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Abstract: The aim of this study was to monitor the volatile chemical composition from leaves
and reproductive organs of Piper mollicomum Kunth (PM), in its reproduction period, as well as
register inflorescence visitors, microclimate and phenological information. The essential oils (EOs)
obtained from the different fresh organs by hydrodistillation were identified and quantified by Gas
Chromatography/Mass Spectrometry (GC/MS) and by GC coupled to a Flame Ionization Detector
(GC/FID), respectively. The cercentage content of some volatiles present in reproductive organs, such
as limonene, 1,8-cineole, linalool and eupatoriochromene, increased during the maturation period of
the inflorescences, and decreased during the fruiting period, suggesting a defense/attraction activities.
Furtermore, a biosynthetic dichotomy between 1,8-cineole (leaves) and linalool (reproductive organs)
was recorded. A high frequency of bee visits was registered weekly, and some correlations showed a
positive relationship between this variable and terpenes. Microclimate has an impact on this species’
phenological cycles and insect visiting behavior. All correlations between volatiles, insects, phenology
and microclimate allowed us to present important data about the complex information network in PM.
These results are extremely relevant for the understanding of the mechanisms of chemical–ecological
plant–insect interactions in Piperaceae, a basal angiosperm.

Keywords: chemical ecology; essential oils; terpenes; pollination; ecological interactions; Piperaceae

1. Introduction

Piper mollicomum Kunth (Piperaceae) is a heliophilous or cyophilous species, which
means it can grow both in high luminosity environments and in humid and shady places.
It has membranous, tomentose leaves and spicule inflorescences [1,2]. This plant blooms
in many locations across Brazil typically from September to January [1–3]. This wide
distribution leads to different popular names, such as aperta-ruão, jaborandi, jaborandi-
manso, pariparoba and rabo-de-galo. Because of its pantropical range and lack of preference
for any particular temperature zone, this species has been documented in a variety of
vegetation types and climatic conditions, including antropic area, riparian forest, semi-
deciduous seasonal sorest and ombrophilous forest [1,3–5].

The bio-pharmacological effects of P. mollicomum are widely recognized, and include
increased gastrointestinal motility [6], antifungal [7,8], antibacterial [9], larvicidal [10] and
antinociceptive activities [11]. Some ethnobotanical studies also suggest that different
organs of this plant are used to treat back pain, to decrease menstrual flow, and even as a
hair tonic [12–15].
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In addition to its medicinal applications, specimens of P. mollicomum are used as
mystical resources to achieve spiritual contact with deities in rituals of African-based
religions. Amaci is one of these important rites [16].

This species also contributes to several biotic interactions. For example, its infructes-
cences have already been described as the main food resource for two species of frugivores
bats, Carollia perspicillata (Linnaeus., 1758) and C. castanea (Frederirick, 1890) [17,18]. In-
fructescences are critical for the reproductive success of these animals and of several species
of frugivorous birds [19,20]. Because infructescences are available all year long, Piper L.
specimens may efficiently disseminate their seeds in their habitat with the aid of these
animals. [21,22]. In this sense, current studies have focused on understanding chemical
communications between Piper and animals [23].

Some authors point out that the reproductive organs are anatomical structures char-
acterized especially as mutualistic in their ecological relationships [2,24]. However, other
conceptions propose a model in which these structures act as hotspots in mutualistic and
antagonistic interactions, mainly due to their great phytochemical diversity [23,25–33].
According to several studies, EOs from fruits and seeds have a variety of specialized
metabolites (SMs) that differ from those found in other vegetative tissues [23,34–37]. Recent
studies have shown that amides and 7-desmethylenekecalin have high toxicity against
opportunistic pathogens in immature fruits [3,36,38–40]. On the other hand, amide con-
centrations decreased in the pericarp of ripe fruits, making these organs more attractive to
seed dispersers. This phenomenon shows how biotic influences can affect the composition
of SMs found in various plant tissues [2,23,37,41].

Despite the great entomological biodiversity in neotropical forests, many plant spec-
imens are preyed by specific groups of insects [42,43]. This homogeneity is mainly gen-
erated by biotic filters that culminate in a specific herbivory between phytophages and
plants [24,44,45]. Some of these trophic interactions are observed in Piper species and
Eois caterpillars (Hübner., 1818) [24,42,45–52]. For example, leaves of P. mollicomum, that
are continuously defoliated by herbivores, emit EOs attractive to predatory wasps who
feed on their herbivorous rivals, promoting negative pressure on them. These damaged
organs released terpenes that were detected in very low percentages in intact leaves. This
mechanism infers that some constituents may benefit the plant by attracting opportunistic
insects, such as parasitic predator wasps, which attack their natural enemies [24].

Essential oils are complex mixtures of volatile and lipophilic substances, biosyn-
thesized in various plant organs within intracellular compartments. These volatiles are
composed of a wide variety of complex compounds, however, the main constituents in
these mixtures are terpenes, organic substances derived from isopentyl diphosphate (IPP) or
3,3-dimethylallyl diphosphate (DPP) units [53–56]. These metabolites are composed of five
carbon atoms and are subsequently biotransformed by enzymatic activity [3,53–56]. The
most common terpenes in Piperaceae are monoterpenes and sesquiterpenes, although there
are records of volatile diterpenes [57]. Two important biosynthetic pathways lead to the
production of monoterpenes and sesquiterpenes: acetate-mevalonate and methylerythritol-
phosphate [3,53–56].

Several studies correlate the participation of substances that can be found in EOs in
some important ecological relationships [2,53,55,58–66]. For example, some volatiles have
a high repulsive toxic action, causing food aversion to herbivores of the plants that produce
them [51,52,67]. In addition, volatiles can even prevent the oviposition of insects and mites,
and attract their natural enemies [52,68,69].

Not only disharmonious relationships predominate between Piper species and in-sects.
It is important to note the harmonious relationships between these two groups, particularly
pollination, a subject that has received regular attention in recent years [70–73].

Ramos et al. (2021) analyzed the chemical phenotypic plasticity of EOs from Piper
gaudichaudianum Kunth at different seasons and periods of the year. This study made
it possible to propose a new chronotype, in addition to other important findings, such
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as a new micromolecular index that allows inferences about the reduction–oxidation of
mixtures (Ramos and Moreira Index) [55].

Furthermore, some studies were carried out by our group with P. mollicomum that
showed a high percentage of linalool, eupatoriochromene and E-nerolidol in the repro-
ductive structures [2,3]. However, in these studies, macroclimatic data were used, and the
different phenophases of the reproductive organs were not evaluated [2]. The correlations
between volatiles, insect visitation, microclimate and reproductive organ ontogeny were
studied [74–80], therefore, a much more embracing work, and of great chemical-ecological
importance. The results gathered are of essential importance for understanding the pro-
cesses of chemical–ecological interactions in Piperaceae since this is the first scientific study
to completely examine several factors that interact with this species of Piper throughout its
reproductive period.

2. Results

The EOs of the stages of the reproductive organ showed variation in their percentage
of volatile chemical compositions (0.01% to 1.47%; v/w). Stages 1, 2, 3 and 4 presented the
lowest percentages (0.01% to 1.12%; v/w), and stage 5, the highest (1.2% to 1.47%; v/w)
(Tables S1 and S2). The volatile constituents were different in most of the investigated
months, showing a rich and diversified fraction in non-oxygenated sesquiterpenes in the
leaves and oxygenated monoterpenes in the five stages of the reproductive organ.

In the initial months of flowering (September and October), the oxygenated monoter-
pene linalool was the chemical constituent that registered the highest relative percent-
ages, both in leaves and in most stages of the reproductive organ (September—29.23% to
73.13%; October—27.20% to 51.96%). Also noteworthy is the non-oxygenated monoterpene
limonene, which showed high percentages in most EOs in this period, including in the
reproductive organs (0.01% to 20.07%). In November, the major constituent in the leaves
was identified as the oxygenated monoterpene α-terpineol (11.41%), and the constituent
with the most prominent relative percentage in the different stages of the reproductive
organ was 1,8-cineole (26.07% at 58.77%). In December, the constituents that stood out in
the foliar EOs were the non-oxygenated monoterpenes α-pinene (11.30%) and β-pinene
(6.49%), the oxygenated monoterpene linalool (11.28%) as well as the non-oxygenated
sesquiterpene β-elemene (8.62%). On the other hand, in the different stages of the re-
productive organ, the main identified constituent was 1,8-cineole (22.96% to 32.01%), in
addition to α-pinene (3.50% to 14.7%) and linalool (0.00% to 10.46%). In the last month of
this research (January) 1,8-cineole was the constituent that presented the highest relative
percentages in the EOs, not only in the leaves (8.62%), but also in the different stages of
the reproductive organ (13.50% at 49.32). It is important to highlight that the constituent
desmethylencecalin (eupatoriochromene) showed a significant difference (p < 0.05) in the
relative percentage of leaves (0.00% to 2.56%) and stages of reproductive organs (0.12% to
32.92%) from September to January.

In addition to presenting the major constituents of the last stages of floral development,
Table S2 shows Spearman’s correlation (r2) between EOs’ constituents vs. seasonality. For
this analysis, we highlighted all the constituents of the EOs that were identified at least
once in the periods and stages of the analyzed reproductive organs. The results show
negative correlations for the constituents eupatoriochromene (r2 = −0.755, p < 0.05), α-
pinene (r2 = −0.878, p < 0.05), and myrcene (r2 = −0.799, p < 0.05). This information infers
that there are changes in the content of EOs from the first stage of floral development to the
beginning of fruiting, a fact that leads to a significant decrease in these compounds, while
the development of reproductive structures occurs. As result of this Spearman’s correlation,
we proposed to investigate the trend on the ontogenic pattern of the percentage contents
of the main constituents of the EOs along each stage of the reproductive organ (Figure 1).
For this correlation, we selected only the constituents that registered percentage contents
above 5% at least once in the EOs in the periods and stages of the analyzed reproductive
organs. The results showed that the relative percentages of E-nerolidol, 1,8-cineole and
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linalool undergo increases from stage 1, 2 (period of maturation) and 3 (anthesis), and
decreases in the period of fructification (stages 4 and 5). The graphs (Figure 1) denote that
the compounds limonene and eupatoriochromene present consistency in their percentage
contents in the first stages of floral maturation and decrease in the stages of fructification.
Besides that, α-pinene was the only one that showed a decrease in its relative percentage
content from the first to the final stages of floral development.
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Figure 1. Percentage content (mean standard deviation) of the major compounds vs. stages of
development of the reproductive organ of Piper mollicomum Kunth, in the months of September 2020
to January 2021. For the construction of this graphics, we selected only the constituents that registered
percentage contents above 5% at least once in the EOs in the periods and stages of the analyzed
reproductive organs.

Figure 1 illustrates the main constituents of the EOs of the reproductive structures that
increase in the flowering stages and decrease in the fruiting stages, exception for α-pinene.
Henceforth, we did principal component analyses (PCA) to assist in the interpretation of
the distinctions of the chemical constitution (Figure 2). The variables’ projection factors
underwent a total change of 86.06%, with the contribution of the first principal component
(PC1) of 47.38%, and 38.68% for the second principal component (PC2). Two groups
promoted significant variations in the content of their components: (1) predominant in
linalool and (2) predominant in 1,8-cineole. The findings demonstrate that leaves and
reproductive organs were separated at the start of blooming in September and October
due to an increase in PC2’s positive charge (2), influenced by the high percentages of
linalool (PC2, 38.68%). Due to a rise in the percentage content of 1,8-cineole (PC2, 47.38%),
leaves and reproductive organs displayed an increase in the positive charge of PC1-(1)
from the peak of blooming till fructification between November and January. At the peak
of flowering until fructification (November to January), leaves and reproductive organs
showed an increase in the positive charge of PC1-(1), due to the increase in the percentage
content of 1,8-cineole (PC2, 47.38%).

Figure S1 also demonstrates the similarity of the chemical profile biosynthesized in the
EOs (leaves and reproductive organ). The results show that at the beginning of flowering,
the characteristics of the volatile constituents presented greater chemical similarities, both
for leaves and for reproductive organs. However, from the floral apex to the final stages of
fruiting, the chemical profile was different, demonstrating that the compounds are more
distinct (Figure S1). Finally, Figure S2 presents the Euclidean Hierarchical Grouping, which
clearly demonstrates the biosynthetic dichotomy of the volatile constituents from leaves
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and reproductive structures analyzed at the beginning (linalool-rich samples) and at the
end of flowering (1,8-cineole-rich samples).
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Figure 2. Ordering diagram produced by Principal Component Analysis (PCA) relating the chemical
constitution of essential oils from leaves and inflorescences of Piper mollicomum Kunth in the months
under study (September 2020 to January 2021). Sep–September; Oct–October; Nov–November;
Dec–December; Jan–Jan. L–Leaves; I–Inflorescences.

In order to evaluate correlations between the chemical constituents of the EOs and the
frequency of visits by potential pollinators, weekly observations were carried out. Data
collection indicates that bees and flies were the main groups of insects observed in all
inspections (Figure S3). In total, the insects visited the mature inflorescences 4332 times in
the analyzed period. Bees were the most noticed, with high frequencies of visits almost
every day. Insect 2 (Hymenoptera—Tetragonisca angustula Latreille, 1811) was the floral
visitor that registered the highest frequency (n = 3042). Insect 6 (Hymenoptera—Colletidae
sp.), another bee, was the second hymenopteran with the highest number of visits (n = 820).
The other bees, insects 5 (Hymenoptera—Halictidae sp. 2) and 4 (Hymenoptera—Halictidae
sp. 1), recorded frequencies of 238 and 67, respectively. Diptera had significantly different
visit rates among them. While insect 3 (Diptera—Syrphidae sp. 2) was the third insect with
the highest number of visits (n = 164), insect 1 (Diptera—Syrphidae sp. 1) was observed only
once (n = 1). The data of the weekly sums referring to all frequencies of visits are described
in Table S3.

