
Citation: Campos, F.; Vieira, M.;

Sousa, M.; Jorge, L.; Ferreira, G.;

Marques, M.; Boaro, C. Defense

Mechanisms of Xylopia aromatica

(Lam.) Mart. in the Dry Season in the

Brazilian Savanna. Life 2024, 14, 1416.

https://doi.org/10.3390/

life14111416

Academic Editors: Ling Zhang and

Zhi Li

Received: 17 September 2024

Revised: 30 October 2024

Accepted: 1 November 2024

Published: 2 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Defense Mechanisms of Xylopia aromatica (Lam.) Mart. in the
Dry Season in the Brazilian Savanna
Felipe Campos 1,* , Maria Vieira 1 , Marília Sousa 1, Letícia Jorge 1, Gisela Ferreira 1 , Marcia Marques 2

and Carmen Boaro 1

1 Biodiversity and Biostatistics Departament, Biosciences Institute, São Paulo State University (UNESP),
Campus (Botucatu), P.O. Box 510, Botucatu 18618-970, SP, Brazil; maria.vieira@unesp.br (M.V.);
marilia.caixetas@gmail.com (M.S.); leticia.g.jorge@unesp.br (L.J.); gisela.ferreira@unesp.br (G.F.);
carmen.boaro@unesp.br (C.B.)

2 Agronomic Institute of Campinas (IAC), Plant Genetic Resources Center, Campinas 13075-630, SP, Brazil;
marcia.marques@sp.gov.br

* Correspondence: felipe.girotto@unesp.br; +55-14-3880-0124

Abstract: Water availability and light during the dry and rainy seasons in the Cerrado may influence
plants’ stomatal movement and the entry of CO2 for organic synthesis, which is the main electron
drain. A lower stomatal conductance may contribute to the energy accumulated in the chloroplasts
being directed towards the synthesis of compounds, which contributes to the activity of antioxidant
enzymes to neutralize reactive oxygen species. Xylopia aromatica is a characteristic Cerrado species,
and it is often recommended for recovering degraded areas. This study aimed to investigate the
influence of the dry and rainy seasons on the metabolic adjustments of Xylopia aromatica in a portion of
the Brazilian savanna in the state of São Paulo. In the rainy season, better photosynthetic performance
led to greater investment in essential oil production. In the dry season, the plants may direct part
of their reducing sugars to the syntheses of carotenoids and anthocyanins, which may help the
antioxidant enzymes to neutralize reactive oxygen species. Carotenoids assist in the dissipation of
photosystem energy, which has the potential to cause oxidative stress. During this season, lower
stomatal conductance prevented excessive water loss. These results suggest the acclimatization of
this species to the conditions of the Brazilian savanna.

Keywords: Annonaceae; bicyclogermacrene; β-phellandrene; spathulenol; photosynthesis;
antioxidant enzymes

1. Introduction

The Cerrado is a dry tropical forest in South America that covers a quarter of the
national territory of Brazil and exhibits the greatest biodiversity in the world [1–4]. In
recent decades, human actions, such as agricultural expansion and burning, have been the
main causes of the degradation and fragmentation of the Brazilian savanna, resulting in
the loss of around 50% of the original vegetation [1,5]. Therefore, studies involving local
species are relevant to conserving the biodiversity of this Brazilian biome. It is particularly
important to study the defense mechanisms used by species to survive in dry conditions. In
this sense, Xylopia aromatica (Lam.) Mart. (Annonaceae) is a characteristic Brazilian savanna
species, mainly recommended for the recovery of degraded areas of the Cerrado (SP) [6],
Brazil (Resolução SMA nº 47/2003). Xylopia aromatica is also found in deciduous seasonal
forests and the Amazonian savanna [6], being popularly known as pimenta-de-macaco,
embira, pindaíba, and pimenta-de-bugre [7,8].

Climate change can cause variations in the dynamics of the Cerrado in both the dry
and rainy seasons [1]. Thus, studying the interaction between plants and their changing
environment contributes to understanding the impact on plant metabolism, helping to
develop strategies for reforestation and preservation.
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Xylopia aromatica seedlings introduced into a degraded area of the Cerrado as part of
recovery efforts may present comparable nutritional status to those evaluated in preserved
areas of the Cerrado. In addition, Xylopia aromatica has shown tolerance to high concentra-
tions of leaf Fe and is therefore indicated for the recovery of areas contaminated with high
levels of iron [9].

