
ABSTRACT: Cell suspension culture has been used as a model to study metabolic changes to several stresses. To have detailed information 

of nitrogen (N) limitation on sugarcane metabolism, a controlled study of the primary metabolites and representative compounds of secondary 

metabolism was developed using suspension cells growing under three different N regimes: normal condition (40 mmol·L–1 NO-
3), slightly 

deficient (12 mmol·L–1 NO-
3) and completely deficient (0 mmol·L–1 NO-

3). Sugarcane cells were harvested after 3 and 7 days of treatment. A 

range of changes in the levels of amino acids, organic acids, sugars and phenolic compounds were observed upon the growth conditions 

applied. Nitrogen limitation remarkably affected the amino acids and carbohydrates biosynthesis, which, associated with the changes 

observed on phenolic compounds contents, indicates the upregulation of carbon sink compensation mechanisms in these sugarcane 

cells exposed to N starvation. As expected, the results showed that N limitation might cause an extensive metabolic reprogramming of 

both carbon and N metabolism in sugarcane cells, and these changes are related to the intensity of the starvation. Nitrogen is essential 

for plant growth and development, and its limitation sharply reduces crop yield. Thus, these results open new perspectives for in planta 

studies concerning carbon and N metabolisms balance in this crop.
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INTRODUCTION

Fertilization with nitrate, the main form of nitrogen (N) uptake by plants, results in higher levels of N compounds, increase 
growth and lead to profound alterations in carbon metabolism (Lea and Miflin 2018; Stitt 1999). Nitrate is absorbed from 
soil solution via specific membrane transporters, being reduced to ammonium by following activities of nitrate reductase 
(NR) and nitrite reductase (NiR) enzymes. The ammonium produced is incorporated into amino acids by the actions of 
glutamine synthetase (Peng et al. 2007) and glutamate synthase (GOGAT) (Guo et al. 2007; Lea and Miflin 2018). Organic 
acids metabolism is essential for the assimilation of nitrate because while the 2-oxoglutarate is responsible for accepting the 
ammonium in GOGAT pathway, both malate and fumarate act as counter-anions and prevent alkalization during nitrate 
assimilation (Stitt 1999). Therefore, the adaptation to N limitation requires physiological and biochemical changes. These 
include increments in the capacity to acquire N, reduction in both photosynthesis and growth, remobilization of N from 
mature to immature organs, and stimulation of phenolics biosynthesis to reduce oxidative damages, which is also associated 
with N starvation (Diaz et al. 2006; Peng et al. 2007).
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Sugarcane (Saccharum spp.) is an important crop for renewable bioenergy and is frequently affected by N deficiency 
stress (Salvato et al. 2019; Bassi et al. 2018). To achieve rapid initial growth of ratoons and substantial biomass accumulation, 
sugarcane requires considerable quantities of N fertilizers, such as 175 kg of N·ha–1 (Portz et al. 2012). Besides the importance 
of sugarcane for first and, more recently, second bioethanol generation (Byrt et al. 2011; Dias et al. 2012, Llerena et al. 2019), 
there is still a considerable lack of information about N use efficiency in this crop. Relevant progress has been provided by 
breeding programs for a better understanding of the physiological, biochemical and molecular responses of plants under N 
starvation, and most knowledge obtained has been focused in practical field aspects (Abreu et al. 2020; Calderan-Rodrigues 
et al. 2021). The N cycle in sugarcane is sophisticated and hugely influenced by environmental conditions, such as soil 
temperature and humidity (Bassi et al. 2018; Salvato et al. 2019). Besides, it is altered according to N supply, as fertilizer, 
inputs and losses from decomposition and its transformation in soil by microbial activity (Thorburn et al. 2005).

