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the field. Leaves accumulated PAs in all months but 
this profile was not observed in the culm. Amino acid 
concentrations were more constant in the leaf than 
in the culm, and total amino  acid concentration in 
this organ was 12-fold higher in the first month. The 
last month of sugarcane development was marked 
by increased concentrations of IAA and ABA in the 
leaves. These findings  indicated that sugarcane has 
metabolic strategies to cope with developmental 
and environmental challenges, influencing the 
metabolic flow of each organ and impacting adaptive 
physiological responses. Together, these changes 
provide insights into distinct metabolic profiles of 
each organ throughout development and pave the way 

Abstract  Carbohydrates, hormones, and other 
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for a more integrative understanding of the biological 
functioning of sugarcane in the field, which can 
contribute to future strategies to improve yield 
performance.

Keywords  Sugarcane · Amino acids · Polyamines · 
Hormones

1  Introduction

Carbohydrates, amino acids, and hormones 
trigger adaptative responses to the environment 
and regulate many aspects of plant growth and 
development (Minocha et  al. 2014; Ferreira et  al. 
2018; Emenecker and Strader 2020). Carbohydrates 
are produced by photosynthesis and their production, 
transport, consumption, and storage are connected 
to cellular metabolic activities, organ identity, 
and developmental phases (Smith and Stitt 2007). 
Therefore, the integrative plant perception and 
management of carbohydrate concentrations could 
serve as a control mechanism to integrate external 
environmental factors, nutrient homeostasis, 
developmental programs, stress response, and plant 
metabolism (Smith and Stitt 2007; Li and Sheen 
2016).

Polyamines (PAs) are amines with low-
molecular-mass positively charged at physiological 
pH. They can be found as free molecules or 
conjugated into small (such as coumaroyl, ferulic, or 
hydrocinnamic acids) and large molecules (such as 
lipids, nucleic acids, and proteins) (Minocha et  al. 
2014; Masson et al. 2017; de Oliveira et al. 2017). 
The most common PAs in plants are putrescine 
(Put), spermidine (Spd), and spermine (Spm) 
(Majumdar et  al. 2016; de Oliveira et  al. 2018), 
followed by cadaverine (Cad), and thermospermine 
(Cohen 1998; Minguet et  al. 2008), an isomer of 
spermine. PAs are synthesized from the amino 
acids glutamate (Glu), glutamine (Gln), ornithine 
(Orn), and arginine (Arg) (Majumdar et  al. 2016; 
de Oliveira et al. 2018; Jangra et al. 2023). The Glu 
to proline (Pro), Orn, Arg, PAs, and γ-aminobutyric 
acid (GABA) reactions constitute one of the major 
interactive pathways for carbon (C) and nitrogen 
(N) assimilation and partitioning (Majumdar et  al. 
2016; de Oliveira et  al. 2018). In general, PAs are 
present in large amounts in cells and can scavenge 

N, influencing the total distribution of N in multiple 
pathways (Salo et  al. 2016) and the N:C balance 
(Mattoo et  al. 2006). Additionally, fluctuations in 
PA concentration are often related to plant responses 
to different stresses and growth phases (Minocha 
et  al. 2014; Cheng et  al. 2019; Sheng et  al. 2022; 
Jangra et al. 2023). Thus, significant changes in PA 
biosynthesis and catabolism can affect the cellular 
pool of other metabolites, including amino acids, 
sugars, and phytohormones, such as abscisic acid 
(ABA) and indole-3-acetic acid (IAA) (Jangra et al. 
2023).

Abscisic acid regulates several physiological 
functions in plants, from seed germination to 
stomatal movements, acting as an enhancer or 
repressor of plant growth and development (Chen 
et  al. 2019b; Parwez et  al. 2022). Abiotic stress 
conditions stimulate ABA biosynthesis leading 
to stress mitigation responses via modulation of 
gene expression, metabolism, and crosstalk with 
other hormones (Chen et  al. 2020; Bulgakov and 
Koren 2022; Parwez et  al. 2022). For instance, 
in high-temperature conditions, ABA increases 
the concentrations of starch, and non-structural 
carbohydrates (Rezaul et al. 2019; Chen et al. 2019b).

Indole-3-acetic acid is the most common auxin and 
plays a vital role in plant growth and development 
(Jangra et  al. 2023). It regulates cell division, 
expansion and differentiation, apical dominance, 
embryogenic development, root and stem tropisms, 
and the transition to flowering (Bunsangiam et  al. 
2021; Jangra et  al. 2023). Although auxin controls 
the whole plant development, its homeostasis is 
important for maintaining the hormonal balance at a 
level suitable for proper plant growth. Moreover, high 
concentrations of IAA can exert an inhibitory effect 
on plant physiological processes (Bunsangiam et  al. 
2021).

