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Abstract

Carbon (C) and nitrogen (N) nutrient sources are essential elements for metabolism, and
their availability must be tightly coordinated for the optimal growth and development in
plants. Plants are able to sense and respond to different C/N conditions via specific
partitioning of C and N sources and the regulation of a complex cellular metabolic activity.
We studied how the interaction between C and N signaling could affect carbohydrate
metabolism, soluble sugar levels, photochemical efficiency of photosystem Il (PSIlI) and
the ability to drive the excess energy in Arabidopsis seedlings under moderated and
disrupted C/N-nutrient conditions. Invertase and sucrose synthase activity and localization
were markedly affected by C/N-nutrient status depending on the phosphorylation status,
suggesting that these enzymes may necessarily be modulated by their direct
phosphorylation or phosphorylation of proteins that form complex with them in response to
C/N stress. In addition, the enzymatic activity of these enzymes was also correlated with
the amount of sugars, which not only act as substrate but also as signaling compounds.
Analysis of chlorophyll fluorescence in plants under disrupted C/N condition suggested a
reduction of electron transport rate at PSII level associated with a higher capacity for non-
radiative energy dissipation in comparison with plants under mild C/N condition. In
conclusion, the tight coordination between C and N not only affects the carbohydrate
metabolism and their concentration within plant tissues, but also the partitioning of the
excitation energy at PSII level between radiative (electron transport) and non-radiative

(heat) dissipation pathways.

Keywords C/N-nutrient, phosphorylation state, chlorophyll fluorescence, invertase, soluble

sugars, sucrose synth ase
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1. Introduction

Plants are sessile living organisms that have developed sophisticated mechanisms to
perceive external signals and optimally respond to environmental conditions. Among many
nutrients, carbon (C) and nitrogen (N) are essential elements for plant metabolism and
their availabilities in natural condition are modulated by environmental stimuli such as
atmospheric CO,, light availability, diurnal cycles, seasonal effects, rainfall, cold and biotic
stresses (Gibon et al., 2004; Klotke et al., 2004; Roitsch and Gonzalez, 2004; Miller et al.,
2007; Smith and Stitt, 2007). C and N metabolites are tightly coordinated and its ratio,
named as C/N balance, is also important for the regulation of plant growth and
development (Coruzzi and Zhou, 2001; Martin et al., 2002). Moreover, plants are able to
adapt to different C/N conditions via specific partitioning of C and N sources and fine-
tuning of complex cellular metabolic activity (Sato et al., 2011b; Sulpice et al., 2013).
Disrupted C/N-nutrient response is also observed in phenotypically analysis. Arabidopsis
seedlings that were grown under high C and limited N condition showed purple
pigmentation in cotyledons and arrested post-germinative growth (Martin et al., 2002; Sato
et al., 2009). The Arabidopsis Téxicos en Levadura 31 (ATL31) is a member of the plant-
specific E3 ubiquitin ligase ATL family (Aguilar-Hernandez et al., 2011). The E3 ubiquitin
ligase ATL31 has been reported to be involved in the C/N response during post-
germinative growth, developmental processes and defense response (Sato et al., 2009;
Maekawa et al., 2012; Aoyama et al., 2014; Maekawa et al., 2014; Huarancca Reyes et
al., 2015; Maekawa et al., 2015). Detailed studies demonstrated that ATL31 targets 14-3-3
proteins for ubiquitination in response to C/N-nutrient availability (Sato et al., 2011a;
Yasuda et al., 2014). 14-3-3 proteins bind to phosphorylated motifs to regulate the activity
of proteins involved in multiple developmental processes (Mackintosh, 2004; Chevalier et
al., 2009). A 14-3-3 proteomic analysis using barley revealed that several enzymes of