The metabolism of plant species in degraded environments can present, as a defense
and acclimatization strategy, variations in both primary and specialized metabolism. Plants
produce substances that belong to several chemical classes, which play important roles in
their survival and adaptation to the ecosystem and contribute to their protection against
abiotic and biotic stresses [10–13].

Phytochemical studies have shown that Xylopia contains several classes of substances
that belong to specialized metabolic processes, including terpenes, amides, lignoids, alkaloids,
and acetogenins [8,12,14,15]. Many of these substances have biological activity [16–18], in-
cluding in humans, which may present variations in the different organs of the plant and
with environmental conditions.

Among the terpenes, the monoterpenes α- and β-pinene and limonene, and the
sesquiterpenes bicyclogermacrene and spathulenol, have been reported in the chemical
profiles of essential oils extracted from the leaves, bark, flowers, fruits, and seeds of Xylopia
plants in the Cerrado and Amazonian savanna [6,7,14,19–22].

Several studies have investigated the biological activity of Xylopia aromatica against
biotic factors, such as fungi and bacteria. Nascimento et al. [21] evaluated the chemical
profile and the antimicrobial and antifungal activity of the essential oils in the flowers and
leaves of Xylopia aromatica collected in the Cerrado of Goiás, Brazil. The major compounds
found in the leaves were spathulenol, khusinol, and bicyclogermacrene, and those found
in the flowers included pentadecane-2-one, bicyclogermacrene, 7-epi-α-eudesmol, and
khusinol. The essential oils of leaves and flowers showed lower minimum inhibitory
concentrations (MIC) for Streptococcus pyogenes (200 and 100 µg mL−1, respectively). The
essential oil in the leaves showed moderate inhibitory activity (500 µg mL−1) for Candida
albicans. The essential oil obtained from the leaves of Xylopia aromatica of the Amazonian
savanna, Amazonas, and Brazil showed a predominance of spathulenol, trans-pinocarveol,
and dihydrocarveol, with strong activity against Streptococcus sanguinis [22]. Essential oil
from Xylopia aromatica leaves collected in the Cerrado of Botucatu, SP, Brazil, contained
α-pinene and β-pinene as major substances and showed antifungal activity against Candida
and Cryptococcus species [23].

Another aspect of extreme importance, which has been less studied, is the effect the
environment can have on the levels of enzymes that allow a plant to survive and regulate its
primary and specialized metabolisms. Plants are sessile organisms subject to environmental
conditions that can generate oxidative stress. This stress can be caused by variations in
rainfall intensity, temperature, light, competition with other plants, pests, diseases, and
herbivores. Under stress conditions, reactive oxygen species (ROS), molecules formed
during normal metabolic functions in chloroplasts, mitochondria, and peroxisomes [24],
are generated by the electron transport system, causing cellular damage or, depending on
concentration, acting as signaling molecules that exert multiple defense responses. In these
conditions, the plants depend on antioxidants for ROS neutralization and defense.

Antioxidant enzymes, including superoxide dismutase and peroxidases, can reverse
oxidative stress [25]. These enzymes and the level of lipid peroxidation can be used [26] to
monitor the damage caused by ROS and the malondialdehyde accumulation [27], acting as
molecular markers to determine the stress level in plants.

The variation in water availability and light incidence in the Cerrado can influence
the stomatal movement, as well as the entry of carbonic gas for organic synthesis, the
main electron drain. A lower stomatal conductance may contribute to the accumulation
of reducing agents in chloroplasts, which can be used in the synthesis of compounds that
participate in specialized metabolism. This characterizes the non-enzymatic antioxidant
system, which contributes to the activity of antioxidant enzymes to neutralize reactive
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oxygen species [28], such as mono- and sesquiterpenes. These substances are produced
from the union of two or three isoprenes, respectively. The formation of isoprene re-
quires a skeleton with five carbons, three ATP molecules, the reducing agent NAD(P)H+,
and an electron donor source for the reduction of methylerythritol phosphate into iso-
prene. This isoprene route can also play a role in the dissipation of excess photosynthetic
energy [28–30] and constitutes an important protection mechanism when the plant is sub-
jected to a high light incidence. Under these conditions, drought or flooding stress may
involve the emission of terpenes, which function as stress markers (as occurs in plant–plant
and plant–insect interactions [31–33]) and act to stimulate a mechanism to overcome the
stress factor.

