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Abstract: Fire is a natural disturbance in the Brazilian Cerrado that modulates the vegeta-
tion structure. Protium heptaphyllum, a woody species of the family Burseraceae, is common
in this biome. The resin produced in secretory canals immersed in the phloem of the stem
and leaves of this species plays important ecological and industrial roles. The aim of this
study was to investigate the influence of fire on the development of resin canals in the
leaves and stem of P. heptaphyllum and on the chemical profile of substances produced
in the leaves. Young plants were subjected to controlled fire experiments. Leaf and stem
portions were analyzed using light microscopy; the chemical compounds in the leaves were
identified through gas chromatography—mass spectrometry. The percentage area occupied
by secretory canals in the leaf midrib was higher in fire-treated plants than in control plants.
Similarly, the density of secretory canals and their lumen area were higher in young stems
(primary growth) of fire-treated plants. By contrast, although the canal density in the
secondary phloem was lower in older stem portions (secondary growth) in fire-treated
plants, their lumens were larger, resulting in similar data regarding the total lumen area
of the secretory canals in fire-treated and control plants. The main chemical compounds
identified in the leaves were vitamin E, sitosterol, x-amyrin, squalene, and 3-amyrin. Three
compounds showed significant increases in fire-treated plants, with vitamin E being the
only one reduced by fire. Our findings reveal the plasticity of the secretory system and of
the biochemical properties of the leaves of P. heptaphyllum in response to fire. These results
are important when considering the current increase in fires caused by climate change and
human activity in different ecosystems around the world.

Keywords: fire; leaves; phytochemistry; secretory canals; stem

1. Introduction

The Brazilian Cerrado is the largest and most significant savanna formation in the
Americas [1] and is considered one of the world’s hotspots for conservation [2]. It is a mosaic
of vegetation physiognomies, varying from savanna woodland to grassland [1]. Rainfall
seasonality, nutrient-poor acidic soils with a high concentration of aluminum, and constant
fire events characterize the Cerrado area [3,4]. Among those, fire is a determinant force
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driving plant evolution in the biome [4,5], i.e., many plants in the Cerrado are pyrophytic
or fire-adapted [1]. The effects of fire on vegetation are well known, and morphological
adaptations have evolved for fire resistance, including thick cork bark, protective cataphylls
on buds, underground systems with protective buds, and a high ability for vegetative
propagation [1,6-8]. However, the influence of fire on several morphological and functional
aspects of plants naturally occurring in the Cerrado, especially concerning their secretory
systems, remains unknown.

Burseraceae is an angiosperm family commonly recorded in floristic surveys and
phytosociological studies in diverse areas of the Brazilian Cerrado [9-12]. Their represen-
tatives produce aromatic resins consisting of terpenes of great ecological and economic
importance [13]. Protium (tribe Protieae) is the most heterogeneous genus in the family
and the main Burseraceae genus in South America, encompassing the largest number
of species [14]. Protium heptaphyllum (Aubl.) Marchand is a tree species common in the
Cerrado [9-12,15,16], where it fits among species with a high importance value [17].

The resin produced throughout the vegetative axis of P. heptaphyllum trees has a high
percentage of volatile chemical compounds, composed of a mixture of triterpenes mainly
from the o- and p-amyrin series [18]. It is used for commercial, industrial, and pharma-
ceutical purposes [19,20] and is a source of raw material for hygiene products, varnishes,
incense, and candles [19,21]. Several pharmacological studies have demonstrated its anti-
inflammatory, gastroprotective, antinociceptive, antihyperglycemic, photochemoprotective,
antimicrobial, antioxidant, and antimutagenic properties [22-25]. Furthermore, the chemicals
produced by P. heptaphyllum display important ecological roles, providing an effective defense
against herbivores and pathogens [26]. Such substances are produced in secretory canals
associated with the primary and secondary phloem of the aerial [27] and underground [28]
organs of P. heptaphyllum. Secretory canals originate through schizogenesis, develop through a
schizolysigenous process, and form an anastomosed secretory network in the stem [27]. The
secretory process begins early in the undifferentiated portions of the stems and leaves, with
canals active in secretion occurring at the shoot apex and close to the vascular cambium [27].

