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Abstract: Inoculation with rhizobacteria and feeding by herbivores, two types of abiotic stress, have
been shown to increase the production of secondary metabolites in plants as part of the defense
response. This study explored the simultaneous effects of inoculation with Bacillus amyloliquefaciens
GB03 (a PGPR species) and herbivory by third-instar Spodoptera frugiperda larvae on essential oil
(EO) yield and volatile organic compound (VOC) emissions in Ocimum basilicum plants. The density
of glandular trichomes was also examined, given that they are linked to EO production and VOC
emission. Herbivory increased EO content, but inoculation on its own did not. When combined,
however, the two treatments led to a 10-fold rise in EO content with respect to non-inoculated plants.
VOC emissions did not significantly differ between inoculated and non-inoculated plants, but they
doubled in plants chewed by the larvae with respect to their undamaged counterparts. Interestingly,
no changes were observed in VOC emissions when the treatments were tested together. In short,
the two biotic stressors elicited differing plant defense responses, mainly when EO was concerned.
PGPR did not stimulate EO production, while herbivory significantly enhanced it and increased VOC
emissions. The combined treatment acted synergistically, and in this case, PGPR inoculation may
have had a priming effect that amplified plant response to herbivory. Peltate trichome density was
higher in inoculated plants, those damaged by larvae, and those subjected to the combination of both
treatments. The findings highlight the intricate nature of plant defense mechanisms against various
stressors and hint at a potential strategy to produce essential oil through the combined application of
the two stressors tested here.

Keywords: essential oil; herbivory; plant growth-promoting bacteria; rhizobacteria; secondary
metabolites; Spodoptera frugiperda; sweet basil; trichome density; volatile organic compounds

1. Introduction

Medicinal and aromatic plants include a wide variety of species that produce essen-
tial oils (EOs). Sweet basil (Ocimum basilicum L.), a prominent aromatic plant from the
Lamiaceae family, is used both fresh and dry as a condiment, and its extracts are essential
for the production of pharmaceuticals, cosmetics, and perfumes, among other industrial
goods [1]. The main compounds in sweet basil EO are terpenes and phenylpropanoids,
followed by alcohols and aldehydes [2]. This composition may vary depending on fac-
tors such as the plant’s geographical origin, its variety, its developmental stage, and the
agricultural conditions of its cultivation [3]. Components commonly cited in the literature
include 1,8-cineole, linalool, camphor, eugenol, methyl eugenol, methyl cinnamate, methyl
chavicol, and germacrene [4,5]. According to several studies [6], the phenolic compounds
in sweet basil EO are responsible for many of the antimicrobial, antifungal, insect-repelling,
antioxidant, anticancer, and anti-inflammatory properties ascribed to it [1,7–10].
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Plants must discriminate between different environmental conditions and respond
to each appropriately to distribute resources effectively for growth, reproduction, and
defense [11]. Attack by pathogens or insects, for instance, is an adverse condition that
triggers a series of defense mechanisms whose purpose is to stop, lessen, or counteract the
damage [12–14]. However, plants also benefit from positive interactions with beneficial mi-
croorganisms. Plant growth-promoting rhizobacteria (PGPR) are capable of colonizing the
plant root system and enhancing plant growth and performance through direct and indirect
mechanisms [15]. The former involves the stimulation of plant development through the
production of growth regulators (auxins, cytokinins, gibberellins, abscisic acid), biological
nitrogen fixation, and the solubilization and mineralization of phosphates [16,17]. The
latter includes the synthesis of antibiotics, antifungals, or siderophores and the induction
of the plant’s defense responses (induced systemic resistance or ISR) to inhibit or fight off
phytopathogenic microorganisms [18,19].

Plant defense responses are regulated by activating phytohormone-controlled sig-
naling pathways [20,21]. Attacks by insects also induce ISR, which implicates signal
transduction via phytohormonal pathways, changes in gene expression, and eventually,
responses such as the biosynthesis of secondary metabolites [22–24]. Herbivore feeding
induces the regulation of terpenoid and phenylpropanoid biosynthesis [25,26]. The rise in
secondary metabolite concentrations, which occurs in response to stress, is often mediated
by an increase in the transcriptional activity of specific biosynthetic genes [27]. This increase
is controlled by a complex signaling cascade in which the hormone jasmonate plays an
important role [28]. Exogenous treatment of O. basilicum plants with methyl jasmonate
significantly increased their EO yield by modifying the regulation of terpene synthase
genes [29,30]. Similarly, sweet basil treated with different concentrations of jasmonic acid
showed increased EO yield, particularly in linalool and eugenol levels [31]. This agrees
with previous findings obtained with methyl jasmonate treatment [32,33].

Mechanisms involving jasmonic acid and ethylene are likewise deployed in the induc-
tion in ISR by root cells after they perceive rhizobacteria [34,35]. PGPR are able to stimulate
the biosynthesis of secondary metabolites [36–40]. Direct inoculation of medicinal and aro-
matic plants (Origanum majorana, Origanum x majoricum, Tagetes minuta, Mentha piperita, and
O. basilicum) with different PGPR species led to a significant increase in plant development
and the production of secondary metabolites such as EO and phenolic compounds [38,41].
Importantly, plant responses to PGPR have been observed to vary in degree between one
plant species and the next, which demonstrates the specificity of the microorganism–plant
relationship [42]. Studies in which sweet basil was inoculated with PGPR found an increase
in most plant growth parameters, such as fresh/dry shoot weight and leaf area index, as
well as improved EO yield [43–45]. When inoculated with B. amiloliquefaciens GB03, O.
basilicum exhibited enhanced growth and EO yield [46].

A critical dual role in plant defense is played by trichomes, which provide both
structural and chemical protection [47]. O. basilicum features capitate and peltate glandular
trichomes on both leaf surfaces. Peltate trichomes are involved in the synthesis and
accumulation of EO; capitate trichomes are associated with the presence of polysaccharides.
Due to their low molecular weight, low water solubility, and high vapor pressure, EOs
can volatilize into the atmosphere. This release of volatile organic compounds (VOCs) is
pivotal in plant interactions with pollinators, herbivores, and other plants. It significantly
improves the defense against pests and pathogens by attracting natural pest enemies after
herbivore damage [48].

