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Abstract

Given the reduced resilience of the Amazon rainforest due to deforestation, identifying
high-quality genetic markers for the propagation of native species is crucial for forest
regeneration. This study investigated metabolic dynamics during Brazil nut (Bertholletia
excelsa) germination to identify biochemical markers for selecting superior genotypes. We
analyzed primary reserves (carbohydrates, lipids, proteins) and minerals in two genotypes,
606 and Santa Fé, in seven germination stages. Our results revealed distinct metabolic
patterns. Genotype 606 showed 101.73% greater efficiency in the transient accumulation
of starch, 34.86% higher degradation of lipids, and 34.86% higher transitory synthesis of
soluble proteins. Conversely, Santa Fé was 16.8% more efficient in amino acid synthesis
and 795.33% in boron compartmentalization, though less so in sucrose (2.17%) and in lipid
synthesis (24.84%). Overall, early germination stages involved starch, sucrose degradation
and mineral consumption. During post-germinative stages, protein and lipid degradation
likely fueled gluconeogenic pathways and supported carbohydrate synthesis and seedling
growth. This work increases the knowledge on Brazil nut germination physiology and
identifies metabolic markers that differentiate genotypes. These findings are fundamental
for our understanding of primary metabolism turnover in B. excelsa and provide a basis
to support forest restoration and genetic improvement programs. In addition, we hope to
contribute to the selection of superior high-performance genotypes, which are essential for
recovering degraded areas and enhancing productive plantations in the Amazon region.

Keywords: metabolic turnover; germination physiology; Bertholletia excelsa Bonpl.; seed
biochemistry; metabolic markers; primary metabolism
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1. Introduction

Indiscriminate deforestation has diminished the resilience of the Amazon rainforest,
leading to many negative impacts, such as rising temperatures, extreme droughts, and an
increased incidence of wildfires, among others [1]. In this context, research focused on
forest regeneration using seeds from native Amazonian species must be encouraged [2-5].

Thus, understanding the factors and processes involved in the germination of these
seeds is of vital importance, as it enables the selection of quality markers related to seedling
propagation. Among these factors, the plant’s genetic makeup is directly associated with
its seed reserve content (carbohydrates, lipids, proteins, and minerals) and how these are
metabolized, even among different individuals of the same species [6-8]. These intraspecific
differences can be attributed to inherent genotypic characteristics and, therefore, can be
used as markers of these genotypes.

Among the native Amazonian forest species with potential for restoring degraded
areas, the Brazil nut tree (Bertholletia excelsa Bonpl) (Lecythidaceae) stands out due to
its high plasticity, resilience, and accumulation of biomass [9-14]. These characteristics
make it a target for genetic improvement initiatives. One of the most effective of these
is located at Fazenda Aruana, in Itacoatiara, Amazonas, Brazil, which hosts the world’s
largest plantation of Brazil nut trees for the restoration of degraded areas [14].

At Fazenda Aruana, there are grafted genotypes, approximately 40 years old, named
Manoel Pedro, Santa Fé, Aruana, 606 and 609. These genotypes differ in the morphological,
productive and ecophysiological aspects of the adult plants [10,15]. Of these genotypes,
Manoel Pedro exhibits the best characteristics, while 606 shows inferior responses, and
Santa Fé is in an intermediate position. However, different outcomes are observed in
the germination parameters of two of these genotypes (606 and Santa Fé), in which the
genotype 606 has a higher germination rate and germination speed index [10]. Furthermore,
Gongalves et al. (2024) [10] observed distinct patterns between seed morphology and
germination in these two genotypes.

Regarding the morphophysiological characteristics of B. excelsa seeds, they are
bitegmic, consisting of a woody testa and tegmen, which impose physical dormancy.
They are also considered recalcitrant [10]. Moreover, it is suggested that they also exhibit
physiological dormancy due to embryo immaturity immediately after fruit fall [16].

Concerning the embryo of the species, there is no morphological differentiation [10],
and its reserve composition is predominantly lipidic—accounting for approximately 70%
of the seed mass—composed primarily of oleic and linoleic fatty acids (about 37% each).
This is followed by proteins, starch and soluble sugars [17]. For the mineral nutrients, the
most abundant macronutrients in the composition of Brazil nut seeds are P, K, Mg, and Ca,
and the micronutrients present are Se, Fe, Zn, Mn, and Cu [17-19].

These primary and mineral reserves play a crucial role in seed germination. Following
the onset of imbibition (the first stage of germination), protein synthesis and the formation
of hydrolytic enzymes begin, initiating the metabolism of these reserves, particularly the
mobilization of carbohydrates, lipids, and proteins [7,20]. The function of these reserves is
to supply energy (carbohydrates and lipids) and support the synthesis of tissues required
for early plant growth and development (proteins) [6,7].

Investigating the metabolism of primary and mineral reserves during the germination
of B. excelsa allows for the identification of physiological variations among genotypes and
potential biochemical markers useful for selecting superior materials. As such, this study
evaluated two cultivated genotypes (606 and Santa Fé) for their potential application in
ecological restoration and genetic improvement programs. Here, we hypothesize that (1) the
mobilization of carbohydrates, lipids, proteins, and minerals differs between the genotypes
606 and Santa Fé, reflecting specific metabolic characteristics, and (2) these metabolic
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patterns enable the identification of biochemical markers applicable to the selection of
genotypes with superior performance.

2. Materials and Methods
2.1. Plant Material Collection and Processing

Fruits from two genotypes of Bertholletia excelsa (606 and Santa Fé = SF) were collected
from 10 trees of each genotype at the Aruana Agricultural Company S. A. (Itacoatiara/AM)
(3°0'30.63" S, 58°50'1.50” W), Brazil, in January and February 2022. These trees were at
least 50 m apart.

The fruits were opened using a machete to extract the seeds. These seeds then had
their coats removed according to the method of Gongalves et al. (2024) [10]. To perform
seed antisepsis and minimize contamination by endophytic fungi, the embryos were
subsequently submerged in a solution of garlic vine (Mansoa alliacea A.H. Gentry), a species
known for its antifungal potential [21]. The solution was prepared with 17.2 ¢~1.L.FM of
fresh leaves in distilled water and the embryos were submerged for 5 min. Afterward,
the seeds were quickly dried on sterilized filter paper [10]. They were then air-dried
at room temperature for 18 h, conditioned in impermeable plastic packaging, and then
transported to the Laboratory of Plant Physiology and Biochemistry (LPPB-NIAR), where
the experiments were performed.

2.2. Germination and Early Seedling Development Stages

The embryos were transferred to the greenhouse at the LPPB-NIAR, where the ambient
temperature averaged 35 & 2 °C. The substrate used for the germination tests was medium
grain expanded vermiculite, which was previously autoclaved for 10 min at 121 °C and
1 atm. The processed embryos were then sown in the substrate. Irrigation was performed
with distilled water every 48 h, to avoid fungal contamination due to water accumulation
in the trays, or when the substrate appeared dry. Regarding light conditions, the trays were
kept under natural light, with a photoperiod of 12 h of light/dark, and their positions were
rotated weekly to ensure all seeds experienced the same environmental conditions.

