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Schinopsis brasiliensis Engl. (braina) is a tree species of the Anacardiaceae family. It is native to Brazil, Paraguay, and Bolivia. It is
a candidate for agro-industrial system that can be used to produce phytotherapeutics and bioproducts. However, to comprehensively
understand the characteristics of plant within the framework of sustainable development for agro-industries, exploring the chemical
and phenotypic diversity of samples from various microenvironments across different collection periods is essential. Accordingly,
herein, the influence of different environmental factors and sample collection durations on bratina samples was investigated over
several years using multivariate statistical analyses associated with nuclear magnetic resonance (NMR) spectroscopy. Bark samples
from different areas and environmental data from different locations were analyzed. Distinct chemical profiles were observed across
reserve, forest, and management areas, all marked by elevated sugar levels suggesting water stress adaptation. High radiation and
low rainfall correlated with increased sugar and amino acids. Each microenvironment responded uniquely to these environmental
conditions. Consequently, plant samples from different microenvironments collected over different periods were observed to respond
differently to environmental factors, such as solar radiation and temperature. We correlated the metabolomic data with climatic data

evaluating the influence of abiotic factors on the production of metabolites in bratina bark samples.
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INTRODUCTION

Schinopsis brasiliensis Engl., commonly known as baratina or
bratina, is a tree species native to Brazil, Paraguay, and Bolivia. This
tree is highly valued for its excellent wood quality, strength, and
long-term durability. It is a versatile tree species with a wide range
of applications, particularly in the therapeutic field, wherein it is used
to treat various ailments such as influenza, osteoporosis, wounds,
diarrhea, and fungal infections. It is also known for its antiseptic
and anti-inflammatory properties.'> Additionally, it is used as an
ornamental plant in urban landscaping projects. Moreover, it is used
during central bed afforestation and for the development of parks. Its
high-quality wood is utilized as firewood, stakes, and charcoal, and
its bark is a valuable source of tannins used in the tannery industry.®
Furthermore, the plant provides sustenance to goats and sheep,
contributing to their nutritional value.

S. brasiliensis is native to the Caatinga dry forest and thrives
in regions marked by low precipitation levels, uneven rainfall
distributions, high evapotranspiration rates, and poor water
retention capacity of predominantly shallow and rocky soils.
Consequently, S. brasiliensis is simultaneously and persistently
exposed to numerous environmental stressors.” Generally, various
environmental factors influence the amounts and compositions of
metabolites biosynthesized by plants. Biotic and abiotic factors,
such as temperature, radiation, infections, and herbivory, induce
defense mechanisms that trigger complex biochemical processes
altering the chemical compositions of metabolites produced by the
affected plants.®* Thus, noting that these primary metabolites are
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important precursors of specialized metabolites and that changes
in one type of metabolism often influence another is important.3’
Photosynthesis is among the most sensitive mechanisms affected
by abiotic stress. Plants can be significantly affected when exposed
to conditions such as saline, hot, cold, drought, and carbon
assimilation. Moreover, primary metabolites can be significantly
affected when exposed to these conditions.!®!! The concentrations of
metabolites such as sugars, amino acids, and sugar alcohols in plant
tissues are most affected by stresses generated by the impairment of
CO, assimilation and complex regulatory networks.!*!? Typically,
the biosynthesis of primary and specialized metabolites involves the
production of different intermediates under conditions of the same
metabolic pathways. Different substrates, energies, and cofactors
for the production of secondary enzymes are generated under the
action of the primary enzymes.

In addition to biotic and abiotic factors, the rate of plant growth
and productivity parameters such as its height, crown diameter, and
diameter at ground level are directly metabolic and environmental
conditions.!® Therefore, members of the same species may grow at
different rates depending on the environmental conditions prevalent
in that region.'*"

Analytical techniques such as nuclear magnetic resonance
(NMR) and mass spectrometry are widely used in metabolomic
studies. Among these, NMR spectroscopy is a simple, robust, and
comprehensive technique that can be used to analyze small amounts
of samples, which can be reused after their analysis.'® The use of
the NMR technique adds value to metabolomics as it complements
mass spectrometry and plays an important role in fingerprinting
and characterizing metabolomic profiles of plants.!” Notably, a
combination of chemometric analysis and NMR techniques can be
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used to qualitatively analyze a large volume of data and realize high
throughput screening within short times.'®

The aim of this study was to assess chemical variability in the
bark samples of S. brasiliensis collected periodically over three years
from different fields. The samples were chemically characterized
using a combination of NMR spectroscopy and chemometric analysis
techniques. The obtained data were correlated with environmental
variables, such as temperature, radiation, precipitation, relative
humidity, and reference evapotranspiration, and dendrometric
parameters of the analyzed samples, such as crown diameter, diameter
at ground level, and plant height. The underlying objective was to
draw parallels between these sources of variation and the chemical
compositions of the samples to identify the property exerting the
most significant influence on the metabolome of S. brasiliensis bark
samples.

EXPERIMENTAL PART
Plant material

S. brasiliensis bark samples were collected from three experimental
areas in Petrolina and Lagoa Grande (Pernambuco, Brazil).
Notably, one of these areas is a preserved area (9° 05’ 69.69” S;
40° 31’ 57.88” W) with native vegetation of the Caatinga dry forest,
and it is unaffected by animal grazing. Members of S. brasiliensis
can be found in this region in conditions that are comparable to
natural ones. The second region is a partially preserved area known
as a management area (9° 06 06.22 S; 40° 31” 08.34” W). This
region, however, experienced moderate levels of disturbances owing
to thinning activities for experimental purposes conducted in 2007."
The third region is a forest (devoid of shrubs and arboreal strata and
consists of rows of plants of certain species, including aroeira and
bratina) established in 1979.%°

