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ABSTRACT: Nasturtium (Tropaeolum majus) is an ornamental and medicinal plant that has edible flowers. Drought and salt stress decrease
flower production and quality, including affecting sugar metabolism and ethylene production. Ethylene can accelerate the nasturtium
senescence process, decreasing its postharvest quality. The use of polyamines, mainly spermine, may be a strategy for reducing the
harmful effects of these stresses on the metabolism of sugars and phenolic compounds and for decreasing the production of ethylene,
which accelerates senescence, in nasturtium flowers. Therefore, the objective here was to evaluate the role of spermine application on sugar
and phenolic compounds and on ethylene production in nasturtium flowers grown under drought and salt stress. Two experiments were
performed in isolation and at the same time in order to achieve this. Spermine down-regulated ethylene production and up-regulated the
content of sugars and phenolic compounds on nasturtium flowers grown under drought and saline stress. Sugars and phenolic compounds
down-regulated ethylene production in nasturtium flowers. Spermine can be used to mitigate the harmful effects of drought and salt stress
on nasturtium flowers by increasing sugar and phenolic compounds and decreasing ethylene production.
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INTRODUCTION

Nasturtium (Tropaeolum majus L., Tropaeolaceae) is a plant with edible flowers grown in several regions of the world.
Nasturtium flowers are one of the main commercialized edible flowers. The spicy flavor of its flowers gives this plant a
peculiar characteristic. Fresh leaves and flowers are mainly consumed in salads and sandwiches (Xu et al. 2021), but they are
also excellent for the decoration of dishes and an alternative cultivation for small and medium producers. In addition, this
plant has glucosinolates, flavonoids, fatty acids and thiocyanates, a set of nutraceutical substances that are very important
for human health (Valsalam et al. 2019).

Nasturtium is a plant cultivated in many parts of the world. However, many regions have several abiotic stresses that
can decrease plant growth and production. Plants, under natural and/or agricultural conditions, are exposed to various
environmental stresses (Seleiman et al. 2021). Salt stress and drought are two of the main abiotic stresses that can affect
plant metabolism (Ma et al. 2020). About 10% of arable land worldwide suffers from drought stress and salinity, especially
in arid or semi-arid regions (Liu et al. 2022). Soil salinization increases annually around the world due to climate change,
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high evaporation, low precipitation, poor water management, fertilization in crop areas and irrigation with saline water
(Nachshon 2018, Ors et al. 2021). Drought is also a concern for current agricultural production, given the scarcity of water
and irregular rainfall in several regions (Shemi et al. 2021). Plant responses to both salt stress and drought are similar, such
as initial osmotic stress and decreased water potential, which lead to the production of reactive oxygen species (ROS),
stomatal closure, decreased water absorption, and reduced growth and production (Yolcu et al. 2021).

Drought and saline stresses make it difficult to grow edible flowers in several places around the world, especially in
arid and semi-arid regions. These are the two most common abiotic stresses, which cause disturbances in the growth and
productivity of crops at all stages of development (Ors et al. 2021). These stresses can cause various types of damage to
plant metabolism, such as osmotic stress, damage to the photosynthetic apparatus, decreased water use efficiency and even
death in more extreme situations (Abd El-Mageed and Semida 2015). The search for alternatives to minimize the damage
caused by abiotic stresses is constant. The use of phytohormones, such as polyamines, is a promising alternative to allow
the acclimation of plants to drought and salt stress.

Polyamines participate in the regulation of plant growth and development. However, their metabolism undergoes deep changes
during abiotic stress (Gonzalez et al. 2021). Polyamines are a group of aliphatic, polycationic and low-molecular-weight molecules with
two or more amine groups synthesized from amino acids and are found in all living things (Michael 2016, Navakoudis and Kotzabasis
2022). Spermidine and putrescine are present in all organisms that synthesize polyamines, whereas spermine, thermospermine and
cadaverine are not present in all organisms (Gerlin et al. 2021). Polyamines play a key role in redox homeostasis, as the increase in
polyamines, especially spermine, acts to scavenge hydroxyl radicals and participates in increasing H,O, levels through their catabolism
by amine oxidases, thereby controlling ROS levels (Pottosin et al. 2014) and reducing the damage caused by them.