To date, there have been few reports about changes in metabolites levels in sugarcane, under N deficiency. Therefore, this 
study investigates the response of sugarcane suspension cell cultures to N deficiency due to their advantage to perform essays 
under controlled conditions (Ferreira et al. 2018). Cell suspension has been used as a powerful technique to understand plant 
metabolism, broadening further approaches to be carried out in planta (Abd El-Kader et al. 2019). In this way, a moderate 
and strong deficiency of N was imposed, adding only 30 and 0% of nitrate in basal medium. A wide range of metabolites was 
analyzed using gas and liquid chromatography-mass spectrometry (GC and LC-MS). The identification of such responsive 
metabolites is expected to be helpful to unveil mechanisms of stress tolerance and serve as a guide for future in planta studies, 
including breeding programs, to produce improved sugarcane genotypes to face different conditions of N deficiency in the field.

MATERIAL AND METHODS

Cell cultures and stress treatments

Cell cultures of sugarcane variety IACSP96-2008 were induced and maintained according to Cesarino et al. (2013). Variety 
IACSP96-2008 has been used in the sugarcane breeding program of Instituto Agronômico de Campinas because of its genetic 
stability, adaptability and productivity (Landell et al. 2005). Nitrogen stress was imposed by transferring cells to media with 12 (30%) 
or 0 mmol·L–1 (0%) of nitrate (NO-3) in MS (Murashige and Skoog 1962) supplemented with vitamins (M519, PhytoTechnology, 
USA), 3% (w/v) sucrose, 3 mg·L–1 2,4-dichlorophenoxiacetic acid (2,4-D). Preliminary tests showed that 30% NO-

3 could still 
support cell growth during the period we carried out the experiment. The 30% N media contained 30% of KNO3 and NH4NO3, 
with all other components at correct concentrations as the full media; the 0% N medium had no addition of NH4NO3 and KNO3, 
which were replaced by KCl to keep K concentration. Cells were harvested 3 and 7 days after treatment (DAT).

Cell viability

Cell viability was assessed by adding 2 μL of fluorescein diacetate (1 mg·mL–1) in 1 mL medium containing cells and 
then incubated for 15 min at 37 °C. Fluorescence was detected at 530 nm, with excitation at 488 nm (Coder 2001).

Primary and secondary metabolites profiling

Extraction and analysis of primary metabolites by GC-MS followed the protocol described by Lisec et al. (2006). For 
secondary metabolites, extraction and analysis by LC-MS were performed according to Tohge and Fernie (2010) with minor 
changes. Briefly, in the extraction step, 20 mg of lyophilized sugarcane cells were extracted with 80% methanol in distilled 
water. The mixture was homogenized for 3 min at 25 L·s–1. After two consecutive centrifugations (15,000 xg, 10 min), the 
supernatant was recovered (300 µL) and used for LC-MS analysis. The LC-MS system, methodology and quantification 
were done as described by Tohge and Fernie (2010). The main metabolites detected are listed in the Table 1.
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Table 1. Abbreviations of the major compounds identified in leaves and stems of 
Eucalyptus globulus and Eucalyptus grandis.

Abbreviation Compound

Ala Alanine

ApCag Apigenin-C-arabinoside-glucoside

ApCar Apigenin-C-arabinoside-rhamnoside

ApCg Apigenin-C-glucoside

Asn Asparagine

Asp Aspartate

b-Ala β-Alanine

CQA Caffeoylquinic acid

CSA Caffeoylshikimic acid

DHA Dehydroascorbic acid

FQA Feruloylquinic acid

GABA Gamma-aminobutyric acid

Glu Glutamate

Gly Glycine

Ile Isoleucine

LtCag Luteolin-C-arabinoside-glucoside

Met Methionine

MCoumQA Methoxycoumaroyl-quinate

Orn Ornithine

p-CoumQA p-Coumaroyl-quinate

Phe Phenylalanine

Pro Proline

Put Putrescine

Ser Serine

TrOrg Tricin-O-rhamnoside-glucoside

Tyr Tyrosine

Val Valine

Statistical analysis

Data were statistically examined through analysis of variance and tested for significance (p < 0.05) using student’s 
t-test. Pearson correlation test was used to evaluate the relation among different metabolites analyzed. All the statistical 
analyses were performed using the software GraphPad Prism 5.00 for Windows (GraphPad Software, San Diego, CA, USA). 
Principal component analysis (PCA) was performed using R software version 2.12.2. (http://www.r-project.org), according 
to Ruprecht et al. (2011).

