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Abstract

It has been proposed that borneol acts as a compound responsible for inducing tolerance to salt
stress in the Allium cepa model organism. This study investigated the effect of borneol variation
(100, 300 and 500 pg/mL) on the phytotoxic potential in seed emergence, growth of seedlings,
roots and leaves in A. cepa under field conditions, normal and induced by NaCl (150 mM).
Changes in and lipid peroxidation (LPO) levels was evaluated as markers of oxidative stress, and
the antioxidant activity of borneol was evaluated by DPPH test. The exposure of A. cepa to 150 mM
of NaCl significantly decreased the emergence capacity of the seeds. Nevertheless, borneol at
concentrations of 100 and 300 ug/mL significantly reduced the salt stress and improved the
emergence rate and the number of roots. Borneol significantly reduced lipid peroxidation (LPO)
caused by NaCl, but, did not have any effect on the total iron content. Borneol exhibited DPPH
radical scavenging activity similar to that of ascorbic acid used as standard anfioxidant. The
nutrients with the highest accumulation in the soil were P> S> Ca> N> K> Mg. Moreover, the pH was
ideal for the cultivation of the species. The results of this study suggest that borneol can be used as
a potential folerance regulator fo improve resistance o salt stress in Allium cepa.
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Resumo

Foi proposto que o borneol atua como um composto responsdvel por induzir toleréncia ao estresse
salino no organismo modelo Allium cepa. Este estudo investigou o efeito da variacdo do borneol
(100, 300 e 500 ug / mL) sobre o potencial fitotdxico na emergéncia de sementes, crescimento de
mudas, raizes e folhas de A. cepa em condicdes de campo normais e induzidas por NaCl (150
mM). As mudancas nos niveis de peroxidacdo lipidica (LPO) foram avaliadas como marcadores
de esfresse oxidativo, e a atividade antioxidante do borneol foi avaliada pelo teste DPPH. A
exposicdo de A. cepa a 150 mM de NaCl diminuiu significativamente a capacidade de
emergéncia das sementfes. No entanto, o borneol nas concentracdes de 100 e 300 ug/mL reduziu
significativamente o estresse salino e melhorou a faxa de emergéncia e o nUmero de raizes. O
borneol reduziu significativamente a peroxidacdo lipidica (LPO) causada pelo NaCl, mas ndo
afetou o teor de ferro total. O borneol exibiu atividade sequestrante de radical DPPH semelhante
d do dcido ascérbico usado como antioxidante padrdo. Os nutrientes com maior acUmulo no solo
foram P> S> Ca> N> K> Mg. Além disso, o pH era ideal para o cultivo da espécie. Os resultados
deste estudo sugerem que o borneol pode ser usado como um potencial regulador de tolerdncia
para melhorar a resisténcia ao estresse salino em Allium cepa.

Palavras-chave: Estresse oxidativo, salinidade, fitotoxicidade, borneol, A. cepa.
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INTRODUCTION

Among abioftic stresses, salinity is a serious environmental problem, affecting productivity in
agriculture worldwide [1]. About 20% of the world's cultivated land, including one-fifth of irrigated
agricultural areas, face salinity threafs [2-3]. Salt stress affects seed emergence [4], causing a
reduction in germination rate at the beginning of seedling development [5]. In addition to
affecting the emergency, salt stress is very harmful and limits plant growth [6-7], and act by
decreasing the osmoftic potential, as well as causing ion toxicity due to the accumulation of Na*
and CI- [3]. Moreover, it causes several disturbances in plants [8], causing morphological changes
such as decrease in leaf quantity, roof length, plant size and fruit production, as well as reduced
production of secondary metabolites [9], since the stages of seed germination and development
of initial seedlings are generally more sensitive to salt stress [10].

Notably, problems with soil salinity are more severe, particularly in semi-arid regions due fo
limited precipitation and increased temperature associated with climate change [11-14]. Some
compounds may influence salt stress, such as the inhibition of seed emergence by NaCl, which can
occur through the inhibifion of ethylene [15]. Other compounds can affect emergence of seeds,
such as monoterpenes, which are the main constituents of essential oils, known for numerous
biological activities [16]. They inhibit seed emergence and suppress initial root growth [17-20].
However, some studies indicate that monoterpenes can act as attractive pollinators and as natural
protectors [21-23].