Canonical correspondence analysis was carried out to assess a potential correlation be-
tween insect visits and volatile components (Figures 3 and 4). This analysis is more accurate
than Spearman’s correlation, as it links all variables, including visitation rates among insects.
The first graph (Figure 3) indicates correlations between leaf constituents’ data vs. insect
visits to mature inflorescences. The results demonstrate a strong positive correlation be-
tween the frequency of visits and the percentage content of non-oxygenated monoterpenes
camphene, limonene and E-β-ocimene; in addition to the acyclic oxygenated monoterpene
linalool. The results also indicate a strong positive correlation between sesquiterpenes
E-caryophyllene and aromadendrene, with the visits of the insects to inflorescences. The
graph also shows that the constituents that can attract insects were biosynthesized mainly
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in the first months of observation, September and October, when the first stages of inflo-
rescence sprouting began. Concurrently, the sesquiterpenes E-nerolidol and β-selinene,
in addition to the monoterpenes E-β-ocimene, Z-β-pinene, α-pinene, 1,8-cineole, as well
as eupatoriochromene, did not show a significant positive correlation with respect to the
constancy of visits. Additionally, Figure 3 demonstrates that during the inflorescence and
infructescence maturation periods (November to January), the components that had a
negative correlation with the frequency of insects were biosynthesized. Figure 4 indicates
correlations between data from constituents of mature inflorescences vs. insect visits. These
analyses present a strong positive correlation between the frequency of visits and percentage
content of non-oxygenated monoterpenes such as camphene and Z-β-ocimene, in addition
to the acyclic oxygenated monoterpene linalool, and the sesquiterpenes E-caryophyllene
and aromadendrene. The constituents E-nerolidol, β-selinene, α-pinene, 1,8-cineole, E-β-
ocimene, limonene and eupatoriochromene did not show significant correlations with the
variables in the analysis.
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Figure 3. Canonical Correspondence Analysis (CCA) that correlates the chemical composition of
foliar essential oils and the frequency of visits of potential pollinators of Piper mollicomum Kunth from
September 2020 to January 2021. Sep–September; Oct–October; Nov–November; Dec–December;
Jan–January; Insect 1 (Diptera—Syrphidae sp. 1); Insect 2 (Hymenoptera—Tetragonisca angustula
Latreille. 1811); Insect 3 (Diptera—Syrphidae sp. 2); Insect 4 (Hymenoptera—Halictidae sp. 1); Insect 5
(Hymenoptera—Halictidae sp. 2); Insect 6 (Hymenoptera—Colletidae sp.).

These results show that some major constituents present in the EOs may influence
the frequency of visits by potential pollinators to stage 3 (anthesis) of P. mollicomum, as
confirmed in the two canonical correspondence analyses. These data denote the value of
terpenes in this important ecological function. Furthermore, these patterns enable us to
deduce the possibility that the compounds that increase insects’ attraction to P. mollicomum
inflorescences may have a synergistic effect. It is known that the volatile constituents of
leaves, and not only those of inflorescences or mature flowers, influence the attraction of
insects [24]. These compounds interact in a blend or volatile mixture, a phenomenon that
was already described. However, we define it as volatile fog (Figure 5).
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essential oils from mature inflorescences and the frequency of visits by potential pollinators of
Piper mollicomum Kunth from September 2020 to January 2021. Sep–September; Oct–October; Nov–
November; Dec–December; Jan–January; Insect 1 (Diptera—Syrphidae sp. 1); Insect 2 (Hymenoptera—
Tetragonisca angustula Latreille. 1811); Insect 3 (Diptera—Syrphidae sp. 2); Insect 4 (Hymenoptera—
Halictidae sp. 1); Insect 5 (Hymenoptera—Halictidae sp. 2); Insect 6 (Hymenoptera—Colletidae sp.).
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In addition to canonical correspondence analyses on the insect–plant interaction in
P. mollicomum, we performed Spearman’s correlation analysis to confirm the relationships
between visitors and volatile constituents vs. abiotic microclimate factors (Table S4). The
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analyses show strong positive correlations between the following constituents in the attrac-
tion of insects: camphene, eupatoriochromene, α-pinene, aromadendrene and camphor.
The data also show a moderate positive correlation between the ambient temperature (◦C)
(r2 = 0.749, p < 0.05; r2 = 0.633, p < 0.05; r2 = 0.606, p < 0.05; r2 = 0.642, p < 0.05), inflores-
cences temperature (r2 = 0.688, p < 0.05; r2 = 0.559, p < 0.05; r2 = 0.606, p < 0.05; r2 = 0.616,
p < 0.05) and leaf temperature (r2 = 0.763, p < 0.05; r2 = 0.626, p < 0.05; r2 = 0. 717, p < 0.05;
r2 = 0.692, p < 0.05) for insects 2 (Tetragonisca angustula, Latreille. 1811), 3 (Syrphidae sp. 2), 5
(Halictidae sp. 2) and 6 (Colletidae sp.), respectively. A weak positive correlation was jointly
demonstrated for light intensity and frequency of visits by insects 4 (Halictidae sp. 1) and 5
(Halictidae sp. 2); (r2 = 0.538, p < 0.05; r2 = 0.560, p < 0.05). This information allows us to
infer that insects are more attracted to plants in hot periods. This fact is probably due to the
intense volatilization of the constituents that possibly attract insects.

In contrast, our findings also describe a moderate negative correlation between relative
air humidity (r2 = −0.667, p < 0.05; r2 = −0.622, p < 0.05) and rainfall index (r2 = −0.649,
p < 0.05; r2 = −0.657, p < 0.05; r2 = −0.649, p < 0.05) with the frequency of insect visits 2
(Tetragonisca angustula, Latreille. 1811), 3 (Syrphidae sp. 2) and 6 (Colletidae sp.), respectively.
These findings support earlier research that indicated that increase in humidity impairs bee
visits to flowers of different plant types.

It is known that the meteorological microclimate variables may influence the attraction
of pollinators, however, in addition to this important information, our purpose was to assess
whether these factors also influence the biosynthesis of chemical constituents identified in
the EOs of P. mollicomum. Table S5 shows Spearman’s correlations between the measured
microclimate vs. percentage content of the major compounds in the reproductive organs of P.
mollicomum. The mature inflorescence (stage 3—anthesis, Figure 6) was the structure chosen
for the analysis of these correlations because it was the only one of the five stages visited by
all the insects recorded in this research. The results demonstrate that camphene (r2 = 1.000,
p < 0.14), aromadendrene (r2 = 1.000, p < 0.31), camphor (r2 = 1.000, p < 0.21), α-terpinene
(r2 = 0.935, p < 0.21), tolualdehyde (r2 = 0.935, p < 0.21), and δ-cadinene (r2 = 0.926, p < 0.24)
showed positive correlations with the environmental variable wind speed (m/s). The data
also describe that both the temperature of the inflorescences in stage 3 and the temperature
of the leaves (◦C) can negatively influence the percentage of β-pinene (r2 = −0.945, p < 0.02;
r2 =−0.916, p < 0.02, respectively). According to our results, rain and relative humidity have
a strong influence, directly proportional, on the chemical constitution, mainly α-pinene
(r2 = −0.880, p < 0.23), β-selinene (r2 = 0.985, p < 0.23), myrcene (r2 = −0.927, p < 0.26),
δ-cadinene (r2 = 0.926, p < 0.23), tolualdehyde (r2 = 0.935, p < 0.23), γ-terpinene (r2 = 0.935,
p < 0.23), benzyl benzoate (r2 = 0.935, p < 0.23) and eupatoriochromene (r2 = 0.911, p < 0.23).

As mentioned, we verified that the volatile constituents could instill the frequency of
insect visits, probably by olfactory attraction. In order to enrich our results, we propose to
investigate whether this activity of potential pollinators is influenced by visual attraction.
For this, we performed Spearman’s correlation analysis on the variables of insect visits vs.
pattern of phenological events in P. mollicomum (Table S6). Surprisingly, the analysis did
not show significant results for these correlations.

We also performed Spearman’s correlations between abiotic factors of microclimate
vs. pattern of phenological events (Table S7). Data showed a strong negative correlation
between leaf fall and temperature (◦C) (r2 = −0.783, p < 0.05). Additionally, there is a strong
positive correlation between rainfall (mm) and leaf sprouting (r2 = 0.800, p < 0.05). This
correlation indicates that the greater the rainfall, the more pubescent leaves initiate the
sprouting process. Moreover, data showed that the leaf sprouting phenophase is negatively
correlated with the microclimate light intensity (r2 = −0.800, p < 0.05). This trend indicates
that higher luminosity inhibits the sprouting process. However, this correlation needs to be
further evaluated in detail, as the opposite is expected [81]. We speculate that there could
be an optimal luminosity for budding in P. mollicomum, which would support these results.
These issues can be addressed by experiments using carefully regulated in vitro culture.
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3. Discussion

During the observation period of this research, we examined and described five stages
of ontogenic development of the reproductive organ of P. mollicomum. Four of the five
were registered between September and November 2020. The last stage was only found
in the last two months of the analysis (December 2020 and January 2021). The results
show that at the beginning of flowering, there was mainly biosynthesis of the volatile
constituents linalool and limonene. In this period, the plants still had their immature
inflorescences, with the absence of enough pollen grains to favor the pollination process
(and consequent reproduction). With that, the fundamental issue to keep the specimens
viable for propagation is the defense of these relevant and important organs. Some studies
show that plant species exude toxic volatiles, against herbivores, most markedly in the
early stages of flowering, mainly to maintain the accessibility of their buds and, as a result,
ensure successful reproduction [82,83]. Zheng et al. (2020) in a study carried out with
specimens of lavender (Lavandula angustifolia Mill., Lamiaceae), tobacco (Nicotiana tabacum
L., Solanaceae) and mint (Mentha spicata L., Lamiaceae), showed that genes that significantly
contribute to protection from different reproductive organs were mainly stimulated during
the early stages of pubescent tissue development. Another study related to the defensive
behavior of Japanese pepper (Zanthoxylum pipertum L.D.C., Rutaceae) corroborates these
findings [84].

The initial stages of development of reproductive organs tend to be stressful for many
plant species, as in these stages, plants need to reallocate their energy reserves, both for the
growth of their flowers or inflorescences, and for the development of defensive strategies.
There is an intense investment of plant metabolism in the biosynthesis of compounds of
primary and secondary metabolism [82]. The study by Zheng et al. (2020) also reported
that the constituent limonene, biosynthesized in tobacco leaves, acted as a repellent against
aphids (Myzus persicae Sulzer., 1776). This article explains that limonene also protects
plants against herbivory by attracting ladybirds (Harmonia axyridis Pallas., 1773), natural
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enemies of aphids [83]. These references corroborate our findings and suggest the hypoth-
esis that limonene may act in a plant–herbivore–carnivore tritrophic interaction [83,85].
These findings, regarding the induction of chemical signals provided by limonene, were
also demonstrated in studies with Fabaceae, such as soybean (Glycine max (L.) Merrill).
Coleoptera of the species Coccinella septempunctata Linnaeus., 1758, were attracted to plants
that contained considerable amounts of limonene and that were extensively damaged
by aphids (Aphis glycines Matsumurae., 1917) [86]. In addition to beetles, some findings
explain that limonene can attract predatory aphids, such as Phytoseiulus persimilis Athias,
1957, and Neoseiulus californicus McGregor, 1954, protecting specimens of Lamiaceae (Men-
tha spicata L.) that emit volatiles against herbivory caused by insects [52]. Other studies
showed that a simultaneous effect between the constituents carveol, pinene and limonene
act as promising repellents [87,88]. However, some studies carried out with limonene have
reported the opposite effect regarding its repellent activity against herbivorous insects.
Limonene can attract pathogens to the leaves of orange trees (Citrus sinensis L., Rutaceae)
and, consequently, induce an attack by herbivores that directs a negative trait to these
plants [89]. However, this latest finding does not invalidate the repellent effect of limonene.
Some species may adapt against the adversities in their niche and escape the repellency or
tritrophic activity evidenced by the biosynthesis and emission of limonene [83]. For exam-
ple, one study showed that Musca domestica L. can reduce limonene toxicity by catalytic
activity, converting this monoterpene into less toxic compounds [90].

As mentioned, another biosynthesized compound in the early stages of flowering of P.
mollicomum was the monoterpene linalool. Previous studies have already suggested that this
constituent would be able to help attract insects [91]. According to the authors, a relevant
percentage content of this monoterpene was found in the mandibles of Hymenoptera
(genus Colletes). Approximately 30 years later, some scientists reinforced this hypothesis by
demonstrating that, in addition to linalool, the cyclic monoterpene 1,8-cineole, could also
aid in the pollination process by attracting bees [92]. These data agree with our findings,
which recorded high percentage amounts of these monoterpenes in reproductive organs;
together with high frequencies of Hymenoptera visits. Six years later, it was shown that
specimens of Lippia alba Mill. Brown., when exposed to high temperatures, volatilize a
higher content of linalool [62]. Glinwood and Blande (2016) subsequently demonstrated
that linalool and 1,8-cineole were identified in high percentages in the leaves of plant
species when subjected to abiotic stressors [93]. Recently, chemical–ecological analyses
carried out by our group, revealed a strong positive correlation between bee visits to mature
inflorescences and the percentage of linalool in P. mollicomum specimens [2]. Linalool is
common in EOs of reproductive organs of about 70% of angiosperms [94], explaining that
this monoterpene may play a key role in the metabolism and ecological relationships of
these plants [2,62,91–93,95–97].

It has been known for years that the enzymes of the linalool–synthase complex facilitate
the production of linalool throughout the ontogeny of flowers [96,98–101]. In addition to
the attractive functionality related to pollinating insects, linalool may have an effective
defensive effect against herbivores [102–104]. A recent study with a plant native to Europe,
Arabidopsis thaliana (L.) Heynh (Brassicaceae), showed promising evidence. Besides, recent
findings showed that linalool may not have a direct role in plant defense, but an indirect
importance in this applicability by the fragmentation of metabolites derived from its
oxidation. The work by Boachon et al. (2015) described that one of the enzymes that plays a
fundamental role in the metabolism of linalool, CYP76C1, may be involved in its oxidation
process in A. thaliana flowers. This CYP catalyzes a metabolic cascade for the formation
of soluble oxidizing derivatives, such as 8-carboxy-linalool, in addition to volatile cyclic
derivatives, such as alcohols and aldehydes [85]. This study also showed other interesting
data about the CYP76C1 enzyme complex. Surprisingly, this CYP76C1 is located almost
exclusively in the stamens (anther and filament) and flower petals. The most curious
is the fact that CYP76C1 is prominently expressed in floral tissues when floral anthesis
occurs, that is, in the early stages of flowering, a period in which reproductive structures
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are more visited by both harmonic and disharmonious insects [85]. In the first flowering
periods, there is a decrease in linalool content due to its oxidation, which is related to the
higher expression of CYP76C1 in floral structures [85]. These authors also tested whether
linalool derivatives in A. thaliana flowers altered the behavior of adverse visitors. The
results of these tests showed that thysanopterans, in addition to other herbivorous insects,
have a greater predilection for plants with a high content of linalool than for those with
derivatives of this monoterpene, demonstrating the repulsive role of linalool oxidation
products [85]. It is already known that enzymes of the CYP76 subfamily have been recorded
in other plant species, acting on different substrates, and promoting their multifunctionality;
however, always causing the biosynthesis of antipathogenic compounds [105–107]. Thus,
linalool may be involved in two ecological purposes: attracting pollinators and protecting
plants from pests, which is a well-known illustration of how nature seizes opportunities.
The biosynthesis of compounds requires a high expenditure of energy. The oxidation
of linalool orchestrated by enzymes of the CYP76 subfamily showed the malleability of
plant metabolism in responding to its niche. These findings corroborate our results, which
demonstrate a decrease in the percentage of linalool, from the initial stages of flowering to
the final stages of inflorescence development (fruiting). This assumption could be crucial for
creating new organic pesticides that will help decrease the number of hazardous insecticides
and pesticides, that are now widely used in agriculture. This is a typical illustration of how
observing ecological interactions may assist in the development of new biomolecules.

Mature inflorescences were noticeably more prevalent from November 2020 to January
2021 so that the biosynthesis of components that aid in luring prospective pollinators
would be more feasible and support the reproduction process [2]. However, as mentioned
earlier, some constituents may induce the attraction of insects, as well as herbivores and
pests [85,89,102–107]. At this point, plants faced some difficulties: should they generate
compounds that cause harmonic attractions or that defend vegetative structures against
natural enemies?