As mentioned above, the positive effects of PGPR inoculation and herbivory on the
production of secondary metabolites have been well documented by studies that looked
into these treatments separately. However, their combined impact remains relatively
unexplored. The present study aimed to determine how this combination affects the biosyn-
thesis, accumulation, and emission of EOs in O. basilicum. By simultaneously examining
the impact of rhizobacteria inoculation and leaf-chewing insect herbivory on secondary
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metabolites, we gained insight into the complex interactions between plants, rhizobacteria,
and herbivores, which shape plant defense mechanisms.

2. Results
2.1. EO Content and Main Constituents

The chemical composition of the essential oil of O. basilicum L. is shown in Table 1.
The constituents have been listed in ascending order according to their retention times.

Table 1. Chemical composition of essential oil (%) from leaves of Ocimum basilicum.

Retention
Time (min) Components Relative

Percentage (%)

10.19 1,8-cineole 8.12
12.48 linalool 21.43
13.79 camphor 0.24
14.51 boreneol 0.57
15.27 α-Terpineol 1.26
18.08 bornyl acetate 0.70

20.034 eugenol 65.42
21.26 methyl eugenol 0.70
27.08 methyl cinnamate 2.25

EO content was not altered (p > 0.05) by inoculation with GB03 (Figure 1). However, it
increased three-fold with respect to the control (p < 0.05) in plants that suffered damage by
Spodoptera frugiperda larvae (SF). On the other hand, it increased tenfold when the plants
were exposed to both treatments in combination, which demonstrates synergy between the
treatments (Figure 1). This was further corroborated by the two-way analysis of variance,
which showed a highly significant interaction between the effects of the two treatments
on EO (p < 0.05). In other words, herbivory and inoculation have influenced each other,
leading to a significant rise in EO content compared to each treatment.
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Figure 1. Essential oil yield in Ocimum basilicum plants exposed to herbivory by Spodoptera frugiperda
larvae herbivory and/or inoculated with Bacillus amyloliquefaciens GB03 (mean ± SE). Letters above
bars indicate significant differences according to Fisher’s LSD test (p < 0.05).

The treatments were also associated with differences in the concentration of major
components in the EO (Figure 2). The concentration of cineole and terpineol did change sig-
nificantly after treatment in relation to the control (p > 0.05). However, the combination of
both treatments resulted in a 6- and 17-fold increase in these components, respectively, com-
pared with control plants (p < 0.05). Linalool and eugenol were approximately 2–4-times
higher in plants that received the individual treatments than in the control group (p > 0.05).
When plants were inoculated and subsequently damaged by SF, the increase in these com-
ponents was much more remarkable, with levels being 9–13-times higher than in the control
(p < 0.05).
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Figure 2. Concentrations of major EO components (µg/g fw) in O. basilicum inoculated with PGPR
and/or infested by S. frugiperda. Letters above bars indicate significant differences according to
Fisher’s LSD test (p < 0.05).

2.2. Emission of Plant VOCs

The main compounds released by sweet basil plants were linalool, cineole, eugenol,
and terpineol. The statistical analysis revealed that the emission of VOCs by inoculated
plants was not significantly different from the non-inoculated control group (p > 0.05)
(Figure 3). In contrast, VOC emissions increased three-fold with respect to the control in
plants that were damaged by SF (p < 0.05).
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Figure 3. Emission of volatile organic compounds (VOCs) by O. basilicum plants inoculated with
B. amyloliquefaciens (GB03) and/or exposed to S. frugiperda. Different letters indicate statistically
significant differences according to Fisher’s LSD test (p < 0.05).

The emission of volatiles by plants that received the combination of treatments was
lower than by those plants that were solely damaged by the herbivore (p < 0.05) (Figure 3).
Variations were recorded in the emission of each compound depending on the treatment,
except in the case of cineole, which remained unaltered (Figure 4). The emission of linalool
and eugenol was approximately two-times higher in plants exposed to SF than in the control
(p < 0.05). Inoculation applied on its own resulted in an increase in eugenol emissions and
a decrease in linalool emissions (p < 0.05) with respect to control plants. The combined
treatment only caused a significant variation in linalool emissions, which were 50% higher
than in the control.
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Figure 4. Concentrations of major VOC compounds emitted by O. basilicum plants inoculated with
PGPR and/or infested by S. frugiperda. Different letters indicate statistically significant differences
according to Fisher’s LSD test (p < 0.05).

After conducting a multivariate analysis, the data was used to create a clustered heat
map on ClustVis, a web-based tool. This map (Figure 5) made it possible to contrast the
effects of the two treatments and their combination on the main compounds in the EO
and the emitted VOCs. As seen in Figure 5A, which shows the EO composition, the most
intense area (red) corresponds to eugenol, i.e., the concentration of this compound in the
EO was more significant than that of other compounds. Nevertheless, in Figure 5B, which
represents the emitted VOCs, linalool appears red, and eugenol is blue. This indicates that
the concentration of key compounds in the EO was not always directly proportional to
their emitted levels, regardless of whether the plants received the treatments separately or
in combination.
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2.3. Trichome Density

Histological units called glandular trichomes are responsible for producing and storing
EO. Although these trichomes were found on both sides of the leaf in O. basilicum, they
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were more abundant on the abaxial side (Figure 6). The density of capitate trichomes (CT)
increased on both sides only in the leaves of plants that were inoculated and damaged
by herbivory (p < 0.05). Peltate trichomes (PT), the primary site for EO synthesis [49],
were denser in inoculated than in non-inoculated plants. More precisely, their density was
around 50% higher on the abaxial side and 20% higher on the adaxial side than in the
control. When comparing plants exposed to herbivory to their control, the increase in PT
density was more noticeable: the trichomes were 70% and 40% denser on the abaxial and
adaxial side, respectively (p < 0.05). The combination of treatments, however, did not lead
to significant differences in PT density with respect to the corresponding controls (exposure
to SF larvae or GB03 inoculation), on either side of the leaf (p > 0.05).
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Figure 6. Effects of inoculation with B. amiloliquefaciens GB03 and/or exposure to SF on the density of
peltate and capitate glandular trichomes in O. basilicum plants. (A,E) Control; (B,F) plants inoculated
with GB03; (C,G) plants exposed to SF; and (D,H) plants inoculated with GB03 and exposed to SF.
Values are mean ± standard error (SE). Means followed by the same letter in a given column are not
significantly different according to Fisher’s LSD test (p < 0.05).