The monoterpene 2-Borneol occurs naturally in more than 260 plants and is commonly
found as a major component of the essential oils of some aromatic plants, including the species of
the families Dipterocarpaceae, Lamiaceae, Valerianaceae, Asteraceae, and also citrus peels ails,
spices such as nutmeg, ginger and thyme [18,24-25]. Besides that, it is a fragrance ingredient used
in decorative cosmetics, fine fragrances, shampoos, soaps and other personal care products, as
well as non-cosmetic products such as cleaning products and household detergents [26], and also
for medicinal purposes [27]. However, little is known about 2-borneol, and studies related to its
phytotoxicity and biochemical effects are scarce. Even though, the literature reports that 2-
borneol, presents high phytotoxicity, when combined with other monoterpenes [28], the exact
mode of inhibitory action of monoterpenes remains unknown [20].

Phytotoxicity studies use model organisms, including the species Allium cepa, characterized
as a low-cost, easy-to-handle sensitive experimental model in in vitro fests [29], and has
advantages over other short-lived models [30]. In addition, A. cepa has been used to assess DNA
damage (genotoxicity) [31], such as chromosomal aberrations and disorders in the mitotic cycle,
as well as genetic foxicology of nanoparticles [32-35], and pesticide impacts [36]. Given these
advantages, this model has been widely used to assess the impacts caused by xenobiotics,
characterizing an important tool for environmental monitoring studies, whose safisfactory results

have been reported in different studies [30-37].
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The influences of some factors are essential to understand the ecophysiological and
biochemical aspects related to seed germination, including temperature [38-39]. In order fo
understand the effects of temperature on seed emergence, changes in percentage, germination
speed over time can be evaluated [40]. Soil type, fertility and physical condition contribute to the
success or failure of the establishment of the crop [41].

The type of soil determines whether it is well drained, has the potential to form crusting and
its water retention capacity. Heavy clay soils are more prone to the formation of crusts, which
causes sfress on seeds and seedlings of young plants when they emerge from the soil [42]. In
addition, the emergence of seedlings depends on the energy contained in the endosperm or
cotyledons, the depth at which the seed is sown [43], and the water available in the soil [44]. A
rapid and uniform emergence of seeds, followed immediate seedling emergence are highly
desirable characteristic in seedling formation [45].

Under conditions of oxidative stress, friggered by salinity and other factors such as dry and
low or high temperature, plants produce Reactive Oxygen Species (ROS), harmful to their growth,
due fo their negative effects on the subcellular components and plant metabolism, leading to
oxidative destruction of cells [46,47-48]. This is because reactive species cause deterioration of
membrane lipids, leading to increased leakage of solutes [49].

Considering the above-mentioned information, the development of methods fo induce salt
tolerance and mitigate the effects of stress on emergence in plants, to facilitate the establishment
of the crop in saline soils is relevant. However, the phytotoxic role of borneol in plants is not well
established and considerable attention should be emphasized. The objective of this study was to
analyze the phytotoxic effect of 2-borneol on emergence of seedling, roots and leaves growth in
A. cepa under normal conditions and NaCl-induced conditions, as well as to examine changes in
iron levels, lipid peroxidation (MDA concenfration), in addition fo the anfioxidant potential of

borneol by the DPPH assay.

MATERIAL AND METHODS

Reagents

The monoterpenoid 2-borneol (CioH1sO) was purchased from Chengdu Biopurify
Phytochemicals Ltd. (China). It has as a synonymous name: 2-hydroxybornane; Bingpian catalog
number: BPO049, CAS N °: 507-70-0, molecular formula: CioH1sO and molecular weight: 154.253 M. It
comes from the defensive secretion of the flies Pristiphora erichsonii and Pristiphora wesmaeli, with

purity degree: 95% ~ 99%. The other reagents were obtained from Sigma Aldrich, Brazil.
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Soil Physicochemical Analysis

Soil samples from the studied area were collected between 20 cm and 40 cm deep in the soil,
and then sent fto the laboratory, where the pH, phosphorus, potassium, sodium, calcium,
magnesium, aluminum, hydrogen, aluminum concenfration and the cation exchange capacity

(CTC) were analysed, following the methodology proposed by [50].

Sowing site

The seeds of A. cepa L. used for germinatfion were purchased from a local country house.
NaCl (sodium chloride), distiled water and acetic acid (CHsCOOH) were also acquired. The
seeding of A. cepa seeds was carried out under “Horta Dois Irmdos” field conditions in the city of
Altaneira, in the state of Ceara, in the Microregion of Caririacu, South Ceara State, Brazil.