The plant material was sampled four times every year, and the
bark of S. brasiliensis was collected. The collection processes were
executed over three consecutive years (2015-2018) to represent
seasonal variations experienced by the natural populations of the
plant. The irregular nature of the semi-arid climate was considered
during the analytical process. In total, seven collection cycles
were conducted. For each collection cycle, 10 plant samples were
collected from each area, amounting to 70 bark samples collected
from the management, forest, and reserve sites. Overall, 210 samples
of S. brasiliensis bark were collected. Voucher specimens were
deposited in the “Herbdrio do Trépico Semidrido” herbarium
(Petrolina, PE, Brazil) under the number HTSA7691. All samples
and voucher specimens were prepared following standard operating
procedures. Access to genetic resources was registered with the
Genetic Heritage Management Council (Conselho de Gestdo do
Patriménio Genético (CGEN)) under code A579378, following the
Brazilian implementation of the Nagoya Protocol.?! After collection,
the samples were dried for a week in a circulating air oven operated
at 60 °C and stored in the dark in falcon tubes (15 mL) for further
analysis. The dried plant material was ground using a ball mill.
The samples were conditioned in closed transparent plastic bags;
adequately labeled; and protected against exposure to excess heat,
humidity, and light.

Climate data

Climatic data of the collection areas were obtained from the database
of the Agrometeorological Station of Campo Experimental da Caatinga,
Petrolina, PE. The geographic coordinates of these areas are as follows:
latitude: 09°13” S; longitude: 40°29° W.?2 Various environmental
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variables were used for the analysis (average temperature, humidity,
radiation, precipitation, wind speed and reference evapotranspiration).
The data were obtained from the beginning of 2016 to the end of 2018,
spanning a period of two years. Graphs for each variable can be found
in the supplementary material files.

Preparation of extracts for the NMR-spectroscopy-based
analysis

The samples were prepared using 50.0 mg of bark samples
collected from different areas. The samples were ground and
suspended in a deuterated solvent (700 pL D,O, Sigma-Aldrich,
purity: 99.8%). The extracts were placed in an ultrasonic bath for
5 min. The undissolved extract was separated from the solution via
centrifugation (time: 10 min). Finally, a Pasteur pipette was used to
filter and transfer the extract to NMR tubes (5 mm).

Analysis of the metabolic profile using NMR spectroscopy

The acquisition and processing parameters adopted for the
recording of NMR spectra were determined based on a previously
reported methodology.” The NMR spectra were recorded using a
600 MHz Agilent DD2 instrument (for 'H core) equipped with a One
Probe ("H-'’F/"*’N-*'P; internal diameter: 5 mm) for inverse detection.
The field gradient was directed along the Z-axis, and the experiments
were conducted in the Laboratério Multiusuario de Quimica de
Produtos Naturais (LMQPN) of Embrapa Agroindustria Tropical, in
Fortaleza, CE, Brazil.

The components were identified by analyzing the spectral
profiles recorded using two-dimensional (2D) NMR techniques
such as gradient correlation spectroscopy, gradient heteronuclear
single quantum coherence, and gradient heteronuclear multiple bond
correlation. Additional details regarding the molecular structures,
'H and "C chemical shifts, multiplicities, correlations, coupling
constants, and the methods followed for 2D NMR data acquisition
and processing can be found in the supplementary material. The data
were analyzed using the data presented in an open-access database
(www.hmdb.ca) and by referring to literature reports.>*2¢

The '"H NMR spectra were recorded in triplicate using the
PRESAT pulse sequence (Agilent pulse program library) for water
suppression at 4.82 ppm (-1 dB, 41 Hz). The acquisition parameters
were as follows: acquisition time, 5.0 s; relaxation delay, 25.0 s;
number of scans, 48 (transients); spectral window, 16.0 ppm; fixed
temperature, 298 K. The TMSP-d, signal was used as the internal
standard (0.0 ppm).

Multivariate statistical analysis of the NMR dataset

Different multivariate statistical approaches were adopted to
analyze the '"H NMR dataset obtained for different aqueous bark
extracts obtained from S. brasiliensis. The spectral region between
8 0.5 and 9.0 was selected for our analysis, and a numerical matrix with
a dimensionality of 505,890 data points (63 spectra x 8,030 variables
in each spectrum) was generated.

The spectral data were converted to American Standard Code
for Information Interchange files for matrix construction and were
imported using the Origin™ 9.4 program.?’ Following this, the data
were exported for the multivariate statistical analysis. This data
analysis was conducted using Matlab™?® and PLS Toolbox™?2.
Baseline correction was realized using algorithms. Variable alignment
was performed using the correlation-optimized warping technique.
A segment of 50 data points and a slack of five data points were
used to obtain the results. Normalization techniques were also used
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to analyze the variables. The data were mean-centered, and the
Simplified PLS algorithm was used to decompose the matrix for
classification evaluation using the partial least squares discriminant
analysis (PLS-DA) technique.*® The process of multivariate statistical
analysis was divided into three main parts.

Chemometric analysis - part 1: evaluation of the effects of different
microenvironments on the metabolic profile of S. brasiliensis

The PLS-DA technique was used for this analysis, and the
mean values of the response intensities corresponding to each
identified metabolite were recorded. The data were recorded over
three years during the collection of S. brasiliensis bark samples
from different microenvironments. Notably, the effects of the
collection period were not considered, and our aim was to study
the differences between the expression levels of metabolites across
different microenvironments (forest, management, and reserve). The
average of the signal intensities of each identified metabolite in the
respective microenvironments (forest, management, and reserve) was
determined based on the data collected over three years. The results
revealed differences in metabolic expression levels between the three
microenvironments.

