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ABSTRACT

Essential oils in plants are produced in very low concentrations and elicitation stands out among the techniques
used to increase their productivity. This work evaluated the potential elicitor of salicylic acid (SA) or seaweed
extract (SE) on the biomass yield, physiological parameters and essential oil production in Varronia curassavica
Jacq. plants. The elicitors were applied through foliar spray in four serial applications (21, 34, 53 and 70 d after
transplanting the seedlings to the pots - DAT), in concentrations of 1 mM (SA) and 5 mL L (SE). The control
plants were sprayed with water. Biometric measurements of plant height and number of branches were performed
after 2, 3 and 4 elicitor applications. Plants were harvested at 91 DAT and biometric, biochemical and
phytochemical parameters were evaluated. Application of SA resulted in increases in number of leaves (11.68%)
and foliar concentrations of chlorophylls (57.67%), anthocyanins (73.80%), carotenoids (42.58%), total soluble
sugars (19.48%) and essential oil (18%). The plants treated with SE had no changes in leaf biomass or essential
oil production. The SA treatment increased by twice the amount of a-humulene and (E)-caryophyllene present
in the essential oil while for SE treatment there was an average increase of 78.6%. It was concluded that the
elicitation of V. curassavica plants by SA foliar pulverization is an efficient strategy for promoting the higher
productivity of leaves and essential oil. Foliar pulverization of SA or SE modifies essential oil quality, inducing
increases in the compounds of greatest interest for the pharmaceutical industry.
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INTRODUCTION

Varronia curassavica Jacq. (Boraginaceae), popularly known as “erva-baleeira”, is a native Brazilian
medicinal plant that produces an essential oil with great commercial potential. The essential oil (EO)
is found in glandular trichomes in the leaf epidermis, and its yield varies between 0.85% and 3.2%
among genotypes (Oliveira et al., 2020). The major components of its EO include a-humulene and
trans-caryophyllene, which are responsible for their anti-inflammatory activity. These two
sesquiterpenes are classified as the main chemical markers of the EO of V. curassavica (Marques
et al., 2019).

Elicitation is a technique that has been widely studied and used in medicinal plants. It consists of the
use of substances that promote an increase in the bioactive compound content in the plant, which can also
be accompanied by an increase in the production of biomass depending on the type of plant elicitor used
(Ramirez-Estrada et al., 2016). Elicitor molecules have long-lasting effects, are relatively low cost and
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safe for the environment, are acceptable in organic production systems, and characterize themselves as a
promising technology in terms of sustainable agricultural production (Ali et al., 2021). Elicitation alters
the expression of genes encoding enzymes associated with the biosynthetic pathways of plant secondary
metabolism. Responses to elicitation vary between plant species and types of elicitors, which can have
different effects on the same species. Elicitors are initially tested under controlled conditions to select the
most promising molecules, which are later tested under more realistic field conditions. Among the various
elicitors, it is important to consider the concentration, number and interval of applications and the
phenological phase of the culture at the time of stimulation (Gorni et al., 2020; Kandoudi and Németh-
Zamboriné, 2022).

Salicylic acid (SA) is a phenolic plant hormone that acts in different physiological processes
related to plant growth and development. It is considered an efficient elicitor capable of increasing
the synthesis of secondary compounds of commercial interest (Abbaszadeh et al., 2020; Gorni et al.,
2021). Seaweed extracts (SE) have been exploited in several products marketed as biostimulants in
agriculture (Yakhin et al., 2017; de Saeger et al., 2019). The combined action of different organic
molecules and nutrients present in SE produces the effects of stimulation of plant physiological
processes (Ali et al., 2021) and elicitation for the synthesis of bioactive compounds (Mukherjee and
Patel, 2020; Gorni et al., 2021).

Studies on in vitro and in vivo elicitation in V. curassavica are still scarce in the literature, in part
because the commercial cultivation of this species is relatively recent in Brazil, and research efforts
have thus far focused on studying the conditions of agricultural management and the ecophysiology
of the species. Tonial et al. (2020) studied the effect of the application of the elicitor acibenzolar-S-
methyl (an analogue of SA) and 1,6 B-D-glucan (a compound derived from the fungus Lasidioplodia
theobromae) in V. curassavica plants produced in the field. Although elicitation modified
biochemical aspects of the plant related to defense metabolism, it did not result in significant
increases in EO production and did not change its composition, especially in relation to the
percentages of a-humulene and B-caryophyllene.