The important data presented in the bar graphs (Figure 1) show the trend of the
ontogenic pattern of the percentage contents of the main constituents of the EOs: some
constituents undergo increases in their percentages during the period of inflorescence
maturation (September and October) and decreases during the fruiting period (November
to January). In other words, these constituents may be related to the defense process of
reproductive structures, as there are decreasing changes in their contents, from the first
stage to the end [51,83,85,108]. At this point, the increase and consequent decrease in
the relative percentage of eupatoriochromene stands out. Some chromenes can act in the
defense of vegetative organs against natural predators or phytopathogens [8,109–112]. In
addition, eupatoriochromene may be related to the process of maturation and development
of inflorescences. This hypothesis is supported by published articles on the effect of eupa-
toriochromene on ontogenesis [113], as well as other chromenes, including in Piperaceae
species [114,115]. Still, in the late 1980s, a study suggested that chromenes can act both
in promoting the development of the reproductive structures of plant species, and jointly,
in promoting the protection of floral organs [116,117]. In that work, which analyzed the
metabolism of Ageratin adenophora (Spreng.) R.M.King and H.Rob (Asteraceae) throughout
its life cycle, high contents of hydroxylated derivatives of desmethoxyencalin (eupatori-
umchromene and enkekalin) were shown to influence the ontogenicity of floral organs
in the early stages [116]. Another study that analyzed the ontogenic development and
chemical constitution of EOs present in A. adenophora leaves identified high percentages of
chromene derivatives in pubescent leaves and low percentages in senescent leaves [117].
The relevance of chromenes in the role of ontogenic development is not only associated with
flowers. In a recent study, the growth of vegetative organs, such as roots and calluses, was
inferred for enkekalin [118]. These data corroborate our study, since the EOs of senescent
leaves showed percentage levels of eupatoriochromene not detected, or in insignificant
values. The articles listed above also corroborate our analysis of the predominance of
sesquiterpenes such as E-nerolidol, β-elemene and D germacrene in senescent leaves of
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P. mollicomum, which allows us to infer about the protective role of these constituents in
leaf structures. As the eupatoriochromene content is generally higher in immature leaves,
this compound may assist both in the development process and in leaf protection [117–119].
Our data show that higher levels of sesquiterpenes are present where lower percentages of
eupatoriochromene are recorded. This biosynthetic dichotomy may be explained by the
role of the foliar ontogeny of eupatoriochromene, and in the protection against herbivory by
sesquiterpenes. Further research is necessary to determine if P. mollicum leaves exhibit this
intriguing dichotomy in the time (circadian cycle and seasonality) and space (various com-
partments) of chromene/sesquiterpene biosynthetic activity. Besides, eupatoriochromene
had already been identified as the main constituent present in the EOs of dry leaves and
inflorescences of other Piper species [120–122].

Returning to the discussion started earlier and, as a reinforcement of the idea, our
dataset makes us reflect on the presence, besides eupatoriochromene, of other constituents
present in EOs, such as E-nerolidol, 1,8-cineole, linalool, limonene and α-pinene. As their
respective percentages in the EOs of the reproductive parts decreased proportionally to the
ontogenic development of the inflorescences, our inference is that these compounds act
in a synergistic effect to assist in the process of protecting these organs against herbivores,
which may cause, for example, damage to the palatability of these structures. It is known
that fruits and infructescences can be preyed on by animals, which leads to seed dispersal.
Toxic compounds present in these reproductive organs are important in the early stages
of development, as they help to protect them [108,123]. However, this function loses its
purpose in the mature stages [108,123]. It is possible that this causes a decrease in the
content of these compounds. Therefore, two forces may act for the balance in space and
time of production/accumulation of eupatoriochromene, E-nerolidol, 1,8-cineole, linalool,
limonene and α-pinene in P. mollicomum: development and protection.

It must also be considered that infructescences and fruits accumulate a greater con-
tent of primary metabolites, therefore, a drainage effect must also be considered [124].
Some studies infer about a possible positive correlation between the chemical constituents
present in infructescence’s EOs and the frequency of visitation by seed dispersers [123].
Among the many visitors to these reproductive parts, bats and birds play a prominent
role in contributing to the propagation and germination of different plant specimens in
natural ecosystems [125]. Recent studies have demonstrated the relevance of this ecological
interaction between dispersers and plants, especially considering the analyses of man-
agement techniques and conservation strategies in forests that have suffered anthropic
impacts [108]. It is known that 1,8-cineole can act as a general toxic substance in several
types of herbivores or frugivores, such as skunks, brown galago (Otolemur crassicaudatus
Geoffroy, 1812) and kangaroo species, such as Macropus rufogriseus Desmarest, 1817, caus-
ing damage to the digestive process of these marsupials [51,126,127]. It was inferred that
1,8-cineole can cause antimicrobial effects that promote changes in the microbiota of mam-
mals. This terpene promotes changes in the fermentation process of the intestine of these
herbivores, impairing digestibility and even interfering with the absorption of ingested
nutrients [51,128–130]. Some herbivores, such as the koala (Phascolarctos cinereus Goldfuss,
1817), manage to reverse the toxicity of 1,8-cineole, and ingest a significant content of leaves
that contain a high content of this monoterpene in their vegetative structures, such as
species of the genus Eucalyptus L. [75,131]. According to research on the intestinal enzymes
of koalas, each protein involved in the metabolic pathways of 1,8-cineole oxidation in
these marsupials’ digestive systems operates in a very particular manner, reducing the
toxicity of this monoterpene’s byproducts [131]. However, this constituent did not show a
correlation with the frequency of insect visits despite being a predominant constituent in
the EOs of different structures and stages of the reproductive organs from P. mollicomum.
Our hypothesis is that 1,8-cineole is related to the repellency process of herbivores because
there is a gradual increase in the early stages of inflorescence development and a significant
decrease in the fruiting stage.
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The results of this manuscript demonstrated by canonical correspondence and Spear-
man’s correlation, that linalool may play a major role in attracting potential pollinators,
while 1,8-cineole is important in herbivore repellency. This evidence helps to support
the hypothesis that in the reproductive period there is a pattern of conversion of chem-
ical resources in the different organs, that is, 1,8-cineole in the leaves and linalool in
the reproductive organs [3]. This is a typical case of compartmentalization with a view
to protection/reproduction. In other words, during the reproductive stage, chemical
components function to both attract pollinators and protect plant organs against her-
bivory. [2,3,24,51,62,74,75,79]. Therefore, from the foregoing, it appears that the constituents in
the EOs of P. mollicomum may present activity in attracting potential pollinating insects (linalool);
attracting natural enemies of herbivores (limonene); participating in the ontogenic development of
inflorescences, and possibly of leaves (eupatoriochromene); and acting in the defense of vegetative
structures (eupatoriochromene and 1,8-cineole).

However, our research was also designed to understand another question: is the
biosynthesis of these constituents influenced by abiotic microclimate factors? Our results
related to the Spearman’s analysis showed a negative correlation between inflorescence
temperature vs. percentage content of cyclic monoterpene β-pinene. Previous studies
mention the action of temperature and radiation on the β-pinene content [132]. Our results
are also in agreement with previous studies that showed the effects of radiation and
temperature on the degradation of β-pinene isomers [133–135]. These studies exposed
specific definitions of temperature and relative humidity variations on possible changes in α-
pinene content and found that this monoterpene undergoes EOs significant deterioration by
photooxidation when exposed to high temperatures [134,135]. Considering light radiation,
it is known that enzymes to produce terpenes are influenced by light such as 1,8-cineole
synthase and linalool synthase. The analyses of volatile constituents in three stages of
development in vitro, and in the field, of Vitis vinifera L. (Vitaceae), showed that when there
was an increase in UVB radiation, there was also a significant increase in the percentage of
oxygenated cyclic monoterpenes such as 1,8-cineole [136]. In another investigation, on the
action of light intensity vs. chemical constitution of EOs from vegetative parts of Ocimum
basilicum L. (Lamiaceae), it was evidenced that, when the 1,8-cineole content decreased,
the amount of linalool increased significantly [137]. This fact can also be explained by the
increase in temperature that causes greater volatilization of linalool, which can stimulate
the biosynthesis of oxygenated cyclic monoterpenes such as camphor and 1,8-cineole [62].

Rainfall intensity and relative air humidity also have a strong influence, directly
proportional, on the chemical constitution of some monoterpenes and sesquiterpenes in the
EOs of P. mollicomum. There are not many studies that list convergences between rainfall
intensity and volatile constituents. However, some analyses have related this climatic
variable with the production of sesquiterpenes in the EOs of several plant species [138–142].
These results support our findings that higher rainfall intensities may be associated with
the production of some terpenes, such as α-terpinene.

Our data also propose to discuss the role of the environmental variable wind speed in
the biosynthesis and consequent emission of volatile constituents in P. mollicomum. The re-
sults showed that the content of some volatiles, such as Z-β-ocimene, eupatorium-chromene,
benzyl benzoate, α-terpinene, tolualdehyde and δ-cadinene, is positively influenced when
the wind speed increases. There is some scarcity in the literature on the referred correlation,
mainly, of the direct action of the wind on the content of the chemical constituents of the
EOs of vegetative structures. However, a recent study carried out with two important
tree species, Betula pendula Roth and Betula pubescens Ehrh. (Betulaceae), suggested that
emission rates of monoterpenes and sesquiterpenes increased when the wind speed was
measured, at relatively high rates in Betula pendula Roth [143]. More tests evaluating the
circadian cycle, along with continuous measurements of microclimatic variables, may
aid in the more efficient interpretation of these possible correlations. However, our first
findings already indicate that abiotic factors can influence the modulation and biosynthesis
of terpenes, which may influence the attraction and repellency of insects.
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Our additional objective was to evaluate the following question: do microclimatic
environmental variables jointly interfere in the activity of visits by potential pollinators to
inflorescences? Our results related to the Spearman’s correlation between microclimatic
abiotic variables vs. frequency of visits by potential pollinators, showed a moderate
positive correlation between air temperature, inflorescence temperature, leaf temperature,
relative air humidity and rainfall index, by insects 2 (Hymenoptera—Tetragonisca angustula
Latreille., 1811), 3 (Diptera—Syrphidae sp. 2), 5 (Hymenoptera—Halictidae sp. 2) and 6
(Hymenoptera—Colletidae sp.), in addition to a weak positive correlation for light intensity,
and a frequency of visits by insects 4 (Hymenoptera—Halictidae sp. 1) and 5 (Hymenoptera—
Halictidae sp. 2). Rain and humidity can bring disadvantages to insect flight, meaning
a decrease in visitation density [76–78]. These results also differ from previous studies,
as they indicated that insect three (3), a dipteran, showed greater visitation activity in
relatively warm periods. These studies, in addition to addressing the inefficiency of flies as
pollinators, argue that these insects showed a higher frequency of visitation during seasons
when ambient temperature and radiation were lower [144]. The frequency of visits by
most pollinators, particularly bees, depends on specific values of microclimatic variables
to carry out their activities [145,146]. There are few studies that purport to examine how
temperatures influence Hymenoptera survival rates, however, in the 1990s, some studies
found that the pollination process performed better when bees were exposed to relatively
higher temperatures [147]. Some of these insects, especially those of the genus Apis, are
active and extremely effective pollinators. Foraging typically begins in the morning when
the lowest values of temperature, light intensity, and radiation are measured to be between
15.5 and 18.5 ◦C, 600 to 1700 lx, and 9 to 20 mW/cm2, respectively [148,149].

In addition to temperature, radiation and light intensity, another factor that influences
the activities of insects that visit flowers is the altitude [76,77,150–152]. Some bees exhibit
specialized patterns of activity when flying, which makes them more adept at controlling
their body temperature. Compared to others who do not have or use the same routines
as them, they are more robust to temperature variations [153]. These findings, in addi-
tion to corroborating our results, demonstrate that some insects can obtain advantages in
the competition for food in relation to others, as they have thermoregulatory physiologi-
cal strategies, which contribute to the promotion of food collection in the inflorescences
even in extreme conditions of temperature. Our data demonstrate that insect two (2),
bee T. angustula (jataí), had much higher visitation rates than other potential pollinators,
which is similar toother results [154–156].

In the times under observation, T. angustula was the main floral visitor. This bee is
considered a sociable forager, which uses a variety of chemical communication strategies
with its partners, signaling them where to find rich food sources [79,80]. Given the results
of positive correlations between volatiles vs. insect visits and data from Table S6, we can
infer that phenological event patterns are not so expressive for the density of visits by
these bees in search of food reward. This observed episode may be due to the insect–insect
signaling behavior among individuals of the T. angustula society [79,80].

Concluding our analyses and correlations, we propose to relate whether microclimate
meteorological variables influence the patterns of phenological events. The data showed
a strong negative correlation between leaf fall and temperature; a strong positive corre-
lation between rainfall and leaf sprouting; in addition to a strong negative correlation
between light intensity and budding. Some published studies have shown that sudden
drops in temperature can cause lesions and photoinhibition in the leaves of plant species,
directly and indirectly, increasing the leaf abscission process, which corroborates our find-
ings [43,157,158]. In addition, it is known that exposing plants to high light intensity, and
prolonged periods of water stress, can cause harmful changes to the flowering cycle of
some species [159,160]. However, there are few studies in Piper related to these variables.
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4. Materials and Methods
4.1. Area of Study

This research was carried out weekly, from September 2020 to January 2021, in the
Tijuca National Park (TNP) (43◦14′29.64′′ W/22◦58′9.80′′ S), at an elevation that varies
between 127 and 68 m between the studied specimens. The TNP is located in the South
Zone of the City of Rio de Janeiro and has a tropical monsoon climate, according to the
Köppen–Geiger classification [161]. Six adult specimens, with an average height of 1.65 m in
an open area, were separated as samples from a population of Piper mollicomum Kunth (PM)
from this region. Licenses for the investigations were granted by SISBIO (number 57296-1;
authentication code 47749568). The surroundings of the experimental plot consisted of
native vegetation. Fertile specimens were previously identified by taxonomist Dr. George
Azevedo de Queiroz at Botanical Garden of Rio de Janeiro (JBRJ), and the samples were
deposited in the Herbarium of the University of the State of Rio de Janeiro (HRJ/UERJ)
(Table S8).

4.2. Climate Data

Data on meteorological microclimate variables for the days of weekly collections were
obtained with the aid of manual meters: Digital Windmeter Anemometer (SIN2919025384—
Brazil, Rio de Janeiro)—wind speed, temperature and relative air humidity; measured
in the same period of observation of the frequency of visits by potential pollinators to
mature inflorescences of P. mollicomum; Luxmeter (INSTRUTEMP. 1,712,268—Brazil, Rio de
Janeiro)—luminosity; performed once at each time of observation of the frequency of visits;
and Infrared Laser Thermometer (EXBOM—TDI 330 – Brazil, Rio de Janeiro)—for measuring
the surface temperatures of leaves and reproductive organs; also collected once at each
visit time. Therefore, the environmental variables measured were: (a) air temperature (◦C),
(b) inflorescence and infructescence temperature (◦C), (c) leaf temperature (◦C), (d) relative
humidity (%), (e) wind speed (m/s), (f) rain (mm) and (g) light intensity (kJ/m2).