Based on preliminary morphological observations of B. excelsa germination, seven
developmental stages were established, taking into account the main structural differences
between them [10]. These stages were divided into a quiescent phase, comprising the
quiescent embryo (QE) stage, which was collected for analysis immediately after the
removal of the seed coats; a germinative phase, which includes the imbibed embryo (IE)
stage (after soaking in distilled water for 48 h); the root protrusion (RP) stage; a post-
germinative phase, which includes the primary root elongation (RE); and the secondary
root (SR); epicotyl emergence (EE); and expansion of leaves (Eex) stages [10] (Figure 1).

Due to the undifferentiated morphology of the B. excelsa seed, which lacks distinction
among endosperm, cotyledons, and embryo tissues, the entire seminiferous organ was
treated as the embryo, given that it corresponds to a hypocotyl-type embryo [10].

From each of the abovementioned stages, embryos and seedlings were collected, and
their attached structures (tegmen remnants, hypocotyls, radicles, primary and secondary
roots, epicotyls, and leaves) were removed prior to subsequent analyses of primary and
mineral reserve mobilization.
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Quiescence phase Germination phase Post-germination phase

Figure 1. Germination and initial development stages of Bertholletia excelsa seeds, scalebar = 1 cm.

2.3. Reserve Metabolism
2.3.1. Extraction and Quantification of Primary Reserves

At each germination stage, 10 embryos were collected, and their metabolic activity
was immediately quenched in liquid nitrogen. The samples were then stored in a —80 °C
freezer. The material was freeze-dried using a lyophilizer (CHRIST Alpha 14 LSC basic,
Sao Paulo, SP, Brazil), ground in an analytical mill (Ika-Werke/M20, IKA Werke GmbH &
Co. KG, Sao Bernardo do Campo, SP, Brazil) and stored in a —80 °C freezer until analysis.

Lipids were extracted from the samples in an ultrasonic bath (Ultronique, Q3.0/40A,
Ecosonics, Indaituba, SP, Brazil) following a modified version of the method of [22]. The
extraction was performed at 30 °C for 30 min using n-hexane (20 mL) as the solvent. From
the resulting defatted material, starch, sucrose, fructose, glucose, and soluble proteins were
extracted and quantified. Starch, sucrose, fructose, and glucose were determined using an
enzymatic method according to the methodology described by Fernie et al. (2001) [23].

For the extraction of soluble proteins, TRIS-HCI buffer (mM, pH 7.5) was used, while
quantification was performed using the method described by Bradford (1976) [24], with
absorbance read at 595 nm in a spectrophotometer. Finally, the amino acids were extracted
from the samples using 1 M sodium citrate buffer, pH 5.2, supplemented with 0.2% ascorbic
acid, and subsequently measured in a spectrophotometer at an absorbance of 570 nm [25].

2.3.2. Extraction and Quantification of Mineral Reserves

The extraction and determination of the macronutrients phosphorus (P), potassium
(K), sulfur (S), calcium (Ca), and magnesium (Mg) and the micronutrients selenium (Se),
zinc (Zn), iron (Fe), manganese (Mn), copper (Cu), and boron (B) were performed using
0.5 g aliquots from each germination stage. These samples were subsequently digested
with nitric acid (HNO3).
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Next, the samples were filtered through a 0.45 pm porosity PTFE filter (Millipore®,
Sao Paulo, SP, Brazil). After filtration, the samples were adjusted to a final volume of 50 mL
via the addition of ultrapure water [26]. After these steps, the minerals were quantified
using inductively coupled plasma optical emission spectrometry (ICP-OES; Shimadzu,
9820, Sao Paulo, SP, Brazil) [27].

2.4. Calculation of Metabolic Indices and Ratios for Primary and Mineral Reserves
2.4.1. Metabolic Flux Index (MFI)

To assess the metabolic dynamics of transient use and synthesis across the seven stages
of germination and early growth, the MFI index was adapted from the principles of relative
growth rate (RGR) [28,29]. The values were calculated between consecutive germination
stages (QE-IE, IE-RP, RP-RE, RE-SR, SR-EE, and EE-Eex) and the proportional change (as a
fold-change) in the accumulation/release or degradation/consumption of reserves between
these stages was calculated using the equation:

MEL, — Valueg; — Valuey;_q

Valueg;_4

where
MEF]; = Metabolic flux index between two stages
Valueg; is the value at stage i
Valueg; 1 is the mean of the replicates at stage i—1

2.4.2. Net Accumulation Change (NAC)

The NAC calculates the metabolic balance between the first (QE) and the last (Eex)
stage. If the result is a positive value, it suggests a net accumulation of that metabo-
lite/mineral by the end of the initial development of that genotype, i.e., there was
metabolic/mineral net synthesis/release. If the result is a negative value, it signifies
intense net consumption of that metabolite/mineral, i.e., it was degraded /consumed more
than it was produced throughout germination. The NAC was calculated as follows:

NAC = E; — E;

where

NAC = Net Accumulation Change

Efis the metabolite value at the final stage (Eex);

E; is the mean of metabolite value at the initial stage (QE).

Total activity index (TAI)

This index is the summation of the absolute MFI values, and it assesses the strategy
and total metabolic activity of a given metabolite/mineral. It integrates the absolute
transient fluctuations (i.e., the differences between stages, expressed as positive values even
when the change is negative) into a single final value. The results express the cumulative
metabolic activity, demonstrating the total metabolic cost from the beginning to the end of
early development. This index is calculated using the following equation:

n

TAI =)

i=2

Valueg; — Valueg;_q

Valueg;_q

where
TAI = Total Activity Index
Valueg; is the value at stage i
Valueg;_1 is the mean of the replicates at stage i—1
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n = number of germination stages evaluated

2.5. Experimental Design and Statistical Analyses

The experiment was conducted in a completely randomized design, arranged in a
2 x 7 factorial scheme. The factors were two genotypes (606 and Santa Fé = SF) and seven
germination stages (quiescent embryo = QE; imbibed embryo = IE; radicle protrusion = RP;
primary root elongation = RE; secondary root = SR; epicotyl emergence = EE; and expansion
of leaves = Eex). Each sample consisted of 10 randomly collected seeds at each germi-
nation stage. The quantification of primary and mineral reserves was performed using
triplicate assays of samples composed of 10 embryos each, for every germination stage and
genotype evaluated.

The calculated MFI values for “Starch”, “Fructose”, “Glucose”, “Se”, and “Fe” were
transformed using the Yeo-Johnson transformation [30]. Subsequently, the data were
subjected to the Shapiro-Wilk and Levene’s tests to verify the assumptions of normality
and homogeneity of variances, respectively. A two-way analysis of variance (ANOVA) was
then performed to test the effects of the two factors (genotype and germination stage) on
the MFI responses. For variables that did not meet these assumptions (“Soluble proteins”,
“P”,”K” and “B”), the non-parametric Kruskal-Wallis test was used.