carbohydrate metabolism such as sucrose synthase and invertases are targets of 14-3-3
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proteins (Alexander and Morris, 2006). Sucrose synthase reversibly catalyzes the
synthesis and cleavage of sucrose, which is the main form of assimilated C, regulating
sucrose flux and cellular location depending on the metabolic environment to participate in
cellulose, callose, and starch biosynthesis through its interactions with membranes,
organelles and cytoskeletal actin (Zheng et al., 2011; Tiessen and Padilla-Chacon, 2013).
Another important enzyme that regulates the level of hexoses is invertase, which catalyzes
sucrose hydrolysis in different subcellular compartments and thus regulates carbohydrate
partitioning, developmental processes, hormone responses and biotic and abiotic
interactions (Roitsch and Gonzales, 2004; Tiessen and Padilla-Chacon, 2013). In addition,
other factors are modulating by the C/N-nutrient availability in plants as in other adaptive
responses where more than one trigger is involved. For instance, C/N balance also plays a
key role on determining a feedback control of photosynthesis (Paul and Pellny, 2003).
Whilst it is commonly known that sugar-sensing mechanisms enable plants to turn off
photosynthesis when C-skeleton is elevated due to the repression of photosynthetic gene
transcription and Rubisco activity (Krapp and Stitt, 1995; Cheng et al., 1998; Coruzzi and
Zhou, 2001), previous research showed that high sugar concentrations or elevated CO, do
not show loss of photosynthetic gene expression or photosynthetic capacity when N
availability is increased (Martin et al., 2002). Nonetheless, the molecular mechanisms
responsible for the regulation of C/N sensing and signaling still remain unclear.

In this study, we carried out C/N response analyses using Arabidopsis thaliana seedlings
under different growth medium containing moderated C/N (100 mM glucose and 30 mM N)
and disrupted C/N (200 mM glucose and 0.3 mM N) ratios with the aim to clarify the
interaction between C and N signaling on biochemical and physiological traits. For this
purpose, the effect of different C/N ratios was monitored on the activity of several enzymes
involved in carbohydrate metabolism including cell wall invertase, membrane bound

invertase, soluble invertase, membrane bound sucrose synthase and soluble sucrose
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synthase. Enzyme activities were assayed under conditions that the phosphorylation state
of the proteins is maintained or not. In addition, we monitored the effect of C/N treatments
on soluble sugars levels, efficiency of photosystem Il (PSIl) photochemistry and the ability

to drive the excess energy through non-radiative dissipation mechanisms.

2. Material and Methods

2.1. Plant material and growth conditions

Wild-type Arabidopsis thaliana Columbia-0 was used in this study. Sterilized seeds were
sown on modified MS medium containing 100 mM glucose and 30 mM N (10 mM NH4NO3
and 10 mM KNO3) for 10 days after germination and transferred to C/N medium containing
100 mM glucose/30 mM N or 200 mM glucose/0.3 mM N. Plants were harvested at the

indicated times after C/N treatment depending on the experiment.

2.2. Chemicals

All the reagents used were purchased from Sigma (St. Louis, MO, USA). The kit for protein
guantification was purchased from BIO-RAD (Richmond, CA, USA) with BSA as a
standard. The phosphatase inhibitor cocktail (PhosSTOP) was purchased from Roche

(Basilea, Switzerland).

2.3. Enzymes extraction and assays

All the extractions and all the assays were conducted in the presence or in the absence of
phosphatase inhibitor cocktail at the concentration suggested by the customer. Soluble
sucrose synthase and soluble invertase were extracted and assayed, after desalting with
micro Bio-Spin chromatography column (Bio-Rad) as reported previously (Guglielminetti et
al., 1995). Membrane bound sucrose synthase and membrane bound invertase resulted

from the pellet of soluble isoforms extraction were extracted in the same extraction buffer
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with the addition of 0.1% Triton X-100 followed by 1 h incubation at 4°C and final
centrifugation at 20 000 g for 30 min in the case of invertase or 2 h at 100 000 g
ultracentrifugation in the case of sucrose synthase. Membrane bound enzymes activity
was measured in the respective supernatants. Cell wall invertase was extracted and

assayed as described by Hirose et al. (2002).

2.4. Soluble carbohydrate quantification

Soluble carbohydrate was extracted from frozen homogenized vegetal material (100 mg
FW) as described by Tobias et al. (1992). Samples were assayed with coupled enzymatic
assay methods (Aoyama et al., 2014) measuring the increase in As4o. The accuracy of the
method was tested using standards with known amounts of carbohydrates. Recovery
experiments were carried out to evaluate losses during extraction. Two tests were
performed for each metabolite by adding known amount of authentic standards to the
samples before proceeding with the extraction. The concentrations of standards added
were similar to those estimated to be present in the tissues in preliminary experiments.
The percentage of recovery ranged between 93% and 106% depending on the sugar. The
guantity of soluble carbohydrates was corrected on the basis of the recovery percentages

for each sample, and expressed as umoles hexose equivalents g~ FW.