The climatological data referring to the pluviometric indices were obtained from the
Meteorological Station of Forte de Copacabana in the City of Rio de Janeiro, at the Brazilian
Institute of Meteorology (INMET), in the weeks in which the observations took place.
The sets of climatological variables were tabulated for linear correlation with other data:
(a) frequency of insect visits to mature inflorescences; (b) chemical constituents identified in
the EOs from leaves and from reproductive organs (five stages) and (c) phenological events.

4.3. Reproductive and Vegetative Phenological Study

The qualification and quantification of P. mollicomum phenology were carried out in
the six individuals in the aforementioned period. The phenological events evaluated were:
(a) leaf sprouting (emissions from vegetative buds); (b) leaf fall (reduction of leaves on
stems or branches); (c) immature inflorescences or buds (emission of green or yellow inflo-
rescences, without the presence of pollen, and with closed bracts); (d) mature inflorescences
(anthesis flowers with the presence of pollen) and (e) immature infructescences (process
ranging from the oxidation of mature inflorescences to the presence of infructescences with
hardened pericarps). Due to the small size of the flowers and fruits, a manual lens (60×
magnification) was used to observe the inflorescences and infructescences in the field, in
addition to determining which flowers were in anthesis [162].

Fournier Intensity (FI) methodology was used to quantify the phenophases mentioned
above [163]. The FI consists of the formation of a scale that groups the phenological patterns
analyzed in the plant according to the following criteria: 0—absence of the investigated
phenophase; 1—presence of the investigated phenophase in the proportion of 1 to 25%;
2—presence of the investigated phenophase in the proportion of 26 to 50%; 3—presence
of the investigated phenophase in the proportion of 51 to 75% and 4—presence of the
investigated phenophase in the proportion of 76 to 100%.
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4.4. Frequency of Visits by Potential Pollinators

Observations of the frequency of visits by potential pollinators of P. mollicomum were
performed weekly, in the period and in locus described above, from 8:00 am to 5:00 p.m.
(with 30 min of observation, and 30 min of resting, totaling 128 h). During this period,
plant specimens contained significant amounts of mature inflorescences [164,165]. The
frequency of visits was performed by counting the number of times that the insects visited
the inflorescences in the period [164,165]. The floral visitors were collected, for posterior
identification, with the aid of an entomological net, with approximately 35 cm in diameter of
the basket, 80 cm in depth (12 mm of mesh), and a reach of 3 m. The insects were promptly
anesthetized in flasks containing cotton slightly moistened with a 70% (v/v) hydroalcoholic
solution and then, to preserve the samples, they were placed in individual packages
containing the same solution [166]. Specimens were total or partially identified using a
reference collection from the Rio de Janeiro Botanical Garden. The main visitors described
were: Insect 1 (Diptera—Syrphidae sp. 1); Insect 2 (Hymenoptera—Tetragonisca angustula
Latreille. 1811); Insect 3 (Diptera—Syrphidae sp. 2); Insect 4 (Hymenoptera—Halictidae sp.
1); Insect 5 (Hymenoptera—Halictidae sp. 2) and Insect 6 (Hymenoptera—Colletidae sp.).

4.5. Sample Colletion to Essential Oil Extraction

Leaves (150 g) and five different stages of the reproductive organ of P. mollicomum (5 g
to 40 g) were collected monthly in the reproductive period, in the morning, between 9:00
and 10:00 a.m., for analysis involving ontogenic vs. constituents of the EOs. These materials
were manually reduced with scissors and were submitted to the hydrodistillation method in
a modified Clevenger-type apparatus. The reduced material was transferred to a 2 L round
bottom flask, to which 700 mL of distilled water was added. The hydrodistillation process
was carried out for 2 h. Upon completion, the pure EOs were separated from the aqueous
phase, subjected to drying with anhydrous sodium sulfate (Sigma-Aldrich, Brazil) and
stored in a closed amber vial, in a freezer at−20 ◦C, until the time of analysis [2,3,55]. Yields
were calculated as the volume ratio in milliliters of EOs divided by the weight in grams
of fresh plant material used in the extraction, subsequently multiplied by 100 (percentage
content. v/w) [3,55]. The five stages of the reproductive organs of P. mollicomum (Figure 6)
were described by taxonomists Dr. Elsie Franklin Guimarães and Dr. George Azevedo
de Queiroz, both from the Research Institute of the Rio de Janeiro Botanical Garden. The
different stages were characterized as:

Stage 1: Inflorescence in spike; presenting very immature development since its floral
elements are protected by the bracts still in formation, arranged in inclined bands, with
green color from the peduncle to the inflorescence.

Stage 2: Inflorescence in spike; presenting an immature stage of development since
its floral elements are still protected by bracts in formation, arranged in bands inclined to
horizontal. The length of the peduncle is slightly longer and slightly changes its hue to
yellowish-cream.

Stage 3: Inflorescence in spike; presenting a more advanced stage of development
from bottom to top since its floral elements are already more defined, where the triangular
bracts (arranged in horizontal bands) and open anthers with the release of pollen grains
are morphologically visualized. The length of the peduncle is longer and the inflorescence
changes its hue to intense yellow.

Stage 4: Inflorescence in spike; presenting a more advanced stage of development
from bottom to top since its floral elements are already more defined, where the triangular
bracts (arranged in horizontal bands) and open anthers with the release of pollen grains
are morphologically visualized. The peduncle length is continuously longer, still green,
while the inflorescence changes its tonality to yellow/brown interspersed bands, due to
the presence of mature anthers.

Stage 5: Inflorescence in spike; presenting initial stage of fruit in all its extension
since one of the floral elements, the ovary, presents itself modified in its formation. At this
stage, the triangular floral bracts are morphologically visualized, anthers already senescent,
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which may or may not keep their filaments adherent to the fruit, which is in development;
arranged in horizontal bands, maintaining the length of the peduncle that still remains
green, while the inflorescence changes its tonality to intense green.

4.6. Essential Oil Analysis

The EOs obtained by hydrodistillation were solubilized in dichloromethane (HPLC
grade, Tedia, Brazil—Rio de Janeiro) to obtain a final concentration of 1000 ppm. Subse-
quently, these diluted EOs were submitted to analysis by Gas Chromatography coupled
to Mass Spectrometry (GC/MS) in an HP Agilent CG 6890—EM 5973N Equipment—Rio
de Janeiro, to identify the constituents by their respective mass spectra. To determine the
quantitative parameters of the EOs and calculation of the Retention Index (RI), the analy-
ses were performed by Gas Chromatography Coupled to the Flame Ionization Detector
(GC/FID), in an HP-Agilent 6890–Rio de Janeiro equipment. The GC/MS analyses were:
HP-5MS capillary analytical column (HP Agilent CG 6890—EM 5973N Equipment–Brazil,
Rio de Janeiro (30 m × 0.25 mm i.d. × 0.25 µm film thickness) and temperature ramp
from 60 ◦C to 240 ◦C, with an increment of 3 ◦C/min, helium (~99.9999%) as carrier gas,
at a constant flow rate of 1.0 mL/min; scanning range of masses (m/z) at 40—600 atomic
mass units (u), with impact energy of 70 eV, operating in positive mode. A 1 µL sample of
the EOs solution was injected, in splitless flow mode, and with the injector temperature
at 270 ◦C [3,167]. GC/FID analyzes were performed on an HP-5MS capillary analytical
column (30 m × 0.25 mm i.d. × 0.25 µm film thickness), with the same temperature pro-
gram used for GC/MS analyses, but with hydrogen as a carrier gas at a constant flow rate
of 1.0 mL/min. The EOs solution by GC/FID was injected under the same conditions
as GC/MS. Retention times (Rt) were measured in minutes without correction, and the
relative percentage of each compound was determined by the signal area [2,3,55,167,168].
The RIs were calculated from the results of the analysis of a homologous series of saturated
aliphatic hydrocarbons (C8-C28, Sigma-Aldrich, Brazil), performed in the same column and
conditions used for the analysis by GC/FID. The identification of constituents was made
by comparing the mass spectra obtained from data from the equipment’s library (NIST
and Wiley https://webbook.nist.gov/chemistry/cas-ser/ (accessed on 1 January 2021)),
and records in the literature [169]. All analyses were performed in triplicate and results are
presented as average standard deviation (Table S9).

4.7. Statistical Analysis

Statistical treatments were performed using the Statistica software version 10 (StartSoft
Inc., Tulsa, OK, USA). Spearman’s correlation test was processed to assess the relationships
between abiotic factors, as well as volatile constituents vs. ontogeny vs. frequency of
visitation of potential pollinators. The correlation coefficient of this inspection can be posi-
tive (directly proportional) or negative (inversely proportional), assimilating quantitative
values that suggest that the relationship between two or more variables is strong, moderate
or weak: 0.00 to 0.19 (very weak); 0.20 to 0.39 (weak); 0.40 to 0.69 (moderate); 0.70 to
0.89 (strong) and 0.90 to 1.00 (very strong) [56]. Canonical correspondence analyses were
used to evaluate possible correlations between EO constituents from leaves and mature
inflorescences vs. frequency of visits by potential pollinators. The graphs of the results
were correlated by approximation, that is, the closer the compounds are to the insects, the
greater the correlation between the variables. The chemometric analyses, including the
principal components analysis (PCA), were performed in the R software (version number:
4.1.0; created by Ross Ihaka e Robert Gentleman; Department of Statistics at the University
of Auckland, New Zealand) and designed to evaluate the variation between the EOs of
different organs in different collection periods [170].

5. Conclusions

All correlations between volatiles vs. potential pollinators visits vs. ontogeny vs.
microclimate vs. phenology allow us to convey important data regarding the complex

https://webbook.nist.gov/chemistry/cas-ser/
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information network in Piper mollicomum, a medicinal and ritualistic plant of fundamental
value for the regeneration of deforested areas, such as Atlantic Forest. This is the first
scientific work that studies the reproductive period of this Piper species. As a result, the
information gathered is fundamentally important for comprehending the mechanisms of
chemical–ecological plant–insect interactions in Piperaceae, a basal angiosperm.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11243535/s1, Figure S1: Ordering diagram produced by
the principal component analysis (PCA) demonstrating the projections of the constituents present
in the EOs from leaves and inflorescences of Piper mollicomum Kunth in the months under study
(September 2020 to January 2021); Figure S2: Euclidean Hierarchical Grouping that shows the
projections of the constituents present in the EOs from leaves and inflorescences of Piper mollicomum
Kunth in the months under study (September 2020 to January 2021; Figure S3: Main visitors of
inflorescences of Piper mollicomum Kunth from Floresta da Tijuca/RJ. Observations were made
weekly from September 2020 to January 2021; Table S1: Main chemical constituents of the essential
oils from stages 1, 2 and 3 of the reproductive organ of Piper mollicomum Kunth from September
2020 to January 2021; Table S2: Main chemical constituents of essential oils from phases 4 and 5
of the development of the reproductive organ of Piper mollicomum Kunth from September 2020
to January 2021; Table S3: Weekly sums of the frequency of insect visits by potential pollinators
of the inflorescences of Piper mollicomum Kunth from September 2020 to January 2021; Table S4:
Spearman correlation analysis between insect visitors vs. identified compounds in the essential oil
from inflorescences of Piper mollicomum Kunth vs. microclimate from September 2020 to January
2021; Table S5: Spearman’s correlation analysis between microclimate vs. identified compounds in
the essential oil from inflorescences of Piper mollicomum Kunth from September 2020 to January
2021; Table S6: Spearman’s correlation analysis between insect visitors vs. pattern of phenological
events of Piper mollicomum Kunth from September 2020 to January 2021; Table S7: Spearman´s
correlation analysis between abiotic factors vs. pattern of phenological events of Piper mollicomum
Kunth from September 2020 to January 2021; Table S8: Characterization of the collection sites of Piper
mollicomum Kunth accessions from the Tijuca National Park (PM-TNP), city of Rio de Janeiro, RJ;
Table S9: Constituents of essential oils from leaves and different stages of inflorescences of Piper
mollicomum Kunth.

Author Contributions: D.d.B.-M., D.d.L.M. and Y.J.R. designed the study. Y.J.R. and D.d.L.M.
contributed to the methodology and statistical treatments. D.d.B.-M., D.d.L.M., A.C.A.e.D. and
Y.J.R. analyzed the results and contributed to the writing of the manuscript. E.F.G. and G.A.d.Q.
contributed to the descriptions and characterizations of reproductive organs. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by CNPq (Conselho Nacional de Pesquisas e Desenvolvimento
Científico e Tecnológico e Inovação)—Brazil (PROEP n. 407845/2017); FAPERJ (Fundação de Am-
paro à Pesquisa do Estado do Rio de Janeiro)—Brazil, (APQ1 n. NE26/210.245/2019), (CNE n.
201.211/2022).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Queiroz, G.A.; Guimarães, E.F. Piper L. (Piperaceae) Do Leste Metropolitano, Rj, Brasil/Piper L. (Piperaceae) From Eastern

Metropolitan, Rj, Brazil. Braz. J. Develop. 2020, 6, 93597–93634. [CrossRef]
2. de Brito Machado, D.; Ramos, Y.J.; Queiroz, G.A.; Defaveri, A.C.A.; Gobatto, A.A.; Moreira, D.L. Study of volatile chemical

constituents and insect-plant interaction in Piper mollicomum Kunth (Piperaceae) from Tijuca Forest, Rio de Janeiro—RJ, Brazil.
Rev. Virtual Quím. 2021, 13, 1216–1225. [CrossRef]

3. Ramos, Y.J.; de Brito Machado, D.; Queiroz, G.A.; Guimarães, E.F.; Defaveri, A.C.A.; Moreira, D.L. Chemical composition of the
essential oils of circadian rhythm and of different vegetative parts from Piper mollicomum Kunth—A medicinal plant from Brazil.
Biochem. Syst. Ecol. 2020, 92, 104116. [CrossRef]

4. Guimarães, E.F.; Giordano, L.C.S. Piperaceae do Nordeste brasileiro I: Estado do Ceará. Rodriguesia 2004, 55, 21–46. [CrossRef]
5. Guimarães, E.F.; Monteiro, D. Piperaceae na Reserva Biológica de Poço das Antas, Silva Jardim, Rio de Janeiro, Brasil. Rodriguesia

2006, 57, 569–589. [CrossRef]

https://www.mdpi.com/article/10.3390/plants11243535/s1
https://www.mdpi.com/article/10.3390/plants11243535/s1
http://doi.org/10.34117/bjdv6n11-685
http://doi.org/10.21577/1984-6835.20210068
http://doi.org/10.1016/j.bse.2020.104116
http://doi.org/10.1590/2175-78602004558402
http://doi.org/10.1590/2175-7860200657312


Plants 2022, 11, 3535 19 of 25

6. Potrich, F.B.; Baggio, C.H.; Freitas, C.S.; Mayer, B.; Santos, A.C.; Twardowschy, A.; Guedes, A.; Marques, M.C.A. Ação de extratos
de plantas medicinais sobre a motilidade do trato gastrointestinal. Rev. Bras. Plantas Med. 2014, 16, 750–754. [CrossRef]

7. Reigada, J.B. Bioprospecção em Espécies de Piperaceae. Master’s Thesis, University of São Paulo, São Paulo, Brazil, 2009.
Available online: https://www.teses.usp.br/teses/disponiveis/46/46135/tde-29072009-114008/?gathStatIcon=true (accessed on
6 September 2022).