Following significant results from the hypothesis tests (p < 0.05), Tukey’s HSD (hon-
estly significant difference) test was applied to compare significant differences among the
mean germination stages for each metabolite within each genotype. To compare the same
germination stages between the two genotypes for each MFI metabolite, as well as the NAC
and TAl indices, Welch’s t-test for independent samples was used. For the comparisons that
violated the aforementioned assumptions, which included the MFI of specific metabolites
and the NAC for K, S, Ca, and Mg, and the TAI for K, the non-parametric equivalent, the
Wilcoxon-Mann-Whitney test, was applied.

To express the intensity and direction (accumulation or degradation) of metabolism,
the MFI results were normalized to a Z-score and subsequently classified as: “Intense tran-
sient synthesis/compartmentation”, when the result was a positive value > 1.5; “Moderate
transient synthesis/compartmentation”, when the result was a positive value between 0.5
and 1.5; “Intense degradation/mobilization”, when the value was a negative value < —1.5;
“Moderate degradation/mobilization”, when the value was a negative value between —0.5
and —1.5; and “Stable metabolism”, when the value was between —0.5 and 0.5.

Furthermore, a principal component analysis (PCA) was performed on the raw
metabolic data to examine the clustering of metabolites/minerals with the evaluated
stages for both genotypes. All data processing, statistical analyses and graph creation
were performed using the R programming environment [31] and the RStudio interface
version 2024.12.1+563, with the exception of the PCA, which was created in PAST software
version 5.3 [32].

In this study, the car package was used for testing assumptions of normality (Shapiro—
Wilk) and homogeneity of variance (Levene’s test), as well as for performing Yeo-Johnson
power transformations when needed. When parametric assumptions were satisfied, agrico-
lae supported one- and two-way ANOVA and Tukey’s post hoc tests. For non-parametric
testing, the Kruskal-Wallis and Dunn—Bonferroni post hoc comparisons were conducted
using the FSA and rcompanion packages, respectively. Pairwise comparisons between
genotypes in each stage were performed via t-tests (parametric) or Wilcoxon tests (non-
parametric), as appropriate. Data wrangling and transformation relied on dplyr, tidyr and
related tidyverse packages, while graphical representations were created using ggplot2
and patchwork.
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3. Results
3.1. Mobilization and Metabolism of Carbohydrate Reserves

The contents of carbohydrate reserves (starch, sucrose, fructose, and glucose) in
Bertholletia excelsa embryos varied across the stages of germination and early development
for both the genotypes 606 and Santa Fé. Furthermore, these contents also differed when
comparing the genotypes at corresponding stages (Figure 2a—d). Similarly, the results
for the relative metabolism of these reserves (i.e., their MFI values) revealed significant
differences both between the genotypes and across the germinative and post-germinative
stages (Figure 2a—d).

Starch Sucrose
Reserve Content NAC* TAI 93.9 NAC TAI** 2
250.9] [Jce0s [ Jsanta Fé 214.0527 14.8¢1.4 [ 114 DRc(eesc)%wle:(s:gr?t;egét 41.5.010.3 2.720.0 ’
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21255 51 2| € 469 1273
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8 100 3.0 g 313 0.5
[ Q (]
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Figure 2. Reserve content and metabolic flux of carbohydrates of two genotypes of Bertholletia excelsa,
(a) = starch, (b) = sucrose, (c) = fructose, and (d) = glucose. The dotted line indicates the value 0
of metabolic flux. QE = quiescent embryo stage, IE = imbibed embryo stage, RP = root protrusion
stage, RE = root elongation stage, SR = secondary root stage, EE = epicotyl emergence stage and
Eex = expansion of leaves stage. Capital letters are used to compare genotypes at the same stage of
germination, lowercase letters are used to compare germination stages within the same genotype
for a given metabolite. Same letters mean non-significant comparisons (p > 0.05); different letters
mean significant comparisons (p < 0.05); NAC = net accumulation change, in pmol.equiv.g_l. DM
for the starch and in umol.gfl. DM for the sucrose, fructose and glucose; TAI = total activity index;
* indicates p-value < 0.05; ** indicates p-value < 0.01; n = 10.
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3.1.1. Starch

The starch content of genotype 606 increased steadily throughout the germinative and
post-germinative phases (p < 0.001) (Figure 2a). In the Santa Fé genotype, starch levels
remained unchanged during the quiescent and germinative phases, but rose significantly
in the post-germinative phase (p < 0.001). At the primary root elongation (RE) stage, Santa
Fé accumulated significantly more starch than 606, around 86.7% (p < 0.001); whereas, in
the subsequent stages like secondary root (SR), epicotyl emergence (EE) and expansion
of leaves (Eex) starch content was higher in 606 (p < 0.05), 587.78, 462.7, and 100.9%,
respectively (Figure 2a).

Regarding starch metabolism (Figure 2a), genotype 606 exhibited initial degradation at
the onset of germination followed by transient synthesis during the post-germinative phase,
with the most pronounced increases at the RP, SR, and EE stages (p < 0.001), particularly
during secondary root formation (p < 0.001). In Santa Fé, starch degradation occurred only
at the SR stage (p < 0.001), while transient synthesis took place during the germinative and
early and late post-germinative phases, with significant accumulation in the RE, EE, and
Eex stages (p < 0.001). The highest starch levels in Santa Fé were observed at the RE and
EE stages.

Comparatively, transient starch synthesis was 5422.22% greater in 606 at the SR stage
(p < 0.05); whereas Santa Fé showed, respectively, 560.78 and 2728.57% higher synthesis
during the RE and Eex stages (p < 0.05) (Figure 2a). Overall, genotype 606 exhibited
a significantly (101.73%) higher positive starch balance (NAC) (p < 0.05), though total
metabolic activity (TAI) did not differ between genotypes (Figure 2a).

3.1.2. Soluble Sugars

Sucrose, fructose, and glucose exhibited distinct accumulation trends in genotype
606 during germination. Sucrose showed a divergent pattern from the hexoses between
germinative and early post-germinative stages, converging only at the end of the post-
germinative phase, with significant minima and maxima in the SR and Eex stages, re-
spectively (p < 0.001) (Figure 2b). Fructose increased steadily throughout germination,
fluctuating post-germination (Figure 2c), while glucose displayed a sharp early decline
followed by similar fluctuations (Figure 2d). The lowest fructose and glucose levels in 606
occurred in the QE and IE stages, with peaks in the final post-germinative stage (p < 0.001).

After germination, glucose concentrations rose first, followed by fructose, culminating
in higher relative levels of all soluble sugars at the final stage. These increases likely
reflect the conversion of reserve carbohydrates and the relative concentration effect caused
by the progressive mobilization of other storage compounds, rather than the de novo
synthesis of sugars. Santa Fe’s lowest sugar concentrations occurred during quiescence
and germination, with highest values at the end, paralleling 606.

Comparatively, genotype 606 accumulated higher sugars at the end of germination
and in the SR and EE stages for fructose (roughly 73.5, 309.21 and 123.34%, respectively)
and glucose (about 67.5, 320.5 and 111.81%, respectively); whereas Santa Fé had elevated
fructose and glucose during quiescence (60.65 and 79.04%, respectively) and greater fructose
accumulation terminally, close to 27.02% higher than 606 (p < 0.001).