2.5. Chlorophyll Fluorescence

Chlorophyll fluorescence measurements were conducted using a miniaturized pulse-
amplitude-modulated fluorometer (Mini-PAM; Heinz Walz GmbH, Effeltrich, Germany) on
mono-layers leaf spot. The Photosynthetic Photon Flux Density (PPFD) of the saturation
pulses to determine the maximal fluorescence emission in the presence (Fm’) and in the

absence (Fm) of actinic light was about 8000 pmol m™? s™. Fluorescence parameters were

determined at growing light intensity (100 pmol m? s™) and at increasing PPFD (from 50 to



150 400 pmol m™? s™) at the indicated times after C/N treatment depending on the experiment.
151  The potential efficiency of PSIl photochemistry was calculated on dark-adapted leaves as
152 Fv/Fm. The photon yield of PSII photochemistry (®ps)) in the light was determined for each
153  PPFD value as ®pg) = (FM’-F’)/Fm’ (Genty et al., 1989) when steady state was achieved.
154  Fm’ represents the maximum fluorescence yield with all PSII reaction centres in the

155  reduced state obtained from superimposing a saturating light flash during exposition to
156  actinic light, while F’ is the fluorescence at the actual state of PSII reaction centres during
157  actinic illumination. The fast-relaxing component of non-photochemical fluorescence

158 quenching (NPQ) was estimated according to Stern-Volmer equation as NPQ = Fm/Fm’-1
159  (Bilger and Bjorkman, 1990). Fluorescence nomenclature is according to van Kooten and
160  Snel (1990).

161

162 3. Results

163  3.1. Enzymes activity

164  Table 1 reports the activity of several enzymes after 0.5 h treatment with 200 mM

165 glucose/30 mM N (U) or 200 mM glucose/0.3 mM N (T). Activities were measured in the
166  presence (+) or not (-) of phosphatase inhibitor. The activities expressed as mU mg

167  protein™ is reported in the upper panel of the table, while the p-values to compare the

168  effect of C/N treatment and/or phosphatase inhibitor on the enzymes activities is reported
169 in the bottom panel. Cell wall invertase (CWI) was significantly, although weakly, affected
170 by C/N treatment. In fact, CWI activity increased more than 20% in T condition compared
171 with U condition; even that this effect is not correlated with phosphorylation state, as

172 demonstrated by U+ vs T+ p-value (Table 1). On the contrary, when sucrose synthase
173 (SS) activity was analyzed, the effect of phosphorylation state in relation to C/N treatment
174  was significant. The activity of soluble SS decreased significantly after C/N treatment in

175  presence of phosphatase inhibitor, while the activity of membrane bound SS increased
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(U+ vs T+ p-value, Table 1). However, these patterns were not observed in the absence of
phosphatase inhibitor (U vs T p-value, Table 1). A different situation was observed when
soluble or membrane bound invertase activities were analyzed. Both invertases isoforms
resulted positively affected by C/N treatment with or without phosphatase inhibitor showing
significant differences (Table 1). In addition, activities of membrane bound SS and both
invertase isoforms showed a significant increase by the effect of only phosphatase
inhibitor, as demonstrated by the p-values of U vs U+ and T vs T+ (Table 1).

To better understand the effect of C/N stress on the enzymes activities obtained after 0.5 h
treatment, we performed a time course experiment evaluating the activities of enzymes
affected by phosphorylation state (Fig. 1 and 2). The invertase activities under C/N
treatment with or without phosphatase inhibitor are showed in Fig. 1. Activity of soluble
invertase without phosphatase under U condition did not show any change during different
experimental time points, while under T condition the activity increased from 0.5 hto 2 h
treatment and then it is maintained at the same level 24 h after treatment (Fig. 1, upper
panel). The activity of membrane bound invertase without phosphatase under U condition
increased continuously during the experimental time points, while under T condition the
activity pattern increased similar to that of soluble invertase (Fig. 1, upper panel). In the
presence of phosphatase inhibitor, invertase activities increased following similar pattern
compared to the values obtained in samples without inhibitor with the exception of soluble
invertase under U condition (Fig. 1, lower panel). In fact, when phosphorylation state is
maintained, soluble invertase activity strongly increased under U condition during all
experimental time points (Fig. 1, lower panel). The SS activities under C/N treatment with
or without phosphatase inhibitor are showed in Fig. 2. In the absence of phosphatase
inhibitor, soluble isoform activity under U or T conditions showed a significant increase
from 0.5 h to 2 h and it is maintained stable until 24 h treatment (Fig. 2, upper panel). At