8. Lago, J.H.G.; Ito, A.T.; Fernandes, C.M.; Young, M.C.M.; Kato, M.J. Secondary metabolites isolated from Piper chimonantifolium
and their antifungal activity. Nat. Prod. Res. 2011, 26, 770–773. [CrossRef]

9. Cordova, S.M.; Benfatti, C.S.; Magina, M.D.A.; Guedes, A.; Cordova, C.M.M.D. Análise da atividade antimicrobiana de extratos
isolados de plantas nativas da flora brasileira frente a Mycoplasma arginini, M. hominis e Ureaplasma urealyticum. Rev. Bras. Anál.
Clín. 2010, 42, 241–244. Available online: https://scholar.google.com.br/scholar?cluster=11453533814818408210&hl=pt-BR&as_
sdt=0,5 (accessed on 6 September 2022).

10. Simas, N.K.; Lima, E.C.L.; Conceição, S.R.; Kuster, R.M.; Filho, A.M.O.; Lage, C.L.S. Produtos naturais para o controle da
transmissão da dengue—Atividade larvicida de Myroxylon balsamum (óleo vermelho) e de terpenóides e fenilpropanóides. Quím.
Nova 2004, 27, 1678–7064. [CrossRef]

11. Stefnia, P.S.; Simone, S.V.; Nathalia, F.C.; Andrea, S.C.; Keila, S.C.L.; Valber, S.F.; Antonio, L.S.L. Chemical composition and
antinociceptive activity of the essential oil of Piper mollicomum and Piper rivinoides. J. Med. Plants Res. 2014, 8, 788–793. [CrossRef]

12. Medeiros, M.F.T.; Fonseca, V.S.; Andreata, R.H.P. Plantas medicinais e seus usos pelos sitiantes da Reserva Rio das Pedras.
Mangaratiba. RJ. Brasil. Acta Bot. Bras. 2004, 18, 391–399. [CrossRef]

13. Medeiros, T.M.F.; Senna-Vale, L.; Andreata, P.R.H.; de Fernandes, M.L.R.R. Informações estratégicas geradas através do estudo de
patentes de plantas medicinais citadas pelos sitiantes da reserva Rio das Pedras, Mangaratiba, Rio de Janeiro. Rev. Biol. Neotrop.
2008, 4, 2. [CrossRef]

14. Brito, M.R.; Senna-Valle, L. Plantas medicinais utilizadas na comunidade Caiçara da Praia do Sono. Paraty, Rio de Janeiro, Brasil.
Acta Bot. Bras. 2011, 25, 363–372. [CrossRef]

15. Messias, M.C.T.B.; Menegatto, M.F.; Prado, A.C.C.; Santos, B.R.; Guimarães, M.F.M. Popular use of medicinal plants and the
socioeconomic profile of the users: A study in the urban area of Ouro Preto, Minas Gerais, Brazil. Rev. Bras. Plantas Med. 2015, 17,
76–104. [CrossRef]

16. Guedes, R.R.; Profice, S.R.; Costa, E.L.; Baumgratz, J.F.A.; Lima, H.C. Plantas utilizadas em rituais afro-brasileiros no Estado do
Rio de Janeiro—Um ensaio Etnobotânico. Rodriguesia 1985, 37, 3–9. [CrossRef]

17. Thies, W.; Kalko, E.K.V. Phenology of neotropical pepper plants (Piperaceae) and their association with their main dispersers,
two short-tailed fruit bats, Carollia perspicillata and C. castanea (Phyllostomidae). Oikos 2004, 104, 362–376. [CrossRef]

18. Maynard, L.D.; Ananda, A.; Sides, M.F.; Burk, H.; Whitehead, S.R. Dietary resource overlap among three species of frugivorous
bat in Costa Rica. J. Trop. Ecol. 2019, 35, 1–8. [CrossRef]

19. Piper, J.K. Seasonality of Fruit Characters and Seed Removal by Birds. Oikos 1986, 46, 303. [CrossRef]
20. Maynard, L.D.; Slinn, H.L.; Glassmire, A.E.; Matarrita-Carranza, B.; Dodson, C.D.; Nguyen, T.T.; Whitehead, S.R. Secondary

metabolites in a neotropical shrub: Spatiotemporal allocation and role in fruit defense and dispersal. Ecology 2020, 101, 12.
[CrossRef]

21. Fleming, T.H. Fecundity, fruiting pattern, and seed dispersal in Piper amalago (Piperaceae), a bat-dispersed tropical shrub. Oecologia
1981, 51, 42–46. [CrossRef]

22. Rocha, V.J.; Barbosa, G.P.; Rossi, H.R.S.; Sekiama, M.L. Chiropteran richness and diversity (Chiroptera; Mammalia) in Permanent
Preservation Areas from UFSCar-Araras campus (SP). Ciênc. Tecnol. Ambiente 2018, 8, 21–29. [CrossRef]

23. Whitehead, S.R.; Schneider, G.F.; Dybzinski, R.; Nelson, A.S.; Gelambi, M.; Jos, E.; Beckman, N.G. Fruits, frugivores, and the
evolution of phytochemical diversity. Oikos 2021, 2, 1. [CrossRef]

24. Vieira, E.A.; Arruda, R.; Massuda, K.F.; Cardoso-Gustavson, P.; Guimarães, E.F.; Trigo, J.R. Volatiles released by damaged leaves
of Piper mollicomum (Piperaceae) act as cues for predaceous wasps: Evidence using plasticine dummies as herbivore model.
Arthropod-Plant Interact. 2019, 13, 593–601. [CrossRef]

25. Tsahar, E.; Friedman, J.; Izhaki, I. Impact on fruit removal and seed predation of a secondary metabolite, emodin, in Rhamnus
alaternus fruit pulp. Oikos 2002, 99, 290–299. [CrossRef]

26. Irwin, R.E.; Adler, L.S.; Brody, A.K. The dual role of floral traits: Pollinator attraction and plant defense. Ecology 2004, 85,
1503–1511. [CrossRef]

27. Cipollini, M.L.; Paulk, E.; Mink, K.; Vaughn, K.; Fischer, T. Defense Tradeoffs in Fleshy Fruits: Effects of Resource Variation on
Growth, Reproduction, and Fruit Secondary Chemistry in Solanum carolinense. J. Chem. Ecol. 2004, 30, 1–17. [CrossRef]

28. Cazetta, E.; Schaefer, H.M.; Galetti, M. DEOs attraction to frugivores or defense against pathogens shape fruit pulp composition?
Oecologia 2007, 155, 277–286. [CrossRef]

29. Kessler, A.; Halitschke, R. Testing the potential for conflicting selection on floral chemical traits by pollinators and herbivores:
Predictions and case study. Funct. Ecol. 2009, 23, 901–912. [CrossRef]

30. McCall, A.C.; Fordyce, J.A. Can optimal defence theory be used to predict the distribution of plant chemical defences? J. Ecol.
2010, 98, 985–992. [CrossRef]

31. Iason, G.R.; Dicke, M.; Hartley, S.E. The Ecology of Plant Secondary Metabolites: From Genes to Global Processes; Cambridge University
Press: Cambridge, UK, 2012. [CrossRef]

http://doi.org/10.1590/1983-084x/10_155
https://www.teses.usp.br/teses/disponiveis/46/46135/tde-29072009-114008/?gathStatIcon=true
http://doi.org/10.1080/14786419.2011.561435
https://scholar.google.com.br/scholar?cluster=11453533814818408210&hl=pt-BR&as_sdt=0,5
https://scholar.google.com.br/scholar?cluster=11453533814818408210&hl=pt-BR&as_sdt=0,5
http://doi.org/10.1590/S0100-40422004000100009
http://doi.org/10.5897/JMPR2013.4425
http://doi.org/10.1590/S0102-33062004000200019
http://doi.org/10.5216/rbn.v4i2.5214
http://doi.org/10.1590/S0102-33062011000200012
http://doi.org/10.1590/1983-084X/12_139
http://doi.org/10.1590/2175-78601985376301
http://doi.org/10.1111/j.0030-1299.2004.12747.x
http://doi.org/10.1017/S0266467419000129
http://doi.org/10.2307/3565827
http://doi.org/10.1002/ecy.3192
http://doi.org/10.1007/BF00344650
http://doi.org/10.4322/2359-6643.08103
http://doi.org/10.1111/oik.08332
http://doi.org/10.1007/s11829-019-09695-y
http://doi.org/10.1034/j.1600-0706.2002.990209.x
http://doi.org/10.1890/03-0390
http://doi.org/10.1023/B:JOEC.0000013179.45661.68
http://doi.org/10.1007/s00442-007-0917-6
http://doi.org/10.1111/j.1365-2435.2009.01639.x
http://doi.org/10.1111/j.1365-2745.2010.01693.x
http://doi.org/10.1017/CBO9780511675751.x


Plants 2022, 11, 3535 20 of 25

32. Giuliani, C.; Ascrizzi, R.; Lupi, D.; Tassera, G.; Santagostini, L.; Giovanetti, M.; Flamini, G.; Fico, G. Salvia verticillata: Linking
glandular trichomes, volatiles and pollinators. Phytochemistry 2018, 155, 53–60. [CrossRef]

33. Nazem, V.; Sabzalian, M.R.; Saeidi, G.; Rahimmalek, M. Essential oil yield and composition and secondary metabolites in self-
and open-pollinated populations of mint (Mentha spp.). Ind. Crops. Prod. 2019, 130, 332–340. [CrossRef]

34. Alves, M.N.; Sartoratto, A.; Trigo, J.R. Scopolamine in Brugmansia Suaveolens (Solanaceae): Defense, Allocation, Costs, and
Induced Response. J. Chem. Ecol. 2020, 33, 297–309. [CrossRef] [PubMed]

35. Brown, P.D.; Tokuhisa, J.G.; Reichelt, M.; Gershenzon, J. Variation of glucosinolate accumulation among different organs and
developmental stages of Arabidopsis thaliana. Phytochemistry 2003, 62, 471–481. [CrossRef] [PubMed]

36. Whitehead, S.R.; Bowers, M.D. Iridoid and secoiridoid glycosides in a hybrid complex of bush honeysuckles (Lonicera spp.,
Caprifolicaceae): Implications for evolutionary ecology and invasion biology. Phytochemistry 2013, 86, 57–63. [CrossRef] [PubMed]

37. Ramos, M.C.; Toda, M.F. Variability in the potential effects of climate change on phenology and on grape composition of
Tempranillo in three zones of the Rioja DOCa (Spain). Eur. J. Agron. 2020, 115, 126014. [CrossRef]

38. Dyer, L.A.; Dodson, C.D.; Beihoffer, J.; Letourneau, D.K. Trade-offs in antiherbivore defenses in Piper cenocladum: Ant mutualists
versus plant secondary metabolites. J. Chem. Ecol. 2001, 27, 581–592. [CrossRef] [PubMed]

39. Richards, L.A.; Dyer, L.A.; Smilanich, A.M.; Dodson, C.D. Synergistic Effects of Amides from Two Piper Species on Generalist and
Specialist Herbivores. J. Chem. Ecol. 2010, 36, 1105–1113. [CrossRef] [PubMed]

40. Beckman, N.G. The Distribution of Fruit and Seed Toxicity during Development for Eleven Neotropical Trees and Vines in Central
Panama. PLoS ONE 2013, 8, e66764. [CrossRef]

41. Rodríguez, A.; Alquézar, B.; Peña, L. Fruit aromas in mature fleshy fruits as signals of readiness for predation and seed dispersal.
New Phytol. 2012, 197, 36–48. [CrossRef]

42. Connahs, H.; Rodríguez-Castañeda, G.; Walters, T.; Walla, T.; Dyer, L. Geographic Variation in Host-Specificity and Parasitoid
Pressure of an Herbivore (Geometridae) Associated with the Tropical Genus Piper (Piperaceae). J. Insect Sci. 2009, 9, 1–11.
[CrossRef]

43. Zhang, M.; Zhang, L.; Li, H.; Liu, J. The lack of low temperature tolerance of tropical seagrasses strongly restricts their geographical
distribution. Mar. Environ. Res. 2022, 173, 105539. [CrossRef] [PubMed]

44. Singer, M.S.; Stireman, J.O. The tri-trophic niche concept and adaptive radiation of phytophagous insects. Ecol. Lett. 2005, 8,
1247–1255. [CrossRef]

45. Dyer, L.A.; Singer, M.S.; Lill, J.T.; Stireman, J.O.; Gentry, G.L.; Marquis, R.J.; Ricklefs, R.E.; Greeney, H.F.; Wagner, D.L.; Morais,
H.C.; et al. Host specificity of Lepidoptera in tropical and temperate forests. Nature 2007, 448, 696–699. [CrossRef] [PubMed]

46. Fincher, R.M.; Dyer, L.A.; Dodson, C.D.; Richards, J.L.; Tobler, M.A.; Searcy, J.; Mather, J.E.; Reid, A.J.; Rolig, J.S.; Pidcock, W. Inter-
and Intraspecific Comparisons of Antiherbivore Defenses in Three Species of Rainforest Understory Shrubs. J. Chem. Ecol. 2008,
34, 558–574. [CrossRef]

47. Glassmire, A.E.; Philbin, C.; Richards, L.A.; Jeffrey, C.S.; Snook, J.S.; Dyer, L.A. Proximity to canopy mediates changes in the
defensive chemistry and herbivore loads of an understory tropical shrub, Piper kelleyi. Ecol. Lett. 2018, 22, 332–341. [CrossRef]

48. Cosmo, L.G.; Nascimento, A.R.; Cogni, R.; Freitas, A.V.L. Temporal distribution in a tri-trophic system associated with Piper
amalago L. in a tropical seasonal forest. Arthropod Plant Interact. 2019, 13, 647–652. [CrossRef]

49. Strauss, S.Y.; Rudgers, J.A.; Lau, J.A.; Irwin, R.E. Direct and ecological costs of resistance to herbivory. Trends Ecol. Evol. 2002, 17,
278–285. [CrossRef]

50. Heil, M. Indirect defence via tritrophic interactions. New Phytol. 2008, 178, 41–61. [CrossRef]
51. Bedoya-Pérez, M.A.; Isler, I.; Banks, P.B.; McArthur, C. Roles of the volatile terpene, 1,8-cineole, in plant–herbivore interactions: A

foraging odor cue as well as a toxin? Oecologia 2013, 174, 827–837. [CrossRef]
52. Togashi, K.; Goto, M.; Rim, H.; Hattori, S.; Ozawa, R.; Arimura, G. Mint companion plants attract the predatory mite Phytoseiulus

persimilis. Sci. Rep. 2019, 9, 1. [CrossRef]
53. Burt, S. Essential oils: Their antibacterial properties and potential applications in foods—A review. Int. J. Food Microbiol. 2004, 94,

223–253. [CrossRef] [PubMed]
54. Dewick, P.M. Medicinal Natural Products: A Biosynthetic Approach, 2nd ed.; John Wiley & Sons LTDA: Chinchester, UK, 2002;

Available online: https://imtk.ui.ac.id/wp-content/uploads/2014/02/Medicinal-Natural-Products-KOBAL.pdf (accessed on 6
September 2022).