Polyamines, particularly spermine, interact with oxidative balance and sugar and nitrogen metabolism (amino acid transport/
biosynthesis) (Sequera-Mutiozabal et al. 2016). Furthermore, polyamines influence the production of ethylene by impeding the
transcription and activity of the enzyme 1-carboxylic acid-1-aminocyclopropane synthase (ACS), as well as the action of ethylene
(Dias et al. 2010, Champa et al. 2015). This combined action of these factors can delay senescence by decreasing oxidative damage.
Sugars can interact with ethylene biosynthesis and signaling to regulate flower senescence of ethylene-sensitive species (Yuan et al.
2012). Ethylene increases senescence, while polyamines inhibit it (Del Duca et al. 2014). The anti-senescence effect of polyamines
is due to the inhibition of biosynthesis and polyamine-mediated ethylene action (Dias et al. 2010, Hasan et al. 2021).

The role of spermine in influencing the levels of sugars and phenolic compounds and in producing ethylene in nasturtium
flowers has not yet been elucidated. Neither has this action on nasturtium flowers grown under drought and salt stress been
adequately studied. Therefore, the objective here was to evaluate the role of spermine application on sugar and phenolic
compounds and ethylene production in nasturtium flowers grown under drought and salt stress.

MATERIAL AND METHODS
Experiment location

Two experiments were performed in isolation at the same time to evaluate the role of spermine application on sugar and
phenolic compounds and ethylene production in nasturtium flowers grown under drought and salt stress. The experiments
were carried out in a greenhouse at the Department of Agronomy, Universidade Federal de Vigosa, Vi¢osa, Minas Gerais, Brazil.

Plant material and experimental design

Nasturtium seeds (var. Semi-dobrada sortida, Feltrin®) were sowing in a 128-cell polystyrene tray with commercial
substrate (Topstrato). Seedlings were tranplanted in 1.2-L pots with commercial substrate (Topstrato), and transplanted at
12 days after planting. Spermine diluted in deionized water with 0.05% Tween 20 (v:v) was used as a surfactant to increase
plant uptake. The control treatment was deionized water and 0.05% Tween 20. Plants were sprayed with about 10 mL of
each solution or until completely wet. Spermine applications were made every seven days for four weeks.
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The experiment to evaluate drought stress was distributed in a completely randomized design, in a 3 x 2 factorial
scheme, with three irrigation depths (30, 50 and 80% of the pot’s holding capacity) and two spermine doses (0 and 1 mM
of spermine), with five replications. A pre-test was performed to determine the dose of spermine applied. The beginning of
the treatments was 20 days after planting (eight days after transplanting). The determination of pot holding capacity (PHC)
was performed according to the methodology described by Kampf et al. (2006). The formula used was Eq. 1:

PHC = PW - (PWwhc - PWdry) x WRD + PWdry (1)

in which: PW: pot weight; PWwhc: water holding capacity (weight); PWdry: pot weight filled with completely dry substrate;
WRD: water replacement depth (Girardi et al. 2016).

PHC maintenance was carried out daily in all vessels, weighing them and replacing the volume of water lost by
evapotranspiration, using a scale with a capacity of 10 kg. The plants were fertigated with 4 gL of 20-20-20 fertilizer +
micronutrients (Peters), once a week.

The experiment to evaluate salt stress was also distributed in a 3 x 2 factorial scheme, with three saline stress intensities—0,
40 (moderate salt stress) and 80 (severe salt stress) mM of NaCl, two spermine doses (0 and 1 mM of spermine - Silva
et al. 2022a) and five repetitions. Salt stress was started at 20 days after planting.

Relative water content

Ten discs of flowers (1 cm in diameter) were used to determine the relative water content (RWC). After weighing and
obtaining the fresh mass (FM), the flower discs were immersed in 10 mL of deionized water for 3 hours until reaching the
turgid mass (TM). Then, the discs were placed in an oven at 65 °C for 48 hours to obtain the dry mass (DM). The RWC
was calculated using Eq. 2:

RWC (%) = [(FM-DM)/(TM-DM)] x 100 (2)
Analysis of reducing and non-reducing sugars

Soluble sugars were extracted from approximately 2 g of fresh leaf and homogenized in 80% ethanol heated to 85 °C.
The extract was centrifuged at 12,000 g for 8 min. The supernatant was collected, and the precipitate was extracted once
more with 80% ethanol. The content of total soluble sugars (TSS) was estimated using the sulfuric phenol method (Dubois
et al. 1956). The assay containing 0.25 mL of supernatant, 0.25 mL of 5% phenol and 1.25 mL of concentrated H,SO, was
incubated at 30 °C for 20 minutes. After cooling, absorbance was measured at 490 nm. Sucrose was used as the standard,
the TSS content being expressed as a percentage of TSS per fresh leaf mass.