the same conditions, different pattern was observed when membrane bound isoform was
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analyzed. The activity of membrane bound SS under U condition transiently increased
from 0.5 h to 2 h and then showed a decrease 24 h after treatment. On the contrary, the
increment of activity under T condition was delayed resulting highest at 24 h after
treatment (Fig. 2, upper panel). When phosphatase inhibitor was used, soluble SS activity
under U condition was maintained during all experimental time points; while under T
condition the increasing of the activity was delayed and raised to a high value at 24 h after
treatment (Fig. 2, lower panel). As well as concern membrane bound SS isoform, its
activity showed an increasing from 0.5 h to 2 h after treatment and then was maintained
constant until 24 h after treatment under U condition. On the other hand, the enzyme
activity under T condition was strongly decreased from 0.5 h to 2 h after treatment and just

slightly increased at 24 h after treatment (Fig. 2, lower panel).

3.2. Chlorophyll fluorescence

Chlorophyll fluorescence represents a well-known non-invasive measurement of the
guantum efficiency of PSII and heat dissipation of the light excess energy (Murchie and
Lawson, 2013), and thus it represents a powerful tool to understand the effects of different
C/N treatments on photosynthetic responses and energy dissipation mechanisms. Fig. 3
shows the photochemical efficiency of PSII after 0.5, 2 and 24 h C/N treatment. Dark-
adapted seedlings under U and T conditions did not show any significant difference in the
maximal photochemical efficiency of PSIl (Fv/Fm). Conversely, the actual photon yield of
PSII photochemistry in the light (®pg;) was significantly affected by the C/N treatment (Fig.
3). Interestingly, although ®ps) decreased with increasing of the photosynthetic photon flux
density (PPFD) under both C/N treatments, T condition showed lower ®pg;, at each PPFD
value than U condition after 2 and 24 h C/N treatment (Fig. 3). Fig. 4 shows the relation of
dpg) at different C/N treatment period respect to the time zero of treatment (TO) expressed

as percentage. Seedlings under U and T conditions at 0.5 h treatment showed reduced
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dps; compared with TO with an abrupt decrease in plants under T condition in comparison
to that of C condition (Fig. 4). From 0.5 h to 2 h of C/N treatment, the percentage of ®pg) in
plants under T condition did not show any significant change whereas it was sharply
increased in plants under U condition (Fig. 4). After 24 h C/N treatment, the percentage of
dpg) increased in plants under both U and T conditions, although U plants maintained a
much higher photochemical efficiency than plants under T conditions (Fig. 4). Non-
photochemical quenching (NPQ) in plants under U and T C/N treatments for 24 h was also
analyzed (Fig. 5). NPQ was increased with the increasing of PPFD in plants under both
CIN treatments and showed a significant difference only at PPFD of 400 pmol m™ s (Fig.

5).

3.3. Soluble carbohydrates

Fig. 6 reports the levels of glucose, fructose, sucrose and total soluble sugars expressed
as hexose equivalents in seedlings under U and T C/N treatments at different time points.
Levels of glucose in plants under T condition strongly increased after 0.5 h treatment rising
to the highest value after 2 h treatment and then slowly decreased 24 h after C/N
treatment. On the other hand, glucose level in plants under U condition remained almost
stable for about 2 h after treatment and then slowly decreased at the end of the C/N
treatment (Fig. 6). Levels of fructose and sucrose in plants under T condition remained
stable and decreased 0.5 h after C/N treatment, respectively. Both values were restored
and highly increased 2 h after treatment and then slowly decreased 24 h after C/N
treatment (Fig. 6). Levels of sucrose and fructose levels in seedlings under U condition
decreased 0.5 h after treatment, then slightly restored after 2 h and continuously
decreased after 24 h C/N treatment (Fig. 6). Additionally, total soluble sugar content in
plants under T condition showed an increasing pattern from the beginning of the

experiment rising to the maximum level 2 h after C/N treatment, and then hexoses content
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significantly decreased by about 25% after 24 h treatment (Fig. 6). In the case of plants
under U condition, total sugar content was decreased after 0.5 h treatment followed by a
slight increase 2 h after C/N treatment rising near to the value obtained at time zero, and

then a slow decrease was observed at the end of the experiment (Fig. 6).