In this context, it was evaluated the elicitation of V. curassavica plants by foliar application of
SA and SE. The results of this study will provide subsidies for adopting the elicitation technique by
producers and companies that cultivate these medicinal species, providing greater profitability.

MATERIALS AND METHODS

Place and conditions of experiment implementation
The experiment was carried out under greenhouse conditions. Varronia curassavica Jacq. plant
material was obtained in the selection and breeding program from the Agronomic Institute of
Campinas (IAC), Campinas, Sdo Paulo, Brazil. In order to homogenize the material, the seedlings
were selected in terms of height (around 15 cm) and minimum number of leaves (approximately 10
fully expanded leaves). The seedlings were planted in pots with a capacity of 3 L, filled with a mixture
of white sand and commercial vegetable soil (6:4), which had the following chemical characteristics:
Organic matter 68.5 g dm3; pH (1:2.5 soil/suspension CaCl; 0.01 mol L) 6.2; P (resin) 305 mg dm3;
K, Ca and Mg exchangeable from 10.6, 193 and 45.8 mmol. dm-3, respectively, total acidity in pH
7.0 (H+AIl) 17.2 mmol. dm-3, total cation exchange capacity (CEC) 267.5 mmol. dm and base
saturation 93%. The pots were irrigated frequently, trying to keep the soil moist at field capacity.
The elicitors were applied to the plants by foliar spraying in four serial applications at 15 d
intervals, at 21, 34, 53 and 70 d after transplanting (DAT) to pots. Salicylic acid (SA; Sigma Aldrich,
St. Louis, Missouri, USA) was tested at 1 mM (Gorni et al., 2020; 2021) and the seaweed extract (SE;
commercial product, Acadian Seaplants, Darmouth, Canada) was tested at 5 mL L (Ali et al., 2021).
Control plants were sprayed with water. The volume of solution applied per plant was estimated by
previous spraying tests, based on the drip point, with the application of increasing volumes (mL)
according to the increase in height and ramifications of the plants. A manual spray was used, adding
Agral ([nonylphenoxy]poly[ethyleneoxy]) ethanol; Syngenta, Paulinia, Sdo Paulo, Brazil) as an
adhesive spreading agent in the proportion of 50 pL L™ solution, in the case of treatment with SA
and SE. The plants were irrigated with nutrient solution three times a week during the last month of
the experiment.
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Growth and biochemistry analyses

Biometric evaluations of plant height (cm) and number of branches per plant were performed after the application
of elicitors (plants that received 2, 3 and 4 sprays, respectively). For the biochemical analysis, leaves were
collected at 84 DAT (at the end of four sprays of the elicitors), with immediate freezing in an ultra-freezer for
later determination of the concentration of chlorophylls a and b, carotenoids and anthocyanin (mg g) in fresh
leaf tissue added in acetone 80% (Sims and Gamon, 2002); and the content of total soluble carbohydrates
(mg g1) by extraction with phenol and sulfuric acid and glucose standard curve (Dubois et al., 1956).

The harvest was performed at 91 DAT, collecting all the aerial parts of the plants (leaves + branches).
Leaf area (cm?) was evaluated using a portable meter (L1-3000A, LI-COR, Lincoln, Nebraska, USA) and
the number of leaves per plant was also counted. The materials were placed to dry in an oven with air
circulation at a temperature of 40 °C until constant weight was obtained to determine the dry mass (DM) of
leaves and stems (g plant). The specific leaf area (cm? g*) was determined by the relationship between
leaf area and dry mass of leaves.

Essential oil analysis

The essential oil (EO) content of the leaves was determined in the dry leaves, through hydrodistillation in a
Clevenger-type apparatus. Samples of 60 g dried leaves per replicate were ground together with 1000 mL distilled
water in a blender. The mixture was transferred to a 1000 mL volumetric flask and the extraction period of 2.5 h
(Marques et al., 2019). At the end of the extraction period, the EO was collected through a phase separation and
weighed on an analytical balance to determine the mass (g) of oil (Marques et al., 2019). Subsequently, the EO
were stored in amber glass flasks and kept in a freezer at 4 °C for characterization of the chemical composition.