Studies have shown that biotic and/or abiotic environmental factors can influence the
formation and distribution of secretory structures in resin-producing species, in addition
to the quantity and chemical composition of the secretions produced [13,29,30]. A recent
study highlighted the developmental plasticity of the secretory system in P. heptaphyllum,
showing differential features in plants under contrasting environmental conditions [31].
Therefore, considering (a) the importance of fire in determining the structure of Cerrado
vegetation, (b) the recent increases in the frequency and intensity of fires in the Cerrado area
in Brazil owing to the expansion of agriculture, and c) the developmental plasticity of the
secretory system in P. heptaphyllum, the aim of this study was to investigate the influence of
fire on the development of resin canals in the leaves and stem of this species and on the
chemical profile of substances produced in the leaves. We hypothesize that fire can induce
the formation of more abundant secretory canals with a larger lumen area in the leaves and
stems (primary and secondary growth) of P. heptaphyllum, in addition to inducing changes
in the chemical profile of the substances produced in the leaves.

2. Materials and Methods
2.1. Plant Material

Individuals of P. heptaphyllum were obtained from the germination of seeds. They
were kept in plastic bags with commercial substrate for cultivation (vegetable soil) in a
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were nine months old, they were subjected to the fire experiment. Voucher specimens were
deposited in the Herbarium of the University of Sdo Paulo (SPF).

2.2. Experimental Draw

The experiment was carried out at the Fazenda de Ensino, Pesquisa e Extensao, Sao
Paulo State University (UNESP), Ilha Solteira city, Brazil, on 26 August 2022. Individuals
of P. heptaphyllum that were 9 months old with an aerial axis measuring approximately
16.50 £ 0.48 cm in height were placed in the field 1 m apart. The experimental design
comprised three fire plots (three blocks, 10 x 10 m each) with eight individuals each, in a
randomized block design, totaling 24 individuals. Four-meter-wide firebreaks were pre-
pared around each plot to prevent the fire from spreading. Before starting the experiment,
the amount of combustible material in each plot was measured by collecting aerial biomass
in 5 subplots of 0.30 x 0.30 m. When necessary, more combustible material (dried grasses
collected in neighboring areas) was added to each plot, until reaching 600 g/m? [32].

The seedling bags were put below the ground and the stem base was kept on the
soil line, exposing the aerial part of the plants. The controlled fire experiment was carried
out in the late afternoon, in the direction of the wind (‘head fire’) [33]. According to data
from the meteorological station located next to the experiment (height: 337.0, latitude:
20.0° 25.0' 24.4”, longitude: 51.0° 21.0’ 13.1”), the relative humidity was approximately
26%, with an average air temperature close to 34 °C, 0 mm of precipitation, and winds of
around 4 km/h. The plots were burned separately to maintain independence between the
replicates. In each plot, a data logger was used with two sensors attached to measure the
fire temperature during the experiment.

The duration of the fire in each plot was, on average, 8 min and 11 s. The maximum
fire temperature was 136 °C, and the flames remained at a maximum height of 0.5 m for
most of the time. After being burned, the plants were removed from the field and taken
back to the greenhouse (average temperature of 29.5 °C and 8 mm of irrigation per day).
Plants in the control group (12 individuals) were also divided into 3 blocks; these plants
were not burned and were kept in a greenhouse under the same cultivation conditions.

2.3. Light Microscopy and Morphometrical Analysis

Six months after the treatment (plants 15 months old), when the plants subjected to
fire already showed robust regrowth, samples of aerial vegetative organs were collected for
studies under light microscopy (Figure 1A-C).