4. Discussion

The change of the C/N balance can modulate the phosphorylation status of many
enzymes which may modify their activity, subcellular localization, stability or even signal
transduction. Our analysis showed that the activity and localization of invertase and SS
were markedly affected by C/N-nutrient status after 0.5 h treatment depending on the
phosphorylation status (Table 1), indicating that these enzymes may necessarily be
activated by their direct phosphorylation or phosphorylation of proteins that form complex
with them. A recent study unrevealed that SS structure comprised different
phosphorylation sites and its function is regulated by its post-translational modification
(Zheng et al., 2011). When C/N balance was disrupted and the phosphorylation status was
maintained, SS activity was markedly different according to its localization. Thus, soluble
SS activity decreased under C/N stress while the activity of its membrane bound isoform
increased, suggesting that C/N related phosphorylation status not only could modulate the
activity of this enzyme but also its subcellular localization. Interestingly, previous reports
showed that the post-translational modification of SS through its phosphorylation is
involved in its cellular distribution between cytosol and membranes in response to abiotic
stress (Winter et al., 1997; Subbaiah and Sachs, 2001). SS protein stability could be also
controlled by its phosphorylation and rapid degradation by the ubiquitin proteasome
system (Hardin and Huber, 2004; Alexander and Morris, 2006). Together with the
knowledge that ATL31 targets 14-3-3 proteins for ubiquitination in response to C/N-nutrient

availability (Sato et al., 2009; Yasuda et al., 2014), we also speculate that under high
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Cl/low N stress condition 14-3-3 proteins are accumulated recruiting phosphorylated SS in
the cytosol for its turnover via the ubiquitin proteasome system. 14-3-3 isoforms have a
complex interaction network that is still unclear, thus they can be found in different/same
subcellular localizations interacting with several proteins and having particular cellular
functions (Paul et al., 2012). Plants possess different invertases (Roitsch and Gonzélez,
2004) and this study showed that soluble and membrane bound invertases are highly
activated after 0.5 h high C/low N condition maintaining the phosphorylation status. We
postulate that invertase activity regulation in C/N stress condition is modulated in a
different way than SS with a positive activation by phosphorylation in combination with 14-
3-3 interaction, as previously reported (Alexander and Morris, 2006; Gao et al., 2014).
However, a more detailed study is needed to elucidate the physiological specificity of 14-3-
3 isoforms with carbohydrate metabolism enzymes in response to C/N nutrient availability.
When C/N-stress treatment period is prolonged for 2 or 24 h, plants strategically regulate
carbohydrate metabolism enzymes and the photochemical activity according to the
availability of C and N nutrients in a tight coordination. At first, the activity of soluble and
membrane bound invertase under long term mild C/N condition was higher in comparison
with that observed after 0.5 h treatment when phosphorylation status was maintained (Fig.
1). Accordingly with this result, sucrose amount at long term mild C/N condition was higher
than 0.5 h treatment (Fig. 6), indicating that invertase activity is activated by the regulation
of the carbohydrate level in the plant. On the other hand, a different pattern was observed
in the activity of SS isoforms according to their localization, where soluble SS activity was
maintained constant under mild C/N condition during the time of the experiment while
membrane bound SS activity increased (Fig. 2). These results indicate that
phosphorylation status may induce SS to localize to specific membrane compartment for

the correct delivery and balance of C source (Subbaiah and Sachs, 2001).
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Second, when the mild C/N nutrient balance was disrupted for long term and the
phosphorylation status was preserved, it was observed that the activities of soluble and
membrane bound invertases dramatically increased in comparison with plants under C/N
stress for 0.5 h (Fig. 1). The activation of invertase may be positively modulated by
phosphorylation in combination with 14-3-3 interaction as previously reported (Alexander
and Morris, 2006; Gao et al., 2014), and this effect correlates with the increasing amount
of sugars which not only act as substrate but also as signaling compounds (Fig. 6).
Results of SS activity at the same long term C/N stress condition maintaining the
phosphorylation status showed that soluble SS increased its activity at long term while the
membrane bound SS keeps low activity in comparison with plants under mild C/N
condition (Fig. 2). This pattern of SS activity suggests that phosphorylation status after C/N
stress could modulate not only SS activity according to its localization but also with the
interaction of other proteins such as 14-3-3s, as described above. All these findings open
new insights about the modulation of carbohydrate metabolism in response to C/N nutrient
availability implicating the phosphorylation status.

