Determi-
nation of starch and amylase in vegetables; application to peas.
Anal Chem 22:1156-1158

Meyer C, Stitt M (2001) Nitrate reduction and signaling. In: Lea PJ,
Morot-Gaudry J-F (eds) Plant Nitrogen. Springer, Berlin, pp 37-60

Mo Y, Nagel C, Taylor LP (1992) Biochemical complementation of
chalcone synthase mutants defines a role for flavonols in
functional pollen. Proc Natl Acad Sci USA 89:7213-7217

Modolo LV, Augusto O, Almeida IMG, Pinto-Maglio CAF, Oliveira
HC, Seligman K, Salgado I (2006) Decreased arginine and nitrite
levels in nitrate reductase-deficient Arabidopsis thaliana plants
impair nitric oxide synthesis and the hypersensitive response to
Pseudomonas syringae. Plant Sci 171:34-40

Nisholm T, Kielland K, Ganeteg U (2009) Uptake of organic nitrogen
by plants. New Phytol 182:31-48

Oliveira HC, Justino GC, Sodek L, Salgado I (2009) Amino acid
recovery does not prevent susceptibility to Pseudomonas syrin-
gae in nitrate reductase double-deficient Arabidopsis thaliana
plants. Plant Sci 176:105-111

Oliveira HC, Freschi L, Sodek L (2013a) Nitrogen metabolism and
translocation in soybean plants subjected to root oxygen
deficiency. Plant Physiol Biochem 66:141-149

Oliveira HC, Salgado I, Sodek L (2013b) Involvement of nitrite in the
nitrate-mediated modulation of fermentative metabolism and
nitric oxide production of soybean roots during hypoxia. Planta
237:255-264

Peer WA, Brown DE, Tague BW, Muday GK, Taiz L, Murphy AS
(2001) Flavonoid accumulation patterns of transparent testa
mutants of Arabidopsis. Plant Physiol 126:536-548

Puiatti M, Sodek L (1999) Waterlogging affects nitrogen transport in
the xylem of soybean. Plant Physiol Biochem 37:767-773

Rentsch D, Schmidt S, Tegeder M (2007) Transporters for uptake and
allocation of organic nitrogen compounds in plants. FEBS Lett
581:2281-2289

Routaboul J-M, Kerhoas L, Debeaujon I, Pourcel L, Caboche M,
Einhorn J, Lepiniec L (2006) Flavonoid diversity and biosyn-
thesis in seed of Arabidopsis thaliana. Planta 224:96-107

Santos-Filho PR, Vitor SC, Frungillo L, Saviani EE, Oliveira HC,
Salgado I (2012) Nitrate reductase- and nitric oxide-dependent
activation of sinapoylglucose:malate sinapoyltransferase in
leaves of Arabidopsis thaliana. Plant Cell Physiol
53:1607-1616



Effect of nitrate assimilation deficiency

1129

Scheible WR, Gonzalez-Fontes A, Lauerer M, Mueller-Roeber B,
Caboche M, Stitt M (1997) Nitrate acts as a signal to induce
organic acid metabolism and repress starch metabolism in
tobacco. Plant Cell 9:783-798

Seligman K, Saviani EE, Oliveira HC, Pinto-Maglio CA, Salgado I
(2008) Floral transition and nitric oxide emission during flower
development in Arabidopsis thaliana is affected in nitrate
reductase-deficient plants. Plant Cell Physiol 49:1112-1121

Sicher RC, Bunce JA (2008) Growth, photosynthesis, nitrogen
partitioning and responses to CO, enrichment in a barley mutant
lacking NADH-dependent nitrate reductase activity. Physiol
Plant 134:31-40

Smyth DR, Bowman JL, Meyerowitz EM (1990) Early flower
development in Arabidopsis. Plant Cell 2:755-767

Stitt M, Miiller C, Matt P, Gibon Y, Carillo P, Morcuende R, Scheible
WR, Krapp A (2002) Steps towards an integrated view of
nitrogen metabolism. J Exp Bot 53:959-970

Stobiecki M, Skirycz A, Kerhoas L, Kachlicki P, Mutha D, Einhornc
J, Mueller-Roeber B (2006) Profiling of phenolic glycosidic
conjugates in leaves of Arabidopsis thaliana using LC/MS.
Metabolomics 2:197-219

Su W, Huber SC, Crawford NM (1996) Identification in vitro of a
post-translational regulatory site in the hinge 1 region of
Arabidopsis nitrate reductase. Plant Cell 8:519-527

Takahama U, Oniki T, Hirota S (2002) Oxidation of quercetin by
salivary components. Quercetin-dependent reduction of salivary
nitrite under acidic conditions producing nitric oxide. J Agric
Food Chem 50:4317-4422

Tegeder M (2012) Transporters for amino acids in plant cells: some
functions and many unknowns. Curr Opin Plant Biol 15:315-321

Thompson E, Wilkins C, Demidchik V, Davies JM, Glover BJ (2010)
An Arabidopsis flavonoid transporter is required for anther
dehiscence and pollen development. J Exp Bot 61:439-451

Tohge T, Nishiyama Y, Hirai MY, Yano M, Nakajima J, Awazuhara
M, Inoue E, Takahashi H, Goodenowe DB, Kitayama M,
Masaaki N, Mami Y, Kazuki S (2005) Functional genomics by
integrated analysis of metabolome and transcriptome of Arabi-
dopsis plants over-expressing an MYB transcription factor. Plant
J 42:218-235

Tschoep H, Gibon Y, Carillo P, Armengaud P, Szecowka M, Nunes-
Nesi A, Fernie AR, Koehl K, Stitt M (2009) Adjustment of
growth and central metabolism to a mild sustained nitrogen-
limitation in Arabidopsis. Plant Cell Environ 32:300-318

Vitor SC, Duarte GT, Saviani EE, Vincentz MG, Oliveira HC,
Salgado I (2013) Nitrate reductase is required for the transcrip-
tional modulation and bactericidal activity of nitric oxide during
the defense response of Arabidopsis thaliana against Pseudo-
monas syringae. Planta 238:475-486

Wilkinson JQ, Crawford NM (1991) Identification of the arabidopsis
chi3 gene as the nitrate reductase structural gene NIA2. Plant
Cell 3:461-471

Wilkinson JQ, Crawford NM (1993) Identification and characteriza-
tion of a chlorate-resistant mutant of Arabidopsis thaliana with
mutations in both nitrate reductase structural genes NIA/ and
NIA2. Mol Gen Genet 239:289-297

Xu G, Fan X, Miller AJ (2012) Plant nitrogen assimilation and use
efficiency. Annu Rev Plant Biol 63:153-182

Zhang L, Tan Q, Lee R, Trethewy A, Lee Y-H, Tegeder M (2010)
Altered xylem—phloem transfer of amino acids affects metabo-
lism and leads to increased seed yield and oil content in
Arabidopsis. Plant Cell 22:3603-3620

@ Springer



	The effect of nitrate assimilation deficiency on the carbon and nitrogen status of Arabidopsis thaliana plants
	Abstract
	Introduction
	Materials and methods
	Plant material and growth conditions
	Determination of NR activity
	Extraction of primary metabolites
	Analysis of primary metabolites
	Extraction and analysis of secondary metabolites

	Results
	Nitrogen metabolism
	Carbon metabolism
	Secondary metabolism

	Discussion
	Acknowledgments
	References