Samples of the young stem portion (located 1 cm below the shoot apex) and the basal
stem portion (secondary growth; 3 cm above soil level) were collected from the main stem
of plants in the control group and from the stem regrowth of plants subjected to fire. In
addition, samples of leaf blades were collected from the first pair of fully expanded leaves
located below the apex in control plants; in fire-treated plants, samples were collected
from the first pair of completely expanded leaves formed after the application of fire.
Samples of the median region of the leaf blade of the central leaflet were excised for
anatomical procedures.

The samples were fixed in a mixture of formaldehyde, glacial acetic acid, and 50%
ethanol (FAA 50) [34] for 24 h, dehydrated in an ethyl series, and embedded in hydroxy-
ethyl-methacrylate (Historesin, Leica, Nussloch, Germany). After that, they were cross-
sectioned (6 um thick) using a RM2245 rotary microtome (Leica, Nussloch, Germany).
Slides were stained with 0.05% toluidine blue in phosphate buffer and citric acid pH 4.5 [35]
and mounted using Entellan synthetic resin (Merck, Germany). Then, they were analyzed
using a Primo Star photomicroscope (Zeiss, Oberkochen, Germany) and the relevant results
were recorded with an AxioCam ERc 5s attached camera (Zeiss, Oberkochen, Germany).
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Figure 1. Visual documentation of postfire resprouting in Protium heptaphyllum (Aubl.) Marchand.
(A). Resprouting two weeks after the fire experiment. Note the burned basal portion of the original
stem and the emergence of new shoots from its base. (B). Individual one month prior to sampling,
showing continued growth of shoots from the base. (C). Appearance of an individual of P. hepta-
phyllum the day before sampling, six months after the fire experiment. The original stem remains
dormant and visibly damaged, while the plant exhibits vigorous vegetative growth of basal shoots.

In the midrib of the leaves, the total number of canals present in the cross-section was
visually counted. The total areas of the midrib of the leaves and the lumen area of the
secretory canals present in the leaves and stems were measured in cross-sections using the
Digimizer program (version 5.9.3).

The relationship between the total lumen area of the canals and the total area of the
midrib was calculated and the resultant data were multiplied by 100 to find the percentage
ratio of area occupied by the secretory canals in the midrib. The density of secretory canals in
samples of young stem and stem in secondary growth was calculated in an area of 0.2 mm?.

2.4. Chemical Analyses

The analysis of the chemical constituents present in the leaves of plants from both the
control and the fire treatments were carried out at the Pluridisciplinary Center for Chem-
ical, Biological and Agricultural Research (CPQBA) at the State University of Campinas
(UNICAMP).

At the end of monitoring in a greenhouse, all leaves were collected, dried in an oven
at 60 °C, and then pulverized in a knife mill. Due to the small size of the seedlings, it was
necessary to pool leaves from multiple individuals from the same plot (specified in item
2.2) to obtain sufficient material—following the plot design. Thus, three composite samples
of 0.5 g were separated for the control group and three composite samples of 1 g were
separated for the fire-treated group, which had a greater quantity of leaves. Next, 5 mL of
ethyl acetate was added to each plastic tube, and the compounds were extracted for 2 min
in the Ultra-Turrax IKA T10 Basic apparatus. Then, the samples were centrifuged for 7 min
at 3000 rpm, subsequently filtered with a syringe with a specific Unichro filter (Cobetter,
Hangzhou, China) for organic solvent (with hydrophilic PTFE/L membrane and 0.45 um
pore size), packaged in 5 mL glass vials, and kept under refrigeration.

The analyses were conducted on a HP-6890N gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) equipped with a HP-5975 mass spectrometer) and an HP-5MS capillary
column (30 m x 0.25 mm X 0.25 um). Helium gas was used as the carrier gas (1 mL/min),
and the injection mode operated under the following conditions: injector at 250 °C, column at
60 °C, heating rate at 5 °C/min up to 280 °C (26 min), and detector at 300 °C.

Data acquisition and processing were performed using GC/MSD ChemStation soft-
ware, version D.02.00.275. The identification of chemical constituents was carried out
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through comparative analysis of the mass spectra of the substances with the National
Institute of Standards and Technology (NIST 11) library.