A pilot test and series of field experiments were carried out two or three times under rainy
condifions or with supplementary irrigation, in the dry season during the 2018-2019 period. For each
experiment, plofs were selected using NPK ferfilizer (50 kg.ha' N, 22 kg.ha' P, 83 kg.ha'! K),
according to [51].

The study was carried out through a randomized block design with three repeated plots per
treatment, in which each plot had an area of 16 m2 for the cultivation of A. cepa in a line by
groove with a distance of 8 cm, space between the lines of 12 cm and space between the
grooves of 30 cm.

Land preparation, planting and crop management followed the local practices and were
applied uniformly to all freatments. Data on emergence, growth and related parameters were

collected and analyzed.

Culture of Allium cepa and experimental freatments

The inhibition of root growth in A. cepa was observed to examine the toxicity of untreated
and freated seedlings, according to previous experiments carried out by [52]. It was performed
under field conditions. The seeds of A. cepa seeds (n = 20 seeds) were exposed to 150 mM of NaCl
for 20 minutes and then freated with 100, 300 and 500 ug/mL of the monoterpene borneol, while
the confrol was treated with 3% acetic acid, NaCl (150mM) and Borneol. All the groups remained
at room temperature for 24 h. Seedling production of A. cepa was carried out by direct seeding.
For each freatment, in the greenhouse, 20 seeds were sown directly. At the end of the 45-day
period, the mean effective concentration (ECso) as well as (ECx) was determined by linear
regression. The number of roots and the relative inhibition of root growth was also calculated and

expressed as a percentage.
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Measurements of Root and shoot length

Root lengths were measured using a digital paguimeter to determine the growth rate of
roots and aerial parts. The number of roots was also evaluated. Measurements were performed on

n = 8 plants per treatment after 45 days.

Preparation of Sample for biochemical assays

After performing the experimental tests and treatments, the treated onions were cut,
weighed and homogenized in cold 0.1 M phosphate buffer, pH 7.4 (ratio of 0.02 leaf: 40 uL buffer)
and centrifuged at 10,000 rpm for 10 min. Each experiment was performed with three replications.
The supernatant was separated from the leaf fissues and used to determine antioxidants and

oxidative stress-related assays.

Determination of iron levels

The iron (ll) ions content was determined by measuring the intensity of the orange complex
formed with 1,10-phenanhroline and free Fe?* in the supernatant of control and treated groups. The
content of free Fe2* was determined using a modified method from [53] and [54]. Briefly, 10 uL of
1,10-phenanthroline (0.25%) was added to the reaction mixture containing 110 pL of saline (0.9%
NaCl), 60 pyL of 0.1 M Tris-HCI (pH 7,4), and 20 pL of the supernatant and then incubated for 60 min
at room temperature. Iron (ll) sulfate was used to perform the standard curve. The absorbance was
measured after incubation at 492 nm, using a microplate reader and the results were expressed in

mol of Fe (ll)/g of tissue.

Measurement of malondialdehyde (MDA) content

Thiobarbituric acid reactive substances (TBARS) were measured to determine the lipid
peroxidation (LPO) of the products as a measure of oxidative stress. Three samples per group, in
triplicate, were homogenized and centrifuged at 10,000 rom for 10 min. The reaction mixture
containing 100 ul of the supernatant, 100 ul of 10% trichloroacetic acid (TCA) and 100 ul of 0.75% of
2-thiobarbituric acid (TBA prepared in 0.1 M HCL) was incubated at 95 °C for 1 hour. After cooling,
the mixtures were centrifuged at 10,000 rom for 10 minutes, and the absorbance was measured at
405 nm, using 250 ul of the reaction mixture [55]. The MDA used for the standard curve was
obtained by hydrolysis of 1,1,3,3-teframethoxypropane (TMP). The results were expressed in MDA
mol (Malondialdehyde)/g of fissue.
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Measurement of the antioxidant potential of 2-borneol

The antioxidant capacity of 2-borneol was measured as reported by [56]. The sample of 50
uL of the borneol at different concentrations (10, 30, 50 e 100 ug/mL) were mixed with 100 pL of
freshly prepared DPPH (1,1-diphenyl-2-picrylhydrazyl) solution (0.3 mM in ethanol). Thereafter, the
plate was held in the dark at room temperature for 30 min. Reduction of the DPPH radical was
measured by monitoring the absorption drop at 517 nm using a microplate reader (SpectraMax,

Sunnyvale, CA, USA). The Ascorbic acid was used as a standard anfioxidant.