55. Ramos, Y.J.; Costa-Oliveira, C.D.; Candido-Fonseca, I.; Queiroz, G.A.D.; Guimarães, E.F.; Defaveri, A.C.A.; Sadgrove, N.J.;
Moreira, D.L. Advanced Chemophenetic Analysis of Essential Oil from Leaves of Piper gaudichaudianum Kunth (Piperaceae)
Using a New Reduction-Oxidation Index to Explore Seasonal and Circadian Rhythms. Plants 2021, 10, 2116. [CrossRef] [PubMed]

56. Sadgrove, N.J.; Padilla-González, G.F.; Phumthum, M. Fundamental Chemistry of Essential Oils and Volatile Organic Compounds,
Methods of Analysis and Authentication. Plants 2022, 11, 789. [CrossRef] [PubMed]

57. Hieu, L.D.; Thang, T.D.; Hoi, T.M.; Ogunwande, I.A. Chemical Composition of Essential Oils from Four Vietnamese Species of
Piper (Piperaceae). J. Oleo Sci. 2014, 63, 211–217. [CrossRef]

58. Regnault-Roger, C.; Vincent, C.; Arnason, J.T. Essential Oils in Insect Control: Low-Risk Products in a High-Stakes World. Annu.
Rev. Entomol. 2012, 57, 405–424. [CrossRef]

59. Regnault-Roger, C. The potential of botanical essential oils for insect pest control. J. Integr. Pest Manag. 1997, 2, 25–34. [CrossRef]

http://doi.org/10.1016/j.phytochem.2018.07.016
http://doi.org/10.1016/j.indcrop.2018.12.018
http://doi.org/10.1007/s10886-006-9214-9
http://www.ncbi.nlm.nih.gov/pubmed/17195118
http://doi.org/10.1016/S0031-9422(02)00549-6
http://www.ncbi.nlm.nih.gov/pubmed/12620360
http://doi.org/10.1016/j.phytochem.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23228598
http://doi.org/10.1016/j.eja.2020.126014
http://doi.org/10.1023/A:1010345123670
http://www.ncbi.nlm.nih.gov/pubmed/11441447
http://doi.org/10.1007/s10886-010-9852-9
http://www.ncbi.nlm.nih.gov/pubmed/20809141
http://doi.org/10.1371/journal.pone.0066764
http://doi.org/10.1111/j.1469-8137.2012.04382.x
http://doi.org/10.1673/031.009.2801
http://doi.org/10.1016/j.marenvres.2021.105539
http://www.ncbi.nlm.nih.gov/pubmed/34883354
http://doi.org/10.1111/j.1461-0248.2005.00835.x
http://doi.org/10.1038/nature05884
http://www.ncbi.nlm.nih.gov/pubmed/17687325
http://doi.org/10.1007/s10886-008-9432-4
http://doi.org/10.1111/ele.13194
http://doi.org/10.1007/s11829-019-09687-y
http://doi.org/10.1016/S0169-5347(02)02483-7
http://doi.org/10.1111/j.1469-8137.2007.02330.x
http://doi.org/10.1007/s00442-013-2801-x
http://doi.org/10.1038/s41598-018-38098-x
http://doi.org/10.1016/j.ijfoodmicro.2004.03.022
http://www.ncbi.nlm.nih.gov/pubmed/15246235
https://imtk.ui.ac.id/wp-content/uploads/2014/02/Medicinal-Natural-Products-KOBAL.pdf
http://doi.org/10.3390/plants10102116
http://www.ncbi.nlm.nih.gov/pubmed/34685925
http://doi.org/10.3390/plants11060789
http://www.ncbi.nlm.nih.gov/pubmed/35336671
http://doi.org/10.5650/jos.ess13175
http://doi.org/10.1146/annurev-ento-120710-100554
http://doi.org/10.1023/A:1018472227889


Plants 2022, 11, 3535 21 of 25

60. Prashar, A.; Hili, P.; Veness, R.G.; Evans, C.S. Antimicrobial action of palmarosa oil (Cymbopogon martinii) on Saccharomyces
cerevisiae. Phytochemistry 2003, 63, 569–575. [CrossRef]

61. Isman, M.B. Botanical insecticides. deterrents. and repellents in modern agriculture and an increasingly regulated world. Annu.
Rev. Entomol. 2006, 51, 45–66. [CrossRef]

62. Barros, F.; Zambarda, E.; Heinzmann, B. Variabilidade sazonal e biossíntese de terpenóides presentes no óleo essencial de Lippia
alba (Mill.) n.e. brown (Verbenaceae). Quim. Nova 2009, 32, 861–867. [CrossRef]

63. Knaak, N.; Fiuza, L.M. Potential of essential plant oils to control insects and microorganisms. Neotrop. Biol. Conserv. 2010, 5,
120–132. [CrossRef]

64. Olawore, N.O.; Ololade, Z.S. Eucalyptus camaldulensis var. nancy and Eucalyptus camaldulensis var. petford Seed Essential Oils:
Phytochemicals and Therapeutic Potentials. Chem. Sci. J. 2017, 8, 1.

65. Harish, A.C.; Alok, M.A. Essential Oil Profile of Wild and Cultivated Accession of Cymbopogon schoenanthus (L.) from Uttarakhand
Region. Med. Chem. 2018, 8, 1.

66. Ootani, M.A.; Aguiar, R.W.; Ramos, A.C.C.; Brito, D.R.; Silva, J.B.; Cajazeira, J.P. Use of Essential Oils in Agriculture. J. Biotechnol.
Biodivers. 2019, 4, 162–174. Available online: https://www.semanticscholar.org/paper/Use-of-Essential-Oils-in-Agriculture-
Ootani-Aguiar/6ffe3996088f0f77c8bf092aa4b1355d5395ed64-related-papers (accessed on 6 September 2022). [CrossRef]

67. Wheeler, D.A.; Isman, M.B. Antifeedant and toxic activity of Trichilia americana extract against the larvae of Spodoptera litura.
Entomol. Exp. Appl. 2001, 98, 9–16. [CrossRef]

68. Zhao, B.; Grant, G.G.; Langevin, D.; MacDonald, L. Deterring and Inhibiting Effects of Quinolizidine Alkaloids on Spruce
Budworm (Lepidoptera: Tortricidae) Oviposition. Environ. Entomol. 1998, 27, 984–992. [CrossRef]

69. Muthukrishnan, J.; Pushpalatha, E. Effects of plant extracts on fecundity and fertility of mosquitEOs. J. Appl. Entomol. 2008, 125,
31–35. [CrossRef]

70. Figueiredo, R. Pollination Biology of Piperaceae Species in Southeastern Brazil. Ann. Bot. 2000, 85, 455–460. [CrossRef]
71. Thomazini, M.J.; Thomazini, A.P.B.W. Diversidade de abelhas (Hymenoptera: Apoidea) em inflorescências de Piper hispidinervum

(C.DC.). Neotrop. Entomol. 2002, 31, 27–34. [CrossRef]
72. Valentin-Silva, A.; Coelho, V.P.M.; Ventrella, M.C.; Vieira, M.F. Timing of pollen release and stigma receptivity period of Piper

vicosanum: New insights into sexual reproduction of the genus. Am. J. Bot. 2015, 102, 626–633. [CrossRef]
73. Vargas, R.D.L.; Vieira, M.F. Sex expression, breeding system and pollinators of Piper caldense (Piperaceae) in the brazilian tlantic

forest. Acta. Biol. Colomb. 2017, 22, 370–376. [CrossRef]
74. Burkle, L.A.; Runyon, J.B. Drought and leaf herbivory influence floral volatiles and pollinator attraction. Glob. Chang. Biol. 2016,

22, 1644–1654. [CrossRef] [PubMed]
75. Dörsam, B.; Wu, C.-F.; Efferth, T.; Kaina, B.; Fahrer, J. The eucalyptus oil ingredient 1,8-cineole induces oxidative DNA damage.

Arch. Toxicol. 2014, 89, 797–805. [CrossRef] [PubMed]
76. Giovannini, A.K.; Fonseca, I.V.L. Flight Activity and Responses to Climatic Conditions of two Subspecies of Melipona marginata

Lepeletier (Apidae. Meliponinae). J. Apic. Res. 1986, 25, 3–8. [CrossRef]
77. Antonini, Y.; Souza, H.G.; Jacobi, M.C.; Fábio, E.B. Behavior and bionomy Diversidade e Comportamento dos Insetos Visitantes

Florais de Stachytarpheta glabra Cham, (Verbenaceae), em uma Área de Campo Ferruginoso, Ouro Preto MG. Neotrop. Entomol.
2005, 34, 555–564. [CrossRef]

78. Tian, H.; Harder, L.D.; Wang, A.; Zhang, D.; Liao, W. Habitat effects on reproductive phenotype, pollinator behavior, fecundity,
and mating outcomes of a bumble bee–pollinated herb. Am. J. Bot. 2022, 109, 470–485. [CrossRef] [PubMed]

79. Mc Cabe, S.I.; Farina, W.M. Olfactory learning in the stingless bee Tetragonisca angustula (Hymenoptera, Apidae, Meliponini). J.
Comp. Physiol. 2010, 196, 481–490. [CrossRef]

80. Shanahan, M.; Spivak, M. Resin Use by Stingless Bees: A Review. Insects 2021, 12, 719. [CrossRef]
81. Rodriguez-Morrison, V.; Llewellyn, D.; Zheng, Y. Cannabis Yield, Potency, and Leaf Photosynthesis Respond Differently to

Increasing Light Levels in an Indoor Environment. Front. Plant Sci. 2021, 12, 646020. [CrossRef]
82. Meena, R.K.; Jangra, S.; Wadhwa, Z.; Leela, W.M. Role of Plant Volatiles in Defense and Communication. Int. J. Curr. Microbiol.

Appl. Sci. 2017, 6, 300–313. [CrossRef]
83. Zheng, L.; Jingrui, L.I.; Yan, D.; Wen, Z.; Hongtong, B.; Shu, L.; Su, W.; Hui, L.; Lei, S. Gene co-expression modulating

terpene metabolism is associated with plant anti-herbivore defence during initial flowering stages. Authorea 2020. Available
online: https://d197for5662m48.cloudfront.net/documents/publicationstatus/30707/preprint_pdf/fb0a8ed33e04b09f42091
8c7ad4680fa.pdf (accessed on 6 September 2022). [CrossRef]

84. Fujita, Y.; Koeduka, T.; Aida, M.; Suzuki, H.; Iijima, Y.; Matsui, K. Biosynthesis of volatile terpenes that accumulate in the secretory
cavities of young leaves of japanese-pepper (Zanthoxylum Piperitum): Isolation and functional characterization of monoterpene
and sesquiterpene synthase genes. Plant Biotechnol. J. 2017, 34, 17–28. [CrossRef] [PubMed]

85. Boachon, B.; Junker, R.R.; Miesch, L.; Bassard, J.-E.; Höfer, R.; Caillieaudeaux, R.; Seidel, D.E.; Lesot, A.; Heinrich, C.; Ginglinger,
J.F.; et al. CYP76C1 (Cytochrome P450)-Mediated Linalool Metabolism and the Formation of Volatile and Soluble Linalool Oxides
in Arabidopsis Flowers: A Strategy for Defense against Floral Antagonists. Plant Cell. 2015, 27, 2972–2990. [CrossRef] [PubMed]

86. Zhu, J.; Park, K.C. Methyl Salicylate, a Soybean Aphid-Induced Plant Volatile Attractive to the Predator Coccinella septempunctata.
J. Chem. Ecol. 2005, 31, 1733–1746. [CrossRef] [PubMed]

http://doi.org/10.1016/S0031-9422(03)00226-7
http://doi.org/10.1146/annurev.ento.51.110104.151146
http://doi.org/10.1590/S0100-40422009000400007
http://doi.org/10.4013/nbc.2010.52.08
https://www.semanticscholar.org/paper/Use-of-Essential-Oils-in-Agriculture-Ootani-Aguiar/6ffe3996088f0f77c8bf092aa4b1355d5395ed64-related-papers
https://www.semanticscholar.org/paper/Use-of-Essential-Oils-in-Agriculture-Ootani-Aguiar/6ffe3996088f0f77c8bf092aa4b1355d5395ed64-related-papers
http://doi.org/10.20873/jbb.uft.cemaf.v4n2.ootani
http://doi.org/10.1046/j.1570-7458.2001.00751.x
http://doi.org/10.1093/ee/27.4.984
http://doi.org/10.1111/j.1439-0418.2001.00503.x
http://doi.org/10.1006/anbo.1999.1087
http://doi.org/10.1590/S1519-566X2002000100004
http://doi.org/10.3732/ajb.1400419
http://doi.org/10.15446/abc.v22n3.61556
http://doi.org/10.1111/gcb.13149
http://www.ncbi.nlm.nih.gov/pubmed/26546275
http://doi.org/10.1007/s00204-014-1281-z
http://www.ncbi.nlm.nih.gov/pubmed/24912782
http://doi.org/10.1080/00218839.1986.11100685
http://doi.org/10.1590/S1519-566X2005000400004
http://doi.org/10.1002/ajb2.1826
http://www.ncbi.nlm.nih.gov/pubmed/35244204
http://doi.org/10.1007/s00359-010-0536-2
http://doi.org/10.3390/insects12080719
http://doi.org/10.3389/fpls.2021.646020
http://doi.org/10.20546/ijcmas.2017.604.033
https://d197for5662m48.cloudfront.net/documents/publicationstatus/30707/preprint_pdf/fb0a8ed33e04b09f420918c7ad4680fa.pdf
https://d197for5662m48.cloudfront.net/documents/publicationstatus/30707/preprint_pdf/fb0a8ed33e04b09f420918c7ad4680fa.pdf
http://doi.org/10.22541/au.158221366.67452032
http://doi.org/10.5511/plantbiotechnology.16.1231a
http://www.ncbi.nlm.nih.gov/pubmed/31275004
http://doi.org/10.1105/tpc.15.00399
http://www.ncbi.nlm.nih.gov/pubmed/26475865
http://doi.org/10.1007/s10886-005-5923-8
http://www.ncbi.nlm.nih.gov/pubmed/16222805


Plants 2022, 11, 3535 22 of 25

87. Picard, I.; Hollingsworth, R.G.; Salmieri, S.; Lacroix, M. Repellency of Essential Oils to Frankliniella occidentalis (Thysanoptera:
Thripidae) as Affected by Type of Oil and Polymer Release. J. Econ. Entomol. 2012, 105, 1238–1247. [CrossRef] [PubMed]