Metabolically, 606 synthesized sucrose and fructose early in germination, followed
by fructose and glucose production at the end of germination and in the SR stage, with
all sugars synthesized in the final stage, plus additional sucrose synthesis during RE and
EE (p < 0.001). Degradation events varied: glucose degraded early, sucrose at the end of
germination, and both sugars sporadically during post-germinative stages, often alternately,
with glucose degradation peaking during IE (p < 0.001).
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Santa Fé showed degradation of all soluble sugars early and during SR, with transient
synthesis at germinative and post-germinative endpoints. Post-germination began with
sucrose degradation and fructose/glucose synthesis, followed by degradation during SR
and elevated synthesis during the EE and Eex stages (p < 0.001). Transient synthesis peaked
during Eex, while early germination featured maximal sucrose and glucose degradation
(Figure 2b—d).

Between the genotypes, fructose synthesis during RP was 79.8% greater in 606
(p <0.001), while Santa Fé synthesized 558.20% more soluble sugars in the final stage
(p < 0.001). Antagonistic metabolic patterns were evident for all sugars in the RE and EE
stages, with differences in sucrose and fructose at IE and sucrose during RP.

Net accumulation change (NAC) of sucrose and fructose did not differ significantly
between genotypes; however, glucose NAC was significantly higher in 606 (about 39.21%),
indicating a superior positive metabolic balance (p < 0.001) (Figure 2d). The total activity
index (TAI) revealed contrasting patterns: sucrose metabolism was 63.60% higher in Santa
Fé (p < 0.01), whereas glucose metabolism predominated in 606 (about 39.20%) (Figure 2b,d).

3.2. Mobilization and Metabolism of Lipid Reserves

Lipid content in the embryos of the genotypes 606 and Santa Fé varied during
post-germinative stages, though quantities were comparable in the corresponding stages
(Figure 3). Within-genotype analysis revealed stage-specific metabolic differences. In geno-
type 606, lipid levels remained stable across the first five stages, declining from epicotyl
emergence (EE) onwards. Similarly, Santa Fé maintained stable lipid reserves through six
stages, with slight increases during IE and RP, followed by a significant decrease in the
final stage (Figure 3).
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i
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Figure 3. Reserve content and metabolic flux of lipids of two genotypes of Bertholletia excelsa. The
dotted line indicates the value 0 of metabolic flux. QE = quiescent embryo stage, IE = imbibed embryo
stage, RP = root protrusion stage, RE = root elongation stage, SR = secondary root stage, EE = epicotyl
emergence stage and Eex = expansion of leaves stage. Capital letters are used to compare genotypes
at the same stage of germination, lowercase letters are used to compare germination stages within the
same genotype for a given metabolite. Same letters indicate non-significant comparisons (p > 0.05);
different letters indicate significant comparisons (p < 0.05); NAC = net accumulation change, in
percentage; TAI = Total Activity Index; * indicates p-value < 0.05; n = 10.

Lipid metabolism proceeded similarly in both genotypes, yet distinct features emerged
during germination and early seedling growth. Genotype 606 showed lipid accumulation
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only during RP, stable metabolism during RE, and progressive degradation in the IE, SR,
EE, and Eex stages, peaking during EE (Figure 3). Santa Fé accumulated lipids during IE
and RP but experienced continuous degradation thereafter, reaching its maximum in the
expansion of leaves stage (p < 0.001) (Figure 3).

Despite overall lipid content similarity, transient lipid synthesis occurred during IE in
Santa Fé contrasting with degradation in 606; metabolism during RE was null in 606 but
showed degradation in Santa Fé (Figure 3). Final metabolic balance (NAC) indicated lipid
degradation in both genotypes, significantly greater in 606 (about 41.56%) (p < 0.05), while
total activity index (TAI) was comparable between them (Figure 3).

3.3. Mobilization and Metabolism of Proteins and Amino Acids Reserves

Soluble protein concentrations fluctuated throughout early development in genotypes
606 and Santa Fé, with pronounced differences at specific stages, especially during quies-
cence, initial emergence, and radicle protrusion, where Santa Fé consistently showed higher
values (p < 0.01) (Figure 4a). Amino acid contents varied among developmental stages
within each genotype, but remained statistically similar across genotypes at corresponding
stages (Figure 4b).
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Figure 4. Reserve content and metabolic flux of proteins of two genotypes of Bertholletia excelsa,
(a) = soluble proteins, (b) = amino acids. The dotted line indicates the value 0 of metabolic flux.
QE = quiescent embryo stage, IE = imbibed embryo stage, RP = root protrusion stage, RE = root
elongation stage, SR = secondary root stage, EE = epicotyl emergence stage, and Eex = expansion of
leaves stage. Capital letters are used to compare genotypes at the same stage of germination, lowercase
letters are used to compare germination stages within the same genotype for a given metabolite.
Same letters indicate non-significant comparisons (p > 0.05); different letters indicate significant
comparisons (p < 0.05); NAC = net accumulation change, in mg.g~!.DM for the soluble proteins,
and in pmol.g~1.DM for the amino acids; TAI = total activity index; * indicates p-value < 0.05;
** indicates p-value < 0.01; n = 10.

3.3.1. Soluble Proteins

In genotype 606, protein levels changed dynamically during the first three phases,
increasing significantly with secondary root stage and remaining elevated through the final
stages, though differences among the last three phases were not significant (Figure 4a).
Santa Fé mirrored this early dynamic, with a quantity of soluble proteins 37.1, 24.36 and
31.9% higher in the first three stages, respectively, than genotype 606; but it experienced a
marked decrease from RP to RE. From primary root elongation onwards, the increase in
protein resembled what was observed in 606.
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Regarding metabolic mobilization, soluble protein synthesis in 606 was evident during
IE, RE, SR, EE, and Eex, peaking at SR (p < 0.001), with moderate increases during RE, EE
and Eex, and with degradation restricted to the RP stage (Figure 4a). In Santa Fé, synthesis
was present during IE, SR, and EE, most intensely at SR and EE, and weakest at IE; while
the RP, RE, and Eex stages saw similar levels of protein degradation (Figure 4a).

When comparing genotypes, both exhibited protein synthesis during IE, SR, and EE;
despite this, 606 surpassed Santa Fé in the IE stage (p < 0.05), with similar profiles during SR
and EE (Figure 4a). In the RP stage, both underwent degradation; however, during RE and
Eex, 606 synthesized proteins while Santa Fé degraded them. In the final assessment, both
genotypes had a positive net accumulation (NAC) of soluble proteins, with 606 amassing
significantly greater reserves, whereas total metabolic activity (TAI) was comparable in
both (Figure 4a).

3.3.2. Amino Acids

In genotype 606, amino acid levels increased significantly during the RP, EE, and Eex
stages (p < 0.001) (Figure 4b). In Santa F¢, significant increases occurred in nearly all stages
except RE (p < 0.001). Amino acid synthesis in 606 was most pronounced during RP, EE,
and Eex (p < 0.001), followed by similar but lower activity during IE, RE, and SR (Figure 4b).
In Santa Fé, synthesis peaked significantly in Eex (p < 0.001), with comparable intensities
during IE, RP, and EE, and lower activity in RE and SR. Notably, Santa Fé accumulated more
amino acids than 606 in the SR and Eex stages (nearly 181.82 and 44.71%, respectively).