Chemometric analysis - part 2: evaluation of dendrometric
parameters in different microenvironments

The matrix used to describe the previously reported dataset
was adjusted to be compatible with and correlate with important
dendrometric variables related to growth conditions; this was done to
correlate the bark composition (metabolic profile) of S. brasiliensis
with growth conditions (mean environmental temperature, wind speed,
reference evapotranspiration, tree height, diameter at ground level,
biomass, relative humidity of air, incident solar radiation amount,
and degree of precipitation). As stated, the PLS-based multivariate
regression analysis was performed using various autoscaled values
as categorical variables (Y matrix).’! The number of latent variables
(LV) for both classification and regression modeling (PLS-DA and
PLS) was selected based on different statistical parameters: root mean
square error of calibration (RMSEC), root mean square error of cross-
validation (RMSECYV), and the respective correlation coefficients (r?).
The Venetian blind method (five splits and one sample per split) was
used for analysis during cross-validation.*

Chemometric analysis - part 3: correlation of environmental
factors and collection periods

The third component of the chemometric analysis involved the
correlation of the collection period and environmental variables
(temperature, wind speed, reference evapotranspiration, relative
humidity, incident solar radiation, and precipitation) with the
metabolites in the bark of S. brasiliensis. The spectral region analyzed
in Part 1 was used for this analysis. Multivariate statistical analyses
were performed using R 4.0.3% and SIMCA?* 14.1. The environmental
data were transformed based on the data type before executing the
analytical processes.

The relative air humidity was transformed using the arcsine
method for data expressed as percentages, while the other data were
converted to a logarithmic scale." A canonical correlation analysis
(CCA) was performed using the vegan R package to correlate
environmental data and collection periods with the metabolites
in the samples. The orthogonal partial least squares discriminant
analysis (OPLS-DA), a supervised method, was implemented using
the same dataset (constructed using only NMR data) to identify the
discriminating variables that could be used to differentiate the groups
identified based on the PCA and CCA.
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'H Quantitative (()NMR-spectroscopy-based analysis

Bioactive compounds were quantified following an external
reference method. A standard sucrose solution (5.0 mg L) was
used to calibrate the spectrometer, and the probe was updated with
the necessary concentration determination parameters.* The signals
at 5 5.43 (sucrose), & 5.25 (a-glucose), & 4.67 (B-glucose), 6 4.14
(fructose), 6 7.01 (gallic acid), and 4 2.03 (acetic acid) were selected
for quantification, and these selections were made based on the signal
intensities.

The combined uncertainty of the method was estimated based on
the analytical errors and standard deviations of the three sampling
repetitions. The one-way analysis of variance (ANOVA) technique
was used to evaluate the results at a significance level of 0.05. The
mean values were compared based on Tukey’s tests to statistically
assess differences between concentrations, and Levene’s test was
conducted to test for homogeneity of variance.

RESULTS AND DISCUSSION
Analysis of metabolic profiles using NMR spectroscopy

For our analysis, S. brasiliensis trees growing in three different
microenvironments were selected. Thus, we initially identified the
primary organic components in the aqueous extracts of bark samples
collected from these different sites (forest, management, and reserve,
Figure 1 (a)-(c)). A comprehensive analysis of the spectral data
obtained using the "H NMR and 2D J-resolved (J-res) spectroscopy
techniques enabled the identification of compounds present in the
extracts obtained from S. brasiliensis plant specimens. NMR feature
assignments for the studied genera and families were substantiated
by analyzing a previously generated database. The compounds in
each species were comprehensively analyzed, and the results are
presented in Table 1, and the representative 'H NMR, 1D J-res NMR,
and 2D J-res NMR spectral profiles recorded for each plant extract
were obtained. Four major chemical shift regions were identified in
the NMR spectral profile recorded for the S. brasiliensis samples
(Figure 1). Peaks appeared in the regions corresponding to the
aliphatic (0.50-2.00 ppm), sugar and organic acid (3.00-6.00 ppm),
amino acid (2.00-7.50 ppm), and aromatic (6.00-9.00 ppm) groups.
The signals corresponding to the carbohydrate units, appearing in the
range of 4.00-6.00 ppm, could be attributed to the anomeric protons
in sugars. Additionally, the multiplicity and chemical shifts of these
signals in the 1D and 2D J-res spectral profiles assisted in determining
the nature of glycosides in the samples. The chemical shifts of the
signals corresponding to protons in amino acids depended on the
positions of the protons within the molecules and the nature of the
side chains. Generally, signals corresponding to the aromatic protons
in phenylalanine appear in the range of 6.0-8.5 ppm, and the chemical
shift of the signal corresponding to the alpha proton in serine appears
in the range of 3.8-4.0 ppm.

The NMR parameters adopted for identifying the compounds, such
as 'H and BC chemical shifts, coupling constants, and heteronuclear
correlations, are listed in Table 1. Notably, acetic, lactic, malic, and
quinic acids contain carboxylic acid groups. Hence, 'H and "*C chemical
shifts recorded for these compounds are similar. These peaks generally
appear in the region corresponding to organic acids (1.00-4.50 ppm
for 'H and 160-180 ppm for the '*C NMR signals). The peaks
corresponding to anomeric protons and carbons in the profiles recorded
for fructose, a-glucose, 3-glucose, and sucrose typically appear in the
ranges of 4.5-6.0 ppm and 70-110 ppm, respectively. The differences
in the chemical shifts can be attributed to the distinct stereochemistry
of the monosaccharides and the glycosidic linkages in sucrose.
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Figure 1. '"H NMR spectral profiles recorded for aqueous bark extracts of S. brasiliensis grown in the forest (a), management (b), and reserve (c) sites. These

'H NMR spectral profiles were recorded using a 600 MHz spectrometer at a controlled temperature of 298 K

Moreover, phenylalanine and serine bear different side chains. In
phenylalanine, the peaks corresponding to aromatic protons typically
appear in the range of 7.0-7.5 ppm, whereas the peaks corresponding
to aromatic carbons generally appear between 120 and 140 ppm. The
NMR signals corresponding to the alpha protons in serine appear in
the range of 3.8-4.0 ppm, whereas the signals corresponding to the
alpha carbons appear in the range of 50-60 ppm. The side chains of
these amino acids, the phenyl ring in phenylalanine, and the hydroxyl
group in serine contribute to variations in the chemical shifts.

Sucrose, glucose and fructose are commonly found in barks.
Carbohydrates are important back bones of life strategies of long-
living trees, and barks are also the major storage compartments of
carbon. In addition, during the heartwood formation, carbohydrates
sustain the formation of phenolic extractives that ascribe for the
natural durability of wood.*® Roots absorb phenylalanine and
transported it to the aerial parts including wood, bark and leaves.* In
addition, the presence of amino acids as alanine and serine in barks
may be associated to the origins of tannins and flavonoids in barks and
heartwoods, such as for black-wattle.’” The presence of gallic, citric
and quinic acids in the barks extracts was confirmed by the following
study using LC-MS analysis developed by our research group.!