2.5. Statistical Analysis

Considering the data related to the morphometry of the secretory canals, the analyses
were performed using RStudio software (version 4.2.2). Initially, the data were tested for
normality using the Shapiro-Wilk test and for homogeneity of variance using Levene’s test,
both at a 5% significance level. Since at least one of the assumptions was not met, group
comparisons were carried out using the non-parametric Mann-Whitney test. The statistical
model used to describe the morphometry of secretory canals was:

Yije = p+ T; + bj + €4k

where Yy is the value of the morphometry of secretory canals of plant k, under treatment i,
in plot j; p is the overall mean; T; is the fixed effect of the treatment (i = 1 and 2); b; is the
random effect of plotj(j =1, 2, 3,4, 5and 6); and Eijk is the experimental error associated
with each observation.

Data on the chemical compounds identified in leaf extracts were tested for normality
using the Shapiro-Wilk test and for homogeneity of variance using Levene’s test, both at a
5% significance level. Then, they were subjected to an analysis of variance (ANOVA), at 5%
significance, using RStudio software (version 4.2.2). The statistical model used to describe
the chemical constituents was:

Yij Z]l-i-Ti-i—Eij

where Yj; is the value of the chemical constituent of the plant j, under treatment i; y is the
overall mean; T; is the fixed effect of the treatment (i = 1 and 2); and ¢;; is the experimental
error associated with each observation.

3. Results
3.1. Anatomy and Morphometry of Secretory Canals

Resin secretory canals were present in the primary phloem of the leaf midrib
(Figure 2A—C) and young stem (Figure 2D-E) and in the secondary phloem of older
stem portions (Figure 2F) of P. heptaphyllum plants under both the control and fire treat-
ments. The secretory canals comprised a uniseriate secretory epithelium and a wide lumen
(Figure 2C,D).

In the leaf midrib, the number of secretory canals in plants subjected to fire was
smaller than in control plants (Table 1). However, the total area of the midrib was also
smaller in fire-treated plants than that in control plants (Table 1). The lumen area of the
secretory canals in the midrib did not differ between plants in either treatment (Table 1).
Nevertheless, when analyzing the total lumen area of all secretory canals present in the
midrib, the leaves exposed to fire presented lower values. Thus, the percentage of the area
occupied by the secretory canals in the midrib was higher in fire-exposed plants than in
control plants (Table 1).

In the young stem portions, the density of secretory canals in the primary phloem was
higher in individuals from the fire-treated group in comparison to control plants (Table 2).
By contrast, the density of secretory canals in the secondary phloem of older stem portions
was higher in plants from the control group than in fire-treated plants (Table 2).
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Figure 2. Cross-sections of the leaf (A—C) and stem (D-F) of Protium heptaphyllum (Aubl.) Marchand
(Burseraceae). (A-C). General view of the leaf midrib showing secretory canals in the phloem in
control (A,C) and fire-treated plants (B). (D-E). Secretory canals in the primary phloem of young
stem in fire-treated plants. (F). Secretory canals in the basal portion of the stem in secondary growth
in fire-treated plants. ep: epithelium; lu: lumen; sc: secretory canal.

Table 1. Influence of fire treatment on the morphometric characteristics of the secretory system in the
leaf midrib of Protium heptaphyllum (Aubl.) Marchand (Burseraceae). Measurements represent the
median and quartiles [Q1-Q3].

Morphometric Characteristics Treatment
Control Fire
Number of secretory canals 8 (7-9) A 7 (6-8) B
Lumen area of secretory canals (um?) 104 (85.2-121) A 103 (82.8-131) A
Total lumen area of the secretory A B
canals—CA (um?) 808 (653-967) 742 (534-907)
53,576 37,510
. . _ 2 Il 7
Midrib area—MA (um?) (43,072-57,898) A (31,284-42,227) B
Relation CA/MA (%) 1.57 (1.31-1.76) B 1.98 (1.56-2.36) A

Different letters in columns indicate significant differences between treatments (p < 0.05).
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Table 2. Influence of fire treatment on the morphometric characteristics of the secretory system in the
stem of Protium heptaphyllum (Aubl.) Marchand (Burseraceae). Measurements represent the median
and quartiles [Q1-Q3].