Amino acids act as building blocks of proteins and 
intermediate the biosynthesis of many compounds 
such as PAs (Galili et  al. 2008). Under reduced 
nutrient availability, free amino acids and other 
metabolites might be released from the catabolism of 
macromolecules activating protein kinases such as the 
general nutrient sensor target of rapamycin complex 
1 (TORC1), which coordinates the metabolism of 
sugars (Xiong et al. 2013) and N (Mubeen et al. 2018; 
Cao et al. 2019). This process contributes to osmotic 
adjustment and maintenance of the plant energy state, 
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establishing another cross-talk between C and N 
metabolism (Kohli et al. 2012; Mubeen et al. 2018).

Together, amino acids, PAs, and hormones can 
act in numerous processes such as leaf and flower 
senescence, plant architecture, development, and 
abiotic stress tolerance (Minocha et al. 2014; Kumar 
et  al. 2019). Besides, these metabolites are tightly 
regulated and oscillate in response to environmental 
inputs (i.e., stress and water availability) or during 
the transition between different developmental stages 
(i.e., juvenile, adult, or senescence stages). In this 
way, an integrated investigation of these compounds 
can be used to determine the fine regulation of 
crop growth and development, especially in plants 
subjected to different environmental stimuli as those 
growing in the field.

Sugarcane is an important crop in Brazilian 
agriculture and bioenergy scenarios (De Souza 
et  al. 2014; Cursi et  al. 2022). Attention to biomass 
residues from sugar and biofuel industries to enhance 
cellulosic ethanol production for a sustainable energy 
future has led to scientific advances in understanding 
sugarcane physiology and molecular biology (De 
Souza et al. 2014). However, how the concentrations 
of PAs, IAA, ABA, and amino acids fluctuate at 
different phases of sugarcane development and their 
influence on plant growth and yield performance is 
unknown. In this study, we evaluated the variation 
in these compounds in the leaves and culms of 
Saccharum spp. cv. SP80-3280 during the crop cycle 
in the field.

2 � Material and methods

2.1 � Plant material

Plants of Saccharum spp. (cv. SP80–3280) were 
grown in a field plot measuring 2,112.5 m2 with 
rows spaced at 1.4  m apart  and harvested during 
the second ratoon cycle (De Souza et  al. 2018). 
Fertilizer (500  kg  ha-1 of 20:00:20 N:P:K) and 
herbicides (Combine 500C from Dow AgroSciences 
and Flumyzin 500 from Sumitomo Chemical) 
were applied to the clay soil at the experimental 
site according to the farmer’s standard practices. 
Climate conditions (temperature, relative humidity, 
accumulated rainfall, and accumulated solar 
radiation) during the experiment are available in De 

Souza et  al. (2018). Green fully expanded leaves 
(leaf + 1) and culm (mature internodes) were collected 
along the diurnal cycle in 01, 03, 06, and 12 months 
of development, frozen in liquid nitrogen, ground to a 
fine powder, and stored at -80 °C . Twelve biological 
replicates were used for each month for biochemical 
characterization. For quantifying IAA and ABA, 
eight replicates were used.

2.2 � Measurement of free amino acids

Free amino acids were extracted and quantified 
according to de Oliveira et  al. (2018). Aliquots of 
fresh material (10 mg of leaves and 40 mg of culms) 
were extracted with 80 % ethanol (v/v). Amino acids 
were derivatized with o-phthalaldehyde, separated 
by high-performance liquid chromatography 
(HPLC, Shimadzu, Japan) on a C18 reverse-phase 
column (5  µm × 4.6  mm × 250  mm—Supelcosil 
LC-18, Sigma-Aldrich, USA), and quantified by 
comparison with authentic standards: aspartate 
(Asp), glutamate (Glu), asparagine (Asn), serine 
(Ser), glutamine co-eluted with histidine (Gln + His), 
glycine (Gly), arginine (Arg), threonine (Thr), alanine 
(Ala), tyrosine co-eluted with γ-aminobutyric acid 
(Tyr + GABA), methionine (Met), tryptophan (Trp), 
valine (Val), phenylalanine (Phe), isoleucine (Ile), 
leucine (Leu), ornithine (Orn), lysine (Lys), and 
citrulline (Cit).