The net accumulation change (NAC) indicated amino acid accumulation in both
genotypes, with Santa Fé exhibiting significantly greater accumulation (p < 0.05) (Figure 4b).
Total metabolic activity (TAI) was statistically similar between the two (Figure 4b).

3.4. Mobilization and Metabolism of Mineral Reserves
3.4.1. Macronutrients and Selenium

The levels of phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magnesium (Mg),
and selenium (Se) varied in the germinative and post-germinative stages in genotypes 606
and Santa Fé, with significant differences both within and between genotypes (Figure 5a—f).

In genotype 606, Se alone increased significantly at the onset of germination (p < 0.001),
followed by declines at the end of the stage for Se, S and Ca (p < 0.05). Post-germination, Ca
declined in the SR and EE stages, alongside S and Se in EE, while P, S, Mg and Se increased
in the final stage (p < 0.05).

During quiescence, 606 showed elevated S and Ca levels (p < 0.05), with Ca remaining
high into early germination and lowest in the EE and late stages, paralleling Se’s minimum
in the final stage. Mg and P peaked late post-germination, while P was lowest during RE,
and Mg during SR. Santa Fé only exhibited significant mineral changes post-germination,
with increased P and Mg late and Se in SR, alongside decreases in Se during RE and late
stages, and a reduction in Ca during EE.

Santa Fé consistently registered higher Se during quiescence (around 86.34%), elevated
S in early and late germination (approximately 12.20%, considering the mean of the IE,
RP and RE stages for both genotypes), 7.44 and 8.53%, respectively, greater Mg during RE
and in the penultimate stages. Conversely, 606 exceeded Santa Fé in 8.3% for the Ca only
during late development.
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Figure 5. Reserve content and metabolic flux of macronutrients and selenium in two genotypes
of Bertholletia excelsa, (a) = phosphorus (P), (b) = potassium (K), (c) = sulfur (S), (d) = calcium (Ca),
(e) = magnesium (Mg) and (f) = selenium (Se). The dotted line indicates the value 0 of metabolic
flux. QE = quiescent embryo stage, IE = imbibed embryo stage, RP = root protrusion stage, RE = root
elongation stage, SR = secondary root stage, EE = epicotyl emergence stage and Eex = expansion
of leaves stage. Capital letters are used to compare genotypes in the same stage of germination;
lowercase letters are used to compare germination stages within the same genotype for a given
metabolite. Same letters indicate non-significant comparisons (p > 0.05); different letters indicate
significant comparisons (p < 0.05); NAC = net accumulation change, in p.g.g_1 ; TAI = Total Activity
Index; * indicates p-value < 0.05; *** indicates p-value < 0.001; n = 10.
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Macro mineral metabolism in 606 showed net consumption of P, S and Mg throughout
germination, while Ca and Se displayed net release initially, with subsequent significant
mobilization. Post-germination featured mineral consumption except for K, with significant
Se consumption; P was released uniformly late, Ca consumption peaked in SR, K fluctuated,
S was consumed throughout EE, then released significantly, Mg was released late, and Se
exhibited alternating consumption and release.

Santa Fé’s early germination involved net P, Ca, and Mg consumption and K, S, and Se
release; late germination maintained this pattern with significance for S and Mg only. Post-
germination began with the release of P, K, and Mg (significant for Mg), and consumption
of S, Ca, and Se (significant for Se). Late stages saw P release, K and Ca consumption
(significant during EE, SR, and Eex), dynamic S metabolism, Mg consumption then release,
and inverse trends for Se.

Genotypic differences included 81.25% higher S release by 606 in Eex, 352.63% greater
Se release by 606 in early germination and 1325% consumption in RP; respectively, 333.33
and 25.93% higher Santa Fé consumption in RE and EE for Se, and antagonistic Se
metabolism in SR and Eex. Santa Fé released 600% more Mg during EE, while 606 released
100% more Mg late. Significant NAC differences showed genotype 606, 33.75% superior
in P accumulation (p < 0.05) and Santa Fé 108.59% greater Se consumption (p < 0.001).
TAI mirrored NAC trends, with 606 showing, respectively, 44 and 25% higher metabolic
activity for P and Se. K was the only mineral with consistent positive accumulation; others,
including Se, had negative final balances.

3.4.2. Micronutrients

The concentrations of zinc (Zn), iron (Fe), manganese (Mn), copper (Cu) and boron (B)
exhibited variable patterns during germination and early development in 606 and Santa Fé,
with notable intra- and inter-genotype differences (Figure 6a—e).

In 606, Zn and Cu increased significantly early in germination (p < 0.05), while all
micronutrients decreased at the end of the stage, particularly Zn, Mn, and Cu (p < 0.05). Post-
germinative mineral levels were largely stable except for significant late Mn fluctuations
(p < 0.05).

During quiescence, Fe and Mn peaked significantly (p < 0.05), with Zn and Cu at
their highest at the onset of germination. Minimal concentrations appeared during distinct
post-germinative stages for each mineral: Zn in RE and EE; Fe and Cu in EE; Mn in Eex.
Santa Fé showed stable Zn, Fe, and Cu throughout; Mn declined significantly during IE,
SR and EE (p < 0.05); and B increased significantly only early on in germination. Mn was
highest in quiescence and early post-germination, lowest in late germination; Fe peaked
late and was lowest in RE; B was absent during quiescence and peaked in late germination.

For Zn and Cu, Santa Fé generally exhibited 70.8 and 76.6%, respectively, higher
Zn and Cu abundances in all stages (considering a comparative analysis of the averages
in all stages for both genotypes), while 606 showed 57.6% elevated Fe post-germination
(considering an average in the RP to Eex stages for both genotypes), and 121.4% higher Mn
across the stages, and along with 380% higher B in quiescence stage.

Metabolically, 606’s post-germinative phase displayed only net Mn consumption;
Zn, Fe, Cu, and B shifted from net release early to net consumption late, with Zn and
Cu consumption being significant (p < 0.05). Cu showed a significant net release early
post-germination. Late stages involved significant Zn and Fe release (p < 0.05), concur-
rent significant Mn and Fe consumption, significant Mn release in EE, and significant
consumption of other minerals except B. The final stage reversed these trends significantly,
sparing B.
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Figure 6. Reserve content and metabolic flux of micronutrients of two genotypes of Bertholletia excelsa,

(a) = zing, (b) = iron, (c¢) = manganese, (d) = copper, and (e) = boron. The dotted line indicates the

value 0 of metabolic flux. QE = quiescent embryo stage, IE = imbibed embryo stage, RP = root

protrusion stage, RE = root elongation stage, SR = secondary root stage, EE = epicotyl emergence

stage and Eex = expansion of leaves stage. Capital letters are used to compare genotypes at the

same stage of germination; lowercase letters are used to compare germination stages within the

same genotype for a given metabolite. Same letters indicate non-significant comparisons (p > 0.05);

different letters indicate significant comparisons (p < 0.05); NAC = net accumulation change, in
pg.g*1 ; TAI = total activity index; * indicates p-value < 0.05; ** indicates p-value < 0.01 n = 10.
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Santa Fé’s Zn and B metabolism remained largely unchanged; net Zn consumption
occurred during germination and in EE, with intermittent release. B showed release in
RP and EE, and consumption in RE, SR, and Eex. Early germination entailed net Mn, Fe
consumption, and Cu release; significant Mn release occurred late germination, while Fe
fluctuated, and Cu showed significant consumption and release in varying stages.