Stem Portion

Morphometric Characteristics

Treatment

Control Fire

Primary phloem in
young stem

Density of secretory canals (in 0.2 mm?)
Lumen area of the secretory canals (um?)
Total lumen area of the secretory canals (um?)

6(5-7)B
143 (106-178) A

788 (637-1062) B

7 (6-8) A
150 (108-212) A

1028 (797-1345) A

Secondary phloem Density of secretory canals (in 0.2 mm?) 7 (5.75-7) A 6(4-7)B
in basal stem Lumen area of the secretory canals (um?) 177 (158-204) B 238 (173-286) A
portion Total lumen area of the secretory canals (um?) 1240 (920-1420) A 1216 (990-1601) A
Different letters in columns indicate significant differences between treatments (p < 0.05).
The lumen area of the secretory canals in the primary phloem of young stems did not
differ between plants from the control and fire-treated groups; however, the total lumen of
the secretory canals in the young stem portions was greater in fire-treated plants (Table 2).
In the older stem portions, the lumen area of the secretory canal in the secondary phloem
was greater in plants from the fire-treated group than in those from the control group
(Table 2). However, the total lumen area of the secretory canals in the secondary phloem
did not differ between plants from the different treatments (Table 2).
3.2. Chemical Analysis
We identified an average of 71% of the chemical constituents present in the leaves of
control individuals of P. heptaphyllum and 54% of the constituents in the group subjected
to fire using gas chromatography coupled with mass spectrometry (Table 3). For certain
compounds, it was only possible to identify the molar mass.
Table 3. Chemical compounds identified in leaf extracts of Protium heptaphyllum (Aubl.) Marc-
hand (Burseraceae) plants under control and fire treatments. Measurements represent the mean +
standard deviation.
Relative Percentage Per Treatment
Compound Rt (min) MM (g/mol) - p-Value
Control Fire
MM =220 21.55 220 0.85 & 0.03 4 0.71 +0.084 0.2880
MM =278a 25.98 278 1.84 +£0.148 34340384 0.0252
MM =278 b 26.86 278 027 £0275 1.07 £0.124 0.0163
Phytol 31.30 296 1.04 £ 0.06 B 1.78 £0.174 0.0205
MM =284 34.50 284 1.25 +0.68 4 1.05 £ 0414 0.7920
Esqualene 42.61 410 3.77 £0.29 4 343 4+0264 0.4470
y-tocopherol 45.86 416 129 +£0.104 1.67 £0.334 0.4720
Vitamin E 47.27 430 34.19 4039 A 20.79 £ 1.67B 0.0009
Sitosterol 51.20 414 19.71 £ 1.33 4 15.40 £1.224 0.0661
B-amyrin 51.97 426 3.25 +0.544 2.87 40274 0.4860
x-amyrin 53.21 426 7.99 +0.60 A 8.49 £0.814 0.7020
Total identified (%) - - 71.25 54.41 -

Different capital letters in columns indicate significant differences between treatments (p < 0.05). Rt: retention
time (min); MM: molar mass (g/mol).

The main constituents identified in the leaves of P. heptaphyllum through ethyl acetate
extraction were vitamin E, sitosterol, a-amyrin, squalene, and 3-amyrin. Most of the
compounds did not differ between the conditions analyzed; however, three compounds
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showed significant increases in individuals subjected to fire: MM = 278a, phytol, and
MM = 278b. Vitamin E was the only compound that decreased under fire exposure (Table 3).

4. Discussion

Our results showed that resin secretory canals formed in the leaves and stem of
P. heptaphyllum plants independently of the experimental conditions. The presence of
phloem-associated secretory canals is a constitutive feature in this species [27,28]. However,
differences in the abundance and size of secretory canals in leaves and stems (Tables 1 and 2)
and in the chemical profile of leaves (Table 3) were observed between plants from the
different treatments.