RESULTS

Cell viability

The viability of cells was confirmed 7 DAT in all treatments. The absorption and retention of free fluorescein indicated 
that all treatments had viable cells at the harvesting time (Fig. 1).
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 (a) (b) (c)

Figure 1. Seven-days-old sugarcane cells stained with fluorescein diacetate (FDA).

Note. Intense green fluorescence indicates physiologically live cells and intact cell wall. (a) Control cells; (b) 30% N and (c) 0% N.

Nitrogen limitation stresses lead to extensive reprogramming of metabolites in sugarcane cells.
In response to the imposed N treatments, considerable changes in levels of a wide range of different amino acids (Fig. 2), 

organic acids (Fig. 3), sugar (Fig. 4), sugar alcohols and N compound (Fig. 5) and phenolic compounds (Fig. 6) were evident.
More specifically, there were notable changes in the contents of some amino acids (Fig. 2), namely, asparagine (Asp), 

glutamic acid (Glu), isoleucine (Ile), phenylalanine (Phe) (30% N, 3 DAT), methionine (Met) and tyrosine (Tyr) (0% N, 7 DAT) 
were all significantly increased compared to the control group. Meanwhile, asparagine (Asn), β-alanine (β-Ala), Glu (0% N, 3 
DAT) and Asn and Asp (30% N, 7 DAT) had their levels reduced compared to the same group. Time-related changes on amino 
acids levels were also observed, levels of Asp, Glu, ornithine (Orn) and Tyr showed a reduction between 3 and 7 DAT for cells 
exposed to 30% N, while the treatment 0% N promoted an increase of Asp, β-Ala and Glu contents during the same timeframe.
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Figure 2. Relative soluble amino acid levels of sugarcane cells grown under different nitrate regimes: control (40 mmol·L–1 NO-
3), completely 

deficient (0% N) and slightly deficient (30% N).

Note. Cells harvested after (a) 3 and (b) 7 days after the beginning of treatments. Data were normalized concerning the mean response calculated for control 
groups. Different capital letters indicate a statistical difference between nitrogen deficiency treatments at the same harvesting day; different small letters indicate 
a statistical difference between harvesting days at the same N deficiency treatment, and asterisks indicate significant difference compared to control groups. 
Values are mean ± SE (n = 3).

Nitrogen starvation also promoted changes over the levels of some organic acids (Fig. 3). Tricarboxylic acid (TCA) cycle 
intermediates fumarate and malate showed increased levels in cells growing at 30% N (3 DAT) and reduced amount in cells 
growing at 0% N (3 DAT). Glycerate and malate also presented the same pattern observed for TCA cycles intermediates in cells 
growing at 30 and 0% N and harvested 3 days after the beginning of treatments (Fig. 3a). With 7 DAT (Fig. 2b), only glycerate, 



5Bragantia, Campinas, 80, e2921, 2021

N starvation and sugarcane metabolic changes

malate and nicotinate continued presenting changes compared to the control group. Glycerate and nicotinate had decreased 
levels in cells growing at 30% N and malate increased its content for 0% treatment. Complementarily, glycerate content had the 
most profound change, with a drastic drop between 3 and 7 DAT in cells growing at 30% N and the opposite occurring in cells 
growing at complete N deficiency.
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Figure 3. Relative organic acids levels of sugarcane cells grown under different nitrate regimes: control (40 mmol·L–1 NO-
3), completely 

deficient (0% N) and slightly deficient (30% N).

Note. Cells harvested after (a) 3 and (b) 7 days after the beginning of treatments. Data were normalized concerning the mean response calculated for control 
groups. Different capital letters indicate a statistical difference between nitrogen deficiency treatments at the same harvesting day; different small letters indicate 
a statistical difference between harvesting days at the same N deficiency treatment, and asterisks indicate significant difference compared to control groups. 
Values are means ± SE (n = 3).
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Figure 4. Relative carbohydrate levels of sugarcane cells grown under different nitrate regimes: control (40 mmol·L–1 NO-
3), completely 

deficient (0% N) and slightly deficient (30% N).

