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ABSTRACT

Elevated CO, concentrations were found to cause early senescence during leaf development in sunflower (Heli-
anthus annuus L.) plants, probably by reducing nitrogen availability since key enzymes of nitrogen metabolism,
including nitrate reductase (NR); glutamine synthetase (GS) and glutamate dehydrogenase (GDH), were affected.
Elevated CO, concentrations significantly decreased the activity of nitrogen assimilation enzymes (NR and GS) and
increased GDH deaminating activities. Moreover, they substantially rose the transcript levels of GS1 while lower-
ing those of GS2. Increased atmospheric CO, concentrations doubled the CO, fixation and increased transpiration
rates, although these parameters decreased during leaf ontogeny. It can be concluded that elevated atmospheric
CO, concentrations alter enzymes involved in nitrogen metabolism at the transcriptional and post-transcriptional
levels, thereby boosting mobilization of nitrogen in leaves and triggering early senescence in sunflower plants.
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Leaf senescence is a key developmental step in
the life of annual plants. During this senescence
process, cells undergo drastic metabolic changes and
sequential degeneration of cellular structures, mainly
chloroplasts. The main function of leaf senescence
is the recycling of nutrients, especially nitrogen re-
mobilization, which affects the nitrogen availability
(Lim et al. 2007). Agiiera et al. (2010) showed that
leaf senescence in sunflower plants is accelerated by
nitrogen deficiency. Research in this area focused on
obtaining new cultivars capable of facing the chang-
ing climatic conditions on the grounds that elevated
CO, concentrations affect nitrogen assimilation
(Bloom et al. 2010). The rise might be mitigated by
crop plants, where photosynthesis converts atmos-
pheric CO, into carbohydrates and other organic
compounds. The extent of this mitigation remains
uncertain, owing to the complex relationship be-

tween carbon and nitrogen metabolism in plants
(Reich et al. 2006). Elevated levels of atmospheric
CO, inhibit photorespiration in C3 plants increasing
their photosynthetic efficiency, since carboxilation
capacity of ribulose-1-5-biphosphate carboxylase/
oxygenase (Rubisco) enzyme is not saturated by
the current CO, concentration (Drake et al. 1997).
Moreover, root absorption of NO; and NH; from the
soil and assimilation of NO; and NH, into organic
nitrogen compounds within plant tissues strongly
influence primary productivity in plants. The as-
similation of NO; involves the sequential conver-
sion of NO,; into NOZ‘, then into NH; through
sequential reactions catalyzed by nitrate reductase
(NR) and nitrite reductase (NiR), respectively. NH ;' ,
the end-product of NO; reduction, is assimilated
by glutamine synthetase (GS) (Bernard and Habash
2009). Two different isoforms of GS were indentified
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in leaves, namely: cytosolic GS1 and chloroplastic
GS2 (McNally and Hirel 1983). The GS1 and GS2
isoenzymes are differently regulated within specific
cell types and organs, and in response to different
developmental, metabolic and environmental cues
(Zozaya-Hinchliffe et al. 2005). In addition to GS,
other enzymes play key roles in maintaining carbon
and nitrogen balance. Thus, GDH catalyzes the
reversible amination/deamination between 2-oxo-
glutarate and glutamate. Its physiological role in
nitrogen metabolism, however, is controversial (Forde
and Lea 2007). Although some evidences suggest
that glutamate dehydrogenase (GDH) plays a role
in NH; assimilation, many other indicate that GDH
functions primarily as a deaminating enzyme (Lea
and Miflin 2003).

The purpose of this work was to study the effect
of elevated atmospheric CO, concentration, on sun-
flower (Helianthus annuus L.) leaf senescence, with
special emphasis on nitrogen metabolism enzymes
(NR, GS and GDH) and the expression of GS1 and
GS2 transcripts during leaf ageing.