Chemometric analysis - part 1: analysis of the chemical data
obtained from different microenvironments

Initially, a comprehensive analysis of the entire dataset was
conducted, and the results were presented as the average of the values
recorded over three years during the collection of S. brasiliensis
bark samples from different microenvironments. This approach
ensured that the working matrix represented the mean intensity of the
identified metabolite responses generated in the microenvironments
over the three-year collection period. However, the specific effects
of the collection timeframe were not considered during the analytical
procedure. With this, we aimed to understand the differences in the
metabolic expression levels among the microenvironments of the
forest, management, and reserve sites. The PLS-DA-based supervised
chemometric analysis method was used to overcome the challenges
presented by visual inspections of the compositional variability in
S. brasiliensis bark samples and to identify the compounds that
imparted distinct characteristics to barks based on plant growth in the

forest, management, and reserve sites. Figure 2 presents the score (a)
and loading (b) data. The number of LVs (4) was chosen based on the
captured variance in each LV (79.17% total), and the errors in terms
of RMSEC and RMSECYV decreased to 0.31 and 0.37, respectively
(similarity index: 0.84, RMSEC/RMSECV).

Although some bark extracts were misclassified as outliers, the
separation tendency of the bark extracts was observed to depend on
the microenvironment. The LV 1 axis was the primary factor for bark
extract classification, accounting for 48.42% of the total variance.
Bark extracts from the forest and management sites contained higher
amounts of fructose and o.- and 3-glucose than those collected from
the other site. By contrast, the bark extracts sourced from the reserve
site contained higher concentrations of malic and gallic acids than
the bark extracts collected from the other two sites. The LV2 axis
played a significant role in identifying bark extracts with high contents
(combined amounts) of the aforementioned compounds (exception:
for sucrose, present in high concentrations in extracts from the
management and reserve sites).

Generally, primary metabolites are directly associated with
physiological processes.*® The presence of high amounts of fructose
and o- and B-glucose in the bark extracts collected from the forest
and management sites could be potentially attributed to differences
in environmental conditions, such as light availability, temperature,
or nutrient levels.** These factors can influence plant metabolism and
growth, leading to variations in the amounts of primary metabolites
such as sugars.** Moreover, the pathway of primary metabolism
may potentially change in response to adverse abiotic factors, as a
series of adaptive mechanisms help plants evade and withstand these
stresses. These mechanisms can also protect plants from stressful
conditions, and related adjustments involve alterations in sugar,
sugar alcohol, and amino acid levels depending on the species.!®
Some specialized metabolites are synthesized from the limited
products of primary metabolism, indicating a correlation between
the two types of metabolic processes. Some resources are used for
growth, while the rest are used for environmental adaptation.®#' The
presence of high concentrations of malic and gallic acids in the bark
extracts obtained from the reserve region could be an indication of
the adaptive responses of trees to specific environmental conditions
or stresses. Malic acid is associated with the production of energy in
plants and can help plants cope with environmental stresses such as
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Table 1. Identification of chemical components in the molecular structures based on 'H and *C chemical shifts, signal multiplicities, correlations, coupling

constants, and 2D NMR data

Schinopsis brasiliensis bark metabolomic profiling based on NMR

8 'H (ppm) " 8'H (ppm) 3"°C (ppm)
Structure (multip.* Jin Hzy O C (PPM) Ref. Ref.
iz 1 -no 176.9 no 184.1
HO™ ! CH3 2-2.03(s) 224 2.08 (s) 26.0
1. Acetic
3-7.01(s) 112.9 7.04 (s) 112.2
2 —no 118.2 no 123.9
4,6 —no 140.0 no 138.2
5 -no 147.4 no 147.4
1-no 171.4 no 167.4
2. Gallic
3
HO™ ! 2 ~CH3 3-1.33(d7.20) 23.0 1.37 (d 7.20) 22.9
2-4.12(d7.20) 71.4 4.42 (q7.20) 71.4
OH
Organic 3. Lactic
acids
3-2.49-2.53 (m) 41.1 2.68 (dd) 45.5
- 2.85 (dd) 45.5
2 —4.27-4.29 (m) 73.2 4.26-4.29 (m) 73.2
4. Malic
OH
0 0=~ ©
3 2-2.53(d 15.0) 48.8 2.52(d 15.8) 48.6
HOZ ' ont 5 “OH 4-2.68(d 15.0) 48.8 3.66 (d 15.8) 48.6
5. Citric
1-4.13 (0) 706 4.10 73.0
2 —4.06 (0) 70.6 4.00 69.7
3-3.45(0) 75’5 3.50 71.9
4-2.05 (o) 32’0 2.05 433
5-2.03 (0) 37’1 2.03 40.2
6-1.98 (0) 39’5 1.94 40.2
7 —no ’ 1.85 433
: 1-(0) (0) 65.5
¢ 0. - - .
s \’<\°H 2- 104.7 - 104.2
HO OH 3-4.13-4.15 (m) 77.6 4.11 77.4
s 4-(0) (0) 4.11 72.5
HO OH 5-(0) (0) - 72.1
6 —4.00-4.03 (m) 64.1 4.01 66.1
7. Fructose
1-5.25(d3.82) 95.0 5.25(d 3.80) 95.4
2-3.48 (0) 72.5 3.89-3.36 (0) 72.2
S 3-3.79 (o) 75.1 - 76.0
ugars 4-3.52(0) 743 - 728
5-3.70 (0) 64.4 - 64.2
6—3.88 (0) 74.5 - 74.5
1-4.67 (d 7.90) 98.9 4.66 (d 8.10) 99.2
2 —3.26-3.29 (m) 77.9 3.25 (t 8.40) 77.6
3 -3.70-3.72 (m) 64.0 - 56.1
4 -3.49-3.52 (m) 79.0 - 79.0
5—-3.42-3.44 (m) 72.4 - 72.8
6 —3.86-3.89 (m) 63.9 - 63.1

9. B-Glucose
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Table 1. Identification of chemical components in the molecular structures based on 'H and *C chemical shifts, signal multiplicities, correlations, coupling
constants, and 2D NMR data (cont.)