2.3 � Analysis of free PAs

Putrescine, spermidine, cadaverine, and spermine 
were extracted as described by de Oliveira et  al. 
(2018). Aliquots of fresh material (10  mg of leaves 
and 40  mg of culms) were homogenized with cold 
5 % (v/v) perchloric acid at a ratio of 1:4 (m/v, i.e., 
10  mg of tissue in 40  mL of perchloric acid) and 
subjected to three cycles of freezing (at −20  °C for 
2h30) and thawing (at room temperature, around 
2  h). Later, extracts were centrifuged at 14,000  g 
for 20  min at 4  °C. The supernatants containing 
free PAs were collected and derivatized according 
to Silveira et  al. (2008). Extracts (40  µL) were 
mixed with 100  µL of dansylchloride (5  mg  mL−1 
in acetone), 20  µL of 0.05  mM diaminoheptane 
(internal standard), and 50  µL of saturated sodium 
carbonate. After 50  min of incubation in the 
dark at 70  °C, the excess of dansylchloride was 



	 Theor. Exp. Plant Physiol.           (2025) 37:10    10   Page 4 of 15

Vol:. (1234567890)

converted to dansylproline by adding 25  µL of 
proline (100 mg  mL−1). Subsequently, samples were 
incubated for 30 min at room temperature. Dansylated 
PAs were extracted with 200  µL of toluene and the 
supernatant was collected and dried under flowing 
nitrogen gas. Dansylated PAs were dissolved in 
200 µL of acetonitrile. PAs were separated by HPLC 
on a reversed-phase C18 column (as described above) 
mixing increasing proportions of absolute acetonitrile 
with 10% acetonitrile in water (pH 3.5). The gradient 
of absolute acetonitrile was set to 0–65 % for the first 
10 min, 65–100% from 10 to 13 min, and 100% from 
13 to 21 min, at a flow rate of 1 L  min−1 at 40  °C. 
PAs were detected at 340 nm (excitation) and 510 nm 
(emission) wavelengths with an RF-20A fluorescence 
detector (Shimadzu, Japan).

2.4 � IAA and ABA quantification

The hormones ABA and IAA were extracted and 
quantified according to Silveira et  al. (2008) and 
Álvarez-Florez et  al. (2017) with modifications. 
Aliquots of  50  mg of the dry mass (DM) of leaves 
and culms were homogenized in 2.5  mL extraction 
buffer containing methanol and isopropanol (20:80 
v/v), 1  % acetic acid (v/v), and [3H]IAA and [3H]
ABA at a concentration of 0.5  µCi  mL−1 (internal 
standards). Samples were analyzed by HPLC using 
the same reversed-phase C18 column described above. 
ABA and IAA concentrations were determined using 
a UV–VIS detector at 254  nm and a fluorescence 
detector at  280  nm (excitation) and 350  nm 
(emission), respectively.

2.5 � Data analysis

Data were analyzed by the Kruskal–Wallis test or by 
analysis of variance (ANOVA), followed by pairwise 
multiple comparison procedures with different tests, 
described in the results. Heatmaps were performed 
using MetaboAnalyst version 5.0 (Pang et al. 2021).

3 � Results

3.1 � Total amino acids were higher at the beginning 
of sugarcane development

To evaluate the changes in amino acid 
concentrations during the development of 
sugarcane, samples of leaves and culms were 
analyzed across a 12-month growth period in the 
field (01, 03, 06, and 12  months) (Fig.  1). Total 
concentrations of amino acids decreased in both 
organs during development. However, a  significant 
reduction was observed in the culm in month 03. 
The highest values of total amino acids for leaves 
and culms were found in the first month, but culms 
showed  concentrations approximately 12-fold 
higher than leaves (Fig. 1A).

The 21 investigated amino acids were quantified 
in the culm. However, Cit was present in this 
tissue only during the first month of development 
(Fig.  1B and C and Additional file  1) and was 
not detected in leaves. In culm, Asn showed the 
highest concentrations, peaking in the first month 
(Additional file  1). In contrast, the more abundant 
amino acids in the leaf were Orn and Lys (Fig. 1C 
and Additional file 1).

A heatmap was generated to better visualize 
variations in amino acid concentrations during 
the sugarcane development (Fig.  1B and C). Two 
well-defined clusters were formed (Fig.  1B and 
C) and represent different groups of metabolites 
with similar profiles throughout leaves or culm 
development. In the leaf, Asp, Asn, Ser, and Met 
were identified at low concentrations in cluster I 
(Fig. 1B), while the remaining amino acids showing 
higher concentrations throughout the months were 
grouped into cluster II.