MATERIAL AND METHODS

Sunflower (H. annuus L.) isogenic cultivar HA-89
(Semillas Cargill SA, Seville, Spain) plants culti-
vated in a growth chamber with a 16 h photoper-
iod (400 pmol/m?/s of photosynthetically active
radiation), a day/night regime of 25/19°C and
70/80% relative humidity. Plants were irrigated
daily with a nutrient solution containing 10 mmol
KNO, (Hewitt 1966). Plants were grown under the
above-described conditions for 8 days and then
transferred to different controlled-environment
cabinets (Sanyo Gallenkam Fitotron, Leicester,
UK) fitted with an ADC 2000 CO, gas monitor.
The plants were kept under ambient CO, levels
(400 pL/L) or elevated CO, concentration (800 uL/L)
for another 34 days. High-purity CO, was supplied
from a compressed gas cylinder (Air Liquid, Seville,
Spain). Samples of primary leaves aged 16, 22, 32 or
42 days, were collected 2 h after the start of the light
photoperiod. Whole leaves were collected and pooled

in two groups: one was used to measure dry weight
(DW), and the other was immediately frozen in liquid
nitrogen and stored at —80°C. The frozen plant mate-
rial was ground in a mortar pre-chilled with liquid N,
and the resulting powder distributed into small vials
that were stored at —80°C until enzyme activity and
metabolite determinations. Net Co, fixation rate,
transpiration and stomatal conductance were meas-
ured 2 h after the start of photoperiod in attached
leaves, using a model CRS068 portable infrared gas
analyzer (IRGA) with CIRAS software (USA). Gas
exchange rates were determined under 400 puL/L
or 800 uL/L CO, levels. The instrument was adjusted
to maintain 150 cm3/min constant flow, 25°C tem-
perature, 80% relative humidity and 400 pmol/m?/s
lighting inside the leaf chamber. Measurements were
made on primary leaves (16, 22, 32 and 42 days) after
the IRGA stabilization period, using several plants
per treatment. Leaf samples were acclimated in the
leaf chamber for 5-10 min and the measurements
were carried out during the following 3—5 min. For
total organic C and N content determinations, leaves
were ground with an Eppendorf grinder (Retsch
MM301, New York, USA). Prior to analysis, the
samples were dried at 70°C for 24 h. Approximately
3 mg of tissue was weighed into tin foil containers
(2 x 5 mm) and analyzed for C and N on a CHN
elemental analyzer (Interscience CE instruments,
11110 CHNS-O, EURO EA, Saint Nom, France).
Frozen material was homogenized with chilled ex-
traction medium (Agtiera et al. 2006). The homoge-
nate was centrifuged at 8 000 x g at 4°C for 2 min,
and enzyme activities were measured immediately
using the cleared extract. NR (EC 1.6.6.1) activity
was assayed in the absence of Mg?* to determine
total NADH-NR activity, as described by Agiiera et
al. (2006). GS (EC 6.3.1.2) activity was measured with
the transferase assay according to De la Haba et al.
(1992). GDH (E.C. 1.4.1.2) deaminating activities
were determined spectrophotometrically according
to Loyola-Vargas and Sédnchez de Jiménez (1984).
Total RNA from primaryleaves was purified using the
Tri-Reagent (Sigma Aldrich, St. Louis, USA), following
the manufacturer’s instructions. Total RNA (2.5 pg)
was treated with DNAase (RQ1 RNAase-Free

Gene  Accesion number Organism Primers sequences (3'- 5')

Actin FJ487620 Helianthus annuus agggeggletttecaagtat Forward p rimer
tggtacgaccactggcataa Reverse primer

GS1 AF005032 Helianthus annuus ccaaageetaticelgglea Forward p rimer
caaacacccgatcacaacag Reverse primer

1t 1. tt, F i

GS2 AF005223  Helianthus annuus oo  raageecatiga orward primer

ggtttccgcaagtaatcctg Reverse primer
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DNase, Promega) and used to generate first-strand
cDNA by Reverse Transcriptase III (Invitrogen)
using Oligo dT primer, in a total volume of 20 pL.
The cDNA was appropriately diluted and the PCR
reactions were done using the specific primers listed
in the table below. The identity of the amplified
fragments was verified by sequenciation.

Expression analysis was carried out by semi-
quantitative PCR using GoTaq Flexi DNA polymer-
ase (Promega). Expression levels were normalized
using the expression of the housekeeping gene
actin as internal control. Gene expression levels
were determined by image analysis using Quantity
One, version 4.6.3 (BioRad, California, USA) af-
ter gel electrophoresis of the PCR products, and
referred to the level of expression of actin gene
in the same sample.