Statistical analysis

One-way Analysis of variance (ANOVA) was performed between the different treatments.
Significant differences between freatments were assessed by the Tukey post-test (p < 0.05) and the
data were expressed as the mean + SEM of 3 repetitions. For the toxicity the LCso and LC2 were

calculated.

RESULTS

Physicalchemical Soil Analysis

The results presented in Table 1 showed sandy soil texture, with expressive values for soil
granulometry, between thick and thin sand. For the other soil compositions (silt, clay and natural
clay), lower values were obtained (Table 1). In decreasing order, the macronutrients with the
highest accumulation in the soil were: P> §> Ca> N> K> Mg. The pH was ideal for the cultivation of
the species. Regarding the assortment complex, the Exchange Capacity Unit, the Total Exchange
Capacity (T), the Saturation by Bases (V) (which was 96%) and the Satfuration per Aluminum (m)
(which was 0%) were evaluated. There was a high capacity for total exchanges and a
predominance of the phosphorus element in the study area (Table 1).

Table 1. Inifial characteristics of the soil used for germination

experiment in fray (continuq)
Parameters Values
Granulometric composition

Thick sand (g/kg) 366
Thin sand (g/kQ) 314
Silt (g/kg) 210
Clay (g/kg) 110
Natural clay (g/kg) 49
Flocculation degree (g/100g) 55
Global density (g/cm3) 1.20
Particle density (g/cm3) 2.47
Ph 7.4
C.E (dS/m) 2.29
Assorted complex

Ca?* (cmolc/kg) 14.50
Mg?* (cmolc/kg) 2.90
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Table 1. Initial characteristics of the soil used for germination

experiment in tray. (conclusdo)
Parameters Values
Granulometric composition
Na+ (cmolc/Kg) 0.91
K* (cmolc/kg) 3.37
H*+ AIR* (cmolc/kg) 1.16
ABR* (cmolc/kg) 0
S (cmole/kg) 21.7
T (cmole/kg) 22.8
V (%) 95
PST 4
C (g/kg) 29.40
N (g/kg) 3.37
C/N 9
MO (g/kg) 50.69
P assimilable (mg/kg) 496

Emergence of Allium cepa strain

The effect of 2-borneol monoterpene (Figure 1A) on the emergence of A. cepa is depicted
in Figure 1B. As expected, tfreatment with NaCl (150 mM) caused a significant reduction in the
germination of A. cepa when compared with the conftrol group.However, co-treatment with
borneol at concentration of 100 and 300 ug/mL attenuated the inhibition of the germination
caused by NaCl when compared with NaCl alone, and this was reverted to control level on day 15

(Figure 1B).

Figure 1A. Chemical structure of
the compound 2-Borneol.
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Figure 1B. Germination curve from the eleventh day (11th) after planting.
*Indicates difference  when compared to the control, while “#"
indicates the difference when compared to NaCl (p <0.05).
The different concentrations for the NaCl + Borneol group in the emergence of A. cepa did
not show any significant changes when compared to the negative confrol. However, at the end of
the 45-day period, when compared to freatment with NaCl (150 mM) alone, there was a significant

emergency improvement after freatment with Borneol (p <0.05, Figure 1C).
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Figure 1C. Borneol effect on seed emergence in the presence of
NaCl. Germination rates were coded 45 days after planting under
various treatments: confrol; freatment with 150 mM of NaCl, 100, 300
and 500 ug/mL. Data were expressed using the mean + SEM for 3
repetitions. * Indicates significant difference in relation to the control.

NaCl (150 mM) exhibited LC20 and LCso of 12.00 and 19.06 mM respectively, indicating

bigger toxicity in relation to freatments in association with borneol, with higher values of Cl2o and
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Clso, a fact that demonstrates the protective effect of borneol (Table 2).

Table 2. LC20 and LC50 data regarding emergency inhibition.