The reducing sugar (RS) content was quantified using the 3,5-dinitrosalicylic acid (DNS) method proposed by Gongalves
et al. (2010), with modifications. An aliquot of 0.5 mL of the supernatant was added to 0.5 mL of the DNS reagent, and the
tubes were heated in a water bath for 5 minutes. After cooling in an ice bath, 4 mL of water was added, and absorbance was
read at 540 nm. Fructose was used as the standard, and the RS content was determined in %RS per fresh leaf mass. The
non-reducing sugar content (NRS) was estimated by the difference between TSS and RS, with results expressed as %NRS
per fresh leaf mass.

Analysis of total phenolic compounds
Total phenolic compounds were extracted from the same extract used for sugar analysis. The phenolic content was

determined according to Fu et al. (2010), using gallic acid as a standard. The absorbance was determined by a spectrophotometer
at 760 nm, and the content was expressed in mg-g” fresh mass.
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Ethylene measurement

Ethylene production was determined using a sample of one flower placed in a 38-mL hermetically sealed container.
After 17 hours, 1 mL of the internal atmosphere of the container was extracted with a syringe, and ethylene was
quantified using a gas chromatograph (Hewlett-Packard 5890, series II). Column, inlet, and flame ionization detector

temperatures were maintained at 60, 110 and 150 °C, respectively. Ethylene production was expressed as pmol ethylene
g'FM h.

Statistical analysis

Data was subjected to analysis of variance (ANOVA), and, when significant (p < 0.05), a comparison of means (Tukey
test) was performed using the ExpDes statistical package (Ferreira et al. 2018). An analysis of canonical correspondence
and confidence ellipses (p < 0.01) was performed to study the interrelationship between variables and factors using the
candisc package (Friendly and Fox 2017). Pearson’s correlation analysis was performed using the corrplot (Wei and Simko
2017) and PerformanceAnalytics (Peterson and Carl 2020) packages. The R statistical program (R Core Team 2021) was
used to perform the statistical analyses.

RESULTS

Spermine application increased the relative water content in nasturtium flowers grown under severe (6.83%) and moderate

(3.66%) drought stress, as well as increased in flowers grown under severe salt stress (10.07%) (Fig. 1).
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*Means followed by the same lowercase and uppercase letters do not differ by Tukey’s test at 5% probability for spermine and drought/salt stresses, respectively.
Values are mean + standard deviation (n=5).

Figure 1. Relative water content of Tropaeolum majus flowers grown under (a) drought stress and (b) salt stress*.

Spermine application decreased ethylene production in nasturtium flowers grown under moderate (24.35%) and
severe (17.95%) drought stress and moderate (55.48%) and severe (72.31%) salt stress. Ethylene production was the
same in flowers grown under moderate and severe drought stress, and the same behavior occurred in flowers under
moderate and severe salt stress. Spermine application increased the content of total phenolic compounds in flowers
grown under both moderate drought stress (48.91%) and severe drought stress (13.99%) and in flowers grown under
severe salt stress (252.11%) (Fig. 2).
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Values are mean + standard deviation (n =5).

Figure 2. Ethylene production and total phenolic compounds content of Tropaeolum majus flowers grown under (a and c) drought stress
and (b and d) salt stress*.

Spermine application increased the levels of reducing sugars (44.75%), non-reducing sugars (56.51%) and total sugars
(56.10%) in flowers grown under severe drought stress, but all of these parameters decreased in flowers under moderate
drought stress (6.68, 18.49 and 18.13%, respectively). Flowers grown under spermine application and severe and moderate
drought stress had a higher content of reducing sugars compared to plants without stress and with spermine (29.63 and
20.62%, respectively). Spermine increased reducing sugar levels in flowers grown under moderate (24.20%) and severe
(19.06%) salt stress, as well as increasing total sugar levels in flowers under severe salt stress (16.30%) (Fig. 3).