No studies investigating the association between water availability and the defense
mechanisms of the primary and specialized metabolisms of species native to the Cerrado
have been found in the literature. This study aimed to investigate the influence of dry and
rainy seasons on the metabolic adjustments in the photosynthetic and terpene profile of
Xylopia aromatica in the fragment of Brazilian savanna in the state of São Paulo, Brazil.

2. Materials and Methods
2.1. Plant Material and Environmental Conditions

Twenty-eight individual Xylopia aromatica plants were evaluated. Fourteen were
collected during the dry seasons, Dry1 (September 2016) and Dry2 (August 2017), and
fourteen were collected during the rainy seasons, Rainy1 (February 2017) and Rainy2
(February 2018).

The evaluations were conducted on plants obtained from the Cerrado remnant at Rio
Bonito, located in the municipality of Botucatu, state of São Paulo, Brazilian Southeastern
region (geographical coordinates 22◦42′09.4′′ S, 48◦20′64.1′′ W and altitude of 514 m).

Reproductive materials from the species were collected, exsiccated, and deposited at
the Herbarium Irina Delanova Gemtchujnicov (BOTU), located in the Biosciences Institute
of Botucatu, UNESP, voucher nº 32478.

The chemical and physical characteristics of the collected soil samples were evaluated,
and a pool consisting of 10 repetitions (20–40 cm) was made in the study area at each
collection site. The chemical and physical characteristics of the soil showed differences in
different seasons (Supplementary Table S1).

Measurements of precipitation (mm), relative humidity (%), and the average maximum
and minimum atmospheric temperatures (◦C) were obtained from the meteorological mini
station (model PC400, Campbell Scientific, Shepshed, Loughborough, UK) located at the Unesp
Biosciences Institute, Botucatu. The evaluations were carried out in the dry and rainy seasons,
when the precipitation was lower and higher, respectively (Supplementary Figure S1).

2.2. Study Variables

The chlorophyll a fluorescence, gas exchange, leaf water potential, relative leaf water
content, and yield and chemical profile of the essential oil were evaluated in 14 individuals
in the Dry1 and Dry2 groups and another 14 individuals in the Rainy1 and Rainy2 groups.

Photosynthetic pigments, carbohydrates, antioxidant enzymes, and lipid peroxidation
were evaluated in the Dry2 group and the Rainy2 group.

2.3. Chlorophyll a Fluorescence and Gas Exchange

The variables of fluorescence, potential quantum efficiency adapted to light (Fv′/Fm′),
effective quantum efficiency (
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effective quantum efficiency (ɸPSII = ΔF/Fm′) of photosystem II (PSII), electron transport 
ratio (ETR = PPFD × ΔF/Fm′ × 0.5 × 0.84), heat dissipation in the antenna complex (D = 1 − 
Fv′/Fm′), and dissipation of excess energy from the PSII reaction center (Ex = Fv′/Fm′ × (1 
− qP)) were determined [34,35]. The variables of gas exchange, CO2 assimilation rate (Anet, 
µmol CO2 m−2s−1), transpiration rate (E, mmol water vapor m−2s−1), stomatal conductance 