2.4. Principal Component Analysis

A multivariate principal component analysis (PCA) was performed to establish rela-
tionships between the treatments tested (inoculation, herbivory, and their combination) and
the factors evaluated (peltate trichome density, EO yield, and VOC emissions). This type
of analysis renders a graph (Figure 7) that facilitates the visualization and interpretation
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of the data set and the variables. As regards the treatments, the analysis revealed that
CP1 (herbivory) explains 70.4% of the variability in the data, while CP2 (inoculation) is
responsible for 25.3%. Together, both axes explain 95.7% of the variations in the data and
have a cophenetic correlation coefficient of 0.997. There is a strong positive correlation
(acute angle) between peltate trichome density, on the one hand, and EO content and VOC
emissions, on the other. The angle between EO yield and VOC emissions is less pronounced,
which means their correlation is weaker. The plot shows that plants damaged by SF are
near almost all the variables evaluated (blue circle). More specifically, they are closer to
EO yield after having received combined treatment and closer to VOC emissions when
exposed to the larvae without previous inoculation. On the other hand, plants not damaged
by SF were far from the variables evaluated, regardless of whether they were inoculated
(red circle), which indicates a low impact.
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3. Discussion

The rhizosphere and its associated microbiome are key drivers of crop health and
productivity [50]. According to earlier studies carried out by our research group and other
authors on species other than sweet basil, colonization by PGPR creates optimal growth
conditions for medicinal and aromatic plants and is associated with increased total fresh
weight, number of leaves, stem length, and root dry weight [36,38,46,51]. Additionally,
PGPR can trigger ISR, a critical response when mediated by the bacteria in conjunction
with herbivory. PGPR activates ISR by stimulating the jasmonic acid and ethylene signaling
pathways and, in so doing, enhances the plant’s capability to ward off pathogens and insect
pests [17].

When a plant undergoes biotic stress, ISR can mediate morphological, physiological,
and molecular alterations in plant tissues. These changes can lead to modifications in the
type, composition, and concentration of phytochemicals, which are also responsible for
plant defense. By increasing its production of phytochemicals, the plant can become more
resistant to future attacks [52,53].
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In the present study, no differences were found in EO content between sweet basil
plants inoculated with B. amyloliquefaciens GB03 and non-inoculated plants. This contrasts
with previous studies, where an increase in EO content was recorded in different plant
species after PGPR inoculation [39,40], particularly in aromatic plants such as Mentha
piperita [37], O. majoricum, O. majorana [36,51], and T. minuta [38].

When the basil plants were exposed to herbivory by S. frugiperda, an increase in the
content of total EO and its major compounds was observed. This is likely part of the plant’s
defensive response to herbivore attacks, considering that specific compounds in sweet basil
EO are known to have antifeedant and inhibitory activity [54]. Eugenol, for instance, has
demonstrated a remarkable inhibitory effect on α-amylase and total proteases in S. littoralis
larvae, so it has the potential to disrupt digestive processes in herbivores [55]. Furthermore,
eugenol has been found to inhibit the acetylcholinesterase (AChE) enzyme in S. frugiperda,
which is further evidence of its larvicidal and antifeedant properties [56]. Linalool, another
compound in O. basilicum EO, interacts with the cholinergic system of insects [57] and
might also modulate AChE [58]. It is a valuable component in the plant’s defense against
S. frugiperda due to its broad spectrum of toxicity, which includes acute toxicity, repellent
action, and a knockdown effect [59]. In agreement with our results, Agliasa and Maffei [60]
recorded an increase in the total content of terpenes and sesquiterpenes in O. vulgaris plants
damaged by S. littoralis. The terpineol, limonene, and linalool content were higher than
in control plants. Similarly, Cappellari et al. [61] reported an increase in EO yield in M.
piperita damaged by Rachiplusia nu larvae, both in inoculated and non-inoculated plants.
In addition, mechanical damage and leaf punctures produced by Liriomyza huidobrensis
induced changes in the EO composition of Minthostachys mollis [62,63].

On the other hand, VOCs have a significant impact on ecological functions and can
alter behavior and physiology in a wide range of organisms [64]. Plants damaged by
herbivores emit volatiles, which are necessary signals for parasitoids and predators to
locate their hosts [48]. In the present study, VOC emissions from inoculated sweet basil
plants did not vary with respect to those by control plants. This differs from a previous
study on M. piperita, which registered an increase in VOCs after inoculation with GB03 or
co-inoculation with GB03 and Pseudomonas putida SJ04 [65]. An increase in total VOCs was
also observed in other non-aromatic crops, such as maize inoculated with B. thuringiensis
RZ2MS9 or co-inoculated with RZ2MS9 and Azospirillum brasilense Ab-v5 [66].

Nevertheless, S. frugiperada larvae damaged our plants, there was a 2.2- and 2.75-fold
increase in the emissions of eugenol and linalool, respectively. In contrast, dos Santos Tozin
et al. [67] reported that after exposure to leaf-cutting ants, eugenol in O. gratissimum plants
decreased by 16 to 5% and terpineol by 0.36% to undetectable levels, although cineole
levels remained unchanged. The disparity with our findings might be attributed to the
differences in feeding behavior between the insects used (chewing and cutting), and the
fact that different herbivore species could induce different plant responses. Along with
tissue damage, herbivores trigger defense responses via effectors. These effectors can have
diverse structures, e.g., enzymes, modified forms of lipids, sulfur-containing amino acids,
or peptides released from digested plant protein [68]. This highlights the intricate nature
of VOC emissions and shows that specific types of inflicted damage play a crucial role in
shaping specific plant responses.