The analysis of the chemical composition of the EO was carried out in a GC-MS system composed of a gas
chromatograph (GC, TRACE 1310, Thermo Scientific, Waltham, Massachusetts, USA), a mass spectrometer
(MS, 1SQ 7000, Thermo Scientific) and a flame ionization detector (FIC) with 3:7 flow split, for MS and FIC,
respectively. The injector was maintained at 220 °C with carrier gas (helium) flow division at a 1:20 ratio (split),
interface at 240 °C and detector at 250 °C. The mass spectrometer (MS) operated in full scan mode, with electron
impact (70 eV) and acquisition range from 40 to 450 m/z.

The substances were separated in an Rtx-5 MS capillary column (20 m x 0.18 mm x 0.2 um; Restek Co.,
Bellefonte, Pennsylvania, USA), with a carrier gas flow of 1 mL min* at the following temperature program: 60-
240 °C, 3 °C min'%. The quantification of substances was performed using the area normalization method.

The identification of substances was carried out through a comparative analysis of the mass spectra with the
National Institute of Standards and Technology (NIST 14) libraries; Flavor & Fragrance Natural & Synthetic
Compounds (FFNSC3) and the linear retention rates of substances in the literature (Adams, 2007). Linear
retention indices were obtained from the injection of a series of n-alkanes (Co-C24, Sigma-Aldrich) under the
same chromatographic conditions as the samples, applying the equation of van Den Dool and Kratz (1963).

The experimental design adopted was completely randomized, with three treatments and eight replicates of
three plants, with the mean of the three plants being determined. The data obtained were tested for normality and
homogeneity of variance and submitted to ANOVA (p <0.05) using Assistat Software. Subsequently, the means
were compared using the LSD test (p < 0.01). Data on the number of leaves per plant were transformed into log
X. The EO content and the a-humulene and (E)-caryophyllene contents present in the EO were compared by the
Tukey’s test (p < 0.05). The data on the chemical composition of the EO and the chemical groups formed were
analyzed using principal component analysis (PCA). Both analyses were performed using the StatSoft program
(TIBCO Software, Palo Alto, California, USA).

RESULTS

Biometric determination

The plants that received only two applications of the elicitors showed nonsignificant difference in height or
number of branches. After the third application of the elicitors, the plants treated with SE were smaller in relation
to SA but showed an increase in branches compared to the control. After four elicitor applications, the plants
treated with SE showed greater height compared to the control, and plants treated with SA and SE had a greater
number of branches (Table 1).
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Table 1. Height and number of branches in Varronia curassavica plants treated with salicylic acid and
seaweed extract elicitors after 2, 3 and 4 sprays. Means followed by the same letters express significantly
equal values by the LSD test (n = 8). “Significant at 5% probability level “*Significant at 1% probability level.

Treatments Plants with 2 sprays
Height (cm) Number of branches
Control 43.08 £ 1.04° 4.80 £ 0.192
Salicylic acid 41.16 £1.24° 4.80 £ 0.272
Seaweed extract 39.45 +1.622 4.88 + 0.36°
Plants with 3 sprays
Height (cm) Number of branches
Control 45,91 + 1.71%" 5.54 +0.14%"
Salicylic acid 46.38 £ 1.152 5.37 £ 0.36°
Seaweed extract 43.66 +1.30° 6.00 +0.14?
Plants with 4 sprays
Height (cm) Number of branches
Control 47.00 £ 0.62"" 6.08 +£0.28""
Salicylic acid 48.20 + 0.95% 7.16 +0.30P
Seaweed extract 49.38 +0.702 8.30 £ 0.20?

Biometric determinations at the time of harvest

The plants treated with SA showed an increase of 11.68% in the number of leaves and a greater
specific leaf area when compared to the control plants (Table 2). However, the other variables
analyzed such as leaf area, fresh leaf mass, leaf dry mass and stem dry mass did not show significant
variation (Tables 2 and 3).