3 'H (ppm) 5, 8'H (ppm) 8"C (ppm)
Structure (multip.* J in Hz) 8 C (ppm) Ref. Ref.
1-5.43(d3.72) 95.2 5.44 (d 3.80) 94.7
2 -3.56 (0) 74.5 3.89-3.57 (m) 73.5
3-3.76 (0) 75.7 3.73-3.76 (m) 753
HO 3 4-3.48 (o) 72.1 3.46-3.48 (m) 71.8
5-3.85(0) 75.8 3.82-3.85 (m) 74.9
Suears 6-3.82(0) 62.9 3.80-3.83 (m) 62.8
g 7-3.82(0) 65.4 3.65-3.67 (m) 64.0
8 —no 104.7 no 106.3
9 —4.20-4.24 (m) 79.3 4.20 (t 8.40) 79.0
10 — 4.03-4.06 (m) 77.0 4.08 (d 9.00) 76.6
10. Sucrose 11 -3.89 (0) 84.1 3.86-3.89 (m) 84.0
12 -3.68 (0) 64.8 3.80-3.84 (m) 65.0
3
HO™ 1 2 OH 2-3.83 (0) 59.2 3.83 (dd 5.61, 3.84) 59.2
3-2.20 (o) 64.0 3.93-3.97 (m) 63.1
NH2
11. Serine
) ) 5,9-7.22-7.25 (m) 132.0 7.32 (d 6.98) 132.1
Amino acids 6, 8 — 7.40-7.44 (m) 131.8 7.41-7.43 (m) 131.8
7 —7.30-7.33 (m) 131.7 7.36-3.39 (m) 130.4
12. Phenylalanine
(0]
3
HO™ 1 2 CHs 3-1.33(d7.2) 17.9 1.52 (d 7.30) 19.1
2-3.89 (0) 53.1 3.90 (q 7.30) 534
NH,
13. Alanine

(s): simplet. (d): duplet. (t): triplet. (q): quadruplet, (quin): quintet. (dd): double duplet. (0): overlapping signal. (no): not observed. (-): no information. (m): multiplet.

a) Scores 0.0084
0.004
°
[
(o)
©
+ 0.000
N
2
. management’
-0.004, {Ma@nagement
-8
b) Loadings -0.010 -0.005 0.000 0.005 0.010
LV1-48.42%
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Figure 2. (a) LVI x LV2 score coordinate system from the classification of barks based on tree growth characteristics: forest in green, management in red, and
reserve in blue; (b) respective loadings with identified compounds based on their relevance according to the variable importance in the projection (VIP) analysis
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drought or nutrient deficiency.*> Gallic acid, a phenolic compound
with antioxidant properties, can protect plants from oxidative stress
attributable to various biotic and abiotic factors.* The main classes of
specialized metabolites are generated during the progress of different
primary metabolite pathways, such as glycolysis, Krebs cycle, pentose
phosphate pathways, and shikimate pathways.*!

Chemometric analysis - part 2: analysis of dendrometric and
environmental data recorded in the different microenvironments

Dendrometry, the study of tree dimensions, is critical for
understanding forest dynamics and assessing the effects of various
microenvironments on the rate of tree growth and productivity.*
The analysis of dendrometric data obtained from different
microenvironments provides insights into the influence of factors,
such as climate, soil type, topography, and species composition, on
tree growth patterns and forest structure.* Consequently, by analyzing
these data, researchers can study the adaptive responses of trees to their
microenvironments, identity factors that promote optimal growth, and
develop management strategies that promote the development of
sustainable forest ecosystems.* Thus, the exploration of dendrometric
data across diverse microenvironments is essential to develop a
comprehensive understanding of forest ecology. The data can help
develop effective forest management practices.*’ In our analysis, gum
formation was observed in the barks during sample collection. These
substances are produced in several plants that grow under semi-arid
conditions. These plants produce gummy exudates in large quantities
to defend against dehydration.* The composition of these gums is
highly heterogeneous, and these are predominantly characterized by
a substantial carbohydrate content. The carbohydrate content varies
significantly and lies in the range of 43.51-98.46%. The compounds
are polysaccharides in nature.* This is heavily dependent on
weather conditions.*® Following the multivariate classification
analysis of microenvironments, regression modeling analysis
methods were used to determine significant correlations between
all compounds identified by analyzing the '"H NMR spectral
profiles and previously studied dendrometric, environmental, and
chemical variables. Data on several environmental factors such
as mean temperature, relative humidity, incident solar radiation
content, amount of precipitation, wind speed, and reference
evapotranspiration were collected. Tree height, ground-level
diameter, and treetop diameter constituted the dendrometric data.
PLS-based multivariate regression analyses were conducted to
correlate each of these variables (categorical variables; Y matrix)
with the complete '"H NMR spectral profile (5 0.5-9.0 ppm).

The correlations established between the dendrometric and
environmental data revealed consistent parameter correlations
across the different microenvironments. Figure 3 presents data on
the statistical parameters associated with modeling. Eight LVs for
the environmental mean temperature (a), wind speed (b), reference
evapotranspiration (c), tree height (d), diameter at ground level (e),
diameter of the treetop (f), and their respective ideal (green) and
actual (red) regression curves were established.

The obtained results can be explained by the fact that the tree
height (d), diameter at ground level (e), and tree top diameter (f)
exhibited the strongest correlations with all the compounds reflected
by the "H NMR spectral profiles. This can be potentially attributed
to the fact that these dendrometric parameters are directly related to
the growth and overall health of trees.*® Therefore, these parameters
reflect the ability of trees to produce and accumulate various chemical
compounds under the influence of various environmental factors.