Values are given as the means + SD of duplicate
determinations from three separate experiments.
All results were statistically analyzed using the
Student’s ¢-test and they were conducted at a sig-
nificance level of 5% (P < 0.05).
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RESULTS AND DISCUSSION

Available evidence indicates that high atmos-
pheric CO, concentrations during leaf ontogeny
alter the activity and expression of some enzymes
that play a key role in the nitrogen metabolism
(NR, GS and GDH) (Figure 1) in sunflower plants.
In fact, plants grown under elevated CO, concen-
tration exhibited a significant (P < 0.05) lower
NR (Figure 1a) and GS activities (Figure 1b) than
those grown under ambient atmospheric CO,
conditions, throughout development. Stitt and
Krapp (1999) initially assumed that some plant
species will require an increased rate of nitrate
assimilation to support an increased plant growth
under elevated CO, concentrations. However, CO,
enrichment was shown to inhibit NO; assimila-
tion in wheat and Arabidopsis plants (Bloom et
al. 2010). NO; assimilation is powered by the re-
duced form of nicotinamide adenine dinucleotide
(NADH). Photorespiration boosts the release of
malic acid from chloroplasts and increases the
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Figure 1. Nitrate reductase (NR) (a), glutamine syn-
thetase (GS) (b) and glutamate dehydrogenase GDH (c)
activities during sunflower primary leaf development.
Plants were grown under two atmospheric CO, concen-
trations: 400 pL/L (open circles) and 800 pL/L (closed
circles). Data are means + SD of duplicate determina-
tions from three independent experiments. Asterisks
indicate statistically significant differences among the
CO, treatments at the indicated times according to the
Student’s ¢-test (P < 0.05). DW — dry weight
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Figure 2. Changes in GS1 (a) and GS2 (b) relative expression level during sunflower primary leaf development.
Plants were grown under two atmospheric CO, concentrations: 400 uL/L (white bars) and 800 uL/L (black
bars). Data are means + SD of duplicate determinations from three independent experiments. Asterisks indicate
statistically significant differences among the CO, treatments at the indicated times according to the Student’s

t-test (P < 0.05)

availability of cytoplasmic NADH (Igamberdiev
et al. 2001), which enables the first step of NOJ
assimilation (Quesada et al. 2000). Elevated CO,
atmospheric concentrations reduce photorespira-
tion and thereby diminish the amount of NADH
available to power NO; reduction, which may
account for the decreased levels of NR activity
observed in sunflower plants grown under el-
evated CO, (Figure 1a). On the other hand, six
transporters of the Narl family are involved in
NO, translocation from the cytosol into the chlo-
roplast in Chlamydomonas, and some of these
transport both NO, and HCO, (Mariscal et al.
2006). Bloom et al. (2002) showed that HCO4
inhibits NO, influx into isolated wheat and pea
chloroplasts, indicating that an analogous system is
operating in higher plants. A decreased NO, influx
into the chloroplast might therefore be the result
of increased CO, levels, which may also account
for the reduced (P < 0.05) GS activity observed in
sunflower plants grown under elevated CO, con-
centrations (Figure 1b). Studies have shown that
both the chloroplastic and the cytosolic isoforms
of GS are affected by abiotic stress (Bernad and
Habash 2009). Our results indicate that elevated
CO, atmospheric concentrations significantly in-
crease (P < 0.05) GS1 relative expression (Figure 2a),
butdecrease (P<0.05) GS2 transcriptlevels (Figure 2b),
in sunflower leaves. During this senescence pro-
cess, cells undergo drastic metabolic changes and
sequential degeneration of cellular structures,
starting with the chloroplasts. These organelles
play a dual role, as a main source for nitrogen and
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as a regulator of their own degradation during
senescence (Zapata et al. 2005). Increased atmos-
pheric CO, levels may boost processes leading
to accelerated senescence in sunflower leaves,
including dismantling of chloroplasts, where GS2
operates (McNally and Hirel 1983). Several stud-
ies have shown that GS1 isoforms are involved in
nitrogen remobilization during leaf senescence
in grasses (Swarbreck et al. 2011). In C3 plants
leaves, the largest part of the NH;r assimilated
under ambient CO, concentration is originated
in the process of photorespiration, rather than
from de novo assimilation of NO, or NH;r (Stitt
and Krapp 1999) and elevated CO, concentration
decreases photorespiration (Foyer et al. 2009).
NH, from photorespiration is assimilated by the
GS2 isoform (Lam et al. 1996), which agrees with
the low levels of GS2 transcripts found in leaves of
the plants grown under elevated CO, concentra-
tions relative to the control (Figure 2b). On the
other hand, GDH deaminating activity (Figure 1c)
peaked in senescent leaves (42 days) with both
treatments; activity values after 22 days were sig-
nificantly higher (P < 0.05) at the elevated CO,
concentration (Figure 1c). Lea and Miflin (2003)
showed that GDH worked primarily in the deami-
nation reaction leading to the production of NH,
in mitochondria. Therefore, increase in GDH
deaminating activity with the increment in CO,
levels and leaf age was expected. These conditions,
which boost nitrogen remobilization, are typical of
senescence (Lehmann and Ratajcak 2008). Diaz et
al. (2008) found induction of gdh2 expression and
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Table 1. CO, fixation rate, transpiration rate, stomatal conductance and C:N ratio during sunflower primary