Table 2. Number of leaves per plant (NL), leaf area (LA) and specific leaf area (SLA) in
Varronia curassavica plants treated with salicylic acid and seaweed extract elicitors. Means
followed by the same letters express significantly equal values by the LSD test (n = 8).
*Significant at 5% probability level **Significant at 1% probability level.

Treatments NL LA SLA
cm? cm? gt
Control 118.33 +2.88"" 1.203.04 + 26.96? 88.20 + 2.120™
Salicylic acid 132.16 +5.60? 1.237.14 + 44.16° 98.51 + 2.302
Seaweed extract 118.08 + 4.50P 1.125.07 £ 51.092 83.52 + 4.65°

Table 3. Fresh mass of leaves (FML), dry mass of leaves (DML) and dry mass of stem (DMS)
in Varronia curassavica plants treated with salicylic acid and seaweed extract elicitors.
Means followed by the same letters express significantly equal values by the LSD test at the
5% probability level (n = 8).

Treatments FML DML DMS
g plant?
Control 36.31 +0.75? 13.68 £ 0.442 10.43 £0.832
Salicylic acid 37.08 +1.072 12.61 £0.532 9.54 £ 0.202
Seaweed extract 36.98 + 1.622 13.54 + 0.572 9,57 £ 0.572
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Biochemical analyses

The SA-treated plants showed the highest increases in carotenoids, anthocyanin, chlorophyll a and chlorophyll
b, with increments of 42.58%, 73.80%, 45.53% and 69.81%, respectively, in relation to the control. The plants
treated with SE did not show variations in carotenoid concentrations compared to the control; however, there
were significant increases in the concentrations of anthocyanin, chlorophyll a and chlorophyll b (52.96%, 30.66%
and 36.14%, respectively) in relation to the control (Table 4). Both plants treated with SA and SE showed higher
concentrations of total soluble sugars in the leaves, with increases of 19.48% and 23.11%, respectively, in relation
to the control, with no difference between the types of elicitors (Table 4).

Table 4. Foliar concentration of carotenoids, anthocyanin, chlorophyll a, chlorophyll b and total
soluble sugars (TSS) in Varronia curassavica plants treated with salicylic acid and seaweed extract
elicitors. Means followed by the same letters express significantly equal values by the LSD test (n =
5). "Significant at the 1% probability level.

Treatments Carotenoids Anthocyanin Chlorophyll a Chlorophyll b TSS
Hogt mg g FW*
Control 231.29 +12.55"™ 352.06 + 24,52 424,67 +22.33°™ 17402 +375°"  755+0.27""
Salicylic acid 402.83 +11.86° 1343.77 + 60.80° 779.73 £ 35.55% 576.60 £ 19.75° 9.25+0.37°
Seaweed extract 22274 +6.95 748.508 + 38.62° 554.89 +29.61° 27251+2154°  9.71+0.49

Concentration and chemical composition of essential oil in response to elicitors

Regarding the concentration of EO (%) present in leaves, there was a significant increase of 18% in
the plants treated with SA compared to the control (Table 5). Plants treated with SA had twice the o-
humulene content compared to control plants and both elicitors induced increases of 103% (SA) and
78% (SE) in (E)-caryophyllene content.

Table 5. Essential oil content and mean relative proportion of a-humulene and (E)-
caryophyllene in Varronia curassavica plants treated with salicylic acid and seaweed extract
elicitors. Means followed by the same letters express significantly equal values by the Tukey
test (n = 5). **Significant at the 1% probability level by the Tukey test. "Significant at the 5%
probability level by the Tukey Test.

Treatments Essential oil a-Humulene (E)-Caryophyllene
%
Control 0.63+£0.032°  1.91+0.19" 10.10 + 1.620™
Salicylic acid 0.77 £0.0342 4.02 + 0.64? 20.55 + 2.50?
Seaweed extract 0.62 + 0.020P 3.41 +0.67% 18.06 £1.742

The compounds identified in the EO and their average relative percentages in the samples are presented in
Table 6. A mean of 91.14% of the compound composition was identified, with 27 substances identified. The
substances with the highest relative proportion were a-pinene, (E)-caryophyllene, B-elemene and B-guaiene with
means of 24.50%, 12.64%, 6.54% and 5.93%, respectively, among the treatments. These substances have been
reported as majority in specimens of V. curassavica (Marques et al., 2019). Variations were observed in the
relative proportions (%) of some compounds due to the elicitation treatments.
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Table 6. Average chemical composition (%) of the essential oil of Varronia curassavica in
response to elicitors treatments (salicylic acid and seaweed extract). RT: Retention time
(min); SA: salicylic acid, SE: seaweed extract; Rlc: linear retention index, experimentally
determined using homologous series of Co-Cys alkanes; RII: linear retention index taken from

Adams (2007); -: below detection level.