88. Smith, G.H.; Roberts, J.M.; Pope, T.W. Terpene based biopesticides as potential alternatives to synthetic insecticides for control of
aphid pests on protected ornamentals. J. Crop Prot. 2018, 110, 125–130. [CrossRef]

89. Rodríguez, A.; San Andrés, V.; Cervera, M.; Redondo, A.; Alquézar, B.; Shimada, T.; Gadea, J.; Rodrigo, M.J.; Zacarías, L.; Palou,
L.; et al. Terpene Down-Regulation in Orange Reveals the Role of Fruit Aromas in Mediating Interactions with Insect Herbivores
and Pathogens. Plant Physiol. 2011, 156, 793–802. [CrossRef]

90. Rossi, Y.E.; Palacios, S.M. Fumigant toxicity of Citrus sinensis essential oil on Musca domestica L, adults in the absence and presence
of a P450 inhibitor. Acta Trop. 2013, 127, 33–37. [CrossRef]

91. Bergström, G.; Tengö, J. Linalool in mandibular gland secretion of Colletes bees (Hymenoptera: Apoidea). J. Chem. Ecol. 1978, 4,
437–449. [CrossRef]

92. Borg-Karlson, A.K.; Tengö, J.; Valterová, I.; Unelius, C.R.; Taghizadeh, T.; Tolasch, T.; Francke, W. (+)-Linalol, a Mate Attractant
Pheromone Component in the Bee Colletes cunicularius. J. Chem. Ecol. 2003, 29, 1–14. [CrossRef]

93. Glinwood, R.; Blande, J.D. Deciphering Chemical Language of Plant Communication: Synthesis and Future Research Directions.
Plant Signal. Behav. 2016, 1, 319–326. [CrossRef]

94. Knudsen, J.T.; Eriksson, R.; Gershenzon, J.; Stahl, B. Diversity and distribution of floral scent. Bot. Rev. 2006, 72, 1–120. [CrossRef]
95. Borg-Karlson, A.K.; Unelius, C.R.; Valterová, I.; Anders, N.L. Floral fragrance chemistry in the early flowering shrub Daphne

mezereum. Phytochemistry 1996, 41, 1477–1483. [CrossRef]
96. Raguso, R.A.; Pichersky, E. New Perspectives in Pollination Biology: Floral Fragrances. A day in the life of a linalool molecule:

Chemical communication in a plant-pollinator system. Part 1: Linalool biosynthesis in flowering plants. Plant Species Biol. 1999,
14, 95–120. [CrossRef]

97. Reisenman, C.E.; Riffell, J.A.; Bernays, E.A.; Hildebrand, J.G. Antagonistic effects of floral scent in an insect–plant interaction.
Proc. R. Soc. B Biol. Sci. 2010, 277, 2371–2379. [CrossRef] [PubMed]

98. Pichersky, E.; Raguso, R.A.; Lewinsohn, E.; Croteau, R. Floral Scent Production in Clarkia (Onagraceae) (I. Localization and
Developmental Modulation of Monoterpene Emission and Linalool Synthase Activity). Plant Physiol. 1994, 106, 1533–1540.
[CrossRef]

99. Dudareva, N.; Cseke, L.; Blanc, V.M.; Pichersky, E. Evolution of floral scent in Clarkia: Novel patterns of S-linalool synthase gene
expression in the C. breweri flower. Plant Cell. 1996, 8, 1137–1148. [CrossRef] [PubMed]

100. Lücker, J.; Bouwmeester, H.J.; Schwab, W.; Blaas, J.; Van Der Plas, L.H.W.; Verhoeven, H.A. Expression of Clarkia S-linalool
synthase in transgenic petunia plants results in the accumulation of S-linalyl-β-d-glucopyranoside. Plant J. 2001, 27, 315–324.
[CrossRef]

101. Ma, Q.; Ma, R.; Su, P.; Jin, B.; Guo, J.; Tang, J.; Chen, T.; Zeng, W.; Lai, C.; Ling, F.; et al. Elucidation of the essential oil biosynthetic
pathways in Cinnamomum burmannii through identification of six terpene synthases. Plant Sci. 2022, 317, 111203. [CrossRef]
[PubMed]

102. Junker, R.R.; Gershenzon, J.; Unsicker, S.B. Floral Odor Bouquet Loses its Ant Repellent Properties After Inhibition of Terpene
Biosynthesis. J. Chem. Ecol. 2011, 37, 1323–1331. [CrossRef]

103. McCallum, E.J.; Cunningham, J.P.; Lücker, J.; Zalucki, M.P.; De Voss, J.J.; Botella, J.R. Increased plant volatile production affects
oviposition, but not larval development, in the moth Helicoverpa armigera. J. Exp. Biol. 2011, 214, 3672–3677. [CrossRef]

104. Xiao, Y.; Wang, Q.; Erb, M.; Turlings, T.C.J.; Ge, L.; Hu, L.; Li, J.; Han, X.; Zhang, T.; Lu, J.; et al. Specific herbivore-induced
volatiles defend plants and determine insect community composition in the field. Ecol. Lett. 2012, 15, 1130–1139. [CrossRef]

105. Wang, Q.; Hillwig, M.L.; Okada, K.; Yamazaki, K.; Wu, Y.; Swaminathan, S.; Yamane, H.; Peters, R.J. Characterization of
CYP76M5–8 Indicates Metabolic Plasticity within a Plant Biosynthetic Gene Cluster. J. Biol. Chem. 2012, 287, 6159–6168. [CrossRef]
[PubMed]

106. Wu, Y.; Wang, Q.; Hillwig, M.L.; Peters, R.J. Picking sides: Distinct roles for CYP76M6 and CYP76M8 in rice oryzalexin
biosynthesis. Biochem. J. 2013, 454, 209–216. [CrossRef] [PubMed]

107. Shilpashree, H.B.; Sudharshan, S.J.; Shasany, A.K.; Nagegowda, D.A. Molecular characterization of three CYP450 genes reveals
their role in withanolides formation and defense in Withania somnifera, the Indian Ginseng. Sci. Rep. 2022, 12, 1602. [CrossRef]
[PubMed]

108. Bianconi, G.V.; Suckow, U.M.S.; Cruz-Neto, A.P.; Mikich, S.B. Use of Fruit Essential Oils to Assist Forest Regeneration by Bats.
Restor. Ecol. 2010, 20, 211–217. [CrossRef]

109. Siebertz, R.; Proksch, P.; Witte, L. Accumulation and biosynthesis of the chromenes precocene I and II in Ageratum houstonianum.
Phytochemistry 1990, 29, 2135–2138. [CrossRef]

110. Metlen, K.L.; Aschehoug, E.T.; Callaway, R.M. Plant behavioural ecology: Dynamic plasticity in secondary metabolites. Plant Cell
Environ. 2009, 32, 641–653. [CrossRef]

111. Miehe-Steier, A.; Roscher, C.; Reichelt, M.; Gershenzon, J.; Unsicker, S.B. Light and Nutrient Dependent Responses in Secondary
Metabolites of Plantago lanceolata Offspring Are Due to Phenotypic Plasticity in Experimental Grasslands. PLoS ONE 2015,
10, e0136073. [CrossRef] [PubMed]

http://doi.org/10.1603/EC11292
http://www.ncbi.nlm.nih.gov/pubmed/22928303
http://doi.org/10.1016/j.cropro.2018.04.011
http://doi.org/10.1104/pp.111.176545
http://doi.org/10.1016/j.actatropica.2013.03.009
http://doi.org/10.1007/BF00989500
http://doi.org/10.1023/A:1021964210877
http://doi.org/10.1007/978-3-319-33498-1_14
http://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
http://doi.org/10.1016/0031-9422(95)00801-2
http://doi.org/10.1046/j.1442-1984.1999.00014.x
http://doi.org/10.1098/rspb.2010.0163
http://www.ncbi.nlm.nih.gov/pubmed/20335210
http://doi.org/10.1104/pp.106.4.1533
http://doi.org/10.1105/tpc.8.7.1137
http://www.ncbi.nlm.nih.gov/pubmed/8768373
http://doi.org/10.1046/j.1365-313x.2001.01097.x
http://doi.org/10.1016/j.plantsci.2022.111203
http://www.ncbi.nlm.nih.gov/pubmed/35193750
http://doi.org/10.1007/s10886-011-0043-0
http://doi.org/10.1242/jeb.059923
http://doi.org/10.1111/j.1461-0248.2012.01835.x
http://doi.org/10.1074/jbc.M111.305599
http://www.ncbi.nlm.nih.gov/pubmed/22215681
http://doi.org/10.1042/BJ20130574
http://www.ncbi.nlm.nih.gov/pubmed/23795884
http://doi.org/10.1038/s41598-022-05634-9
http://www.ncbi.nlm.nih.gov/pubmed/35102209
http://doi.org/10.1111/j.1526-100X.2010.00751.x
http://doi.org/10.1016/0031-9422(90)83022-S
http://doi.org/10.1111/j.1365-3040.2008.01910.x
http://doi.org/10.1371/journal.pone.0136073
http://www.ncbi.nlm.nih.gov/pubmed/26336100


Plants 2022, 11, 3535 23 of 25

112. Nafea, H.M.; Kawaz, A.M.N.A. Synthesis, Characterization, Antimicrobial, DNA Cleavage and Fluorescent Activity of Metal ion
(II) Coordinate with 2H-Chromene Azo novel ligand. Scopeindex.org. Available online: http://scopeindex.org/handle/sc/1839
(accessed on 19 April 2022).

113. Merrill, G.B. Eupatoriochromene and encecalin, plant growth regulators from yellow starthistle (Centaurea solstitialis L.). J. Chem.
Ecol. 1989, 15, 2073–2087. [CrossRef]

114. Moraes, M.M.; Kato, M.J. Biosynthesis of Pellucidin A in Peperomia pellucida (L.) HBK. Front. Plant Sci. 2021, 12, 1602. [CrossRef]
115. Gaia, A.M.; Yamaguchi, L.F.; Guerrero-Perilla, C.; Kato, M.J. Ontogenetic Changes in the Chemical Profiles of Piper Species. Plants

2021, 10, 1085. [CrossRef] [PubMed]
116. Proksch, P.; Palmer, J.; Hartmann, T. Metabolism and bioconversion of chromene derivatives in Ageratina adenophora (Asteraceae).

Planta 1986, 169, 130–134. [CrossRef] [PubMed]
117. Proksch, P.; Wray, V.; Isman, M.B.; Rahaus, I. Ontogenetic variation of biologically active natural products in Ageratina adenophora.

Phytochemistry. 1990, 29, 453–457. [CrossRef]
118. Hernández-Altamirano, J.M.; Ugidos, I.F.; Palazón, J.; Bonfill, M.; García-Ângulo, P.; Álvarez, J.; Acebes, J.L.; Bye, R.; Encina, A.

Production of Encecalin in Cell Cultures and Hairy Roots of Helianthella quinquenervis (Hook.) A. Gray. Molecules 2020, 25, 3231.
[CrossRef] [PubMed]

119. Santos, P.R.D.; Moreira, D.L.; Guimarães, E.F.; Kaplan, M.A.C. Essential oil analysis of 10 Piperaceae species from the Brazilian
Atlantic forest. Phytochemistry 2001, 58, 547–551. [CrossRef] [PubMed]

120. Santos, T.S.; Vieira, T.E.S.; Paula, J.R.; Oliveira-Neto, J.R.; Cunha, L.C.; Santos, A.H.; Romano, C.A. Influence of drying on the
chemical composition and bioactivity of Piper aduncum (Piperaceae) essential oil against Aedes aegypti (Diptera: Culicidae). Res.
Soc. Dev. 2021, 10, 46810817397. [CrossRef]

121. Wisdom, C.S.; Rodriguez, E. Seasonal age-specific measurements of the sesquiterpene lactones and chromenes of Encelia farinosa.
Biochem. Syst. Ecol. 1983, 11, 345–352. [CrossRef]

122. Padalia, R.C.; Verma, R.S.; Sundaresan, V. Volatile Constituents of Three Invasive Weeds of Himalayan Region. Rec. Nat. Prod.
2010, 4, 109–114. Available online: https://acgpubs.org/RNP/2010/Volume%204/Issue%201/13_RNP-0911-156.pdf (accessed
on 20 April 2022).

123. Bianconi, G.V.; Mikich, S.B.; Teixeira, S.D.; Maia, B.H.L.N.S. Attraction of Fruit-Eating Bats with Essential Oils of Fruits: A
Potential Tool for Forest Restoration. Biotropica 2007, 39, 136–140. [CrossRef]

124. Silber, A.; Goldberg, T.; Shapira, O.; Hochberg, U. “Nitrogen Uptake and Macronutrients Distribution in Mango (Mangifera Indica
L. Cv. Keitt) Trees. Plant Physiol. Biochem. 2022, 181, 23–32. [CrossRef]

125. Slik, J.W.; Arroy-Rodriguez, V.; Aiba, S.I.; Venticinque, E.M. An Estimate of the Number of Tropical Tree Species. Proc. Natl. Acad.
Sci. USA 2015, 112, 7472–7477. [CrossRef] [PubMed]

126. Wiggins, N.L.; McArthur, C.; McLean, S.; Boyle, R. Effects of Two Plant Secondary Metabolites. Cineole and Gallic Acid, on
Nightly Feeding Patterns of the Common Brushtail Possum. J. Chem. Ecol. 2003, 29, 1447–1464. [CrossRef] [PubMed]

127. Marsh, K.J.; Wallis, I.R.; Mclean, S.; Sorensen, J.S.; Foley, W.J. Conflicting demands on detoxification pathways influence how
common brushtail possums choose their diets. Ecology 2006, 87, 2103–2112. [CrossRef] [PubMed]

128. Duncan, A.J.; Milne, J.A. Effects of oral administration of brassica secondary metabolites, allyl cyanide, allyl isothiocyanate and
dimethyl disulphide, on the voluntary food intake and metabolism of sheep. Br. J. Nutr. 1993, 70, 631–645. [CrossRef] [PubMed]

129. Kyriazakis, I.; Anderson, D.H.; Duncan, A.J. Conditioned flavour aversions in sheep: The relationship between the dose rate of a
secondary plant compound and the acquisition and persistence of aversions. Br. J. Nutr. 1998, 79, 55–62. [CrossRef] [PubMed]

130. Yearsley, J.M.; Villalba, J.J.; Gordon, I.J.; Kyriazakis, I.; Speakman, J.R.; Tolkamp, B.J.; Illius, A.W.; Duncan, A.J. A Theory of
Associating Food Types with Their Postingestive Consequences. Am. Nat. 2006, 167, 705–716. [CrossRef] [PubMed]

131. Boyle, R.; McLean, S.; Foley, W.; Davies, N.W.; Peacock, E.J.; Moore, B. Metabolites of dietary 1,8-cineole in the male koala
(Phascolarctos cinereus). Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2001, 129, 385–395. [CrossRef]

132. Bates, T.H.; Best, J.V.F.; Williams, T.F. The radiation chemistry of β-pinene. J. Chem. Soc. 1962, 1531–1540. [CrossRef]
133. Schrader, W.; Geiger, J.; Klockow, D.; Korte, E.H. Degradation of α-Pinene on Tenax during Sample Storage: Effects of Daylight