In the culm, the first cluster was composed of 
Met, Glu, Ser, Trp, Phe, Arg, and Tyr + GABA, with 
low concentrations in most months (Fig.  1C). The 
remaining amino acids showing high concentrations, 
mainly in the first month, were in the second cluster. 
From the third month onwards, some amino acids 
showed different profiles: i) amino acids with 
high concentrations until the last month (Asn, 
Asp, and Orn); ii) amino acids with intermediary 
concentrations (Gly, Lys, Ala, and Val); and iii) 
amino acids whose concentrations decreased along 
development (Gln + His, Ile, Thr, Leu, and Cit).
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3.2 � Sugarcane has higher Total‑PAs in leaf than in 
culm

Putrescine, spermidine, spermine, and cadaverine 
were detected in leaves and culms of sugarcane 
(Fig.  2). Total-PAs (sum of all identified PAs) were 
higher in leaves than in culm in all months analyzed 

(Fig.  2A and B), being 2.9- and 13.2-fold higher in 
months 01 and 06, respectively. In leaves, Total-PAs 
decreased in the last month of development (Fig. 2A), 
whereas this decrease was observed from the third 
month on in culms (Fig. 2B).

The concentrations of each PA in the leaf (Fig. 2A) 
and culm (Fig. 2B) revealed that putrescine (Fig. 2A) 

Fig. 1   Total amount of amino acids and heatmap showing 
amino acid variations in leaf and culm during the development 
of sugarcane. Total amount of amino acids  (A) in sugarcane 
leaf (black bars) and culm (gray bars) throughout 12  months 
of development in the field. Significant differences among 
months (Kruskal–Wallis followed by Student–Newman–Keuls’ 
test, p < 0.05) are indicated by letters whereas the difference 
between organs (Student’s t test p > 0.05) is indicated by 

asterisks. Values are means ± standard error (n = 12). Heatmaps 
showing the variation in the amino acid concentrations in leaf 
(B) and culm (C) culm during the development of sugarcane. 
Glutamine co-eluted with histidine (Gln + His) and tyrosine 
co-eluted with γ-aminobutyric acid (Tyr + GABA). Data were 
transformed into log10. Samples/lines show the natural contrast 
between groups using the ward clustering method
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and spermidine (Fig.  2B) contributed to the higher 
concentrations of Total-PAs in month 01. In addition, 
putrescine was the main PA in the leaf along the 
sugarcane development, followed by spermidine and 
spermine. Spermidine concentrations were more 
constant in the leaf than in the culm. This latter had 
a higher spermidine concentration in the first month 
only. Opposite profiles were found for spermine 
between the two organs. In the leaf, a tendency for 
spermine concentrations to increase was observed 

during months 03 and 06, opposite to its decrease 
in the culm. Cadaverine showed basal amounts and 
no significant changes in all months for both organs 
(Fig. 2A and B).

3.3 � High concentrations of IAA and ABA are present 
in leaves at the end of the sugarcane development

Sugarcane leaf and culm had different IAA and ABA 
profiles (Fig.  3A) during development, especially 

Fig. 2   Polyamine concentrations in sugarcane leaf (A) and 
culm (B)  throughout development in the field. Bars represent 
the average concentration of each polyamine (PA) (putrescine, 
cadaverine, spermidine, and spermine) and the line is the total 
polyamine concentration in each month. Significant differences 

for each PA among months (Kruskal–Wallis followed by 
Tukey test, p < 0.05) are indicated by lowercase letters whereas 
the difference between the total polyamine  concentration is 
indicated by uppercase letters. Values are means ± standard 
error (n = 12)
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Fig. 3   Concentrations of indole-3-acetic acid (IAA) (A) 
and abscisic acid (ABA) (B) in leaves (black) and culms 
(pink) throughout sugarcane development in the field. 
Significant differences among months (Tukey test p < 0.01) 

are indicated by letters whereas the difference between organs 
(Student’s t test p < 0.01) is indicated by asterisks. Values are 
means ± standard error (n = 8)
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concerning the higher leaf IAA concentrations in 
most time points analyzed. IAA concentrations were 
similar between the two organs at month 03 and 
ninefold higher in the leaf at month 12 (Fig. 3A). In 
the leaf, a significant increase in the amount of IAA 
was detected from months 03 to 12, whereas in culm 
this happened between months 01 and 03.