Treatment ClL20 CLso
NaCl (150 mM) 12.00 19.06
NaCl (150 mM) + borneol (ug/mlL) 18.65 30.77

Figure 2A shows that NaCl (150 mM) significantly the leaf length of A. cepa when compared
with the conftrol (p < 0.05), and this effect was reverted with co-freatment with borneol all the

concentration tested when compared to NaCl (150 mM) alone (p <0.05, Fig. 2 A).

40-

] 18

Leaf length (cm)

Figure 2A. Effects of different concentrations of NaCl + Borneol on leaf length in A. cepa L.
Vertical bars denote SEM, n = 8. * Indicates a significant difference in relation to the control; &
Indicates a significant difference in relation to the Borneol; # Indicates a significant difference in
relation to NaCl (p <0.05).

When analysing the effect of different concentrations of NaCl alone and in associatfion with
Borneol, it was observed a decrease in the overall morphology of the leaves in the NaCl group

when compared to the other groups (Figure 2B).
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Figure 2B. Morphological performance of A. cepa L., cultivated in field conditions.
The plants showed differences in general morphology, observed mainly through
the length of the aerial part and the root. (C) = control.

Similarly to what observed with the leaf length, NaCl (150 mM) also caused a significant
reduction of rootf length (Figure 3A) and the number of roots (Figure 3B) when compared with their
respective control (p < 0.05). However, when combining NaCl (150 mM) with different
concentrations of borneol, the reduced root length and number of roots were significantly
prevented in comparison with NaCl-freated A. cepa (Figure 3A and 3B). Noteworthy is the fact that
borneol at 500 ug/mL in association with NaCl seemed to be toxic to the roots when compared the

control (Figure 3B).
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Figure 3A. Effects of different concentrations of NaCl + borneol on
root lengthin A. cepa L..
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Figure 3B. Effects of different concentrations of NaCl + Borneol
on the number of roofs in A. cepa, 45 days after emergence.
Bars. * indicates significant difference in relation to confrol; &
Indicates a significant difference in relation to the Borneol; #
indicates significant difference in relation to NaCl (p <0.05).

Biochemical assays

Malondialdehyde (MDA), one of the secondary products of lipid peroxidation (LPO), is used
as an index of lipid damage. For this reason, the effect of NaCl + borneol on MDA levels after
exposure was analyzed in this study. The concentration of thiobarbituric acid reactive substances
(TBARS) was observed for samples treated with different concentrations of borneol (100, 300 and
500 ug/mL) (Figure 4). NaCl (150 mM) significantly increased the MDA content of the leaves of A.
cepa when compared to the confrol (p < 0.05). Interestingly, borneol, at all the concentrations

tested significantly reduced MDA levels to almost control value (Figure 4, p < 0.05).

n
o
I}

388
kkk
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TBARS Formation
{nmol MDA / g of tissue)

Figure 4. Content of malondialdehyde (MDA) in the tissue sample of
leaves of A. cepa L. * Expresses significant difference in relation to the
control; & indicates a significant difference in relation to the Borneol;
# expresses significant difference in relafion to NaCl (150 mM).
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In order to investigate possible oxidative damage, after exposure of A. cepa to different
concentrations of borneol, the levels of free Fe?* ions were measured in the tissue of A. cepa
leaves. As shown in Figure 5, the exposure of A. cepa did not cause a significant change in the

total iron content compared to the contfrol and NaCl-freated groups.
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Figure 5. Total iron levels in A. cepa treated with Borneol
monoterpene at different concentrations of 100, 300 and 500
pg/mL.

Evaluation of the antioxidant assay (DPPH)

The potential of borneol in reducing DPPH is shown in Figure 6. In general, the results show
that 2-borneol exhibited slightly less antioxidant activity (ICso of 56.4 ug/mL), in comparison o the

standard antioxidant drug, vitamin C (ICso 42.5 pg/mlL).

909 3 Ascorbic acid (ICsg 42.5 ug/mL)
801 mm 2-borneol (IGq 56.4 ug/mL) L

604 —

L

% of Inibition

0 T T T T
10 30 50 100

Concentration (ng/mL)

Figure 6. Percentage of DPPH radical’s inhibition by 2-borneol
and vitamin C. Data are expressed as average + SEM, of n =3
independent experiments.
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DISCUSSION

Allium cepa is relatively sensitive to soil acidity, developing better in soils with a pH from 6.0
to 6.5 [57-58], which is in agreement with this study in which the pH is 7.4 (neutral) and ideal for
growing onion. In acidic sails, liming is a fundamental process to promote the neutralization of
exchangeable aluminum (which is a toxic element in plants) and increase the availability of
phosphorus, calcium, magnesium and molybdenum [59]. Moreover, the use of organic ferfilizers, as
a fraditional practice, has aftracted considerable aftention to the supply of various nutrients to
crops, such as manure.