leaf development. Plants were grown under different atmospheric CO, concentrations: CO, ambient (400 pL/L)

and CO, elevated (800 pL/L)

CO, fixation Transpiration Stomatal conductance C:N ratio
Days (umol COz/mz/s) (mmol HZO/mZ/s) (mmol HZO/mZ/S)
ambient  elevated ambient elevated ambient elevated ambient elevated
16 3.0+£0.4 6.8+1.0¢ 3.2+0.3 3.2+04 3453 +5.1 305.7 £ 43.0 8.0 £0.7 9.0 £ 0.7*
22 34+02 75+1.1* 1.8 +0.1 2.3 £0.1% 181.0 £ 7.4 208.0 £ 36.9 82+0.1 11.6+2.0*
32 25+05 4.5+09* 1.1+0.2 1.9 +0.2* 81.8+9.0 160.1 + 33.7% 11.3+1.1 14.0 + 1.8%
42 1.2+0.2 3.0+04" 1.1+0.1 14 +0.1% 78.5 2.0 95.1 £9.0 124 +09 18.3 + 1.5%

Data are means * SD of duplicate determinations from three independent experiments. Asterisks indicate statisti-

cally significant differences among the CO, treatments at the indicated times according to Student’s ¢-test (P < 0.05)

GDH activity with ageing in Arabidopsis, which
suggests that GDH participates in amino acid
degradation and nitrogen recycling in this plant.

As can be seen from Table 1, the elevated CO,
concentrations significantly (P < 0.05) increased
photosynthetic and transpiration rates. In con-
trast, stomatal conductance only showed significant
differences in 32 days-old leaves, although these
parameters decreased during ageing of sunflower
primary leaves. The stomatal response to atmos-
pheric changes was extensively studied on a wide
variety of species. Although stomata in most species
close when the CO, concentration rises beyond
certain levels, the response of plants to high CO,
levels varies widely, and some species are even
unaffected (Drake et al. 1997, Larios et al. 2004).
The absence of a stomatal response to atmospheric
CO, may be either genetically determined or the
result of adaptation to an atmosphere with a high
relative humidity (Morison 1998). Larios et al.
(2004) found that exposure of sunflower leaves to
increasing CO, concentrations caused concomitant
increases in photosynthetic CO, assimilation and
soluble sugars and reduction in nitrate content.
Elevated levels of atmospheric CO, were previously
reported to decrease photorespiration rates in C3
plants and to potentially increase their photosyn-
thetic efficiency as a result (Long et al. 2006). In
our plants, the elevated CO, concentration led to
an increased (P < 0.05) C:N ratio during ageing of
sunflower primary leaves (Table 1). Consequently, an
increase in atmospheric CO, concentrations alters
carbon and nitrogen contents, and leads to a gradual
nitrogen limitation by which leaves accumulate
carbohydrates faster than the plants can acquire
nitrogen, thereby causing the nitrogen contents