PSII = ∆F/Fm′) of photosystem II (PSII), electron trans-
port ratio (ETR = PPFD × ∆F/Fm′ × 0.5 × 0.84), heat dissipation in the antenna complex
(D = 1 − Fv′/Fm′), and dissipation of excess energy from the PSII reaction center
(Ex = Fv′/Fm′ × (1 − qP)) were determined [34,35]. The variables of gas exchange,
CO2 assimilation rate (Anet, µmol CO2 m−2s−1), transpiration rate (E, mmol water va-
por m−2s−1), stomatal conductance (gs, mmol m−2s−1), internal leaf CO2 concentration
(Ci, µmol m−2 s−1 Pa−1), relative humidity (RH, %), instantaneous water-use efficiency
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(iWUE, µmol CO2 (mmol H2O)−1), and RuBisCO carboxylation efficiency (Anet/Ci (µmol
m−2 s−1 Pa−1) [36] were determined using an open system of photosynthesis with a
CO2 analyzer and infrared water vapor radiation (“Infra-Red Gas Analyzer—IRGA”,
model GSF 3000, Walz, GmbH, Effeltrich, Germany) under a saturating irradiance of
1200 µmol m−2 s−1 (photosynthetic photon flux density (PPFD)), with a coupled modulated
light fluorometer (LED-Array/PAM-Fluorometer 3055-FL, Walz, GmbH, Effeltrich, Ger-
many). These measures were carried out in the period from 9:00 am to 11:00 am on a sunny
day [37] with environmental CO2 equal to 415 ± 10 µmol m−2 s−1 and the following light in-
tensities in the dry and rainy seasons: Dry1: 874.3; Dry2: 484.24; Rainy1: 873.21; and Rainy2:
900.07 µmol m−2 s−1 PPFD.

2.4. Water Potential and Relative Leaf Water Content

The water potential, represented in Mpa, of fully expanded leaves of the same individ-
ual was determined using a WP4-T water potential analyzer with a temperature controller
(Decagon Devices, Pullman, WA, USA).

The relative leaf water content (RWC = (FM − DM)/(TM − DM) × 100) was deter-
mined using the weighing method for the fresh mass (FM), turgid mass (TM), and dry mass
(DM) [38,39].

2.5. Yield and Chemical Profile of Essential Oil

The leaves of Xylopia aromatica were separated and dried at room temperature; essential
oils were extracted by means of hydro-distillation in a Clevenger apparatus for 2 h. The
essential oil yield was calculated as the mass of essential oil (g) per mass of dry plant
material (g) and later expressed as a percentage.

The chemical composition was determined using a gas chromatograph coupled to a
mass spectrometer (GC-MS—Shimadzu, QP-5000, Kyoto, Japan) operating at 70 eV. It was
equipped with a DB-5 fused silica capillary column (30 m × 0.25 mm × 0.25 µm), with
helium as the carrier gas (1.0 mL·min−1), an injector at 220 ◦C, a detector at 230 ◦C, a split
of 1/20, and a temperature program of 60–240 ◦C, 3 ◦C min−1.

The substances were identified by comparing the obtained GC-MS with the system
database, the linear retention index (LRI), and data from the literature [34]. The linear
retention index (LRI) values of the substances were obtained by analyzing of the mixture
of n-alkanes (C9–C24-99%, Sigma Aldrich, São Paulo, Brazil) under the same operating
conditions as the samples, applying the Van Den Dool and Kratz [35] equation.

The quantification of the essential oil was performed using gas chromatography with a
flame ionization detector (GC-FID), with the area normalization method and the operating
conditions described above.

2.6. Photosynthetic Pigments, Carbohydrates, Antioxidant Enzymes, and Lipid Peroxidation

Determinations were performed on fully expanded leaves. Photosynthetic pigments,
chlorophyll a and b, carotenoids, and anthocyanin were extracted and quantified according
to the methodology proposed in [40].

The reducing sugars [38], total soluble sugars [39,41], and starch [42] were also quantified.
The total soluble protein content [43]; the activities of peroxidase (POD, EC 1.11.1.7) [44],

superoxide dismutase (SOD, EC 1.15.1.1), and catalase enzymes (CAT, EC 1.11.1.6) [45];
and lipid peroxidation [46] were also determined.

2.7. Statistical Analysis

Variables were evaluated via analysis of variance (ANOVA), and the means were
compared using the Tukey test at 5% probability in the SigmaPlot software, version 12.0 [47].
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3. Results
3.1. Water Relations, Chlorophyll a Fluorescence, and Gas Exchange