Compounds Control RT SA RT SE RT Rlc RII
a-Pinene 35.07 5523 1165 5508 26.80 5524 933 939
B-Pinene 0.76 6.663 138 6.663 2.64 6.668 977 979
Mircene 0.84 7.019 - - 0.87 7.022 991 990
a-Terpinene 1.06 7.840 - - - - 1017 1017
Limonene 151 8.236 - - 1.24 8.239 1029 1029
1,8-Cineol 0.70 8.367 110 8.368 1.49 8.368 1032 1031
y-Terpinene 0.87 9.271 - - - - 1059 1059
Terpinolene - 10.344 - - - - 1090 1088
Terpinen-4-ol 0.57 14.363 - - 050 14363 1188 1177
Bornyl acetate 9.57 18.414 119 18416 0.86 18410 1290 1285
d-Elemene 1.30 20.251 1532 20.294 11.67 20.265 1337 1338
B-Elemene 12.62 22555 3.88 22560 3.14 22556 1392 1390
(E)-Caryophyllene 0.62 23.648 19.66 23.667 17.66 23.683 1420 1419
6,9-Guaiadiene 2.15 24579 093 24574 0.78 24580 1443 1444
a-Humulene 0.60 25.044 499 25046 3.03 25.051 1454 1454
Allo-aromadendrene 1.39 25.306 158 25306 0.77 25306 1461 1460
cis-Cadin-1(6)-diene 2.33 25496 094 25500 0.79 25499 1466 1463
trans-Cadin-1(6),4-diene 2.89 25.811 192 25813 132 25817 1474 1476
y-Muurolene 2.07 25913 441 25917 1.88 25918 1476 1479
B-Selinene 4.23 26.372 516 26.375 2.63 26.378 1487 1490
B-Guaiene 14.26 26.442 168 26416 186 26.435 1490 1490
d-Selinene 1.84 26.574 298 26533 5.05 26.554 1493 1492
a-Selinene 0.85 26.734 412 26.714 331 26.729 1493 1492
trans-B-Guaiene 1.74 26.918 - - - - 1502 1502
d-Cadinene 0.92 27814 438 27.812 245 1525 1523
Isospatulenol 0.57 30.797 186 30.796 1.03 30.797 1600 1628
Carophyllene acetate - 34.500 - - - - 1704 1701
Total identified (%) Control SA SE

101.33 89.13 91.77
Hydrocarbon monoterpenes 40.11 13.3 31.55
Oxygenated monoterpenes 1.27 11 1.99
Hydrocarbon sesquiterpenes 49.81 71.95 56.34
Oxygenated sesquiterpenes 0.57 1.86 1.03
Others 9.57 1.19 0.86

Principal component analysis explained 99.38% of the variation in compounds, with most of this variation
present on the horizontal axis (Figure 1). Three distinct groups were formed, where the control favored the
formation of a-pinene, B-guaiene, 3-selinene and B-elemene. The treatment with SA favored the formation of 3-
elemene and (E)-caryophyllene. And the treatment with SE favored the formation of a-humulene, B-selinene and
y-muurolene (Figure 1A). For the chemical groups, PCA explained 99.74% of the total variation, most of which
corresponded to the horizontal axis (Figure 1B). Most of the control treatment was composed of the group of
monoterpenes (40.11%) and sesquiterpenes (49.81%) hydrocarbons (Figure 1C). Whereas SA treatment favored
the hydrocarbon sesquiterpenes (Figures 1B-2C). Oxygenated monoterpenes showed similar distribution among

the three treatments (Figures 1B-2C).
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Figure 1. Analysis of principal components of chemical composition (A) and chemical
groups (B) and percentage of chemical groups identified in Varronia curassavica leaves as
a function of salicylic acid (SA) and seaweed extract (SE) elicitation treatments.