When O. basilicum plants were inoculated with GB03 and damaged by S. frugiperda
larvae, EO levels increased 6- and 3-fold with respect to the controls, which had been
either solely inoculated or exposed to the larvae. The combination of treatments, therefore,
appears to have acted synergistically to elicit a more significant defensive response. These
results diverge from a study in which the rise in EO content did not differ significantly
between M. piperita plants that were inoculated with PGPR, damaged by R. nu, or subjected
to the two treatments [61]. The variability in the results highlights the specificity of the
effects of PGPR–plant interactions on defense responses from one species to another [34].
Our observations regarding the synergy of the combined treatment in O. basilicum could
be attributed to a priming effect by PGPR. In other words, initial exposure to the bacteria



Plants 2024, 13, 932 9 of 15

may have improved the plants’ response to subsequent exposure to the larvae. During
priming, plants become more sensitive to signaling hormones such as jasmonic acid or
ethylene, enabling them to reprogram their metabolome better to defend themselves against
future stressful events [53,69]. When exposed to stress, primed plants produce defense
metabolites earlier and in larger quantities than unprimed plants. Such metabolites include
phenylpropanoids, terpenoids, polyketides, and alkaloids [53,69,70], as observed in the
present study. As mentioned earlier, an increase in the production of secondary metabolites
has been suggested to be part of the defensive response in plants since the active compounds
in EOs can negatively affect several pests [71]. In previous studies, the inoculation of sweet
basil with GB03 caused changes in plant phytochemistry, which affected the development
of S. frugiperda. The secondary metabolites synthesized by the inoculated plants effectively
delayed S. frugiperda development, reduced the size of the pupa, and decreased the number
of insects transitioning from the pupal stages to their adult form. All of this can reduce the
insect population, making them more susceptible to diseases and natural enemies [72]. The
negative effects of O. basilicum EO have also been reported on other insects, with specific
compounds playing a crucial role [73].

The increase in EO content in plants that received the combination of treatments in our
study was not associated with denser glandular trichomes. This is particularly significant,
considering the well-established correlation between the content of secondary metabo-
lites and trichome density [74]. However, results analogous to ours (i.e., no correlation
between the variables) were obtained in Stevia rebaudiana plants inoculated with endophytic
bacteria [75].

Given that the combination of treatments acted synergistically on EO content, we
expected a similar response regarding VOCs. However, VOC emissions in plants inoculated
and subsequently exposed to herbivory were not higher than in the control. Moreover,
while the chemical composition of the VOCs shares similarities with that of the EO, there
are notable differences in the major components, as illustrated by the heatmap (Figure 4).
Eugenol is predominant in the EO, but linalool primarily characterizes the emissions.

Other studies have observed similar discrepancies between VOC emissions and EOs in
different plant species, in terms of overall content and major compound composition [76,77].
This phenomenon raises interesting questions about the regulation of the production and
release of volatile compounds in plants. Much is known about the chemical structures of
plant volatiles, the pathways, enzymes, and genes underlying their biosynthesis, and the
factors regulating their formation. However, more information is needed about the last step
that occurs in the plant, i.e., how volatiles are released into the atmosphere. In aromatic
plants, volatiles are emitted from glandular trichomes, where they are stored, and healthy
plants typically maintain a basal emission of these volatiles [78]. Recent research challenges
the assumption that volatile compounds move solely through passive diffusion. High
barrier resistance across cellular components, including the cytosol, the plasma membrane,
the aqueous cell wall, and the cuticles for lipophilic VOCs, contradicts the idea that diffusion
alone explains the high emission rates registered during stress responses. Fick’s first law
of diffusion suggests VOCs accumulate internally until reaching toxic levels before they
are emitted, which means more active trafficking mechanisms might be involved in their
release. Some possibilities include vesicular trafficking, soluble carrier proteins, ABC
transporters, and small carrier proteins like lipid transfer proteins (LTPs) [79–81]. Notably,
the ABC transporter PhABCG1 has been identified as a transporter of benzenoid and
phenylpropanoid compounds in petunia [82]. This hints at the sophisticated system that
plants may use for more precise communication through volatile-encoded messages.

4. Materials and Methods
4.1. Bacterial Strains, Culture Conditions and Media

The PGPR strain used in this study was Bacillus amyloliquefaciens GB03. It was cultured
on LB medium and preserved in nutrient broth with 15% glycerol at −80 ◦C for long-term
storage. For experimental purposes, the bacteria were cultured on nutrient agar. Single
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colonies were then transferred to 100 mL flasks containing the appropriate culture medium
and grown aerobically on a rotating shaker (150 rpm) for 48 h at 28 ◦C. The resulting
bacterial suspension was diluted in a sterile saline solution (0.9% sodium chloride, NaCl) to
achieve a final concentration of 108 colony-forming units (CFU) per milliliter. Subsequently,
1000 µL of this suspension was applied as an inoculum around the base of the plant stems.

4.2. Insects

Spodoptera frugiperda (SF) larvae were provided by AgIdea (Agricultural Innovation
Applied Research, Pergamino, Argentina). They were obtained from a colony without
pesticide exposure and kept on a semi-synthetic diet [83] at 23–25 ◦C in a 70% humidified
chamber, with a 16:8 h light/dark photoperiod.

4.3. Seed Sterilization and Plant Cultivation

Seeds of Ocimum basilicum L. var. genovesa (Florensa Argentina S.A) were surface-
sterilized by soaking for 2 min in 70% (v/v) ethanol and for 20 min in 1% (v/v) sodium
hypochlorite. After this, they were thoroughly rinsed four times with sterile distilled water
and placed in plastic pots filled with sterilized vermiculite. Following a 15-day period, the
plantlets were transplanted into larger plastic pots (12 cm × 22 cm) filled with sterilized
vermiculite. They were grown in a growth chamber under controlled conditions of light
(16/8 h light/dark cycle), temperature (22 ± 2 ◦C), and relative humidity (~70%) and
watered every week with 20 mL of Hoagland solution per pot. After seven days, the plants
were inoculated with 1000 µL of bacterial suspension or with sterile water in the case of
control plants. The experiments were conducted three times (10 pots per treatment, 1 plant
per pot), and arranged randomly in the growth chamber.