The water potential (Ψleaf) did not differ in the evaluated plants (p > 0.741). The
relative humidity (RH%) and relative water content (RWC) were lower in the Dry1 season
(Figure 1), while the vapor pressure deficit (VpdL) was greater (Figure 1). In general, in the
rainy season (Rainy1 and Rainy2), the plants showed a higher electron transport ratio (ETR),
effective quantum efficiency (
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the Herbarium Irina Delanova Gemtchujnicov (BOTU), located in the Biosciences Institute 
of Botucatu, UNESP, voucher nº 32478. 
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ratio (ETR = PPFD × ΔF/Fm′ × 0.5 × 0.84), heat dissipation in the antenna complex (D = 1 − 
Fv′/Fm′), and dissipation of excess energy from the PSII reaction center (Ex = Fv′/Fm′ × (1 
− qP)) were determined [34,35]. The variables of gas exchange, CO2 assimilation rate (Anet, 
µmol CO2 m−2s−1), transpiration rate (E, mmol water vapor m−2s−1), stomatal conductance 

PSII) p ≤ 0.001, electron
transport rate (ETR) p ≤ 0.001, and fraction of excitation energy not dissipated in the antenna that
cannot be utilized for photochemistry (Ex) p < 0.008 of Xylopia aromatica evaluated in the dry season
(Dry1 and Dry2) and in the rainy season (Rainy1 and Rainy2) in the Brazilian savanna of Botucatu,
SP, Brazil. Medium values. Capital letters test data through the years, lowercase letters test dry and
rainy seasons. Means followed by the same letter did not differ from each other in the Tukey test at
5% probability.
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3.2. Yield and Chemical Profile of Essential Oil

The yields of essential oil were 0.09% (Rainy1 season), 0.05% (Rainy2 season), 0.02%
(Dry1 season), and 0.03% (Dry2 season), showing that the oil yield was greater in the rainy
season (p ≤ 0.001) (Figure 4).

Although the chemical profiles of the essential oils of the 28 individuals of Xylopia
aromatica were similar, there was variation in the relative proportion of their constituents in
the four evaluated groups for the dry season (Dry1 and Dry2) and rainy season (Rainy1
and Rainy2) (Supplementary Table S2 and Figure 4).

The chemical classes identified in the essential oils were monoterpene hydrocarbons (α-
pinene, sabinene, β-pinene, myrcene, α-phellandrene, o-cymene, limonene, β-phellandrene,
and cis-β-ocimene) with average concentrations as follows: Dry1 season (15.56%), Rainy1
season (7.29%), Dry2 season (0.22%), and Rainy2 season (1.45%); sesquiterpene hydro-
carbons (α-copaene, cis-caryophyllene, aromadendrene, germacrene D, bicyclogerma-
crene, and α-muurolene) with average concentrations as follows: Dry1 season (28.07%),
Rainy1 season (18.46%), Dry2 season (19.87%), and Rainy2 season (3.60%); and oxygenated
sesquiterpenes (spathulenol, caryophyllene oxide, and globulol) with average concentra-
tions as follows: Dry1 season (15.84%), Rainy1 season (30.06%), Dry2 season (41.9%), and
Rainy2 season (61.09%) (Supplementary Table S2).

The major constituents of the essential oils were β-phellandrene, α-pinene and β-
pinene, bicyclogermacrene, spathulenol, and an unidentified substance (sub7). The Dry1
season showed a higher relative proportion of β-phellandrene (F = 7.157 p < 0.010). The
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substances α-pinene (F = 4.289 p < 0.043) and β-pinene (F = 4.999 p < 0.030) were higher in
the first evaluation of both the Dry1 and Rainy1 seasons (Figure 4).
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Bicyclogermacrene showed an increase in its relative percentage in the dry season
and in evaluation 1, when the relative humidity was lower than in other evaluations
(Supplementary Table S2 and Figure 4).

Spathulenol showed a higher relative proportion in the rainy season and assessment 2,
a period of greater relative humidity (Supplementary Table S2 and Figure 4).

3.3. Photosynthetic Pigments, Carbohydrates, Antioxidant Enzymes, and Lipid Peroxidation

The chlorophyll a and b concentrations did not vary between seasons, while the
carotenoid and anthocyanin concentrations were higher in the Dry2 season (Table 1).

Table 1. Photosynthetic pigments, chlorophyll a (µmol g−1), chlorophyll b (µmol g−1), carotenoids
(µmol g−1), and anthocyanins (µmol g−1) in Xylopia aromatica (Lam.) Mart. evaluated in the dry
season and in the rainy season, in the Cerrado of Botucatu, SP, southeastern Brazil.