DISCUSSION

Varronia curassavica Jacqg. is a plant originally from Brazil that has been gaining ground in the
pharmaceutical industry due to the anti-inflammatory activity of its EO (Marques et al., 2019). In view
of the scarcity of research results on elicitation in this species, the hypothesis that SA and SE could
stimulate growth and essential oil production in V. curassavica plants was tested.
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To obtain the desired responses in plant elicitation, several key factors must be observed, including
the number and frequency of applications carried out (Kandoudi and Németh-Zamboriné, 2022). It is
often observed that there is a need for various applications of elicitors to induce increases in biomass
production (Dianat et al., 2016; Gorni et al., 2020). This can be confirmed in this study, where plants
that received only two elicitor applications did not show significant variations in height or number of
branches (Table 1), requiring four applications to promote an increase in these parameters. Seaweed
extracts and their components can modulate the expression of genes responsible for the endogenous
biosynthesis of growth hormones, including auxins, cytokinin and gibberellins, consequently increasing
the height and number of branches of the plant (Ali et al., 2021). Salicylic acid is a phenolic compound
of a hormonal nature that controls metabolic and physiological responses, regulating plant growth and
tolerance to abiotic and biotic stress (Hayat et al., 2010; Gorni et al., 2021).

Salicylic acid application modifies the nutritional status of plants and increases the leaf area, fresh
and dry mass, and number of leaves. This phytohormone also promotes an increase in the concentrations
of carbohydrates and photosynthetic pigments (Saharkhiz and Goudarzi, 2014; Klessig et al., 2018). In
this study, the plants that were treated with SA had more leaves but without concomitant increases in
leaf area and fresh and dry mass of leaves (Table 2). These results differed from those obtained in
peppermint (Saharkhiz and Goudarzi, 2014) and thyme (Mohammadi et al., 2019), explaining that the
responses of different genotypes to SA foliar applications are interspecific. However, treatment with
SA increased the specific leaf area (SLA) in V. curassavica plants (Table 3). The SLA is an indicator
of the availability of leaf area in each gram of leaf; that is, it represents leaf thickness (Gorni et al.,
2021). This response can be explained by the fact that SA takes part in chloroplast biogenesis and
photosynthetic signaling, as well as in the stimulation of N metabolism (Hayat et al., 2010). In the case
of erva-baleeira, a greater leaf thickness becomes interesting in terms of EO production since its leaves
have glandular trichomes in the epidermis, but the mesophyll also contains essential oil (Zotti-Sperotto
et al., 2020).

An increased photosynthetic pigment content in plants sprayed with SA, such as chlorophylls (a and b) and
carotenoids, has been reported for different species (Chakraborty et al., 2016; Gorni et al., 2020). In this study,
SA application to V. curassavica plants also resulted in increases in chlorophyll and carotenoid concentrations
(Table 4), reflecting the positive effect of this hormonal elicitor on photosynthesis (Askari and Ehsanzadeh,
2015). Salicylic acid also exerts direct effects on photosystem Il reaction centers and on the activity of the enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Hayat et al., 2010).

The positive effects of SA application on photosynthetic activity in this study were also reflected in the higher
carbohydrate content in the leaves (Table 4). Changes in total carbohydrate levels have been observed in both
the shoot and underground organs in response to exogenous SA, especially in relation to soluble sugars, namely
sucrose, glucose and fructose (Ghasemzadeh and Jaafar, 2012; Krasavina and Burmistrova, 2013). Sugar content
regulation by SA occurs via changes in phloem translocation patterns (Amin et al., 2007) and enzymatic
activation, such as sucrose phosphate synthase and sucrose synthase (Dong et al., 2011; Gadi and Vidhya, 2012).