Note. Cells harvested after (a) 3 and (b) 7 days after the beginning of treatments. Data were normalized concerning the mean response calculated for control 
groups. Different capital letters indicate a statistical difference between nitrogen deficiency treatments at the same harvesting day; different small letters indicate 
a statistical difference between harvesting days at the same N deficiency treatment, and asterisks indicate significant difference compared to control groups. 
Values are means ± SE (n = 3).
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Few carbohydrates responded to the imposed N deficiency treatments. While fructose showed a slight decrease in the 30% 
N treatment at 3 DAT, maltose and ribose-5-phosphate levels increased at the same treatment and harvest day. For 7 DAT, only 
1,6-anhydro-glucose and maltose had reduced amount in the 30% N group compared to the control. Sucrose and glucose did 
not present any alteration under the imposed treatments (Fig. 4), and maltose was the carbohydrate with the most profound 
change in their levels among the treatments, with a reduction between 3 and 7 DAT at 30% N treatment and an increase at 0% N.

Among the sugar alcohols identified in this work, glycerol and glycerol-3-phosphate had increased levels in cells growing 
at 30% N compared to the control group (3 DAT), and only glycerol continued to show altered levels in 30% N treatment 
at 7 DAT (Fig. 5).
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Figure 5. Relative alcohol sugars and N compounds levels of sugarcane cells grown under different nitrate regimes: control (40 mmol·L–1 NO-
3), 

completely deficient (0% N) and slightly deficient (30% N).

Note. Cells harvested after (a) 3 and (b) 7 days after the beginning of treatments. Data were normalized concerning the mean response calculated for control 
groups. Different capital letters indicate a statistical difference between nitrogen deficiency treatments at the same harvesting day; different small letters indicate 
a statistical difference between harvesting days at the same N deficiency treatment, and asterisks indicate significant difference compared to control groups. 
Values are means ± SE (n = 3).

Concerning the secondary metabolites, it was possible to identify 11 compounds related to the phenylpropanoid 
pathway. Cells growing in the complete absence of N showed the most profound changes in the levels of these 
compounds, particularly for p-coumaroylquinic and shikimic acids (pCoumQA and CSA, respectively), whose 
content significantly increased at 3 DAT and immediately dropped at 7 DAT (Fig. 6). Flavonoids compounds, such 
as apigenin, lutein and tricin derivates, also responded to N starvation at 3 and 7 DAT, mainly by increasing their 
levels when exposed to the most severe N deficiency treatment. Additionally, CSA, p-coumaroyl-quinate, apigenin-
C-arabinoside-rhamnoside, and tricin-O-rhamnoside-glucoside showed a remarkable drop in their contents between 
3 and 7 DAT in both treatments.

Principal component analysis (Fig. 7a) and a correlation matrix evaluation (Fig. 7b) were carried out to identify the most 
responsive primary metabolites to the N starvation conditions applied at this work. The first two principal components 
(PCs) separated the samples into clusters somewhat well-defined, determining a clear difference in metabolite composition 
between each treatment. Sugars levels at 7 DAT and organic acids contents at 3 DAT are the main responsible for separation 
along PC1 (Table 2), separating N starvation cells from those grown at ideal conditions (control group).
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Figure 6. Relative (a and c) phenylpropanoid and (b and d) flavonoids levels of sugarcane cells grown under different nitrate regimes: control 
(40 mmol·L–1 NO-

3), completely deficient (0% N) and slightly deficient (30% N).