Leaf and culm had similar concentrations of ABA 
during the first three months of development, and 
a slight decrease was observed from the first until 
the sixth month. At month 12, ABA concentrations 
were threefold higher in the leaf compared to culm 
(Fig. 3B).

3.4 � Metabolite concentrations were overall more 
variable in leaves than in culms

To provide an overview of the metabolite changes 
during sugarcane development, we combined the 
data from carbohydrate quantification from De Souza 
et al. (2018) with the results presented here (Fig. 4). 

Overall, the relative amount of metabolites was more 
variable among the months in leaf compared to the 
culm. As expected, the metabolite in the highest 
amount in the culm and leaf was sucrose. Unlike 
amino acids, whose concentrations fluctuate over 
months, hormones were present in low amounts in all 
months.

4 � Discussion

   Carbon (C)  molecules are used as energy and 
C-skeleton for metabolic processes and growth, 
which influences C partitioning and transport to 
different tissues during plant development (Hartman 
et  al. 2020; Da Silva et  al. 2023). The patterns of 
carbohydrate distribution in different metabolic 
pathways were recently investigated in sugarcane 
and energy-cane varieties (Da Silva et al. 2023), but 
information on other metabolites (plant hormones, 
polyamines, and amino acids) and their seasonal 

Fig. 4   Schematic overview of the changes in carbohydrate, 
amino acid, and polyamine metabolism throughout sugarcane 
development in the field. Changes in metabolite accumulation 
in leaf (L) and culm (C) are indicated by heatmaps generated 
separately for each organ. The solid lines indicate direct 
conversion and the dashed lines indirect conversion. Asterisks 

indicate that glutamine co-eluted with histidine and tyrosine 
co-eluted with γ-aminobutyric acid (GABA). Red and blue 
indicate high and low metabolite concentrations, respectively. 
Data regarding carbohydrates (glucose, fructose, sucrose, 
raffinose, and starch) were originally published by De Souza 
et al. (2018)
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fluctuations are usually overlooked. A broader 
understanding of how nonstructural carbohydrates are 
built, used, and stored, as well as other metabolites 
could shed light on how these compounds are 
regulated during sugarcane development.

4.1 � Increasing amino acid concentrations is 
correlated with enhanced sugarcane biomass 
production

Plant growth and development are fueled by primary 
metabolism, which includes the synthesis, use, and 
accumulation of carbohydrates, amino acids, and 
lipids. Together with hormones, these compounds 
regulate various physiological, biochemical, and 
molecular processes (Paul and Pellny 2003; De 
Souza et  al. 2018). For instance, sugars are the 
primary energy source and provide the necessary 
building blocks for biomass production. Amino 
acids derived from sugar metabolism and external 
sources, play a crucial role in protein synthesis and 
interact with hormones influencing their biosynthesis 
(Galili et  al. 2008). The interplay between these 
metabolites is particularly evident in stress responses, 
where sugars and amino acids, as well as PAs, 
act as osmoprotectants and signaling molecules, 
coordinating stress adaptation through the modulation 
of hormone concentrations (see reviews Minocha 
et  al. 2014; Sami et  al. 2016). However, how these 
metabolites contribute synergistically to biomass 
production remains elusive. This is particularly 
relevant for agronomically important traits.

In sugarcane, information about amino acid 
metabolism throughout the development is scarce. 
Wiggins and Williams (1955) detected 11 amino 
acids in leaves and culms of 12 sugarcane varieties 
and identified a decrease in their concentrations 
during sugarcane development, as we  also observed 
(Fig.  1). Da Silva et  al. (2023) identified 14 amino 
acids and the polyamine putrescine in the leaf and 
culm of sugarcane (RB867515) and energy cane 
(Vertix 8) varieties.  Together, the fluctuations in 
amino acids, putrescine (Da Silva et  al. 2023), and 
carbohydrates (De Souza et  al. 2018) concentrations 
impact the metabolism of distinct sugarcane varieties. 
The patterns of metabolite variation seem to be 
determined by several factors, such as environmental 
conditions and the source-sink relationship. In 
sugarcane, the culm is a robust sink and accumulates 

more than 55% of its dry mass in the form of 
sucrose (Waclawovsky et  al. 2010). However, this 
organ becomes a source when cuttings containing 
axillary buds are used for vegetative propagation. 
In this phase, culm supplies C and other nutrients 
for bud sprouting and root formation (Boussiengui-
Boussiengui et al. 2016).