Seasons Chlorophyll a Chlorophyll b Carotenoids Anthocyanins

Dry 676.45 A ± 30.93 307.67 A ±18.89 392.67 ± 14.76 A 427.81 ± 25.27 A
Rainy 737.14 A ± 18.30 296.06 A ± 17.61 355.43 ± 12.51 B 319.82 ±19.17 B

p 0.09 0.616 0.046 0.01
Averages followed by the same letter do not differ from each other. Tukey (p < 0.05). Mean data (n = 14).

The reducing sugars did not vary between seasons, and the concentrations of total
sugars and starch were higher in the Dry2 season (Table 2).
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Table 2. Total soluble sugar (mg of total sugar g−1 of FW), reducing sugar (mg of reducing sugar g−1

of FW), and starch (mg starch g−1 of FW) in Xylopia aromatica (Lam.) Mart. evaluated in the dry and
rainy seasons in the Cerrado of Botucatu, SP, southeastern Brazil.

Seasons Total Soluble Sugar Reducing Sugar Starch

Dry 4198.50 ± 132.96 A 4.987 A ± 0.214 107.95 ± 3.519 A
Rainy 3530.82 ± 192.46 B 5.344 A ± 0.172 69.84 ± 6.699 B

p 0.005 0.269 ≤0.001
Averages followed by the same letter do not differ from each other. Tukey (p < 0.05). Mean data (n = 14).

The activities of the superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) enzymes and lipid peroxidation did not vary between seasons (Table 3).

Table 3. Superoxide dismutase (SOD, U mg−1 protein), peroxidase (POD, µmol of purpurogallin
min−1 mg−1 protein), catalase (CAT, µKat µg−1 protein), and lipid peroxidation (MDA, malondi-
aldehyde nmol g−1 FW) in Xylopia aromatica evaluated in the dry season and the rainy season in the
Brazilian savanna of Botucatu, SP, southeastern Brazil.

Seasons SOD POD CAT MDA

Dry 38.84 A ± 2.945 0.061 A ± 0.00014 0.15 A ± 0.00031 65.63A ± 2.0274
Rainy 39.73 A ± 2.752 0.061 A ± 0.00057 0.13 A ±0.00018 64.63 A ± 2.475

p 0.785 0.937 0.515 0.936
Averages followed by the same letter do not differ from each other. Tukey (p < 0.05). Mean data (n = 14).

4. Discussion

The plants evaluated in the Rainy1 season showed a higher photochemical efficiency,
indicative of high production of reducing agents, despite the large amount of energy not
dissipated or used in the photochemical phase (Ex), which did not promote stress.

The CO2 assimilation rate (Anet), stomatal conductance (gs), RuBisCO carboxylation
efficiency (Anet/Ci), instantaneous water-use efficiency (iWUE), and relative water content
(RWC) were higher in the Rainy1 season, when the plants presented lower vapor pressure
deficits (VpdL). This condition allowed for greater stomatal apertures and increased the
instantaneous water-use efficiency (iWUE) once the carbon input (Anet,) was greater than
water output (E). These results agree with those recorded in [48].

In the Dry1 season, the lower relative humidity of the environment (RH%) and higher
vapor pressure deficit (VpdL) resulted in partial closure of the stomata and lower stomatal
conductance, a mechanism that contributed to the maintenance of water content and the
regulation of leaf water potential (Ψleaf), which limited the entry of carbon and reduced its
assimilation. These results agree with those obtained in [49] for Pinus palustres.

In the Dry2 season, plants showed the lowest effective quantum efficiency (

Life 2024, 14, x FOR PEER REVIEW 3 of 13 
 

 

participate in specialized metabolism. This characterizes the non-enzymatic antioxidant 
system, which contributes to the activity of antioxidant enzymes to neutralize reactive 
oxygen species [28], such as mono- and sesquiterpenes. These substances are produced 
from the union of two or three isoprenes, respectively. The formation of isoprene requires 
a skeleton with five carbons, three ATP molecules, the reducing agent NAD(P)H+, and an 
electron donor source for the reduction of methylerythritol phosphate into isoprene. This 
isoprene route can also play a role in the dissipation of excess photosynthetic energy [28–
30] and constitutes an important protection mechanism when the plant is subjected to a 
high light incidence. Under these conditions, drought or flooding stress may involve the 
emission of terpenes, which function as stress markers (as occurs in plant–plant and plant–
insect interactions [31–33]) and act to stimulate a mechanism to overcome the stress factor. 