Manure improves the soil permeability to air and water, as well as the absorption of
nutrients. This type of fertilizer also provides nutrients, increases the moisture retention capacity and
cation exchange capacity (CEC) of the soil, besides moderating the soil pH [59-60]. The A. cepa
crop may have a better development in medium texture soils, that are ferfile and with adequate
rates of organic matter, as well as a good retention. These soils are the more indicates because it
has the good physical conditions and higher productive efficiency, but they must be free physical
impediments (compacted layers, stones, gravels and crusting) [61].

The evaluation of soil quality in relation to the indexes provides clear approaches and
schemes in order to interpreting the values of the measured indicators. Total organic mafter,
carbon and pH are most frequently proposed evidence of soil quality, followed by available
phosphorus and other evidence of water storage and apparent density (all mentioned as >50% of
the indicator sefs). Texture, available potassium and fotal nitrogen are also frequently used (>40%).
Among the chemical indicators of the soil, the organic carbon content, the pH, P and K available,
total N, elecftrical conductivity, cafion exchange capacity and mineral nitrogen have been
reported more frequently than all other indicators [62].

In general, the soil is considered saline when the amount of salts present in it is able to affect
the development of plants. For most cultures, this occurs when the electrical conductivity of the
saturation extract is equal to or greater than 4dSm-!, when they have a pH below 8.5, and a
exchangeable sodium percentage (ESP) below 15% [63-64]. In this study, the soil has a sodium
natfure, with pH 7.4, Na* (cmolc/kg). 0.91, (ESP) 4.0, ECs lower than 2.29 dSm-! (Table 1).

Soils with saline concentrations equal or greater than 0.5% cause serious problems in the
emergence of A. cepa seeds [61]. Although salinity has a negative effect on plants, the physical
properties of the soil have a positive effect depending on the concenfration and composition of
the salts, because in high concenfrations they promote the flocculation of the particles, which
results in a good structure in the enfire soil profile [64]. Nonetheless, the predominance of
monovalent cations, especially sodium, promotes a considerable increase in the expansion of clay
particles [65], causing the dispersion and formation of impermeable layers, hindering the
movement of the air and water in the soil [66]. These changes occur when the percentage of

exchangeable sodium is greater than 15%.
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In general, soil salinity occurs with the accumulation of certain ions, mainly Na* and CI- [67].
The predominance of these ions in the growth medium, besides causing toxicity, causes changes in
the plant's ability to absorb, transport and use the ions necessary for growth. Thus, Ca2* deficiencies
can be induced by excess of Na* or SO42, as well as K+ deficiencies can be induced by excess of
Na* or Ca2t and also high concentrations of Mg2*, which can inhibit the absorption of K+ or Caz+
[68]. Among these ions, CI-is the most toxic anion and Na* is the cation most harmful to the plant
metabolism.

In this study, the treatment of A. cepa with NaCl showed considerable inhibition in the
emergence of the seeds. This may be related to the toxic effect resulting from the excessive
accumulation of Na* and ClI-ions, responsible for inhibiting the reduction of cotyledon reserves and
the growth of the embryonic axis, according to previous experiments carried out by [69]. This
explains the low percentage of seed germination observed in this study for the NaCl-treated group.
In the NaCl + borneol group (100 and 300 pg/mL) (Figure 1C), there was an increase in the
emergence of A. cepa seeds, a fact that suggests a positive influence of borneoal, in these tested
concentrations, fo mitigate the toxic effect of Na* and CI- ions. However, in the NaCl (150 mM) +
borneol (500 ug/ml) group, exposure to high salt concentrations (salt stress) visibly resulted in a very
low rate in the emergence of A. cepa seeds.

There are scientific reports that higher salt concentratfions, that is, salt stress, causes a
reduction in seedling growth, as observed, for example, in studies with sunflower seeds [69], in
which the authors demonstrated the formation and accumulation of reactive species such as the
superoxide radical (O%) and hydrogen peroxide (H202) at the cellular level [70]. In fact, reactive
species accumulation causes the oxidation of membrane lipids, proteins and nucleic acids and,
consequently, leads to cell death [71-73]. In addition, it can cause toxic effects due to ions
accumulation [70], especially during the germination process, causing various physiological and
biochemical disturbances to plants [74].