Here, we measured a larger number of amino acids 
in comparison to previous works and found a high 
concentration of total free amino acids in sugarcane 
culms in the first month of development (Fig.  1A). 
As we analyzed sugarcane plants from the second 
ratoon cycle, possibly this high accumulation occurs 
because the culm is under a sink-to-source transition. 
In addition, the formation of new shoots after the 
harvest depends on the expansion of a new root 
system, but old roots are still active for several weeks 
(Ball-Coelho et  al. 1992) and the sucrose stored in 
the culms might function as a reserve to maintain 
their metabolism (De Souza et  al. 2018). Isotopic 
analysis in the sugarcane variety NA 56–79 N has 
revealed that reserves from the culms are important 
for seedling establishment in the first 50–60 days of 
development (Carneiro et  al. 1995). In this sense, 
sugars and amino acids support the growth and 
development of the aerial part during the sink-to-
source transition.

The amino acids more abundant in culm and leaves 
were Gln, Asn, Asp, Glu, and Orn, which are related 
to the PA biosynthetic pathway (Fig.  4). The high 
concentration of PAs, mainly putrescine, suggests a 
high demand for these amino acids (Majumdar et al. 
2013, 2017).

4.2 � Asn, Lys, and Orn can influence how sugarcane 
deals with environmental adversities and N 
assimilation

New insights into the regulation of metabolic 
networks among tissues can be obtained through the 
investigation of the connectivity and abundance of 
amino acids, as well as the correlation between amino 
acids and other metabolites (Ferreira et al. 2018). The 
amino acids clustered according to their changes in 
abundance during sugarcane development (Fig.  1B-
C). In the leaf, cluster I is composed of amino acids 
with low abundance during development such as 
Ser, Met, and Asn (Fig.  1B). Asparagine showed 
the most distinct profile in comparison to the other 
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metabolites in both organs, with high concentration in 
the first month (Fig. 1B and Fig. 4). Asparagine is an 
N-rich amino acid and often associated to transport 
and storage of N. In addition, Asn is a water-
stress  responsive metabolite in plants and is present 
in the large concentration in sugarcane (Wiggins and 
Williams 1955; Iskandar et  al. 2011). Its synthesis 
occurs by deamination and transamination processes, 
which release N for the synthesis of other amino acids 
and proteins (Kurmi and Haigis 2020) mainlyat high 
energetic demand phases.

Da Silva (2023) showed that diurnal variations in 
Asn and Lys in the leaf of sugarcane are associated 
with the C supply, whereas Orn was differentially 
significant only in the internode. In our study, Lys 
and Orn were present in high concentrations in the 
leaf in all months (Fig.  2A and Additional File 1). 
Lys concentration increases during drought, osmotic, 
and salt stress due to protein hydrolysis, inducing 
the transcriptional regulation of genes involved 
in the saccharopine pathway (that converts Lys 
to α-aminoadipate) and the use of Glu to produce 
Pro (Arruda et  al. 2000; Arruda and Barreto 2020). 
Transgenic Arabidopsis constitutively overexpressing 
an N-acetyl-L-glutamate synthase gene have a high 
concentration of Orn in the leaves, which leads to a 
higher tolerance to drought stress compared to wild-
type plants (Kalamaki et  al. 2009a,b). Additionally, 
Orn can serve as a precursor for PAs via the enzyme 
ornithine decarboxylase (Majumdar et  al. 2013; 
Winter et  al. 2015) and regulate an entire subset of 
pathways for Glu, Arg, and Pro (Majumdar et  al. 
2013), important for abiotic stress tolerance and 
the regulation of N assimilation (Marco et  al. 2011; 
Gupta et al. 2013).

4.3 � PAs, IAA, and ABA may be associated with 
protection against abiotic stress and senescence 
in sugarcane

Plant growth and development are controlled 
by endogenous and exogenous cues. PAs show 
tissue- and organ-specific distribution patterns 
(Chen et  al. 2019a), and there seems to exist 
a link between sugar metabolism, PAs, IAA, 
and ABA (Bai et  al. 2021). In general, the most 
abundant PAs in plants are putrescine (leaves) and 
spermidine (other organs) (Takahashi et  al. 2018). 
This same profile was detected in month 01 in 

sugarcane (Fig.  2A and B), in which putrescine 
concentrations were 2.6 times higher in the leaf. 
Putrescine was the PA more abundant in leaves in 
all months of development. Putrescine interacts 
with various regulatory molecules and/or regulates 
the expression of different genes such as those 
involved in ABA and IAA biosynthesis (González-
Hernández et  al. 2022). In addition, putrescine 
can modulate chlorophyll concentrations but how 
this happens is unclear (for review see González-
Hernández et  al. 2022). Wheat plants treated with 
exogenous putrescine accumulate higher total 
carbohydrate concentrations due to the stimulation 
of photosynthetic CO2 assimilation (El-Bassiuony 
and Bekheta El-Bassiouny et  al. 2008; Ioannidis 
et al. 2012). Increased carbohydrate concentrations 
were also observed in sugarcane leaves from 
03 months onwards (De Souza et al. 2018).