Third, our results showed that C/N treatments did not affect the potential efficiency of PSII
photochemistry since there was not significance difference in the values of Fv/Fm on dark-
adapted seedlings under mild or disrupted C/N-nutrient condition at different time points
(Fig. 3), suggesting that photoinhibition did not occur and that PSII reaction centers were
not damaged by the different C/N conditions tested in this work. Conversely, the proportion
of light absorbed by chlorophylls that is used in photochemistry in light-adapted seedlings
results negatively affected by C/N stress and different light conditions, as indicated by the
light response curves of ®pg) (Fig. 3) and the variation of ®pg; during the treatment period
(Fig. 4). This fluorescence parameter gives an estimate of the rate of linear electron
transport and so an indication of the overall photosynthesis (Genty et al., 1989), but

alternative sinks for electrons other than carbon fixation, such as photorespiration,
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reduction of molecular oxygen and nitrate assimilation can also affect ®pg). In general, the
dpg; Values observed in this study indicate that the electron transport rate of plants under
high C/low N condition was lower than that subjected to mild C/N balance, suggesting that
the excess of glucose and the limiting N trigger this feedback control on photosynthesis. In
accordance with our results, previous reports showed that key components of the
photosynthetic pathway such as Rubisco are transcriptionally down regulated in plants
grown under high C/low N condition altering C and N metabolisms in the plant (Sheen,
1990; Krapp and Stitt, 1995; Cheng et al., 1998; Martin et al., 2002; Sato et al., 2009). At
the same time, the light response curves of NPQ in plants after 24 h C/N treatment
indicate that plants under high C/low N need to dissipate a higher proportion of light
through non-radiative energy dissipation mechanisms than plants under mild C/N balance
(Fig. 5). Together with the knowledge that NPQ is linearly related to heat dissipation in the
light-harvesting antenna of PSII (Bilger and Bjorkman, 1990; Tikkanen and Aro, 2012), our
results suggest that plants under high C/low N reduce the electron transport rate at PSlI
level and thus the excess of energy must be dissipated through alternative pathways.
These mechanisms could safely dissipate the excess of excitation energy at PSIl avoiding
photo-damage processes, as indicated by the Fv/Fm values of seedling adapted to the
dark (Fig. 3). Therefore, plants under high C/low N turn off photosynthesis by a convergent
sensing mechanism of C and N, showing that C to N balance is more important rather than
each nutrient per se (Coruzzi and Zhou, 2001; Paul and Pellny, 2003; Sang et al., 2012).
Taken together, we conclude that C/N-nutrient availability may control the phosphorylation
status on SS and invertase and thus their activities via specific subcellular delivery and/or
its interaction with 14-3-3 proteins. Moreover, the tight coordination between C and N not
only affects the carbohydrate metabolism but also the partitioning of the excitation energy
at PSII level between radiative (electron transport) and non-radiative (heat) dissipation

pathways. Further research should focus on the nutrient metabolism and photochemistry
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Figure legends

Fig. 1. Effect of C/N stress and phosphorylation status on the activity of soluble and
membrane bound isoforms of invertase. Enzyme activity of Arabidopsis seedlings was
analyzed in triplicate with or without phosphatase inhibitor. Enzyme extraction was
obtained from whole plants 0.5, 2 and 24 h after transfer to C/N medium containing 100
mM glucose/30 mM N (control medium, U) or 200 mM glucose/0.3 mM N (stress medium,

T) from control medium. Activities are expressed as mU mg protein™. Means + standard
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error are shown. Letters indicate significant differences within treatment (p<0.05)

determined by Fisher’s protected LSD.

Fig. 2. Effect of C/N stress and phosphorylation status on the activity of soluble and
membrane bound isoforms of sucrose synthase. Enzyme activity of Arabidopsis seedlings
was analyzed in triplicate with or without of phosphatase inhibitor. Enzyme extraction was
obtained from whole plants 0.5, 2 and 24 h after transfer to C/N medium containing 100
mM glucose/30 mM N (control medium, U) or 200 mM glucose/0.3 mM N (stress medium,
T) from control medium. Activities are expressed as mU mg protein™. Means + standard
error are shown. Letters indicate significant differences within treatment (p<0.05)

determined by Fisher’s protected LSD.