Genotypes differed significantly in Cu and Mn release during IE and EE (p < 0.05),
with Santa Fé consuming 435.2% more Mn in IE and genotype 606 about 343.52% more in
Eex. Santa Fé accumulated Mn in RP, while 606 consumed Mn, as well as 750% more Zn
in EE. Significant NAC differences favored genotype 606 arround 56% more negative Mn
balance and Santa Fé’s positive B balance. Fe NAC showed genotypic trends consistent
with accumulation in Santa Fé and depletion in 606. Santa Fé exhibited significantly greater
Mn metabolic activity (TAI) (31.4%) after all stages (p < 0.01).

3.5. Total Mobilization and Metabolism

Distinct differences in metabolic intensities were observed between 606 and Santa Fé in
germination and early development stages, with clear genotype- and stage-specific group-
ing patterns. In genotype 606, transient synthesis of starch and glucose peaked markedly
during the secondary root stage and radicle protrusion stages, respectively. In contrast,
Santa Fé exhibited pronounced soluble sugar (sucrose and fructose) metabolism during the
final stage (Figure 7). Lipid metabolism was characterized by intense degradation in RP in
606, whereas Santa Fé showed strong lipid synthesis in IE. Soluble protein metabolism in
606 was moderate in RP and SR, while Santa Fé’s activity remained moderate throughout
the last four stages. Amino acid metabolism occurred moderately during RE, EE, and Eex
in 606 and in Eex in Santa Fé (Figure 7).

Regarding minerals, a greater intensity of compartmentalization was observed in
genotype 606, primarily in the final stage, with the exception of Ca, which was only
moderate. In the Santa Fé genotype, however, the intensity was more pronounced for K,
Ca, Se, Fe, and Mn (Figure 7).

Approximately 39.7% of the total variance is explained by the first principal compo-
nent (PC1), which is likely driven primarily by the minerals Fe, Zn and Mn (Figure 8).
Meanwhile, 28.6% of the variance can be explained by the second principal component
(PC2), which appears to be associated with amino acids, starch, fructose, glucose, sucrose,
soluble proteins, lipids, and Ca (Figure 8).

Mineral content generally exhibited higher intensity in genotype 606, particularly in
the final stage, with the exception of calcium (Ca), which showed moderate levels. In Santa
Fé, elevated intensities were observed primarily in potassium (K), Ca, selenium (Se), iron
(Fe) and manganese (Mn) (Figure 8).

The principal component analysis (PCA) explained approximately 39.7% of the vari-
ance with the first component (PC1), predominantly driven by Fe, zinc (Zn) and Mn. The
second component (PC2) accounted for 28.6% of the variance, mainly associated with amino
acids, starch, fructose, glucose, sucrose, soluble proteins, lipids, and Ca (Figure 8). The
variables most positively correlated in the upper-left quadrant (negative PC1, positive PC2)
include Zn, sulfur (S), copper (Cu), Se, boron (B), and Ca, with B exerting a lesser influence.
Lipids and Mn clustered together in the lower-left quadrant, while Mg, P, sucrose, soluble
proteins, and amino acids grouped in the upper-right quadrant. Fructose, glucose, and
starch clustered in the lower-right quadrant (Figure 8).
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The stages of Santa Fé showed more cohesive clustering, whereas the stages of 606
were more dispersed. Notably, the QE, RP, and RE stages of 606 aligned with lipids, Mn
and K; the IE stage was positioned between the two left quadrants of PC1. The SR and EE
stages of 606 aligned closer to starch, glucose and fructose, with Eex situated between the
upper and lower right quadrants. The first five stages of Santa Fé correlated strongly with
Zn, S, Cu, Se, Ca, and B, with the latter exerting minimal influence. The last two stages
closely associated with Fe, Mg, P, sucrose, soluble proteins, and amino acids (Figure 8).

The PCA clustering reinforces stage differentiation, with QE, RP, and RE positioned
in opposite regions. Later stages for both genotypes clustered further apart, positioned in
opposite regions along the PC2 axis.

4. Discussion
4.1. Mobilization and Metabolism of Carbohydrates Reserves

The dynamics, intensities and metabolic activities observed reveal distinct strategies
in starch and soluble sugar utilization during germination and early seedling growth stages
of the Bertholletia excelsa genotypes 606 and Santa Fé. Although carbohydrates were found
in smaller quantities than lipids and proteins in the quiescent embryos, their metabolism
was notably active.

Carbohydrates were the first primary reserves degraded in both genotypes, occurring
between the quiescent and imbibed embryo stages, highlighting their role as an initial en-
ergy source driven mainly by a-amylase activation during this period [20,33,34]. However,
the carbohydrate sources employed differed between genotypes during initial germination.
During imbibition, genotype 606 relied on starch to supply germination energy, followed by
sucrose degradation from root protrusion to secondary root stage, then fructose and glucose
degradation during root elongation and epicotyl emergence. Starch synthesis resumed at
the secondary root stage to support epicotyl emergence and leaf expansion.

In contrast, the Santa Fé genotype likely metabolized quiescent starch into soluble
sugars during imbibition, which sustained metabolism until secondary root stage. Late early-
growth stages probably involved reserve accumulation for subsequent seedling development.

Based on these patterns, genotype 606’s early germinative phase functions as a starch
and glucose sink, transitioning to a starch source post-germination. The metabolic products
that occur in the stages of root protrusion and emission of secondary roots serve as a
source of sucrose and simpler sugars, while root elongation and epicotyl emergence act as
simple sugar sinks and sucrose sources. The final stage seeks all carbohydrates. Conversely,
the metabolism that occurs in most stages of the Santa Fé genotype may play a role in
making starch available across all stages except secondary root stage, which along with the
germinative onset, are soluble sugar sinks; the products of the stages of root protrusion,
epicotyl emergence and expansion of the first pair of leaves are soluble sugar sources, while
the root elongation stage drains sucrose while synthesizing fructose and glucose.

These differences in carbohydrate utilization suggest inherent structural differences
in starch, such as granule architecture, between the genotypes, which directly influence
mobilization efficiency and germination success [34,35]. Following initial starch mobiliza-
tion, degradation dynamics in sink stages underscore starch’s pivotal carbon and energy
role during early development, either fueling intracellular respiration and growth or being
converted into sucrose [35].

Between the two genotypes, Santa Fé synthesized more starch at the start and end of
the post-germinative phases, reinforcing starch’s importance in providing soluble sugars
for secondary root and leaf formation. Conversely, genotype 606 showed more intense
sucrose and fructose synthesis during epicotyl emergence and radicle protrusion, respec-
tively, suggesting fructose accumulation results from sucrose degradation in 606 while
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sucrose synthesis predominates in Santa Fé in this stage. Furthermore, enhanced sucrose
synthesis in 606 from fructose and glucose during epicotyl emergence aligns with this
degradation pattern.