A canonical variables analysis and confidence ellipses were performed to understand the interrelation between factors
and variables. Ethylene production was more related to flowers grown without spermine and under moderate (50P0) and
severe (30P0) drought stress. The content of total phenolic compounds (Phenolic) and reducing sugars (RS) had a greater
relation with flowers grown under spermine application and under moderate (50P1) and severe (30P1) drought stress,
while the content of NRS and TSS had a higher relation with flowers under spermine application and under severe drought
stress and without this stress (80P1). The RWC had a greater relationship with plants under spermine application (Fig. 4a).
For saline stress, ethylene production was more related to flowers grown under severe salt stress and without spermine
application (80P0). The sugar contents and relative water content were more related with flowers grown under spermine
application and moderate salt stress (40P1) and in plants without stress and without spermine application (0P0); there was
no difference between these two treatments. The content of phenolic compounds was more related to flowers under severe
salt stress and spermine application (80P1) (Fig. 4b).
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Figure 3. Reducing sugars, non-reducing sugars, and total sugars of Tropaeolum majus flowers grown under (a, ¢ and e) drought stress and

(b, d and f) salt stress*.

The content of NRS and TSS and RWC downregulated the ethylene production of nasturtium flowers grown under
drought stress. The sugar contents upregulated the content of phenolic compounds (Fig. 5a). The contents of total phenolic
compounds and sugars and relative water content downregulated the ethylene production of nasturtium flowers grown

under salt stress. The contents of reducing and non-reducing sugars upregulated the content of phenolic compounds. The

0.85 -
0.80 |
075
S, 070
& 0.65 _
S 060
055 |
0.50

sugars (%)

Reducin

0.00 -

(d)
13 1

12 A
11 A
1.0 A
0.9 ~

0.8 1

Non-educing sugars (%)

0.7
0.0 -

2.0 q

1.8 A

1.6 A

14 4

Total sugars (%)

1.2 1

10
0.0 -

HOmMSpm B1mMSpm

aA
aB
aA aC
bAB
bB
0 40 80
Salinity (mM NaCl)
HOmMSpm B1mMSpm
aA
aA aA
bAB
aB
aB
0 40 80
Salinity (mM NaCl)
BOmMSpm B1mMSpm
aA aA
aA
bB aB
bB
0 40 80

Salinity (mM NaCl)

relative water content upregulated the sugar contents in nasturtium flowers (Fig. 5b).
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Figure 5. Pearson’s correlation between the analyzed variables of flowers of Tropaeolum majus grown under (a) drought stress and (b) salt stress.

DISCUSSION

Spermine application increased the relative water content of nasturtium flowers grown under drought and salt stress
because this phytohormone improves the water status of cells (Ebeed et al. 2017), through osmoprotection and in the
osmotic regulation that helps maintain turgor and cellular water status (Slama et al. 2015). Similar results were observed in
nasturtium leaves grown under drought (Silva et al. 2022b) and salt stress (Silva et al. 2022a). In addition, the application
of polyamines can induce the production of nitric oxide in plants (Tun et al. 2006, Wimalasekera et al. 2011, Silveira et al.
2021), which has been reported as signaling in plants under stress, which leads to the maintenance of water content, greater
antioxidant capacity, and better stability of cell membranes (Gan et al. 2015).

Spermine application decreased ethylene production in nasturtium flowers grown under drought stress and salt stress due
to antagonistic competition of polyamines with ethylene for the common precursor, S-adenosylmethionine (SAM) (Hasan
etal. 2021). This precursor is converted into 1-aminocyclopropane-1-carboxylic acid (ACC) by the action of the ACC synthase
enzyme; in the final step of the hormone biosynthesis, ACC is oxidized to ethylene by the ACC oxidase enzyme (Pan et al. 2019).
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Spermine decreased ethylene production in maize (Zea mays L.) under drought stress (Talaat and Shawky 2016). Spermine
application increased the content of total phenolic compounds in flowers grown under the aforementioned stresses because
this phytohormone facilitates the accumulation of phenolic compounds that act as scavengers of ROS or essential antioxidants
to protect plants against oxidative damage (Ghabel and Karamian 2020). The increase in phenolic compounds in Glycyrrhiza
glabra L. under cold stress has been reported to be due to the capacity of this antioxidant and ROS neutralization in response
to stress (Ghabel and Karamian 2020). Thus, the increase in phenolic compounds may be an induced response to deal with
oxidative stress (Bashandy et al. 2020). Spermine has been described as producing an antioxidant effect in flowers of Nicotiana
plumbaginifolia L. (Nisar et al. 2015).