No studies investigating the association between water availability and the defense 
mechanisms of the primary and specialized metabolisms of species native to the Cerrado 
have been found in the literature. This study aimed to investigate the influence of dry and 
rainy seasons on the metabolic adjustments in the photosynthetic and terpene profile of 
Xylopia aromatica in the fragment of Brazilian savanna in the state of São Paulo, Brazil. 

2. Materials and Methods 
2.1. Plant Material and Environmental Conditions 

Twenty-eight individual Xylopia aromatica plants were evaluated. Fourteen were collected 
during the dry seasons, Dry1 (September 2016) and Dry2 (August 2017), and fourteen were 
collected during the rainy seasons, Rainy1 (February 2017) and Rainy2 (February 2018). 

The evaluations were conducted on plants obtained from the Cerrado remnant at Rio 
Bonito, located in the municipality of Botucatu, state of São Paulo, Brazilian Southeastern 
region (geographical coordinates 22°42′09.4″ S, 48°20′64.1″ W and altitude of 514 m). 

Reproductive materials from the species were collected, exsiccated, and deposited at 
the Herbarium Irina Delanova Gemtchujnicov (BOTU), located in the Biosciences Institute 
of Botucatu, UNESP, voucher nº 32478. 

The chemical and physical characteristics of the collected soil samples were 
evaluated, and a pool consisting of 10 repetitions (20–40 cm) was made in the study area 
at each collection site. The chemical and physical characteristics of the soil showed 
differences in different seasons (Supplementary Table S1). 

Measurements of precipitation (mm), relative humidity (%), and the average 
maximum and minimum atmospheric temperatures (°C) were obtained from the 
meteorological mini station (model PC400, Campbell Scientific, Shepshed, 
Loughborough, UK) located at the Unesp Biosciences Institute, Botucatu. The evaluations 
were carried out in the dry and rainy seasons, when the precipitation was lower and 
higher, respectively (Supplementary Figure S1). 

2.2. Study Variables 
The chlorophyll a fluorescence, gas exchange, leaf water potential, relative leaf water 

content, and yield and chemical profile of the essential oil were evaluated in 14 individuals 
in the Dry1 and Dry2 groups and another 14 individuals in the Rainy1 and Rainy2 groups. 

Photosynthetic pigments, carbohydrates, antioxidant enzymes, and lipid 
peroxidation were evaluated in the Dry2 group and the Rainy2 group. 

2.3. Chlorophyll a Fluorescence and Gas Exchange 
The variables of fluorescence, potential quantum efficiency adapted to light (Fv′/Fm′), 

effective quantum efficiency (ɸPSII = ΔF/Fm′) of photosystem II (PSII), electron transport 
ratio (ETR = PPFD × ΔF/Fm′ × 0.5 × 0.84), heat dissipation in the antenna complex (D = 1 − 
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− qP)) were determined [34,35]. The variables of gas exchange, CO2 assimilation rate (Anet, 
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PSII) and
electron transport rate (ETR), which may have resulted in lower production of reducing
agents [50], limiting the synthesis of carbonic skeletons and causing the activation of
alternative electron pathways, such as for the synthesis of carotenoids.

The greater amount of energy not dissipated or used in the photochemical phase (Ex)
in the Dry2 season group should not be indicative of stress, since the concentrations of
chlorophylls a and b did not change. The higher concentrations of carotenoids and antho-
cyanins must have helped the antioxidant enzymes in the neutralization of reactive oxygen
species. Carotenoids in the xanthophyll pathway assist in the dissipation of photosystem II
energy, which has the potential to cause oxidative stress [51].

These results agree with previous studies carried out in Eucalyptus globulus and
Nicotiana attenuate [52,53]. In the present study, the increase in these pigments must have
provided photoprotection and minimized the degradation of the membrane systems, since
the amount of lipid peroxidation did not change.
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Photoprotection can help prevent stress, which may explain the stability of antioxi-
dant enzymes observed in the present study; this agrees with other results found in the
literature [12,54].