However, variables such as biomass, relative humidity of air,
incident solar radiation content, and precipitation did not correlate
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with the composition of the extracts collected from the three different
sites mentioned earlier. This lack of correlation could be attributed
to the complex and indirect influence of these variables (except for
biomass) on the chemical composition of the tree bark samples.** We
did not expect the biomass to correlate with the chemical profile of the
trees, as biomass was quantified based on an allometric calculation
method using a single value (the diameter of the trunk at ground
level). Therefore, the biomass was expected to be directly related
to the diameter in the correlation. This lack of correlation could be
potentially attributed to the use of an exponential equation. The use
of such an equation may have masked the interdependence between
diameter and biomass. These variables can potentially influence
multiple aspects of tree growth and physiology, and understanding
their effects on the chemical composition of trees based on data
may be difficult.”’ Additionally, interactions between these variables
and other environmental factors could further complicate the
relationship between these variables and the chemical composition
of the extracts.>

The errors represented by RMSEC and RMSECYV, the relatively
high values of calibration and cross-validation coefficients (r%), and
the proximity between the ideal (green) and real (red) regression
curves indicate well-adjusted models. Furthermore, the models for
tree height (d), diameter at ground level (e), and diameter of the top
tree (f) exhibited the best correlation with all compounds reflected
by the 'H NMR spectral profiles.

The other variables (biomass, relative air humidity, incident solar
radiation content, and precipitation) did not correlate satisfactorily
with the composition of the extracts obtained from the three different
environments (data not shown).

Chemometric analysis - part 3: analysis of correlation between
collection periods and environmental factors

As stated, plant material from S. brasiliensis was collected
between 2015 and 2018. Seven collection cycles were conducted
across four seasons in three distinct microenvironments. The
CCA enabled the correlation of bark collection periods in the
three microenvironments and environmental variables with the
metabolites present in the samples. Results obtained from the CCA
(Figure 4) demonstrated that each environmental factor exhibited
distinct effects on the metabolites extracted from the barks of S.
brasiliensis. The samples were categorized into four groups, and
the formation of these groups was based on the similarity between
the environment corresponding to the collection period and the
metabolites present.

The members of Group 1, positioned in the negative region of
CCA 1 (Figure 4) and positive region of CCA 2 (Figure 4), were
primarily affected by the wind speed and exposed to intermediate
levels of radiation and evapotranspiration. This group consisted of
samples collected during the 2™ collection cycle from the reserve, as
well as the 3 and 5™ collection cycles from the management site. The
samples were primarily collected in June. By contrast, the members
of Group 4 were concentrated in the positive region of CCA 1 and
the negative region of CCA 2 and were exposed to intermediate and
high levels of precipitation, temperature, and humidity. This group
contained samples collected during the 4", 5, and 7" collection cycles
from the forest; the 6" and 7 collection cycles from the management
site; and the 4" collection cycle from the reserve. Notably, this group
primarily consisted of samples collected during the time period
ranging from February 2017 to February 2018 when high precipitation
rates were recorded.

Group 2, exposed to the highest levels of radiation and
evapotranspiration and intermediate levels of wind speed, was
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positive in terms of both CCA 1 and CCA 2. This group consisted
of samples collected during the 2", 31, and 6" collection cycles from
the forest; the 2" and 4" collection cycles from the management site;
and the 3" and 5" collection cycles from the reserve. The samples
were primarily collected between June and October. The members
of Group 3 were concentrated in the negative regions of CCA 1 and
CCA 2 and exposed to low levels of radiation and temperature and
intermediate levels of precipitation, humidity, and temperature. This
group consisted of samples from the 1% collection from the forest;
the 1% collection from the management site; and the 1%, 6", and 7"
collections from the reserve. The majority of the samples belonging
to this group were collected in February 2016.

Results from the CCA revealed that all the groups comprised
samples from the three microenvironments (reserve, management,
and forest), and the collection period corresponding to each
sample group differed from the others. The responses of different
microenvironments were recorded over the same time period, and
the responses generated were observed to be distinctly different from
each other. For example, collection 5 was included in three groups:
the forest in Group 1, the reserve in Group 2, and the management
site in Group 4. The results revealed that each environmental and field
situation responded differently to different environmental factors,
and this affected the chemical profile of trees. The results indicated
a correlation between genetic and environmental variability.

The PCA (Figure 5) was performed in conjunction with the
OPLS-DA and S-plot analysis (Figures 6(a)-(b) and 7(c)-(d)).
Chemical identification based on loading plots obtained post PCA
allowed a tentative classification of the substance classes, as high
dimensional '"H NMR data were recorded. Consequently, we opted to
use the OPLS-DA method and S-plot models to accurately identify the

chemical markers. The data were subjected to PCA using the pareto
scale. The PCA-X scores and loading graph represented 58.73%
of the total variance (R2X[1] = 0.381 and R2X][2] = 0.206). The
63 samples were categorized into four groups based on the collection
cycle/area of collection. Group 1, located in the positive region of PC
1 and the negative region of PC 2, consisted of samples from the 2™
collection from the reserve and the 3% and 5™ collections from the
management site. Group 2, located in the positive regions of PC 1
and PC 2, comprised of samples from the 2™, 3", and 6" collections
from the forest; the 2™ and 4" collections from the management
site; and the 3™ and 5™ collections from the reserve. By contrast,
Group 3, located in the negative regions of PC 1 and PC 2, comprised
of samples from the 1* collection from the forest; the 1* collection
from the management site; and the 1%, 6, and 7" collections from the
reserve. Finally, Group 4, positioned in the negative region of PC 1
and the positive region of PC 2, included samples from the 4", 5,
and 7" collections from the forest; the 6™ and 7% collections from the
management site; and the 4" collection from the reserve.