Seed emergence is a determining phase for the life cycle, establishment and growth of A.
cepa plants, a species known for showing resistance and productivity in saline soils [75-76].
According fo [10], the germination stages of seeds and initial seedlings are more sensitive to salt
stress than adult plants, but such reduction in germination power serves as an indicator of the
degree of tolerance of the species to salinity [77]. In the case of A. cepa, it is important to
emphasize that mechanisms responsible for the tolerance to salinity in onion seeds associated with
the role of the borneol monoterpene are still not completely understood.

In this study, the analysis of root and leaf growth exposed to 150 mM NaCl revealed that the
growth of A. cepa was strongly inhibited by salinity. The effect of different concentrations of
borneol in association with NaCl on the leaf length of A. cepa L., as shown in Figure 2A, showed a
significant reduction in the isolated NaCl (150 mM) group when compared with the control.
However, the other groups evaluated (NaCl [150 mM] + 100 pg/mL, NaCl [150 mM] + 300 pg/mL
and NaCl [150 mM] + 500 ug/mL of borneol), showed an evolution in leaf length of the A. cepa
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when compared only to NaCl (150 mM), similar to the control (Figure 2A).

In a pattern approximated to that observed in the confrol, borneol (100 ug/mL and 300
pMg/mlL) in association with NaCl (150 mM), managed to improve the number of roots in A. cepa
(Figure 3B). On the other hand, NaCl (150 mM) alone or when co-exposed with 500 ug/mL of
borneol largely decreased the production of roofs in A. cepa, indicating a probable negative
effect of the excess of borneol. In agreement with this finding, [78] reported that the reduction in
the size and accumulation of dry matter in the leaf and also in the root of A. cepa is associated
with the osmotic, toxic and nufritional effects of excess salts on the seedling roof.

In general, plants get the nutrients they need to grow from the soil. The absorption of
nutrients is differentiated throughout the life cycle, intensifying in the flowering, formation and
growth of the fruits or the reserve organ of the plant to be harvested [59]. Onion growth is slow, up
to 115 days old. From there, the general development is intensified, starting the formation of the
bulb and the franslocation of photoassimilates, as well as other compounds to the bulb [79-80].
Otherwise, the onion's tolerance to salinity and to high concentrations of Na* and CI- ions is high in
seed emergence, but very low during seedling growth, increasing again in the stage of three to
five leaves. Depending on the composition of the saline solution, ion foxicity or nufritional
deficiencies may arise due to the predominance of a specific ion effect or competition between
cation and anion [81]. The leaves change from rich green to blue-green with salt stress and the fips
of the leaves express burn symptoms normally associated with salt stress [82].

According to [83], the inhibition of root growth is the expected response for plants submitted
to salt stress, since they are the most vulnerable organs for being directly exposed o the effects of
salinization [9]. High salt concentrations can cause a reduction in water potential in plant tissues,
besides causing a limitation in root growth, since the rates of cell stretching and division depend
exactly on the extensibility process of the cell wall [84], generating changes in various physiological
and metabolic processes of plants, as well as changes in the root structure in response to gravity
(“halotropism™), including reductions in elongation and root growth [85-89].

The variable root length of A. cepa determined after a period of 45 days of exposure to
different concentrations of borneol in association with NaCl (150 mM) revealed little effect on root
length (Figure 3A). Root growth is considered an important morphological adaptation under water
and salt stress, because it allows the increase of the area of water and nutrients absorption,
preventing mineral deficiency and dehydration [90-92]. The inhibition of root growth due to salt
stress has been widely reported, especially in cultivated plants [93-97]. In the present study, root
length reduction was used as an indicator of growth inhibition in A. cepa seedlings exposed to
salinity. The root growth may be restricted both by water deficit induced by high solution osmolarity
and by ionic foxicity, involving metabolic and physiological damage [9].

Martino et al. [98], demonstrated that monoterpene compounds can exhibit phytotoxic
activity, can be used as potential bioherbicides and as lead structures for the development of new

potentially safe and ecocompatible pesticides. However more studies are needed to investigate
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costs, selectivity, safety and mode of action.