of leaves to decrease (Reich et al. 2006). Urban et
al. (2012) found that elevated CO, treatment re-
sulted in decrease of the Rubisco content in Picea
abies, however, higher proportion of Rubisco are
present in its active carbamylated Rubisco forms in
comparison to ambient CO, plants. In these plants,
the Rubisco content linearly correlates with leaf
nitrogen content, irrespective of CO, concentration
treatments. Limited nitrogen availability leads to
early senescence and increases the oxidation state
of cells in sunflower leaves (Agiiera et al. 2010,
De la Mata et al. 2012). In addition, according to
Schildhauer et al. (2008), the supply of nitrogen
can reverse senescence by altering the expression
of genes coding for plastidic GS.

In conclusion, elevated atmospheric CO, con-
centrations during leaf development in sunflower
(H. annuus L.) lead to early senescence through
a decrease in nitrogen availability resulting from
the effects of key enzymes of nitrogen metabo-
lism on transcriptional (GS1 and GS2) and post-
transcriptional levels (NR, GS and GDH).

REFERENCES

Agiiera E., Cabello P., De la Haba P. (2010): Induction of leaf
senescence by low nitrogen nutrition in sunflower (Helianthus
annuus L.) plants. Physiologia Plantarum, 138: 256-267.

Agiiera E., Ruano D., Cabello P.,, De la Haba P. (2006): Impact
of atmospheric CO, on growth, photosynthesis and nitrogen
metabolism in cucumber (Cucumis sativus L.) plants. Journal
of Plant Physiology, 163: 809-817.

Bernard S.M., Habash D.Z. (2009): The importance of cytosolic
glutamine synthetase in nitrogen assimilation and recycling.

New Phytologist, 182: 608-620.

307



Vol. 59, 2013, No. 7: 303-308

Plant Soil Environ.

Bloom A.]., Burger M., Rubio Asensio J.S., Cousins A.B. (2010):
Carbon dioxide enrichment inhibits nitrate assimilation in
wheat and Arabidopsis. Science, 328: 899-903.

Bloom A.J., Smart D.R., Nguyen D.T., Searles P.S. (2002): Nitro-
gen assimilation and growth of wheat under elevated carbon
dioxide. Proceeding of the National Academic of Science of
the Unites States of America, 99: 1730-1735.

De la Haba P., Cabello P., Maldonado J.M. (1992): Glutamine-
synthetase isoforms appearing in sunflower cotyledons during
germination. Effects of light and nitrate. Planta, 186: 577-581.

De la Mata L., Cabello P, De la Haba P., Agiiera E. (2012): Growth
under elevated atmospheric CO, concentration accelerates leaf
senescence in sunflower (Helianthus annuus L.) plants. Journal
of Plant Physiology, 169: 1392-1400.

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

Drake B.G., Gonzélez-Meler M.A., Long S.P. (1997): More ef-
ficient plants: A consequence of rising atmospheric CO,? An-
nual Review of Plant Physiology and Plant Molecular Biology,
48: 609-639.

Forde B.G., Lea P.J. (2007): Glutamate in plants: Metabolism,
regulation and signalling. Journal of Experimental Botany,
58:2339-2358.

Foyer C.H., Bloom A.J., Queval G., Noctor G. (2009): Photores-
piratory metabolism: Genes, mutants, energetics, and redox
signaling. Annual Review of Plant Biology, 60: 455-484.

Igamberdiev A.U., Bykovaa N.V., Leab PJ., Gardestroma P. (2001):
The role of photorespiration in redox and energy balance of
photosynthetic plant cells: A study with a barley mutant deficient
in glycine decarboxylase. Physiologia Plantarum, 111: 427-438.

Lam H.M., Coschigano K.T., Oliveira I.C., Melo-Oliveira R.,
Coruzzi G.M. (1996): The molecular-genetics of nitrogen as-
similation into amino acids in higher plants. Annual Review
of Plant Physiology and Plant Molecular Biology, 47: 569-593.