Potential markers

The PCA results (Figure 5) revealed the distinct formation of four
clusters based on the collection period and environmental factors.
Each group was characterized by specific primary metabolites. The
OPLS-DA was performed using VIP scores to identify possible
discriminant metabolites that accounted for the differences between
the groups. VIP values greater than three and p values less than
0.05 were considered significant. Figure 6 (A and B) presents the
OPLS-DA results obtained by comparing opposing groups: Group 1
vs. Group 4 (R2 = 0.992, Q2 = 0.988) and Group 2 vs. Group 3
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analyzed using the NMR spectroscopy technique

(R2=0.956,Q2 =0.946). S-plots, Figure 7 (C and D) were generated
from the OPLS-DA data, and several potential biomarkers were
selected (Table 1).

Group 1, consisting of samples from the 2™ collection from the
reserve and the 3 and 5% collections from the management site,
was significantly influenced by the wind speed, intermediate levels
of radiation and evapotranspiration, and low levels of precipitation.
Sugars such as glucose, a-glucose, B-glucose, fructose, and sucrose
accumulated in the samples in this group. The results obtained
during the first part of the chemometric analysis process revealed

that samples from the reserve and management microenvironments
exhibited higher concentrations of sugars than those from the forest
microenvironment. The results agreed well with the results obtained
during the second part of the analytical process, where it was observed
that Group 1 consisted of clusters that contained sugars (particularly
sucrose) as discriminating metabolites. The nature of the sugars
depended on the collection period.

As sessile organisms, plants cannot evade the extreme conditions
of the environment in which they are rooted. Consequently, they
develop highly complex mechanisms that are based on the features of
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physiology and metabolism to adapt to the conditions they are exposed
to.%?* Several factors, such as water deficit, irradiation amount and
intensity, and temperature conditions, simultaneously affect plants.
Thus, identifying the factor primarily responsible for generating
a given physiological response is often difficult.'®** Plants are
susceptible to mechanical damage caused by various factors (such as
wind). This can influence the expression of secondary metabolism.>*>
The primary biosynthetic pathways associated with the generation of
these metabolites are derived from primary metabolism pathways.
In other words, changes in the properties of one type of metabolism
influence the properties of another.®®

Next, water stress has been reported to significantly affect the
nature of metabolites produced by plants. Such water stress can result
in an increase in the concentration of specific amino acids, sugars,
and their derivatives.* Under drought conditions, sugars accumulate
first, followed by amino acids. The accumulation of sugars, such as
glucose, fructose, galactose, and sucrose, results in inhibited activity
of hexokinase. This helps in regulating the osmotic potential of the
cells, thereby safeguarding the cells from osmotic stress during
drought conditions. In certain cases, plants do not acclimatize and
begin to synthesize various compounds, including amino acids (such
as tyrosine and proline) and specialized metabolites.”” Thus, various
bioactive compounds are synthesized by plants under these conditions
to cope with water deficit.* During this period, plants may present an
increase in phosphoenolpyruvate carboxylase activity. Such increase
in activity indicates the formation of specialized metabolites from
sucrose,’® which is the primary sugar transported in the largest plant
species and is known to accumulate under stress.”’

Group 4, which was subjected to high levels of precipitation and
was significantly influenced by temperature and humidity, consisted
of samples from the 4", 5% 7% collections from the forest; 6™ and
7™ collections from the management site; and the 4" collection
from the reserve site. Organic acids (such as quinic and acetic acid)
and an unidentified compound (5 3.05 ppm) were present in high
concentrations in this group.

Generally, the metabolism of organic acids is associated
with environmental stress. This metabolic pathway serves as an
intermediary pathway in carbon metabolism and plays pivotal roles
in several other processes that help some plants withstand various
stressful conditions (such as nutrient deficiency, herbivory, and
pathogen attack). These mechanisms also help plants achieve metal
tolerance.*

Generally, heavy rainfall and an increase in the water content of
soil above field capacity cause problems, as oxygen availability to the
roots is reduced under such conditions.!® Depending on the biomass
and microbiota in the soil, such reduction in O, availability can
occur within 24 h."” Under these conditions, adenosine triphosphate
must be produced during fermentation. This can result in cytosolic
acidification and the accumulation of toxic products. Moreover, the
accumulation of amino acids and low levels of sugars and various
organic acids can also be achieved under these conditions.”’

In addition to precipitation, temperature significantly influences
plant growth and development rates as it affects several highly
sensitive biochemical reactions.” The stability of proteins and nucleic
acids, structure of the cytoskeleton, and efficiency of enzymatic
reactions are significantly affected by heat stress under conditions
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of high and low temperatures, resulting in a metabolic imbalance.?
High temperature and humidity often increase the enzyme content
and induce enzymes that sequester reactive oxygen species, causing
various physiological, biochemical, and molecular changes in plant
metabolism.*% To counterbalance the biochemical and physiological
alterations induced by stress, various key mechanisms of tolerance
have been employed, including the utilization of ion transporters,
proteins, osmoprotectants, antioxidants, and other factors associated
with signaling and transcriptional control.”® Moreover, a profound
change in the pool of metabolites in the affected plants is observed
with changes in various environmental factors (such as temperature,
humidity, and water availability).>3+57!

For Group 2, S-plots, Figure 7 (C and D) were generated from
the OPLS-DA data, and some possible biomarkers were selected
(Table 1).

High concentrations of sugars (such as o-glucose and 3-glucose)
and the amino acid serine were present in this group consisting of
samples from the 2™, 39, and 6™ collections from the forest; 2™ and
4" collections from the management; and 3% and 5" collections from
the reserve sites exposed to conditions of intense solar radiation
and high rates of evapotranspiration. Notably, solar radiation is an
essential and influential environmental factor that affects plant growth
and development. Plant survival depends on the ability of plants to
accumulate biomass and fix carbon through photosynthesis. Plants
develop evolved mechanisms that protect them against excessive
ultraviolet radiation (UV) and detrimental light conditions.® Elevated
radiation intensities trigger the production of reactive oxygen species,
and this, in turn, results in the stimulation of protective responses.
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These responses promote the biosynthesis of specialized metabolites
capable of absorbing UV-B radiation. This eventually results in
alterations in the activities of antioxidant enzymes.>® High levels
of radiation have been observed to correlate positively with the
production of phenolic compounds,** and most phenolic compounds
in plants are derived from amino acids, such as phenylalanine.