Spermine application increased the content of sugars in flowers grown under drought and salt stress, as this phytohormone
plays an important role in carbohydrate synthesis and as a growth regulator in some biological processes associated with
carbohydrate synthesis (Ghabel and Karamian 2020). Sugars are active osmolytes in decreasing abiotic stress in plants.
Spermine has a key role in the regulation of active osmolytes in soybean (Glycine max L.) genotypes susceptible to drought
stress due to maintenance of water status under adverse conditions (Dawood and Abeed 2020). In addition, spermine is
associated with the modification of carbohydrate metabolism enzymes and promotes the maintenance of a higher content
of sugars, especially sucrose, in plants (Song et al. 2015).

Spermine application increased the content of water-soluble carbohydrates (fructose and sucrose) in white clover
(Trifolium repens L.) cultivars grown under drought stress (Li et al. 2015). It relieved the carbohydrate metabolism damage
caused by cold in spinach (Spinacia oleracea L.) (He et al. 2002). The harmful effects of salt stress on sugar content are
related to increased ROS production, which leads to carbohydrate oxidation. Furthermore, polyamines play an important
role in scavenging ROS and maintaining membrane stability (Yi et al. 2018).

The accumulation of sugars produces an osmolytic effect which plays a large role in osmoprotection, regulation of
osmotic adjustment, scavenging of free radicals and in providing membrane protection to alleviate the damaging effects of
both salt stress and drought stress (Krasensky and Jonak 2012, Singh et al. 2015). Soluble sugars are associated with both
ROS anabolism and catabolism, such as that which occurs in the pentose phosphate oxidative pathway entailed in NADPH
production, which involves ROS elimination (Hu et al. 2012). Accumulation of sugars prevents cell membrane oxidation
(Arabzadeh 2012), reduces the photosynthetic rate and stomatal closure (Osakabe et al. 2014) and maintains leaf water
content (Xu et al. 2007) of plants under drought stress.

Ethylene production was more closely related to flowers grown under drought stress and salt stress without spermine because
polyamines, including spermine, inhibit ACS (Takahashi et al. 2010), a key enzyme in ethylene synthesis, and ethylene is a direct
inhibitor of arginine decarboxylase (ADC) and S-adenosylmethionine decarboxylase (SAMDC) (P4l et al. 2015). Spermine
application decreased ethylene production in carnation (Dianthus caryophyllus L.) flowers (Lee et al. 1997). Moreover, the content
of total phenolic compounds and sugars had a greater relationship with flowers grown under drought and salt stress with spermine
application. This behavior is related to the fact that spermine is a phytohormone which acts on the metabolic defense mechanism
against oxidative stress (Sequera-Mutiozabal et al. 2016). Phenolic compounds and sugars are non-enzymatic pathways for
maintaining cellular homeostasis and eliminating ROS in plants under abiotic stresses. The increase in phenolic compounds and
consequent decrease in ROS production in plants under stress was observed in Anthurium andraeanum Linden ex André (Simoes
et al. 2018), Brassica napus L. (Bashandy et al. 2020), G. max (Dawood and Abeed 2020) and Oryza sativa (Farooq et al. 2009).

The contents of total phenolic compounds and sugars downregulated the ethylene production of nasturtium flowers
grown under drought stress and salt stress due to ethylene inducing respiratory activity and, consequently, a depletion of the
carbohydrate content in flowers (Costa et al. 2020). Furthermore, sugars can downregulate ethylene synthesis, as observed
in Paeonia suffruticosa Andrews flowers under glucose application, through decreased ethylene production due to delay
and inhibition of ACC and ACS activity and suppression of ACC oxidase (Wang et al. 2014).

Additionally, it is worth noting that the crosstalk between ethylene and sugars, mainly glucose, occurs partially through
the transcriptional regulation of genes involved in the biosynthesis of this phytohormone (Andriunas et al. 2011). The
upregulation of sugars in proportion to the content of phenolic compounds may have been due to the activation of the

flower system under stress to eliminate ROS (Torras-Claveria et al. 2012).
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CONCLUSION

Spermine application downregulated ethylene production and upregulated the content of sugars and phenolic compounds
in nasturtium flowers grown under drought stress and salt stress. Sugars and phenolic compounds downregulate ethylene
production in these nasturtium flowers. Spermine can be used to mitigate the harmful effects of drought stress and salt

stress in nasturtium flowers by maintaining sugar and phenolic compounds and decreasing ethylene production.
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