4.4. Bioassays and Treatments

Forty-five days post-inoculation, each plant was exposed for 4 h to three previously
starved S. frugiperda larvae. This test was conducted within entomological cages. Forty-
eight hours post-damage, VOCs were assessed, and the material was harvested, weighed,
and transferred to liquid nitrogen for subsequent analysis. Several studies have revealed
changes in secondary metabolites 48 h after herbivory [84,85].

The treatments were: (a) control; (b) plants inoculated with B. amyloliquefaciens GB03
(GB03); (c) plants infested with S. frugiperda (larvae); and (d) plants inoculated with B.
amyloliquefaciens GB03 and infested with S. frugiperda (GB03+ larvae).

4.5. EO Extraction

Shoot samples were individually weighed and subjected to hydrodistillation in a
Clevenger-like apparatus for 20 min. The volatile fraction was collected in dichloromethane,
and p-cymene (2 µL in 400 µL of dichloromethane) was added as an internal standard since
we had ascertained in earlier studies that it is not present in our basil plants [51]. O. basilicum
plants yield ~3% EO, consisting of >20 different compounds. Its major components, which
comprise ~70% of the total oil volume, are 1,8-cineole, eugenol, terpineol, and linalool.
These compounds were quantified in relation to the standard added during the distillation
procedure, as described above. Flame ionization detector (FID) response factors for each
compound generated essentially equivalent areas (differences < 5%).

Chemical analyses were performed in a Perkin-Elmer Q-700 gas chromatograph (GC)
equipped with a CBP-1 capillary column (30 m × 0.25 mm, film thickness 0.25 µm), and
a mass selective detector. The analytical conditions were as follows: injector temperature
250 ◦C, detector temperature 270 ◦C; oven temperature programmed from 60 ◦C (3 min)
to 240 ◦C at 4◦/min; carrier gas: helium at a constant flow rate of 0.9 mL/min; source
70 eV. The oil components were identified based on mass spectral and retention time data
compared to standard compounds [86]. The GC analysis was performed using a Trace
1300 GC Thermo Fisher Scientific gas chromatograph fitted with a TG-capillary column
5MS (30 m × 0.25 mm, 0.25 µm). The GC operating conditions were as follows: injector
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and detector temperature 250 ◦C; oven temperature programmed from 60 ◦C (3 min) to
240 ◦C at 4◦/min; detector: FID; carrier gas: nitrogen at a constant flow rate of 0.9 mL/min.

4.6. Collection of Plant VOCs

The collection system consisted of a vacuum pump that created a constant airflow
(300 mL/min) through a polyethylene terephthalate (PET) chamber (volume 1000 mL)
containing a plant. This chamber was closed at one end with a cap that had been pre-drilled
to fit the collection trap. At the other end, there was a cap with a hole through which the
plant stem passed, and this separated the bottom of the chamber from the base of the pot.
Air exited the chamber through a usable glass collection trap packed with 30 mg Super-Q
adsorbent (80–100 mesh; Alltech, Nicholasville, KY, USA), which was rinsed 5 times with
10 mL dichloromethane before each collection to remove impurities. Headspace VOCs
were collected for 2 h and eluted immediately from the absorbent traps with 200 mL
dichloromethane, after which the internal standard was added (1 µL p-cymene in 50 µL
dichloromethane) [63]. Collected VOCs were analyzed by gas chromatography as described
above. Following VOC collection, each plant was cut and weighed, with VOCs collected
from control (uninoculated) plants. Collections from an empty chamber showed that the
background level of monoterpenes was negligible.

4.7. Trichome Density

To study glandular trichomes, the plants were kept under controlled conditions in
a growth chamber following insect exposure until new fully expanded leaves appeared
30 days after the damage [67].

A layer of acrylic was coated onto both sides of the leaves, then meticulously removed
and mounted for microscopy on a solution of glycerol/distilled water (1:10) [87]. Six
leaf blades were processed for each treatment. Trichome density (number/mm2) was
determined from three microscope fields chosen at random from each leaf epidermis. Histo-
logical preparations were evaluated with a standard Zeiss model microscope. Photographs
were taken with a Zeiss Axiophot microscope equipped with image capture and digitization
(Ds-Qi1Mc, Nikon Eclipse 50i). Peltate and capitate trichomes were counted on both sides
of the leaves using records from 5 microscopic fields chosen randomly and observed at a
magnification of 10×. Image analysis was performed on Microsoft Paint for Windows.

4.8. Statistical Analyses

The data’s normality and homogeneity of variance were initially assessed using
Shapiro–Wilk and Levene tests, respectively. Due to the observed lack of homogeneity, a
linear mixed-effects model (MLM) was used. Comparisons between variables measured
under the different treatments (EO content, VOCs, and trichome density) were made with
MLM using analysis of variance (ANOVA). Models with homogeneous and heterogeneous
residual variances were compared through the likelihood ratio test. The best-fitting statisti-
cal model included the fixed effects of inoculation, insects, and inoculation-insects, with
heterogeneous variances in inoculation-insects. After MLM, means were compared with
Fisher’s LSD test (α = 0.05). The cluster heatmap was generated using the web-based tool
ClustVis [88], using Euclidean distance as the similarity measure and hierarchical clustering.
Principal component analysis (PCA) was conducted to extract and display relationships
between factors in the multivariate data set (herbivory and inoculation, trichome density,
EO yield, and total VOC emission). Differences between means were considered significant
for p values < 0.05. All statistical analyses were performed on Infostat v. 2020 (Infostat,
Universidad Nacional de Córdoba, Córdoba, Argentina).