The influence of environmental factors on the secretory system has been documented
in some species, with reports on the influence of light, temperature [30], water availabil-
ity [31], nutrients [36], and fire [37,38], among others, on the structural and functional
aspects of the secretory structures. Studies on fires are scarce and appear restricted to a
few species, especially those from temperate zones [37,38]. Low-intensity fires seem to
induce the formation of resin secretory canals in Pinus ponderosa [37]. Pinus palustris trees
subjected to fire had smaller secretory canals than trees that did not experience fire [38]. In
the present study with P. heptaphyllum, we observed that young organs that originated after
fire exposure exhibited a more developed secretory system than plants from the control
group. The percentage of the area occupied by secretory canals in the leaf midribs (Table 1)
and the density and size of secretory canals in the primary phloem of the young stems
(Table 2) were higher in plants exposed to the fire. It is worth noting that this proportional
increase in canal area may be, at least in part, associated with an allometric effect caused by
postfire stress. In this case, the reduction in midrib size observed in fire-treated individuals
may have led to an apparent increase in canal area relative to tissue size, without necessarily
indicating an absolute increase in canal formation. Although it was not possible to obtain
direct measurements of leaf and leaflet length due to sample processing for anatomical
analysis, we acknowledge this limitation and suggest that further studies should include
morphological data to better understand these proportional changes.

Fire can induce first- and second-order injuries in trees, which can lead to physiological
impairments in carbon and water relationships, consequently limiting plant functioning
and growth [39]. This could explain the smaller midribs observed in the fire-treated P.
heptaphyllum plants. In general, the availability and distribution of metabolites in the plant
body are essential for the formation of new shoots [40] and influence the development of
the secretory system [29]. Considering that the recovery of trees after fire events depends
on environmental conditions and species-specific traits [39], different plant species are
expected to respond differently to fire in terms of secretory system development. We
observed a more developed secretory system in the leaves and young stems that originated
after the fire treatment in P. heptaphyllum. Previous studies reported the induction of a
greater development of the secretory system in plants as a response to environmental stress
factors [30,41]. The relatively rapid increase in the production of plant phytohormones,
such as ethylene and methyl jasmonate, following injury events can lead to the activation
of defense-related genes by increasing the formation of secretory structures [41-43]. Thus,
the expected increase in the production and release of these hormones in response to
fire-induced stress may explain the greater development of the secretory system in young
organs of P. heptaphyllum after fire events.

By contrast, the density of secretory canals in the secondary phloem in the older
stem portions of P. heptaphyllum was higher in control plants than in fire-treated plants
(Table 2). In fact, damage to cambium activity is expected to occur after fire events [39,44],
decreasing meristematic activity or leading to cambial cell necrosis, which could affect
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the production of phloem cells, including secretory canals, in the secondary phloem of
P. heptaphyllum. However, in the present study, the fire conditions applied did not cause
necrosis of the cambium, as new cells and secretory structures continued to form, albeit in
smaller quantities. Although the density of secretory canals in the secondary phloem of P.
heptaphyllum stem was lower in fire-treated plants than in control plants, the lumen area of
the canals was greater in fire-treated plants (Table 2). Lytic enzymes are involved in cell
wall changes during secretory canal growth and have been detected in the secretory system
in P. heptaphyllum [27]. In this species, the three-dimensional growth of the secretory canals,
including the enlargement of the lumen, appears to involve the action of cellulases [27],
whose increased activity is proven to be stimulated by the action of ethylene [45], a plant
growth regulator for which increased levels are a natural phenomenon in response to
adverse environmental conditions [46,47], such as the stressful conditions of fire.