Varronia curassavica presented an EO content ranging from 0.63% to 0.77% (Table 5). Based on a study by
Marques et al. (2019), these values are within the limits established for accessions of V. curassavica collected in
the state of S&o Paulo, which present contents of 0.56% to 0.77% EO in the leaves. The plants sprayed with SA
had a higher EO content in relation to the control plants (Table 4), which was not observed in the SE treatment.
This can be explained by the nature of the elicitor compound since the formation of further amounts of SA in
treated plants may be stimulated, causing positive feedback in terms of terpenoid biosynthesis (Ramirez-Estrada
et al., 2016). The SA-mediated increment in plant EOs might be due to SA-stimulated vegetative growth, the
population of leaf oil glands, and the beneficial effect of SA on metabolism and enzyme activities responsible
for mono- and sesquiterpene biosynthesis (Pirbalouti et al., 2019; Gorni et al., 2020).

Similar results of an increase in the EO concentration in response to SA elicitation were obtained in studies
conducted with thyme (Thymus kotschyanus Boiss. & Hohen.) and basil (Ocimum basilicum L.) (Mirzajani et al.,
2015; Mohammadi et al., 2019). In Melissa officinalis L., exogenous SA application did not change the amount
of EO in the leaves, but it did change its chemical composition, particularly regarding the percentages of
oxygenated monoterpenes and sesquiterpenes (Pirbalouti et al., 2019).

As SA influences different physiological and biochemical processes of the plant, this compound can increase
the density of leaf essential oil glands, metabolism and enzymatic activity, and ultimately the biosynthesis of
monoterpenes and sesquiterpenes (Nasiri et al., 2018).
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The SE present varied organic compounds, such as polysaccharides (alginates, fucoidans and laminarins,
among others), plant hormones, betaines, sterols, carotenoids, phenolic compounds, minerals, lipids, proteins and
amino acids, which stimulate the defense response and the growth of plants. The positive effects of seaweed
extracts on plant growth are credited to this mixture of components that act in synergism, promoting the
expression of genes that regulate C and N metabolism, cellular metabolism, ion transport across membranes and
various metabolic pathways involved in the synthesis of phytohormones (Ali et al., 2021). In this study, although
SE stimulated a greater branching of the plants after four applications, there was no increase in the number of
leaves per plant and in the production of EO in the whaling herb. However, plants treated with SE had higher
concentrations of chlorophylls and carbohydrates (Table 4). The increase in soluble sugars is linked to the
upregulation of genes related to polysaccharide degradation (9SEX1 and SEX4) and carbohydrate biosynthesis
(GOLS2 and GOLS3), as well as to the downregulation of sucrose-degrading genes (Nair et al., 2012). Thus, the
increase in the number of applications or the use of a higher concentration of the product could exert positive
effects on leaf biomass and EO production in V. curassavica since these factors, among others, influence the
response of plants to elicitation with SE (Ghatas et al., 2021; Ali et al., 2021).

The reaction of EQO volatile terpenoid compounds to elicitation treatments is variable. In this study, alterations
in V. curassavica oil components were observed in response to both elicitor treatments (Table 6). There were no
relevant chemical connections among changed components since mono- and sesquiterpenes of different skeleton
types were targets of either reduction or elevation. This is a normal response demonstrated for in vivo trials in
various species (Kandoudi and Németh-Zamboriné, 2022). As chemical markers in the pharmaceutical industry
for quality control of the EO of V. curassavica, the levels of a-humulene and (E)-caryophyllene (sesquiterpenes
with anti-inflammatory activity) were used to analyze the variance to identify differences induced by SA and SE.
Interestingly, there were marked increases in the concentrations of these target compounds in plants treated with
both SA and SE (Table 5). Changes in the physiological and metabolic processes of plants caused by hormonal
elicitors (such as SA) or natural ones (such as organic compounds present in seaweed extracts) can exert an
indirect influence on the accumulation of volatiles in plants. Simultaneously, elicitor compounds can exert a
direct influence on the biosynthetic pathway of terpene production due to the upregulation of genes, resulting in
guantitative and qualitative variations in EOs. Enzymatic activities of the first and later steps of the terpenoid
pathway may be induced by elicitor treatments (Deschamps and Simon, 2006).

CONCLUSIONS

The in vivo elicitation of Varronia curassavica using salicylic acid and seaweed extract is a promising technique
for improving the yield and quality of essential oils. Further studies on field conditions should enable the use of
both elicitors on the industrial-scale production of this medicinal plant.
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