5. Conclusions

Two biotic stress types, PGPR inoculation and herbivory, elicited differing defensive
responses in O. basilicum plants, particularly concerning EO. PGPR did not increase EO
content, but leaf-chewing herbivory enhanced it and raised VOC emissions. The combined
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application of the two treatments had a synergistic effect on EO production, which suggests
that PGPR inoculation may have primed the plants for a better response against the insects.
The results are evidence of the intricate nature of plant defense mechanisms against various
stressors and uncover significant possibilities for enhancing EO productivity, especially in
sweet basil. High EO yields might be obtained through strategic inoculation with GB03 and
controlled exposure to herbivory, preferably without the application of insecticides unless
the damage is substantial. However, rigorously designed trials must be conducted in the
field before considering the practical implementation of such a strategy. Future studies with
inoculated plants should accurately measure the extent of damage caused by herbivory to
determine the threshold at which it can be favorable for EO production.
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production with high essential oil yield and quality. Ind. Crop. Prod. 2019, 140, 111718. [CrossRef]

3. Arvy, M.P.; Gallouin, F.; Mendiola Ubillos, M.A.; Montalbán, J.M. Especias, Aromatizantes y Condimentos; Mandi Mundi Prensa:
Madrid, Spain, 2007.

4. Murillo, E.; Fernández, K.; Sierra, D.M.; Viña, A. Caracterización Físico-Química del aceite esencial de albahaca II. Rev. Colomb.
Quím. 2004, 33, 139–148.

5. Shahrajabian, M.H.; Sun, W.; Cheng, Q. Chemical components and pharmacological benefits of Basil (Ocimum basilicum): A
review. Int. J. Food Prop. 2020, 23, 1961–1970. [CrossRef]

6. Mahmoudi, H.; Marzouki, M.; M’Rabet, Y.; Mezni, M.; Ouazzou, A.A.; Hosni, K. Enzyme pretreatment improves the recovery
of bioactive phytochemicals from sweet basil (Ocimum basilicum L.) leaves and their hydrodistilled residue by-products and
potentiates their biological activities. Arab. J. Chem. 2020, 13, 6451–6460. [CrossRef]

7. Romano, R.; De Luca, L.; Aiello, A.; Pagano, R.; Di Pierro, P.; Pizzolongo, F.; Masi, P. Basil (Ocimum basilicum L.) Leaves as a
Source of Bioactive Compounds. Foods 2022, 11, 3212. [CrossRef]

8. Purushothaman, B.; Prasanna Srinivasan, R.; Purushothaman, S.; Ranganathan, B.; Gimbun, J.; Shanmugam, K. A Comprehensive
Review on Ocimum basilicum. J. Nat. Remedies 2018, 18, 71–85. [CrossRef]

9. Kwon, D.Y.; Li, X.; Kim, J.K.; Park, S.U. Molecular cloning and characterization of rosmarinic acid biosynthetic genes and
rosmarinic acid accumulation in Ocimum basilicum L. Saudi J. Biol. Sci. 2019, 26, 469–472. [CrossRef] [PubMed]

10. Das, S.; Barman, S.; Teron, R.; Bhattacharya, S.; Ki-Hyun, K. Secondary metabolites and anti-microbial/anti-oxidant profiles in
Ocimum spp.: Role of soil physico-chemical characteristics as eliciting factors. Environ. Res. 2020, 188, 109749. [PubMed]

11. Yang, L.; Wen, K.S.; Ruan, X.; Zhao, Y.X.; Wei, F.; Wang, Q. Response of plant secondary metabolites to environmental factors.
Molecules 2018, 23, 762. [CrossRef] [PubMed]

https://doi.org/10.1007/s12298-021-01068-1
https://doi.org/10.1016/j.indcrop.2019.111718
https://doi.org/10.1080/10942912.2020.1828456
https://doi.org/10.1016/j.arabjc.2020.06.003
https://doi.org/10.3390/foods11203212
https://doi.org/10.18311/jnr/2018/21324
https://doi.org/10.1016/j.sjbs.2017.03.010
https://www.ncbi.nlm.nih.gov/pubmed/30899160
https://www.ncbi.nlm.nih.gov/pubmed/32531524
https://doi.org/10.3390/molecules23040762
https://www.ncbi.nlm.nih.gov/pubmed/29584636


Plants 2024, 13, 932 13 of 15

12. da Silva Brito, S.S.; Silva, F.; Malheiro, R.; Baptista, P.; Pereira, J.A. Croton argyrophyllus Kunth and Croton heliotropiifolius Kunth:
Phytochemical characterization and bioactive properties. Ind. Crop. Prod. 2018, 113, 308–315. [CrossRef]

13. Sedio, B. Recent advances in understanding the role of secondary metabolites in species-rich multitrophic networks. Curr. Opin.
Insect Sci. 2019, 32, 124–130. [CrossRef]

14. Erb, M.; Kliebenstein, D.J. Plant secondary metabolites as defenses, regulators, and primary metabolites: The blurred functional
trichotomy. Plant Physiol. 2020, 184, 39–52. [CrossRef] [PubMed]

15. Kloepper, J.W.; Lifshitz, R.; Zablotowicz, R. Free-living bacterial inocula for enhancing crop productivity. Trends Biotechnol. 1989,
7, 39–44. [CrossRef]

16. Ahemad, M.; Kibret, M. Mechanisms and applications of plant growth promoting rhizobacteria: Current perspective. J. King
Saud. Univ.-Sci. 2013, 26, 1–20. [CrossRef]

17. Backer, R.; Rokem, J.S.; Ilangumaran, G.; Lamont, J.; Praslickova, D.; Ricci, E.; Smith, D.L. Plant growth-promoting rhizobacteria:
Context, mechanisms of action, and roadmap to commercialization of biostimulants for sustainable agriculture. Front. Plant Sci.
2018, 9, 1473. [CrossRef] [PubMed]

18. Vejan, P.; Abdullah, R.; Khadiran, T.; Ismail, S.; Nasrulhaq Boyce, A. Role of Plant Growth Promoting Rhizobacteria in Agricultural
Sustainability—A Review. Molecules 2016, 21, 573. [CrossRef] [PubMed]

19. Trivedi, P.; Leach, J.E.; Tringe, S.G.; Tongmin, S.A.; Brajesh, K. Plant–microbiome interactions: From community assembly to plant
health. Nat. Rev. Microbiol. 2020, 18, 607–621. [CrossRef]