Ripening or senescence starts after a certain 
physiological age and involves a series of changes 
at the physiological, biochemical, and molecular 
levels. Pandey et  al. (2000) demonstrated the 
involvement of PAs and the hormone ethylene in 
this process. Both have a common precursor in 
their biosynthetic pathways,  S-adenosylmethionine 
(SAM) (Majumdar et  al. 2017). Although SAM is 
preferentially transformed into PAs (Khan and Singh 
2010), competition between the biosynthesis of PAs 
and ethylene might occur. All PAs showed lower 
concentrations in leaf and culm in the last month (12) 
of development (Fig. 4) when leaf senescence reached 
40% of the canopy (De Souza et al. 2018). Therefore, 
SAM may be directing the flux towards ethylene 
synthesis to promote senescence. Additionally, 
ABA and ethylene interact antagonistically and/or 
influence each other’s synthesis and their signaling 
transduction pathways (Müller 2021). In our study, 
higher concentrations of ABA were found in 
leaves at month 12, which can also be associated 
with senescence. Although we have not measured 
ethylene concentration in this study, its biosynthesis 
might be induced by higher ABA or by decreased 
PA biosynthesis as demonstrated in different plants 
(Zhang et al. 2009; Mou et al. 2016; Zhao et al. 2016). 
In this sugarcane experiment, leaves from the bottom 
canopy started to senesce at 6 months and senescence 
increased up to 12 months (De Souza et al. 2018), in 
agreement with the hormonal profiles observed in the 
present study (Fig. 4 and 5).
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Hormones such as auxin, ABA, cytokinin, 
salicylic acid, gibberellic acid, ethylene, 
brassinosteroids, and jasmonic acid play a pivotal 
role in sucrose biosynthesis and accumulation in 
sugarcane (for review see Misra et al. 2022). Here, 
we found that the concentrations of IAA increased 
in expanded leaves from the 6th month onwards, 
peaking at the 12th month, which coincides with 
the final development of sugarcane. Auxin plays 
central roles in leaf development, including leaf 
initiation, blade formation, and compound leaf 
patterning (Xiong and Jiao 2019). In Arabidopsis, 
elevation of leaf auxin concentrations has been 
consistently found to inhibit leaf expansion (Keller 
et  al. 2011). Auxin also  shows a crosstalk with 
other hormones such as ABA, ethylene, cytokinins, 
brassinosteroids, polyamines, and other metabolites, 
such as carbohydrates and amino acids (Misra 
et  al. 2022). Auxin can stimulate the production 
of ethylene by influencing the transcription of 
certain genes and altering their expression patterns 

(Zemlyanskaya et  al. 2018). Additionally, the 
presence of specific regulatory elements in gene 
promoters suggests a coordinated interaction 
between PAs, auxin, and ethylene during the growth 
and development of plants (Majumdar et al. 2017). 
Similarly, Chen et  al. (2019b) have found that the 
interaction of phytohormones particularly ethylene, 
ABA, and other sugar molecules helps to modify 
the production and storage of sucrose. Ethylene 
activates genes linked with the metabolic activities 
of carbohydrates like sucrose synthase and 
invertases that presumably enhance the potential of 
sink strength and the efficiency of sucrose unloading 
from the phloem (Misra et al. 2022). In this context, 
the intrinsic interplay of plant hormones enables the 
plant to perform specific physiological functions at 
both spatial and temporal levels. Studying hormone-
hormone or hormone-metabolic interactions is 
a highly competitive field of research aimed at 
unraveling the underlying regulatory mechanisms, 
however, in sugarcane, more studies are necessary.