Note. Cells harvested after (a and b) 3 and (b and d) 7 days after the beginning of treatments. Data were normalized concerning the mean response calculated 
for control groups. Different capital letters indicate a statistical difference between nitrogen deficiency treatments at the same harvesting day; different small 
letters indicate a statistical difference between harvesting days at the same N deficiency treatment, and asterisks indicate significant difference compared to 
control groups. Values are means ± SE (n = 3).
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Figure 7. (a) Principal component analysis (PCA) of metabolites identified in sugarcane cells growing at different nitrogen deficiency regimes. 
Different treatments are marked with distinct dots: red, control (40 mmol·L–1 NO-

3); blue slightly N deficient (30% N) and green severe N deficient 
(0% N). (b) Correlation matrix of primary and secondary metabolites identified in sugarcane cells growing at different nitrogen deficiency regimes.

Note. Only metabolites showing statistical difference among treatments are represented in this matrix. Correlations represented with p-value < 0.05.

Table 2. Main vectors of the first two principal components (PC) of the analysis presented in Fig. 6a.

Quadrants of PCA analysis First PC Second PC

Positive portion

Maltose_03DAT Phenylalanine_07DAT
Fumarate_03DAT Malonate_07DAT
Glycerol_03DAT Nicotinate_07DAT

Glutamate_03DAT Spermidine _03DAT
Glycerate_03DAT Asparagine_07DAT

Negative portion

1,6-anhydro-Glucose _07DAT Ribose-5-P_03DAT
Methionine_07DAT Malate_07DAT

Glycerate_07DAT Malonate_03DAT
Ribose-5-P_07DAT Methionine_03DAT

Glycerol_07DAT β-Alanine_07DAT
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DISCUSSION

Nitrogen starvation is an important limitation of sugarcane productivity (Patade et al. 2012; Robinson et al. 2011). It is 
known that N deficiency causes changes in the metabolite profiles, with a reduction of amino acids and sugar contents and 
an upregulation of secondary metabolites biosynthesis (Schlüter et al. 2012). In this study, different amino acids seem to 
respond to moderate (Asp, Ile and Phe) or severe (Asn, β-Ala, Met and Tyr) N limitation, while others seem to be commonly 
involved in the response against both N deficiency (Glu; Fig. 2).

The soluble amino acids content is highly variable among plants cell types, species and physiological conditions, but 
the pattern of changes follow the same coordinate way (Bassi et al. 2018; Schachtman and Shin 2007). Those amino acids 
sharing the same biosynthetic pathway usually show a higher correlation (Fritz et al. 2006; Noctor et al. 2002; Schlüter et al. 
2012); Gln, Glu, Asp and Asn serve as source and transport of N, as well they are closely linked to the balance of primary 
carbon metabolism and N assimilation (Galili et al. 2008; Noctor et al. 2002). In that way, these amino acids showed a 
similar response in sugarcane cells under N limitation; Asp, Asn and Glu responded with down accumulation under strong  
N deficiency once the low N availability in the media, which suggests a reduction of N assimilation activity even after a short 
time of treatment (3 DAT, Fig. 2a). Here, it is essential to highlight that this rapid shift of the concentration of the amino 
acids was probably related to the nature of the system tested. As the media was changed drastically and cells could not rely 
on N reserves, as in a healthy plant, the absence of a storage source would accelerate responses to the N starvation imposed 
here. Additionally, once cells survived until 7 DAT (Fig. 1), part of the amino acids should have been used to support this 
survival as precursors for structural biomolecules biosynthesis, such as proteins.

Amino acids as tryptophane (Trp), Met, Pro, Phe and arginine (Arg) are direct or indirectly precursors of secondary 
metabolites and hormones, being involved in the tolerance of plants against biotic and abiotic stresses (Galili et al. 2008; 
Soares et al. 2019). The amino acids Met, Phe and Pro were identified in this analysis (Fig. 2), and the content of the first 
one showed a significant increase under N deficiency treatments compared to the control group. The Phe content was up 
accumulated at 3 DAT in cell cultures growing at 30% of N. Proline (Pro), however, maintained unaltered content for both 
treatments, and possibly was not involved in the tolerance against the stresses applied in this work (Fig. 2a and 2b). This 
myriad of responses of amino acids levels when plants face N starvation is well characterized in the literature. While maize 
and tomato plants showed a reduction of amino acids content when exposed to N deficiency (i.e., Trp, Arg, Asp), different 
accessions of Arabidopsis had an increase of the levels of some amino acids (glycine – Gly, histidine – His, leucine – Leu, Ile). 
This response was explained as an ability for adjusting the amino acids to compensate the decrease of N availability, mainly 
through an increased protein degradation (Bassi et al. 2018; Fritz et al. 2006; Salvato et al. 2019).