20. Pieterse, C.M.; Van der Does, D.; Zamioudis, C.; Leon-Reyes, A.; Van Wees, S.C. Hormonal modulation of plant immunity. Annu.
Rev. Cell Dev. Biol. 2012, 28, 489–521. [CrossRef] [PubMed]

21. Stam, J.M.; Kroes, A.; Yehua, L.; Rieta, G.; Joop, J.A.; van Loon, E.H.; Poelman, E.H.; Dicke, M. Plant Interactions with Multiple
Insect Herbivores: From Community to Genes. Annu. Rev. Plant Biol. 2012, 65, 689–713. [CrossRef]

22. Pieterse, C.M.; Leon-Reyes, A.; Van der Ent, S.; Van Wees, S.C. Networking by small-molecule hormones in plant immunity. Nat.
Chem. Biol. 2009, 5, 308–316. [CrossRef] [PubMed]

23. Erb, M.; Reymond, P. Molecular Interactions between Plants and Insect Herbivores. Annu. Rev. Plant Biol. 2019, 70, 527–557.
[CrossRef] [PubMed]

24. Karssemeijer, E.G.A.; Bossers, W.J.R.; Aaronson, J.A.; Sanders, L.M.J.; Kessels, R.P.C.; Olde, R. Exergaming as a Physical Exercise
Strategy Reduces Frailty in People with Dementia: A Randomized Controlled Trial. J. Am. Med. Dir. Assoc. 2019, 20, 1502–1508.
[CrossRef] [PubMed]

25. Vranova, E.; Comanand, D.; Wilhelm, G. Structure and Dynamics of the Isoprenoid Pathway Network. Mol. Plant 2012, 5, 318–333.
[CrossRef] [PubMed]

26. Vlot, A.C.; Sales, J.H.; Lenk, M.; Bauer, K.; Brambilla, A.; Sommer, A.; Nayem, S. Systemic propagation of immunity in plants.
New Phytol. 2021, 229, 1234–1250. [CrossRef] [PubMed]

27. Jan, R.; Asaf, S.; Numan, M.; Lubna; Kim, K.-M. Plant Secondary Metabolite Biosynthesis and Transcriptional Regulation in
Response to Biotic and Abiotic Stress Conditions. Agronomy 2021, 11, 968. [CrossRef]

28. Singh, B.; Sharma, R.A. Plant terpenes: Defense responses, phylogenetic analysis, regulation and clinical applications. 3 Biotech
2015, 5, 129–151. [CrossRef] [PubMed]

29. Li, Z.; Wang, X.; Chen, F.; Hyun, J. Chemical Changes and Overexpressed Genes in Sweet Basil (Ocimum basilicum L.) upon Methyl
Jasmonate Treatment. J. Agric. Food Chem. 2007, 55, 706–713. [CrossRef]

30. Prins, C.; Vieira, I.J.C.; Freitas, S. Growth regulators and essential oil production. Braz. J. Plant Physiol. 2010, 22, 91–102. [CrossRef]
31. Złotek, U.; Michalak-Majewska, M.; Szymanowska, U. Effect of jasmonic acid elicitation on the yield, chemical composition, and

antioxidant and anti-inflammatory properties of essential oil of lettuce leaf basil (Ocimum basilicum L.). Food Chem. 2016, 213, 1–7.
[CrossRef]

32. Kim, H.J.; Chen, F.; Wang, X.; Nihal, C.R. Effect of Methyl Jasmonate on Secondary Metabolites of Sweet Basil (Ocimum basilicum
L.). J. Agric. Food Chem. 2006, 54, 2327–2332. [CrossRef]

33. Deschamps, C.; Simon, J.E. Terpenoid essential oil metabolism in basil (Ocimum basilicum L.) following elicitation. J. Essent. Oil
Res. 2006, 18, 618–621. [CrossRef]

34. Pineda, A.; Zheng, S.J.; van Loon, J.J.A.; Pieterse, C.M.J.; Dicke, M. Helping plants to deal with insects: The role of beneficial
soil-borne microbes. Trends Plant Sci. 2010, 15, 507–514. [CrossRef]

35. Serteyn, L.; Quaghebeur, C.; Ongena, M.; Cabrera, N.; Barrera, A.; Molina-Montenegro, M.A.; Francis, F.; Ramírez, C.C. Induced
Systemic Resistance by a Plant Growth-Promoting Rhizobacterium Impacts Development and Feeding Behavior of Aphids.
Insects 2020, 11, 234. [CrossRef] [PubMed]

36. Banchio, E.; Bogino, P.; Santoro, M.; Torres, L.; Zygadlo, J.; Giordano, W. Systemic induction of monoterpene biosynthesis in
Origanum × majoricum by soil bacteria. J. Agric. Food Chem. 2010, 58, 650–654. [CrossRef] [PubMed]

37. Santoro, M.V.; Zygadlo, J.; Giordano, W.; Banchio, E. Volatile organic compounds from rhizobacteria increase biosynthesis of
essential oils and growth parameters in peppermint (Mentha piperita). Plant Physiol. Biochem. 2011, 49, 1177–1182. [CrossRef]
[PubMed]