Conversely, Group 3, exposed to intermediate temperature and
humidity levels, consists of samples from the 1* collection from the
forest; the 1* collection from the management; and the 1%, 6®, and 7"
collections from the reserve sites. Potential organic acid markers (such
as gallic and quinic acid) and an unidentified compound (6 3.05 ppm),
which were absent in Group 2, were identified in this group. The
high radiation intensities and low precipitation levels were associated
with an increase in the concentrations of sugars and amino acids.
Furthermore, each microenvironment generated a distinct response
to the various environmental factors under investigation.

Quantification of metabolites in the barks of S. brasiliensis
using 'H ¢NMR spectroscopy

Figure 8 depicts bar graphs presenting data on the compounds
quantified using the 'H gNMR spectroscopy technique. The bar graphs
reflect data related to the areas of collection and the collection periods.
The results obtained using this quantitative analysis method supported
and complemented the results obtained post chemometric analyzes.
ANOVA tests were conducted for each area over the seven collection
periods. The results revealed that the samples were statistically
different with respect to the concentration of each compound.
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The results obtained from this quantification analysis enabled us
to correlate the groups formed based on the CCA results (Figure 4)
with those formed based on the PCA results (Figure 5).

Sucrose was detected in high concentrations in Group 1
(Figure 8). This was observed by analyzing the samples collected in
June 2016 from the reserve and those collected in October 2016 from
the management site. The lowest concentrations of sugars, such as
sucrose, and the highest concentrations of acetic acid (Figure 8) were

recorded for Group 4. The results were obtained by analyzing the
collections made in February 2017 (forest and reserve), February 2018
(forest and management), June 2017 (forest), and October 2017
(management). The results agreed well with the results presented in
papers that reported increased sucrose levels in plants under drought
stress conditions. Notably, sucrose serves as a compatible solute and
osmoprotectant.”> Low sugar concentrations and high acetic acid
levels were recorded for Group 4, and the results agreed well with
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the results reported in the literature on the role of acetic acid in the
activation of pathways associated with drought stress response.®

High concentrations of sugars (such as glucose and glucose)
were recorded for Group 2, which comprised of samples collected
in June 2016 (forest and management), October 2016 (forest and
reserve), February 2017 (management), June 2017 (reserve), and
October 2017 (forest) (Figure 7). Group 3 samples contained gallic
acid as the discriminating metabolite (Figure 7). This group consisted
of samples from the 1* collection (April 2016) from the three areas
and the 6" (October 2017) and 7" (February 2018) collections
from the reserve site. Notably, the above sugars have been reported
to accumulate in response to abiotic stress and promote osmotic
adjustment and stress tolerance in plants.* The presence of gallic
acid as a discriminating metabolite in Group 3 aligns with the results
reported in papers highlighting the role of gallic acid as an antioxidant.
Moreover, gallic acid has been reported to help plants cope with
oxidative stress attributable to environmental changes.®

Above-average concentrations of total sugars (sucrose, fructose,
glucose, and glucose) were detected in the samples collected from
the management (April, June and October 2016, and February 2017),
reserve (June and October 2016, and June 2017), and forest (June
and October 2016) areas. The samples collected from each area
elicits distinct responses to various environmental stimuli, regardless
of whether it is during the rainy or dry season. These responses
manifest as variations in sugar concentrations, with different areas
presenting high sugar concentrations at different times of the year.
A significant increase in the total sugar concentration was recorded
during the drought periods in the samples collected from the
reserve and forest areas in June and October 2016, and June 2017.
A considerable variability was noted between areas during the
same collection period. The observed variability in total sugar
concentrations (in response to drought conditions) across areas and
collection periods reflects the plasticity of plant metabolic responses
to fluctuating environmental conditions.®® Plasticity is crucial
for plant survival and plant adaptation to extreme environmental
conditions. The survival of plants in semi-arid Brazilian climate
and desert regions is influenced by plasticity.®”*

In summary, the results reported herein agree well with those
reported in existing literature reports concerning plant metabolic
responses to environmental stress, particularly under extreme climatic
conditions. Further research should, however, be conducted to help
elucidate the specific metabolic pathways and regulatory mechanisms
associated with the generation of these responses. The obtained
results can potentially help us better understand plant adaptation and
resilience strategies.

CONCLUSION

This paper reports findings indicating a correlation between the
metabolic profiles of S. brasiliensis samples collected from three
microenvironments. The results were influenced by the sampling
period and prevailing environmental conditions.

The analytical approach followed, coupled with the use of a
suitable multivariate analysis method, facilitated the generation
of robust and reliable statistical results. The approach contributed
to the comprehensive understanding of the influence of certain
specialized metabolites, particularly primary metabolites in
specimens, depending on different microenvironmental conditions.
Consequently, changes in the abiotic environmental factors
describing the selected locations were observed to affect the nature
and content of the metabolites.

The methodology followed can be potentially used to investigate
various species of interest, particularly in the context of reforesting
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degraded regions within the Caatinga biome using highly adaptable
species. Additionally, it can be used to explore the effects of diverse
cultivation areas and environmental changes on plant development.
Moreover, the reported approach can be further developed to examine
the quality control and biological properties of other economically
important crops and medicinal plants. We can infer that the results
reported herein provide valuable insights into the chemical ecology
of important plant species.

SUPPLEMENTARY MATERIAL

Figure 18 illustrates the changes in the daily average wind speed
(m s™). Figure 28 illustrates the behavior of the daily total reference
evapotranspiration (ETo), determined based on the FAO Penman-
Monteith equation and the daily global solar radiation (R,). Figure 3S
illustrates the behavior of the maximum (T,,,,) and minimum (T,,;,) air
temperature and total daily precipitation (mm). Figure 4S illustrate the
behavior of the average relative humidity (RH avg), observed at the
Caatinga Meteorological Station from 2016 to 2018 (Petrolina, PE).
All of them are available at http://quimicanova.sbq.org.br, in the form
of a PDF file, with access free.
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