Larios B., Agiiera E., Cabello P., Maldonado J.M., De la Haba P.
(2004): The rate of CO, assimilation controls the expression
and activity of glutamine synthetase through sugar formation
in sunflower (Helianthus annuus L) leaves. Journal of Experi-
mental Botany, 55: 69-75.

Lea P.J., Miflin B.J. (2003): Glutamate synthase and the synthesis
of glutamate in plants. Plant Physiology and Biochemistry,
41: 555-564.

Lehmann T., Ratajczak L. (2008): The pivotal role of glutamate
dehydrogenase (GDH) in the mobilization of N and C from

storage material to asparagine in germinating seeds of yellow
lupine. Journal of Plant Physiology, 165: 149-158.

Lim P.O., Kim H.J., Nam H.G. (2007): Leaf senescence. Annual
Review of Plant Biology, 58: 115-136.

Long S.P., Zhu X.G., Naidu S.L., Ort D.R. (2006): Can improve-
ment in photosynthesis increase crop yields? Plant, Cell and
Environment, 29: 315-330.

Loyola-Vargas V.M., de Jiménez E.S. (1984): Differential role of
glutamate dehydrogenase in nitrogen metabolism of maize
tissues. Plant Physiology, 76: 536—540.

McNally S., Hirel B. (1983): Glutamine synthetase isoforms in
higher plants. Physiologie Vegetale, 21: 761-774.

Mariscal V., Moulin P, Orsel M., Miller A.]., Fernidndez E., Galvan
A. (2006): Differential regulation of the Chlamydomonas Narl
gene family by carbon and nitrogen. Protist, 157: 421-433.

Morison J.LL. (1998): Stomatal response to increased CO, con-
centration. Journal of Experimental Botany, 49: 443—-452.

Quesada A., Gomez-Garcia 1., Ferndndez E. (2000): Involvement
of chloroplast and mitochondria redox valves in nitrate as-
similation. Trends in Plant Science, 5: 463—464.

Reich P.B., Hungate B.A., Luo Y.Q. (2006): Carbon-nitrogen
interactions in terrestrial ecosystems in response to rising
atmospheric carbon dioxide. Annual Review of Ecology, Evolu-
tion and Systematics, 37: 611-636.

Schildhauer J., Wiedemuth K., Humbeck K. (2008): Supply of nitrogen
can reverse senescence processes and affect expression of genes
coding for plastidic glutamine synthetase and lysine-ketoglutarate
reductase/saccharopine dehydrogenase. Plant Biology, 10: 76—84.

Stitt M., Krapp A. (1999): The interaction between elevated carbon
dioxide and nitrogen nutrition: The physiological and molecular
background. Plant, Cell and Environment, 22: 583-621.

Swarbreck S.M., Defoin-Platel M., Hindle M., Saqi M., Habash D.Z.
(2011): New perspectives on glutamine synthetase in grasses.
Journal of Experimental Botany, 62: 1511-1522.

Urban O., Hrstka M., Zitova M., Holisova P., Sprtova M., Klem
K., Calfapietra C., De Angelis P., Marek M.V. (2012): Effect of
season, needle age and elevated CO, concentration on photo-
synthesis and Rubisco acclimation in Picea abies. Plant Physiol-
ogy and Biochemistry, 58: 135-141.

Zapata J.M., Guéra A., Esteban-Carrasco A., Martin M., Sabater
B. (2005): Chloroplasts regulate leaf senescence: Delayed se-
nescence in transgenic ndhF-defective tobacco. Cell Death and
Differentiation, 12: 1277-1284.

Zozaya-Hinchliffe M., Potenza C., Ortega J.L., Sengupta-Gopalan
C. (2005): Nitrogen and metabolic regulation of the expression
of plastidic glutamine synthetase in alfafa (Medicago sativa).
Plant Science, 168: 1041-1052.

Received on January 27, 2013
Accepted on May 17, 2013

Corresponding author:

Dr. Elofsa Agiiera Buendia, University of Cordoba, Faculty of Science, Department of Botany, Ecology and Plant
Physiology, Area de Fisiologia Vegetal, Campus de Rabanales, edificio Celestino Mutis (C4), E-14071 Cordoba, Spain
phone: + 34 957 218 367, fax + 34 957 211 069, e-mail: vglagbue@uco.es

308