Fig. 5   Phenological stages of sugarcane development in the 
field indicate variations in the source/sink strength. In the first 
month, plants are establishing stage; in the third month, plants 
have already reached the vegetative stage, being ready for 
harvest at the twelfth month of cultivation (ripening). The ratio 

of the total concentrations of hexoses (glucose and fructose), 
sucrose, PAs, amino acids, ABA, and IAA between the leaf 
and the culm for each month was used to calculate source 
(green) and sink (orange) strength. Data regarding hexoses and 
sucrose were originally published by De Souza et al. 2018
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4.4 � PAs, amino acids, auxin, and sucrose: possible 
crosstalks?

An interaction among sugar, amino acids, and PAs 
metabolism was previously demonstrated by the 
application of exogenous sucrose (Altuntaş et  al. 
2019), which regulated genes involved in PAs 
synthesis and increased concentrations of Pro and 
PAs in maize seedlings exposed to drought (Altuntaş 
et  al. 2019). Additionally, PAs increase both the 
photosynthetic rate in flag leaves and carbohydrate 
accumulation, thereby promoting grain filling in 
wheat (Liu et al. 2013). Application of spermidine in 
Vitis vinifera increased soluble sugar concentrations, 
mainly sucrose, but reduced amino acids in leaves, 
evidencing that sucrose and amino acids displayed 
opposite tendencies influenced by PAs (Aziz 2003). 
Interestingly, the sucrose accumulation profile (De 
Souza et  al. 2018) in leaf and culm appears to be 
inverse to amino acid accumulation and displays a 
negative correlation in all months in leaves and in 
the first month in the culm (Additional file  2). This 
correlation was also observed in a metabolome 
analysis performed during culm development 
(Glassop et  al. 2007) and in sugarcane suspension 
cells (Wendler et al. 1991; Veith and Komor 1993).

Our results indicate an interrelation between the 
accumulation of sugars and other metabolites, such 
as amino acids, PAs, and hormones in the sugarcane 
source (leaves) and sink (culm) organs (Fig. 5). The 
strength of source-sink targeting, an approach adapted 
from Benning et al. (2023), revealed that sucrose and 
IAA concentrations increase sink strength, while 
PAs concentrations increase the source strength 
during the 3–6-month transition. During this 
transition, carbohydrates start to accumulate in culms, 
mainly sucrose, along with the downregulation of 
photosynthesis and growth (De Souza et al. 2018). In 
addition, this high concentration of IAA in the culm 
during the 3rd month may be related to the need for 
the culm to grow. In Moso bamboo, shoot tips have 
the highest auxin concentrations and may be the main 
site of auxin biosynthesis in the early stage of rapid 
growth (Bai et  al. 2022). Auxins have an indirect 
role in photosynthesis through the modulation of 
chloroplast development, stomata patterning, and 
leaf venation (Müller and Munné-Bosch 2021). 
In addition, transcription factors that respond to 
auxin concentration, such as auxin response factors 

(ARFs), have been reported to be associated with 
the photosynthesis ratio, as well as the accumulation 
of starch and soluble sugars in tomato (Yuan et  al. 
2019). A member of the ARF family (ARF6A) may 
be directly bound to the SAMS1 promoter, resulting 
in a negative expression regulation, decreasing 
SAM and regulating the biosynthesis of spermidine, 
spermine, and ethylene (Yuan et al. 2019). Thus, our 
results along with those reported by De Souza et al. 
(2018) suggest that not only sugar concentrations, 
but also IAA may be associated with the regulation 
of hormone pathways, growth, photosynthesis, and 
biomass.

The amino acid concentrations also showed the 
sink-to-source transition in culms and leaves. Amino 
acids are suggested to have a regulatory role in sucrose 
storage, as cells only pass from the growth stage to 
the sucrose storage stage due to amino acid depletion 
and transport (Stein & Granot 2019; Kim et al. 2021). 
Interestingly, genotypes of sugarcane with higher 
sprouting rates tend to have higher concentrations of 
putrescine, whereas genotypes with low sprouting 
rates show higher concentrations of sugars and amino 
acids (Ferreira et  al. 2018). Considering this, amino 
acids and PA might have a relationship with sucrose 
accumulation during the substantial transition period 
(growth vs. accumulation). However, more functional 
studies are needed to validate this interaction.

5 � Conclusions

 PAs, IAA, and ABA can be involved with 
senescence, and the high metabolism of amino 
acids in the culm appears to play a vital role in 
maintaining the energy balance of sugarcane, 
providing the essential resources to support 
plant establishment and survival. Together, these 
fluctuations indicate metabolic specificities of each 
organ throughout development and pave the way for 
a more integrative understanding of the biological 
functioning of sugarcane in the field, which can lead 
to future strategies to improve yield performance.
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