Secondary metabolites biosynthesis, especially the phenylpropanoid pathway, represent one of the most important 
amino acids sinks in plants (Galili et al. 2008). In that way, similar to that observed by Bottcher et al. (2013) in sugarcane 
leaves and stems, most of the phenylpropanoids found in this work corresponded to O- and C-glycosylated flavonoids, 
especially those derived from apigenin, luteolin and tricine (Fig. 6b and 6d). These phenolic compounds accumulated in 
sugarcane cells grow in media with N deficiency, and the same pattern was observed for shikimic and caffeoylquinic acids 
(Fig. 6a and 6c), which are important precursors of the lignin biosynthesis (Bassi et al. 2018; Fritz et al. 2006; Salvato et al. 
2019). The mechanisms by which nitrogen controls phenolic metabolism are not fully understood, although some works 
have shown that it must be related to the balance between carbon and nitrogen metabolisms (Fritz et al. 2006; Salvato et 
al. 2019). In that case, the biosynthesis of phenolic compounds consumes high quantities of carbon skeleton and, under 
N deficiency scenario, it is postulated that plants will direct their metabolism to pathways related to C-rich metabolites 
(such as phenolic compounds), in an attempt to recover the balance between carbon and nitrogen availability and avoid 
photosynthesis inhibition promoted by such imbalance (Bassi et al. 2018; Fritz et al. 2006). Moreover, nitrate, the main form 
of N uptake by plants, seems to play a critical role, downregulating portions of phenylpropanoid metabolism (Bassi et al. 2018;  
Fritz et al. 2006; Salvato et al. 2019). Additionally, lignin biosynthesis also acts as an important carbon sink in plant metabolism 
(Wang and Dixon 2012; Zhong et al. 2010). In that sense, although lignin content and its monomers have not been measured 
here, shikimic and caffeoylquinic acids had a negative correlation with phenylalanine and tyrosine content in cells harvested 
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after seven days of N deficiency (R = –1, at p-value < 0.05, Fig. 7b). Here, it is important to highlight that phenylalanine is 
the precursor of most phenolic compounds, including lignin, and any disturbance on downstream biosynthetic pathways 
may also affect aromatic amino acids balance (Bassi et al. 2018; Wang and Dixon 2012; Zhong et al. 2010).

Organic acids are involved in numerous functions in plant cell metabolism, and changes in their amount are variable 
among species, developmental stages and tissue types (Araújo et al. 2011). Remarkably, the organic acid levels are influenced 
by N contents (Hodges 2002). Some organic acids seem to be somewhat involved in moderate (fumaric and nicotinic acids) 
or severe (malic acid) N deficiency responses. In contrast, glyceric and malonic acids, for example, seem to be involved 
in both conditions of N stress (Fig. 3). Fumaric acid is a dicarboxylic acid, intermediary in the TCA cycle, and also acts 
as an alternative carbon source. This acid is generated by the oxidation of succinic acid and is subsequently converted in 
malic acid by the enzymatic action of fumarase (Araújo et al. 2011). In some plants, like tobacco, Arabidopsis and tomato,  
N deficiency resulted in low levels of fumaric and malic acids (Ghosh et al. 1960; Scheible et al. 1997; Tschoep et al. 2009), 
and the same pattern was observed in this work, particularly for 0% N treatment at 3 DAT. However, malic acid accumulated 
in the same treatment at 7 DAT, suggesting a change in its regulation with the continuity of the N starvation. An explanation 
for such change is related to the regulation of malate biosynthesis, common mechanism observed in plants exposed to 
severe stresses (Dinakar et al. 2016; Salvato et al. 2019; Zhao et al. 2018). Diverse stresses promote an imbalance in energetic 
metabolism, requiring a higher respiration rate to cope with plant responses to this new stressful environment (Salvato et al. 
2019; Zhao et al. 2018). However, the increase of respiration rate also promotes higher production of reactive oxygen species 
(ROS), triggering oxidative stress responses. Among those responses, an upregulation of malate biosynthesis is observed, 
draining part of the energy consumed by ROS and also reducing their production (Dinakar et al. 2016; Zhao et al. 2018). 
In that sense, changes on malate content observed at the present work point out to delicate balance between respiratory 
metabolism and N starvation and sugarcane cells and should be the focus of future studies regarding the improvement of 
this crop yield under stressful conditions.