Photoprotection can help prevent stress, which may explain the stability of the antioxi-
dant enzymes observed in the present study; this agrees with other results found in the
literature [12,54].

The finding of the highest concentration of starch in the dry season can be explained
by the increased activity of the RuBisCO in the previous rainy season, storing surplus
sugar for use in the unfavorable season, results that are confirmed in the literature [55].
This process probably maintains the concentration of reducing sugars in the dry and rainy
seasons. These results suggest that in the rainy season, reducing sugars are derived from
photosynthesis, while in the dry season, they come from the degradation of stored starch.
These results suggest that the energy used in metabolism in the dry season may also be
derived from starch degradation, as reported in [29].

In the dry season, Xylopia aromatica may direct part of its reducing sugars to the
syntheses of carotenoids and anthocyanins, which would help explain the lower essential
oil yield found in this study and in others [28,56,57].

Xylopia aromatica collected during the rainy season showed a higher electron trans-
port rate, effective quantum efficiency, and stomatal conductance (gs), contributing to an
increase in the rate of carbon assimilation and RuBisCO carboxylation efficiency (Anet/Ci).
Therefore, the synthesis of a carbon skeleton for carbohydrate formation was possible, as
revealed in a study carried out on rice [58]. It is suggested that, in the present study, carbo-
hydrates formed in the rainy season provided carbon skeletons for essential oil synthesis.
In this season the plants presented the highest effective quantum efficiency (
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PSII), and
instantaneous water-use efficiency (iWUE), which may have contributed to the higher leaf
essential oil yield of Xylopia aromatica in the rainy season, as observed in [29].

In the Rainy1 season, a higher concentration of boron in the soil may have stimulated
the synthesis of terpenes, evidenced by the greater production of essential oil. These results
agree with those of [59], which suggested the participation of boron in moderate oxidative
stress and essential oil production.

The relative proportions of the substances β-phellandrene, bicyclogermacrene, and
spathulenol in the essential oil of Xylopia aromatica differed between sampling times, sug-
gesting their influence on essential oil synthesis.

In the dry season, an unfavorable period for plant growth [60], there was a high
proportion of β-phellandrene and bicyclogermacrene, suggesting the targeting of photo-
synthetic resources for the metabolism of these substances, which can help the activation of
defense mechanisms and contribute to the acclimatization of the species to unfavorable
conditions. These results verify previous findings [61,62].

Solanum lycopersicum presents β-phellandrene under osmotic stress conditions, and
the substance is referred to as a stress indicator [31]. Parthenium argentatum has been shown
to grow in conditions of moderate water deficit, displaying an increase in the relative
percentage of β-phellandrene in its flower essential oil [32]. Salvia dolomitica cultivated in
severe water deficit presented a two-fold increase in bicyclogermacrene content [33].

The high content of spathulenol in the rainy season is perhaps explained by the
higher relative humidity, a favorable condition for the incidence and prevalence of phy-
topathogenic agents such as fungi [63]. Spathulenol presents antimicrobial activity [23,64],
which can help control these pathogens.

5. Conclusions

Xylopia aromatica reveals photosynthetic and biochemical strategies that help it metabol-
ically adjust to water availability, such as photoprotection mechanisms, stomatal control,
starch accumulation, and terpene synthesis that contribute to the acclimatization of the
species in the Brazilian savanna.
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In the rainy season, better photosynthetic performance led to greater investment in
essential oil production. In the dry season, the plants may direct part of their reducing
sugars to the syntheses of carotenoids and anthocyanins, which must have helped the
antioxidant enzymes neutralize reactive oxygen species. Carotenoids of the xanthophyll
pathway assist in the dissipation of photosystem II energy, which can potentially cause
oxidative stress. During this season, lower stomatal conductance prevented excessive water
loss. These results suggest acclimatization of the species to the conditions of the Brazilian
savanna.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life14111416/s1, Figure S1: Chemical and physical characteristics of
soil; Table S1: Chemical and physical characteristics of soil in the dry season—(september/2016—D1
and august/2017—D2) and in the rainy season—(february/2017—R1 and february/2018—R2), from
the Rio Bonito region. Table S2: Relative percentage (%) of the essential oil substances of Xylopia
aromatica.
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