These findings indicate genotype-specific strategies in carbohydrate partitioning for
energy and carbon supply during tissue development, with starch and sucrose playing com-
plementary roles in carbon metabolism linked to root, epicotyl, and leaf formation [35-37].
Notably, 606 maintains a dynamic equilibrium of transient carbohydrate synthesis and
degradation, while Santa Fé favors greater reserve degradation during early germinative
and post-germinative stages, highlighting the influence of genotype and environmental
conditions on carbon-source metabolism [34].

Regarding accumulation (NAC) and metabolic activity (TAI), genotype 606 accu-
mulated significantly more starch and glucose; while fructose and sucrose accumulated
similarly between genotypes. A comparable TAI for starch and fructose between the geno-
types suggests similar metabolic investment. The higher starch accumulation efficiency in
606 implies superior starch conversion. In contrast, Santa Fé’s higher metabolic activity for
sucrose, despite similar accumulation, suggests lower enzymatic efficiency. For glucose,
both NAC and TAI were significantly greater in 606, indicating the intense metabolic cost
underlying its accumulation.

4.2. Mobilization and Metabolism of Lipid Reserves

Lipids were the predominant reserves in the seeds of genotypes 606 and Santa Fé,
which exhibited distinct strategies of transient synthesis and degradation during germi-
nation and early seedling growth. The average lipid content was 67.7 & 2.8% in geno-
type 606 and 62.5 &= 5.5% in Santa Fé in quiescent seeds, aligning with data reported by
Gongalves et al. [17].

In genotype 606, lipid metabolism was minimal between the quiescence and imbibi-
tion stages, with lipogenesis initiating only during radicle protrusion. Metabolism then
remained steady until eophyll emergence, followed by intense lipid degradation and
moderate degradation during the expansion of the first pair of leaves.

Conversely, Santa Fé showed intense lipogenesis from quiescence to imbibition, with
moderate synthesis continuing until radicle protrusion. Little lipid metabolism was ob-
served during the primary and secondary root stages, with moderate degradation in the
final stages.

These patterns indicate progressive lipid degradation culminating with eophyll ex-
pansion. Genotype 606 underwent a single phase of moderate lipogenesis but intense
degradation with eophyll emergence, while Santa Fé experienced two phases of synthesis
and moderate degradation.

Storage lipids, primarily triacylglycerols within lipid bodies, degrade before au-
totrophic growth, corroborating the high lipid metabolism seen late in germination [38].
Similar early lipogenesis has been reported in seeds of Simmondsia chinensis, with reserves
synthesized pre-germination and degraded thereafter [39]. The authors suggest that these
reserves are synthetized in the pre-germinative stages and are degraded as the germination
stages proceed. In Hevea genotypes, lipid degradation spans from early stages to leaf
emergence, a pattern differing from the accumulation-then-degradation observed here for
B. excelsa [6]. The more common pattern of degradation for this reserve was observed in
B. excelsa seeds in this study, as they were accumulated in the initial stages and markedly
degraded in the final stages for both genotypes.

In Carapa species, lipid content and metabolism remain stable, highlighting the role
of lipids in stress tolerance and energy supply [7]. A similar pattern was found in the
genotypes 606, and Santa Fé, and Carvalho et al. (2024) [7] emphasize that high lipid levels
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can be linked to the adaptation and survival of plant species, primarily as an energy source
that can be utilized under adverse conditions.

Early lipogenesis may reflect lipid remodeling that is essential for membrane
maintenance and protection against cytotoxic intermediates generated by germination
stress [40,41]. While some Euphorbiaceae mobilize lipids immediately after imbibition,
B. excelsa depletes carbohydrates first, initiating lipid metabolism during radicle protrusion.
Our findings on initial lipid synthesis align with those for Jatropha curcas [6,42], underscor-
ing species-specific lipid metabolic dynamics despite high reserve contents and botanical
affinities. Final metabolic balance (NAC) indicates greater lipid degradation in genotype
606, although equivalent metabolic effort (TAI) suggests superior efficiency in utilizing
energy reserves, supporting early seedling development in B. excelsa.

4.3. Mobilization and Metabolism of Proteins and Amino Acids Reserves

Soluble proteins were the second most abundant reserves in the quiescent embryos
of B. excelsa. These reserves were metabolized with different dynamics in both genotypes.
In genotype 606, metabolic activity was observed only in the radicle protrusion and sec-
ondary root formation stages, in which moderate degradation was noted in the former
and moderate accumulation in the latter. This pattern for proteins appeared to influence
the subsequent metabolism of amino acids, since a moderate degradation of amino acids
was observed during primary root elongation, followed by moderate accumulations in the
epicotyl emergence and eophyll expansion stages.

The Santa Fé genotype showed a soluble protein metabolic pattern that diverged
from 606 at the beginning and end of the post-germinative phase. In contrast, in these
stages, greater amino acid synthesis was observed, suggesting that, in both, the demand
for monomers to synthesize new proteins and tissues is higher in Santa Fé for primary root
and leaf development. Furthermore, the higher soluble protein content in the quiescent
and germinative phases of this genotype was sufficient to sustain amino acid metabolism
throughout the entire post-germinative development.

Our results show a transient synthesis of soluble proteins at the beginning of the
germinative phase in both genotypes (Figure 4a). This metabolism is of great importance
for the synthesis of new amino acids, as these monomers are crucial for building new
tissues and proteins. However, the availability of amino acids in the initial stages is low,
highlighting the need for the degradation of storage proteins during this phase, especially
during imbibition, to provide the necessary resources for seedling development [43—45].

The results show that soluble protein and amino acid metabolism in genotype 606
followed a linear and directly proportional pattern of transient synthesis and degradation.
In stages in which there was degradation of soluble proteins, a subsequent degradation of
amino acids was maintained; and in the stage in which de novo protein synthesis occurred,
this synthesis was maintained for amino acids in the next stage. This suggests that, for
this genotype, soluble proteins are metabolized first, setting the stage for the subsequent
metabolism of amino acids. Furthermore, it was observed that, in this genotype, soluble
proteins are more in demand for radicle protrusion, while amino acids are more required
for primary root elongation. In contrast, the metabolism of soluble proteins in the genotype
Santa Fé is directed towards radicle protrusion, primary root elongation and the expansion
of the first pair of leaves.

Soluble proteins and amino acids have antagonistic yet complementary metabolic roles,
especially in the initial stages of plant development. During the germination period, amino
acids are biosynthesized from storage proteins present in the seeds, even if on a smaller
scale, to support the biosynthesis of new proteins that will be used for plant growth. These
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new proteins can, in turn, be degraded back into amino acids, which are then converted
into CO,, NH4*, and H,S in what is known as protein metabolic turnover [34,46,47].

It was observed that the stages in which soluble protein and amino acid metabolism
were most relevant for genotype 606 were: secondary root stage (soluble proteins) and
eophyll emergence and eophyll expansion (amino acids). For the genotype Santa Fé, the
SR and EE stages had a greater contribution to soluble protein metabolism, while the final
stage had greater relevance for amino acid metabolism.