Concerning carbohydrate metabolism, their polls often increase in N deficient plants (Schlüter et al. 2012; Sperdouli 
and Moustakas 2012). Although these treatments with absence and low availability of N promoted a higher accumulation 
of maltose, glucose and ribose derivates, it was not possible to see many other significant alterations in sugar accumulation 
(Fig. 4). This lack of response of most carbohydrates identified in this work suggests strong control over carbon metabolism 
in sugarcane cells. This fine control is expected, once carbohydrate metabolism is the core of the biosynthesis of diverse other 
metabolites and source of energy to the stress responses promoted by nitrogen starvation. Moreover, this strict homeostasis 
of carbon metabolism should be maintained as stable as possible, even if it affects other metabolic pathways, such as the 
degradation of macromolecules (i.e., proteins) or the biosynthesis of phenolic compounds. This stability is essential for 
maintaining the carbon and nitrogen balance, as discussed here and as well as other groups (Bassi et al. 2018; Dinakar  
et al. 2016; Salvato et al. 2019).

Putrescine (Put) and spermidine (Spd) are metabolites involved in a variety of processes in plant cells, and their 
accumulation levels are subjected to numerous stress conditions (Recalde et al. 2020; Spormann et al. 2020). In higher 
plants, the decarboxylation of Orn or Arg leads to Put formation, which is subsequently converted to Spd (Bouchereau  
et al. 1999). The levels of Spd were highly influenced by both N deficit stresses studied at this work (Fig. 5), suggesting 
their participation in response to N starvation. However, the precise roles of these metabolites in stressful conditions for 
sugarcane must be better understood, opening new perspectives for future studies (Moschou et al. 2008).

Using PCA, a clear separation of control and stressed groups was observed (Fig. 7a). Combining PCA data with 
correlation matrix analysis (Fig. 7b), it was possible to describe a more precise scenario after N stress treatments. In general, 
N starvation promotes positive correlation between sugars, amino acids and phenolic compounds, especially at the beginning 
of N starvation (3 DAT). In that way, this work suggests that under N starvation, sugarcane cells rapidly degrade proteins 
to improve the amount of N sources available, increasing the levels of free amino acids and, also, the levels of sugars and  
N compounds, derived from amino acids catabolism. Moreover, the increased amount of some phenolic compounds in cells 
growing under N deficiency support the idea of carbon sink compensation, as discussed earlier (Bassi et al. 2018; Bottcher 
et al. 2013; Fritz et al. 2006; Salvato et al. 2019). Therefore, a reorganization of cell metabolism to respond to this stress 
can be expected, showing some similar patterns of interactions among different compounds of the same metabolic classes.
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In conclusion, metabolic adaptation enables plants to cope with stressful conditions. In this work, a comprehensive 
exploration of sugarcane cells metabolome in response to N starvation after three and seven days of exposition to this stress 
was reported, and it was possible to identify metabolites involved with N-deficit stress responses. For that, cell suspension 
as a study model was used. These results show that sugarcane cells growing under N deprivation can reprogram their 
metabolism, indicating that an adjustment for an efficiency increase might exist. In a complex system, such as the whole 
sugarcane plant, with high amounts of sucrose accumulation, variation in N supply as a fertilizer may change allocation 
and partition of N among organs in a way to guarantee carbon allocation in sucrose.
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