Fig. 3. Effect of C/N stress on the photochemical efficiency of photosystem Il (PSIl). PSII
efficiency was obtained in leaves of Arabidopsis seedlings 0.5, 2 and 24 h after transfer to
C/N medium containing 100 mM glucose/30 mM N (control medium, U) or 200 mM
glucose/0.3 mM N (stress medium, T) from control medium. PSII efficiency was evaluated
under the photosynthetic photon flux densities (PPFD) of 0, 50, 100, 200 and 400 pmol m™
s™. Means = standard error were calculated from three independent experiment

replications.

Fig. 4. Time course of C/N-nutrient availability effect in the actual (®ps;) photochemical
PSI! efficiency under 100 umol m? s light intensity. ®ps; was obtained in leaves of
Arabidopsis seedlings 0.5, 2 and 24 h after transfer to C/N medium containing 100 mM
glucose/30 mM N (control medium, U) or 200 mM glucose/0.3 mM N (stress medium, T)
from control medium. Data are expressed as percentage comparing each point with the
beginning of C/N treatment (TO) which was set as 100%. Dashed line represents TO
activity level. Means + standard error were calculated from three independent experiment

replications.
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Fig. 5. Effect of C/N stress on the non-photochemical quenching (NPQ). NPQ was
obtained in leaves of Arabidopsis seedlings 24 h after transfer to C/N medium containing
100 mM glucose/30 mM N (control medium, U) or 200 mM glucose/0.3 mM N (stress
medium, T) from control medium. NPQ was evaluated under the photosynthetic photon
flux densities (PPFD) of 50, 100, 200 and 400 pmol m? s™. Means + standard error were

calculated from three independent experiment replications.

Fig. 6. Effect of C/N stress on soluble sugars content. Glucose, fructose, sucrose and total
soluble sugars content was obtained from whole Arabidopsis seedlings 0, 0.5, 2 and 24 h
after transfer to C/N medium containing 100 mM glucose/30 mM N (control medium, U) or
200 mM glucose/0.3 mM N (stress medium, T) from control medium. Sugar content was
expressed as pmol hexose equivalent g FW™. Means + standard error were calculated

from three independent experiment replications.
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mU mg protein™ U T U+ T+

Cell Wall Invertase 15.0£2.4  18.5%£1.9 13.9+0.9 14.3+1.8
Soluble Sucrose Synthase 36.0+7.8 40.6+10.1 52.1+11.3 29.847.7
Membrane Bound Sucrose Synthase  15.1+2.1 17.9+6.5 20.1+4.7 27.7£5.9
Soluble Invertase 53.7£3.4 66.6x4.4 66.2+£3.1 83.216.3
Membrane Bound Invertase 29.2+2.6 38.7+1.3 39.3£3.0 44.9+2.9

p-value U vs.U+ Tvs. T+ Uvs.T U+ vs. T+
Cell Wall Invertase 0.3969 0.0175 0.0195 0.4811
Soluble Sucrose Synthase 0.0579 0.1394 0.5015 0.0170
Membrane Bound Sucrose Synthase 0.0402 0.0214 0.3350 0.0343
Soluble Invertase 0.0016 0.0051 0.0035 0.0029
Membrane Bound Invertase 0.0022 0.0082 0.0006 0.0349

Table 1 Effect of C/N stress and phosphorylation status on the activity of invertase and

sucrose synthase. Enzyme activity of Arabidopsis seedlings was analyzed in triplicate with

(+) or without (-) of phosphatase inhibitor. Enzyme extraction was obtained from whole

plants 0.5 h after transfer to C/N medium containing 100 mM glucose/30 mM N (control

medium, U) or 200 mM glucose/0.3 mM N (stress medium, T) from control medium.

Activities are expressed as mU mg protein™. Means * standard error are shown (upper

panel). Statistical analysis of C/N treatment (U vs. T), phosphorylation status (U vs.U+ and
T vs. T+) and both parameters (U+ vs. T+) effects was done by Student’s t-test (p<0.05,

bottom panel). Significant differences are in bold.
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