To addres swhether NaCl (150 mM) alone and in association with borneol caused oxidative
stress, the malondialdehyde content of A. cepa leaves was evaluated. Among the lipid
peroxidation (LPO) products formed that react with thiobarbituric acid (TBA), malondealdehyde
stands out mainly, although other aldehydes and compounds such as sugar, amino acids and
bilirubin can also react with TBA [99]. In this study, treatment with NaCl (150 mM) exhibits a
significant increase in the content of malondialdehyde in relafion to the negative confrol. On the
other hand, freated groups with NaCl-tfreated with borneol significantly reduced the formation of
TBARS, compared to NaCl (150 mM) group (Fig. 4). These findings indicate that borneol possibly
provided greater tolerance to salt, through decreasing the formation of lipid peroxidation products.

As highlighted earlier, the stress generated by reactive species leads to gradual
peroxidation of cell membranes and inactivation of lipid and antfioxidant enzymes [100-101]. Once
these species are produced, they can cause damage fo cellular components and fissues,
especially proteins, lipids and nucleic acids, and can lead to cell death [73]. Moreover, reactive
species are implicated in a variety of physiological processes in plants, from seed emergence to
cell death [102-103]. More specifically, free radicals can inactivate enzymes and damage
important cellular components, causing the degradation of phospholipids present in the cell
membrane [104-105], polysaccharide degradation, enzyme denaturation and DNA breakdown
[106], as well as the bleaching of chlorophyll pigments [73]. Therefore, the defence mechanisms
against damage caused by free radicals are important in limiting the action of oxidative stress,
depending on the duration of the stress and the plant's ability to survive these stresses. The plant
can react with increased expression of enzyme genes with antioxidant functions and with the
synthesis of reactive species-sequestering species [107].

Regarding the oxidative damage induced by salt stress, scientific evidence demonstrates
that the antioxidant defense system plays an important role in plant protection. It was reported that
salt stress causes reductions in the growth of cucumber root, which is associated with increased
production of free radicals and damage to cell membranes, resulting in decreased activity of
antfioxidant enzymes [108]. In addition, it was found that treatment with NaCl caused suppression of
seedling growth due to decreased anfioxidant enzyme activity [109]. In this study, the level of free
iron Fe2* was measured in the treated onion leaves, in which there were no changes in the treated
groups when compared to the control or with NaCl (150 mM) (Figure 5).

The in vifro anfioxidant capacity of borneol was assessed by DPPH assay. Ascorbic acid
exhibited the greatest elimination of DPPH free radicals, with ICs 42.5 ug/mL, while 2-borneol
exhibited antfioxidant activity (ICso de 56.4 ug/ mL), comparable to ascorbic acid (Figure 6). Taking
these findings info consideration, it seems reasonable to suggest that the antioxidant capacity of
borneol recovers seed emergence, leaf growth, and the number of roots in A. cepa, reducing the
content of malondialdehyde under conditions of salt stress. This is supported by the finding that

borneol present in fresh leaves of Cinnamomum camphora showed effective antioxidant activity
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and reducing power [110].

The treatment of A. cepa with some compounds such as Na2SeO4, under field conditions,
has shown a tendency to increase bulb yield and size, increase the bulb's total antioxidant
capacity, and greater production of organic compounds [51].

The results described here demonstrated that the tolerance of A. cepa to NaCl improved
significantly with the co-treatment with borneol. The incubation of A. cepa seeds in NaCl (150 mM)
for 24 h resulted in a big increase in the concentration of Na* ions in the plant tissue, which was
mitigated by borneol. Therefore, the use of borneol allowed a flexible response to the emergence
of onion seeds in conditions of salt stress, thus contributing to the survival of the crop in soils that

present adversities in ferms of salinity.

CONCLUSION

The exposure of A. cepa to NaCl at concentration of 150 mM decreased the seed's
emergence capacity. NaCl + Borneol at concentrations of 100 and 300 pg/mL exhibited effective
antioxidant when co-freated with NaCl. This was evidenced the reduction of salt stress caused by
NaCl (150 mM), and the improvement of seed emergence rate, as well as the number of roots in A.
cepa. In addition, borneol provided a greater folerance of A. cepa to salt by decreasing lipid
peroxidation but did not alter the free iron content. The nutrients with the highest accumulation in

the soil were P> S> Ca> N> K> Mg. The pH was ideal for the cultivation of the species.
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