38. Cappellari, L.; Santoro, M.V.; Nievas, F.; Giordano, W.; Banchio, E. Increase of secondary metabolite content in marigold by
inoculation with plant growth-promoting rhizobacteria. Appl. Soil Ecol. 2013, 70, 16–22. [CrossRef]

https://doi.org/10.1016/j.indcrop.2018.01.044
https://doi.org/10.1016/j.cois.2019.01.008
https://doi.org/10.1104/pp.20.00433
https://www.ncbi.nlm.nih.gov/pubmed/32636341
https://doi.org/10.1016/0167-7799(89)90057-7
https://doi.org/10.1016/j.jksus.2013.05.001
https://doi.org/10.3389/fpls.2018.01473
https://www.ncbi.nlm.nih.gov/pubmed/30405652
https://doi.org/10.3390/molecules21050573
https://www.ncbi.nlm.nih.gov/pubmed/27136521
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://www.ncbi.nlm.nih.gov/pubmed/22559264
https://doi.org/10.1146/annurev-arplant-050213-035937
https://doi.org/10.1038/nchembio.164
https://www.ncbi.nlm.nih.gov/pubmed/19377457
https://doi.org/10.1146/annurev-arplant-050718-095910
https://www.ncbi.nlm.nih.gov/pubmed/30786233
https://doi.org/10.1016/j.jamda.2019.06.026
https://www.ncbi.nlm.nih.gov/pubmed/31409559
https://doi.org/10.1093/mp/sss015
https://www.ncbi.nlm.nih.gov/pubmed/22442388
https://doi.org/10.1111/nph.16953
https://www.ncbi.nlm.nih.gov/pubmed/32978988
https://doi.org/10.3390/agronomy11050968
https://doi.org/10.1007/s13205-014-0220-2
https://www.ncbi.nlm.nih.gov/pubmed/28324581
https://doi.org/10.1021/jf062481x
https://doi.org/10.1590/S1677-04202010000200003
https://doi.org/10.1016/j.foodchem.2016.06.052
https://doi.org/10.1021/jf051979g
https://doi.org/10.1080/10412905.2006.9699183
https://doi.org/10.1016/j.tplants.2010.05.007
https://doi.org/10.3390/insects11040234
https://www.ncbi.nlm.nih.gov/pubmed/32276327
https://doi.org/10.1021/jf9030629
https://www.ncbi.nlm.nih.gov/pubmed/20000572
https://doi.org/10.1016/j.plaphy.2011.07.016
https://www.ncbi.nlm.nih.gov/pubmed/21843946
https://doi.org/10.1016/j.apsoil.2013.04.001


Plants 2024, 13, 932 14 of 15

39. Biere, A.; Goverse, A. Plant-Mediated Systemic Interactions between Pathogens, Parasitic Nematodes, and Herbivores Above-
and Belowground. Annu. Rev. Phytopathol. 2016, 54, 499–527. [CrossRef] [PubMed]

40. Disi, J.; Simmons, J.; Zebelo, S. Plant growth-promoting rhizobacteria induced defense against insect herbivores. In Field Crops:
Sustainable Management by PGPR; Sustainable Development and Biodiversity; Springer: Berlin/Heidelberg, Germany, 2019;
Volume 23.

41. Chiappero, J.; Cappellari, L.; Palermo, T.B.; Giordano, W.; Khan, N.; Banchio, E. Antioxidant status of medicinal and aromatic
plants under the influence of growth-promoting rhizobacteria and osmotic stress. Ind. Crop. Prod. 2021, 167, 113541. [CrossRef]

42. Santoro, M.V.; Bogino, P.C.; Nocelli, N.; Cappellari, L.; Giordano, W.; Banchio, E. Analysis of plant growth-promoting effects of
fluorescent pseudomonas strains isolated from Mentha piperita rhizosphere and effects of their volatile organic compounds on
essential oil composition. Front. Microbiol. 2016, 7, 1085. [CrossRef] [PubMed]

43. Tahami, M.K.; Jahan, M.; Khalilzadeh, H.; Mehdizadeh, M. Plant growth promoting rhizobacteria in an ecological cropping
system: A study on basil (Ocimum basilicum L.) essential oil production. Ind. Crop. Prod. 2017, 107, 97–104. [CrossRef]

44. Khalediyan, N.; Weisany, W.; Schenk, P.M. Arbuscular mycorrhizae and rhizobacteria improve growth, nutritional status and
essential oil production in Ocimum basilicum and Satureja hortensis. Ind. Crop. Prod. 2021, 160, 113163. [CrossRef]

45. Yilmaz, A.; Karik, Ü. AMF and PGPR enhance yield and secondary metabolite profile of basil (Ocimum basilicum L.). Ind. Crop.
Prod. 2022, 176, 114327. [CrossRef]

46. Banchio, E.; Xie, X.; Zhang, H.; Paré, P.W. Soil bacteria elevate essential oil accumulation and emissions in sweet basil. J. Agric.
Food Chem. 2009, 57, 653–657. [CrossRef] [PubMed]

47. Deschamps, C.; Gang, D.; Dudareva, N.; Simon, J.E. Developmental regulation of phenylpropanoid biosynthesis in leaves and
glandular trichomes of basil (Ocimum basilicum L.). Int. J. Plant Sci. 2006, 167, 447–454. [CrossRef]

48. Aartsma, Y.; Felix, J.J.; Bianchi, A.; van der Werf, W.; Poelman, M. Herbivore-induced plant volatiles and tritrophic interactions
across spatial scales. New Phytol. 2017, 216, 1054–1063. [CrossRef]

49. Turner, G.W.; Gershenzon, J.; Croteau, R.B. Distribution of Peltate GlandularTrichomes on Developing Leaves of Peppermint.
Plant Physiol. 2000, 124, 655–664. [CrossRef]

50. Pérez-de-Luque, A.; Tille, S.; Johnson, I. The interactive effects of arbuscular mycorrhiza and plant growth-promoting rhizobacteria
synergistically enhance host plant defences against pathogens. Sci. Rep. 2017, 7, 16409. [CrossRef] [PubMed]

51. Banchio, E.; Bogino, P.; Zygadlo, J.; Giordano, W. Plant growth promoting rhizobacteria improve growth and essential oil yield in
Origanum majorana L. Biochem. Syst. Ecol. 2008, 36, 766–771. [CrossRef]

52. Van Oosten, V.R.; Bodenhausen, N.; Reymond, P.; Van Pelt, J.A.; Van Loon, L.C.; Dicke, M. Differential effectiveness of microbially
induced resistance against herbivorous insects in Arabidopsis. Mol. Plant Microbe Interact. 2008, 21, 919–930. [CrossRef]

53. Rashid, H.; Chung, Y. Induction of Systemic Resistance against Insect Herbivores in Plants by Beneficial Soil Microbes. Front.
Plant Sci. 2017, 19, 1816. [CrossRef]
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