Radiation and Temperature. Environ. Sci. Technol. 2001, 35, 2717–2720. [CrossRef]
134. Presto, A.A.; Huff-Hartz, K.E.; Donahue, N.M. Secondary Organic Aerosol Production from Terpene Ozonolysis. Effect of UV

Radiation. Environ. Sci. Technol. 2005, 39, 7036–7045. [CrossRef]
135. Babar, Z.B.; Park, J.H.; Lim, H.J. Influence of NH3 on secondary organic aerosols from the ozonolysis and photooxidation of

α-pinene in a flow reactor. Atmos. Environ. 2017, 164, 71–84. [CrossRef]
136. Gil, M.; Bottini, R.; Berli, F.; Pontin, M.; Silva, M.F.; Piccoli, P. Volatile organic compounds characterized from grapevine (Vitis

vinifera L. cv. Malbec) berries increase at pre-harvest and in response to UV-B radiation. Phytochemistry 2013, 96, 148–157.
[CrossRef] [PubMed]

137. Chang, X.; Alderson, P.G.; Wright, C.J. Solar irradiance level alters the growth of basil (Ocimum basilicum L.) and its content of
volatile oils. Environ. Exp. Bot. 2008, 63, 216–223. [CrossRef]

138. Silva, F.G.; Carolina, B.A.; Oliveira, J.; Eduardo, B.P.; Pinto, V.E.N.; Suzana, C.S.; José, C.S.; Pedro, H.F. Seasonal variability
in the essential oils of wild and cultivated Baccharis trimera. J. Braz. Chem. Soc. 2007, 18, 990–997. Available online: https:
//www.scielo.br/j/jbchs/a/cCWS3K8qwVDP5MpMv5dVHWP/?format=pdf&lang=en (accessed on 21 April 2022). [CrossRef]

http://scopeindex.org/handle/sc/1839
http://doi.org/10.1007/BF01207439
http://doi.org/10.3389/fpls.2021.641717
http://doi.org/10.3390/plants10061085
http://www.ncbi.nlm.nih.gov/pubmed/34071315
http://doi.org/10.1007/BF01369784
http://www.ncbi.nlm.nih.gov/pubmed/24232438
http://doi.org/10.1016/0031-9422(90)85096-X
http://doi.org/10.3390/molecules25143231
http://www.ncbi.nlm.nih.gov/pubmed/32679820
http://doi.org/10.1016/S0031-9422(01)00290-4
http://www.ncbi.nlm.nih.gov/pubmed/11576595
http://doi.org/10.33448/rsd-v10i8.17397
http://doi.org/10.1016/0305-1978(83)90035-2
https://acgpubs.org/RNP/2010/Volume%204/Issue%201/13_RNP-0911-156.pdf
http://doi.org/10.1111/j.1744-7429.2006.00236.x
http://doi.org/10.1016/j.plaphy.2022.03.036
http://doi.org/10.1073/pnas.1423147112
http://www.ncbi.nlm.nih.gov/pubmed/26034279
http://doi.org/10.1023/A:1024221705354
http://www.ncbi.nlm.nih.gov/pubmed/12918927
http://doi.org/10.1890/0012-9658(2006)87[2103:CDODPI]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/16937649
http://doi.org/10.1079/BJN19930154
http://www.ncbi.nlm.nih.gov/pubmed/7903160
http://doi.org/10.1079/BJN19980009
http://www.ncbi.nlm.nih.gov/pubmed/9505803
http://doi.org/10.1086/502805
http://www.ncbi.nlm.nih.gov/pubmed/16671014
http://doi.org/10.1016/S1532-0456(01)00214-9
http://doi.org/10.1039/JR9620001531
http://doi.org/10.1021/es0002722
http://doi.org/10.1021/es050174m
http://doi.org/10.1016/j.atmosenv.2017.05.034
http://doi.org/10.1016/j.phytochem.2013.08.011
http://www.ncbi.nlm.nih.gov/pubmed/24075072
http://doi.org/10.1016/j.envexpbot.2007.10.017
https://www.scielo.br/j/jbchs/a/cCWS3K8qwVDP5MpMv5dVHWP/?format=pdf&lang=en
https://www.scielo.br/j/jbchs/a/cCWS3K8qwVDP5MpMv5dVHWP/?format=pdf&lang=en
http://doi.org/10.1590/S0103-50532007000500017


Plants 2022, 11, 3535 24 of 25

139. Aissi, O.; Boussaid, M.; Messaoud, C. Essential oil composition in natural populations of Pistacia lentiscus L. from Tunisia: Effect of
ecological factors and incidence on antioxidant and antiacetylcholinesterase activities. Ind. Crops Prod. 2016, 91, 56–65. [CrossRef]

140. Younsi, F.; Mehdi, S.; Aissi, O.; Rahali, N.; Jaouadi, R.; Boussaid, M.; Messaoud, C. Essential Oil Variability in Natural Populations
of Artemisia campestris (L.) and Artemisia herbalba (Asso) and Incidence on Antiacetylcholinesterase and Antioxidant Activities.
Chem. Biodivers. 2017, 14, 1700017. [CrossRef]

141. Suffredini, I.B.; Sousa, S.R.N.; Frana, S.A.; Suffredini, H.B.; Díaz, I.E.C.; Paciencia, M.L.B. Multivariate Analysis of the Terpene
Composition of Osteophloeum platyspermum Warb. (Myristicaceae) and Its Relationship to Seasonal Variation Over a Two-Year
Period. J. Essent. Oil. Bear. Plants 2016, 19, 1380–1393. [CrossRef]

142. Koundal, R.; Kumar, A.; Thakur, S.; Agnihotri, V.K.; Chand, G.; Singh, R.D. Seasonal variation in phytochemicals of essential oil
from Juniperus communisneedles in western Himalaya. J. Essent. Oil Res. 2015, 27, 406–411. [CrossRef]

143. Räsänen, J.V.; Leskinen, J.T.T.; Holopainen, T.; Joutsensaari, J.; Pasanen, P.; Kivimäenpää, M. Titanium dioxide (TiO2) fine particle
capture and BVOC emissions of Betula pendula and Betula pubescens at different wind speeds. Atmos. Environ. 2017, 152, 345–353.
[CrossRef]

144. Vicens, N.; Bosch, J. Weather-Dependent Pollinator Activity in an Apple Orchard, with Special Reference to Osmia cornutaand and
Apis mellifera (Hymenoptera: Megachilidae and Apidae). Environ. Entomol. 2000, 29, 413–420. [CrossRef]

145. Stone, G.N.; Willmer, P.G. Warm-up rates and body temperature in bees: The importance of body size, thermal regime and
phylogeny. J. Exp. Biol. 1989, 147, 303–328. Available online: https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.503.4
301&rep=rep1&type=pdf (accessed on 21 April 2022). [CrossRef]

146. Passos, J.M.O.; Gimenes, M. Pollination of Turnera subulata: Exotic or native bees? Iheringia Ser. Zool. 2022, 112, 01. [CrossRef]
147. Corbet, S.A.; Fussell, M.; Ake, R.; Fraser, A.; Gunson, C.; Savage, A.; Smith, K. Temperature and the pollinating activity of social

bees. Ecol. Entomol. 1993, 18, 17–30. [CrossRef]
148. Abrol, D.P. Diversity of pollinating insects visiting litchi flowers (Litchi chinensis Sonn.) and path analysis of environmental factors

influencing foraging behaviour of four honeybee species. J. Apic. Res. 2006, 45, 180–187. [CrossRef]
149. Keasar, T.; Sadeh, A.; Shmida, A. Variability in nectar production and standing crop. and their relation to pollinator visits in a

Mediterranean shrub. Arthropod Plant Interact. 2008, 2, 117–123. [CrossRef]
150. McCabe, L.M.; Aslan, C.E.; Cobb, N.S. Decreased bee emergence along an elevation gradient: Implications for climate change

revealed by a transplant experiment. Ecology 2021, 103, e03598. [CrossRef]
151. Arroyo, M.T.K.; Armesto, J.J.; Primack, R.B. Community studies in pollination ecology in the high temperate Andes of central

Chile II. Effect of temperature on visitation rates and pollination possibilities. Plant Syst. Evol. 1985, 149, 187–203. [CrossRef]
152. Abrol, D.P. Foraging behaviour of Apis florea F., an important pollinator of Allium cepa L. J. Apic. Res. 2010, 49, 318–325. [CrossRef]
153. Herrera, C.M. Floral Biology, Microclimate, and Pollination by Ectothermic Bees in an Early-Blooming Herb. Ecology 1995, 76,

218–228. [CrossRef]
154. Torres, A.; Hoffmann, W.; Lamprecht, I. Thermal investigations of a nest of the stingless bee Tetragonisca angustula Illiger in

Colombia. Thermochim. Acta 2007, 458, 118–123. [CrossRef]
155. Rader, R.; Reilly, J.; Bartomeus, I.; Winfree, R. Native bees buffer the negative impact of climate warming on honey bee pollination

of watermelon crops. Glob. Chang. Biol. Bioenergy 2013, 19, 3103–3110. [CrossRef] [PubMed]
156. Cooper, P.D.; Schaffer, W.M.; Buchmann, S.L. Temperature Regulation of Honey Bees (Apis Mellifera) Foraging in the Sonoran

Desert. J. Exp. Biol. 1985, 114, 1–15. [CrossRef]
157. Maekawa, S.; Torisu, Y.; Inagaki, N.; Terabun, M. Leaf Injury Caused by Drop in Leaf Temperature of Saintpaulia ionantha. J. Jpn.

Soc. Hortic. Sci. 1987, 55, 484–489. [CrossRef]
158. Yun, J.G.; Hayashi, T.; Yazawa, S.; Katoh, T.; Yasuda, Y. Acute morphological changes of palisade cells of Saintpaulia leaves

induced by a rapid temperature drop. J. Plant Res. 1996, 109, 339–342. [CrossRef]
159. Wright, S.J.; van Schaik, C.P. Light and the Phenology of Tropical Trees. Am. Nat. 1994, 143, 192–199. [CrossRef]
160. Zi, X.; Zhou, S.; Wu, B. Alpha-Linolenic Acid Mediates Diverse Drought Responses in Maize (Zea mays L.) at Seedling and

Flowering Stages. Molecules 2022, 27, 771. [CrossRef]
161. Koppen, W.; Geiger, G.C. Das geographisca System der Klimate, Borntraeger: Handbuch der Klimatologie. 1936. Available online:

http://koeppen-geiger.vu-wien.ac.at/pdf/Koppen_1936.pdf (accessed on 6 September 2022).
162. Valentin-Silva, A.; Staggemeier, V.G.; Batalha, M.A.; Guimarães, E. What factors can influence the reproductive phenology of

Neotropical Piper species (Piperaceae) in a semi-deciduous seasonal forest? Botany 2018, 96, 675–684. [CrossRef]
163. Fournier, L.A. Un método cuantitativo para la medición de características fenológicas en árboles. Turrialba 1974, 24, 422–423.

Available online: https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1202
016 (accessed on 6 September 2022).

164. Sakagami, S.F.; Laroca, S.; Moure, J.S. Wild bee biocoenotics in São José dos Pinhais (PR), South Brazil. J. Fac. Sci. Hokkaido Univ.
Serie VI Zool. 1967, 16, 253–291. Available online: https://eprints.lib.hokudai.ac.jp/dspace/handle/2115/27447 (accessed on 6
September 2022).

165. Campos, G.P.A.; Barros, C.T.; Carneiro, L.T.; Santa-Martinez, E.; de Oliveira-Milfont, M.; Castro, C.C. Pollinator efficiency
in openly grown eggplants: Can non-vibrating bees produce high-quality fruits? Arthropod-Plant Interact. 2022, 16, 159–170.
[CrossRef]

http://doi.org/10.1016/j.indcrop.2016.06.025
http://doi.org/10.1002/cbdv.201700017
http://doi.org/10.1080/0972060X.2016.1215264
http://doi.org/10.1080/10412905.2015.1043399
http://doi.org/10.1016/j.atmosenv.2017.01.003
http://doi.org/10.1603/0046-225X-29.3.413
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.503.4301&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.503.4301&rep=rep1&type=pdf
http://doi.org/10.1242/jeb.147.1.303
http://doi.org/10.1590/1678-4766e2022006
http://doi.org/10.1111/j.1365-2311.1993.tb01075.x
http://doi.org/10.1080/00218839.2006.11101345
http://doi.org/10.1007/s11829-008-9040-9
http://doi.org/10.1002/ecy.3598
http://doi.org/10.1007/BF00983305
http://doi.org/10.3896/IBRA.1.49.4.04
http://doi.org/10.2307/1940644
http://doi.org/10.1016/j.tca.2007.01.024
http://doi.org/10.1111/gcb.12264
http://www.ncbi.nlm.nih.gov/pubmed/23704044
http://doi.org/10.1242/jeb.114.1.1
http://doi.org/10.2503/jjshs.55.484
http://doi.org/10.1007/BF02344482
http://doi.org/10.1086/285600
http://doi.org/10.3390/molecules27030771
http://koeppen-geiger.vu-wien.ac.at/pdf/Koppen_1936.pdf
http://doi.org/10.1139/cjb-2018-0029
https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1202016
https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1202016
https://eprints.lib.hokudai.ac.jp/dspace/handle/2115/27447
http://doi.org/10.1007/s11829-022-09885-1


Plants 2022, 11, 3535 25 of 25

166. Polizel, A.L.; Nanka, S.; Conte, H. Insetos dípteras como polinizadores em Orchidaceae. Rev. Uningá. 2015, 46, 1. Available online:
https://revista.uninga.br/uninga/article/view/1249 (accessed on 6 September 2022).

167. Oliveira, G.L.; Moreira, D.L.; Mendes, A.D.R.; Guimarães, E.F.; Figueiredo, L.S.; Kaplan, M.A.C.; Martins, E.R. Growth study and
essential oil analysis of Piper aduncum from two sites of Cerrado biome of Minas Gerais State, Brazil. Rev. Bras. Farmacogn. 2013,
23, 743–753. [CrossRef]

168. Dool, H.V.D.; Kratz, P.D.A. Generalization of retention index system including linear temperature programmed Gas-Liquid
Partition Chromatogaphy. J. Chromatogr. A. 1963, 11, 463. [CrossRef]

169. Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/Mass Spectroscopy, 4th ed.; Allured Publishing: Carol
Stream, IL, USA, 2009.

170. Sadgrove, N.J.; Jones, G.L. Cytogeography of essential oil chemotypes of Eremophila longifolia F. Muell (Scrophulariaceae).
Phytochemistry 2014, 105, 43–51. [CrossRef] [PubMed]

https://revista.uninga.br/uninga/article/view/1249
http://doi.org/10.1590/S0102-695X2013000500005
http://doi.org/10.1016/S0021-9673(01)80947-X
http://doi.org/10.1016/j.phytochem.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24874947

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Area of Study 
	Climate Data 
	Reproductive and Vegetative Phenological Study 
	Frequency of Visits by Potential Pollinators 
	Sample Colletion to Essential Oil Extraction 
	Essential Oil Analysis 
	Statistical Analysis 

	Conclusions 
	References