Since the development of secretory canals seems to be directly related to the amount
of secretions produced and accumulated [48], it is expected that the greater development
of the secretory system in young organs of fire-treated P. heptaphyllum plants leads to a
greater amount of secretions produced and accumulated compared to control plants. The
greater development of the secretory system in the leaves and young stem portions of
P. heptaphyllum formed after the fire treatment may be related to the direction of energy
resources to these portions of the plant body that resprouted after being burned. In
fact, studies have shown that there is a greater allocation of resources for aboveground
biomass formation in plants having buds positioned at or below ground level and protected
inside bark [49], as occurs in P. heptaphyllum (personal observation). So, in the case of P.
heptaphyllum, an important bulk of these resources could be invested in the development of
resin canals, which have a very important ecological role in the interaction of these new
organs with external environmental factors.

The stress caused by fire can trigger a cascade of complex mechanisms in the plant
body [39]. Biotic attacks have been reported as common second-order effects of fire in
trees [39], and the postfire mortality of surviving trees is often associated with insect attacks
and microbial infections [39,50-52]. The improved secretory system of P. heptaphyllum after
a fire event could represent a mechanism for improved protection against herbivores and
pathogens during this crucial stage of plant reestablishment. In fact, the defensive role
against biotic agents has been reported for the resin produced by P. heptaphyllum [26,53]

The amount and composition of chemicals produced by plants vary in response to
external factors [13,29,54,55]. The major constituents identified in the leaf extracts of P.
heptaphyllum in this study were vitamin E, sitosterol, x-amyrin, squalene, and 3-amyrin
(Table 3). Vitamin E, the name given to a group of eight tocopherols and tocotrienols [56],
was the most abundant compound found in the leaves of both control and fire-treated plants
of P. heptaphyllum. Studies demonstrated that levels of vitamin E, particularly x-tocopherol,
increase in response to various biotic and abiotic stresses [57,58]. However, vitamin E was
the only compound that decreased in the control group compared to the fire exposure group
(Table 3). This was possibly due to the degree of fire stimulus since, in cases of more severe
disturbances, levels of x-tocopherol, for example, tend to decrease [57]. Tocopherols confer
tolerance to various abiotic stresses owing to their antioxidant activity, and a decrease
in the levels of these compounds under stressful conditions may demonstrate a plant’s
sensitivity to the stress to which it is subjected [59]. By contrast, we detected increases
in the concentrations of three compounds in fire-treated individuals of P. heptaphyllum,
namely M = 278a, M = 278b, and phytol (Table 3), which is a constituent of chlorophyll and
a precursor of tocopherols [60]. Certain stress factors, such as high and low temperatures,
drought, and frost, influence the amount of phytol and compounds related to it in different
plants [61]. Therefore, fire stimulus may have induced an increase in phytol levels in
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the leaves of P. heptaphyllum. The physiological role of phytol in plant defense remains
unknown, but it has been proven to have antimicrobial activity [60].

5. Conclusions

Our data proved that fire influences the development of the secretory system in the
leaves and stems of P. heptaphyllum and point to differential responses in the primary and
secondary phloem of aerial vegetive organs. While the secretory canals occupied a greater
total area of the primary phloem in leaves and young stems of plants subjected to fire, in
older stem portions the fire did not induce sufficient changes in the secretory system to
culminate in changes in the proportional area occupied by the resin canals in the secondary
phloem. Thus, we suggest that fire can increase the development of the secretory system
in the youngest parts of the plant, favoring the production of secretions in the leaves and
stems in primary growth. These data may present added economic value since they can
guide strategies for sustainable exploitation of the secretions of this species.

Besides corroborating information that points to the plasticity of the secretory system
in this species, our results contribute to the understanding of the influence of fire on the
secretory system of Cerrado plants, providing data that help to understand the process
of interaction between species and the environment in which they are found. The results
obtained in this study are particularly important when considering the progressive increase
in fires resulting from climate change caused by human activities. Knowledge of the plant
secretory system’s response to fires can support the understanding of plant interactions with
climate disturbances and has added value when considering the ecological and economic
importance of the secretions produced by P. heptaphyllum.
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