At the end of the stages, genotype 606 had synthetized more soluble proteins, while
Santa Fé had synthetized more amino acids. However, the total metabolic activity (TAI)
was similar for both genotypes, for both soluble proteins and amino acids. This suggests
that genotype 606 is more efficient at accumulating soluble proteins, while Santa Fé is more
efficient at accumulating amino acids.

The protein synthesis observed in the secondary root stage may be due to de novo
synthesis from amino acids that were degraded in the previous stages, with respect to
genotype 606. However, this pattern was not observed in Santa Fé, in which metabolism
was noted only for soluble proteins, while amino acid accumulation occurred only in the
final evaluated stage [43].

4.4. Mobilization and Metabolism of Macronutrients and Se Reserves

The most abundant minerals in the initial stage were phosphorus (P), potassium (K),
sulfur (S), calcium (Ca), magnesium (Mg), and selenium (Se), all showing distinct metabolic
dynamics throughout germination stages and between genotypes.

Phosphorus plays a pivotal role in germination metabolism due to its presence in key
molecules including ATP, UTP, CTP, and GTP, which provide energy and facilitate synthesis
and metabolism of nucleic acids, phospholipids, and polymers such as sucrose, starch and
cellulose. Accordingly, P is stored abundantly as phytic acid in seeds [48-50].

Potassium is crucial for osmotic regulation, enzymatic cofactor activity, and turgor
pressure management, significantly contributing to water uptake and cell elongation. Our
findings align with this, since K accumulated in the early stages and was metabolized
during eophyll emergence in genotype 606 and during radicle protrusion, secondary root
and expanded seedling stages in Santa Fé, indicating greater K demand in the latter [51,52].

The macronutrients P, K, Ca, Mg, and S are essential for seedling root development,
and this is consistent with the marked mobilization observed during radicle protrusion
and elongation in both genotypes. Moreover, S and Mg are linked to germination success,
with low levels correlating with failure; although Santa Fé had higher overall S and Mg
contents, genotype 606 consumed more S during imbibition and radicle protrusion and
released more of both minerals in the final stage (Figure 5c,e) [53]. Although the Se content
was higher in Santa Fé, it was more efficiently compartmentalized in 606, especially during
imbibition and eophyll expansion.

Selenium, incorporated primarily into selenoproteins as selenocysteine and selenome-
thionine, varies widely in seeds from 0.46 to 356 ug-g~!, averaging around 50 pg-g~'.
Genotype 606’s average Se matched this range, while Santa Fé contained twice the typical
amount (102 + 6.2 ug-g~!). Se functions as an enzymatic cofactor, reduces oxidative stress,
mitigates manganese toxicity, and supports root and aerial growth [18,19,54,55].

Selenium also exhibits a beneficial effect when applied in the form of nanoparticles,
primarily used in seed nanopriming. Recent studies have shown that this practice enhances
germination due to the antioxidant effect that selenium exerts on cells, protecting them
against oxidative stress, thereby improving the uniformity and rate of germination, which
directly impacts seed quality and vigor [56,57].
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Net accumulation change (NAC) analysis revealed that genotype 606 released more P,
whereas Santa Fé showed greater Se consumption. The total activity index (TAI) indicated
higher metabolic activity in 606 for releasing these macronutrients, suggesting Santa Fé
achieved Se consumption with relatively lower metabolic effort.

4.5. Mobilization and Metabolism of Micronutrients Reserves

The most abundant micronutrients detected in the seed samples were, in descending
order, Zn, Fe, Mn, Cu, and B. Each showed particular metabolic dynamics across the
evaluated stages within each of the genotypes. Regarding Se, although categorized as a
micronutrient, its concentration was notably high compared to the others.

Our results show that Zn and Fe are more abundant in Santa Fé. Nonetheless, Zn
consumption and release were more intensive in 606, whereas Santa Fé exhibited stronger
Fe metabolism.

Zn, Fe, Mn, Cu, and B play diverse roles in germination metabolism. Zn and Fe
enhance germination performance, root growth, and enzymatic function; adequate con-
centrations help prevent deficiencies and improve seedling vigor [58—60]. Mn and B can
induce toxicity symptoms that hamper seedling development; however, appropriate B
levels promote germination and vigor, and Mn activates phosphatase enzymes and lipid
metabolism [54,61-64].

Boron also plays a key role in cell wall formation, membrane integrity, and supports
sugar transport within the plant. Recent studies indicate that foliar application of this
micronutrient can positively impact seed quality by enhancing germination capacity and
improving the initial vigor of seedlings [65]. Moreover, seed treatments with boron, espe-
cially seed coatings, have been shown to induce germination and promote early seedling
growth, particularly under stressful conditions [66,67]. Another important benefit of boron
is its role in reducing seed-borne phytopathogen attacks, thereby contributing to improved
physiological seed quality [68]. Therefore, boron mobilization is essential during the early
stages of germination.

Like boron, calcium is also an important mineral for cell wall formation and addi-
tionally supports cellular signaling mechanisms in plants [65]. During early development,
calcium mobilization is essential to ensure cellular integrity and proper functioning of
physiological processes [65,69,70]. Recent studies indicate a synergistic effect between
calcium and boron, showing that foliar application of both nutrients results in positive
effects on seed production and quality [65]. Moreover, under stressful conditions, cal-
cium enhances defense mechanisms and osmotic regulation, promoting germination and
early seedling development [69]. When calcium oxide is applied in seed nanopriming,
it improves germination rates as well as increases seedling resistance to environmental
stresses [70].

Mn uniquely showed significant differences in final metabolic balance (NAC), with
both genotypes consuming it; 606 consumed more. Metabolic activity (TAI), however,
was higher in Santa Fé, indicating that 606 mobilizes more Mn with less metabolic effort.
This suggests that Mn concentration and efficient mobilization in 606 contribute to its
superior germination performance, as reflected in enhanced radicle protrusion, germination
percentage and germination speed compared to Santa Fé [10].

4.6. Total Mobilization and Metabolism

Based on the total metabolic dynamics and intensities, the metabolic markers charac-
terizing genotype 606 involve degradation of starch, P and Mg at the onset of germination.
This genotype is also marked by the release of Ca, Se, Zn, and Cu, highlighting reserve and
mineral differences during the crucial imbibition phase. In contrast, genotype Santa Fé at
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this same stage exhibits markers associated with sucrose and fructose degradation, Zn and
Mn mobilization, as well as lipogenesis and the release of K and S.

From radicle protrusion onwards, metabolic distinctions align with seedling devel-
opment. Considering the findings of Gongalves et al. (2024) on germination morphology,
the 606 genotype’s metabolism likely facilitates its reduced time taken to reach radicle
protrusion [10].

During early post-germinative stages, Santa Fé shows lower metabolic rates of primary
reserves but elevated mineral metabolism, likely underpinning its faster primary root
elongation. Later metabolic behaviors in Santa Fé may explain its superior speed until
epicotyl emergence [10].

Conversely, despite Santa Fé’s early developmental advantage, higher mineral
metabolic intensity in 606 during the final stage may correlate with increased expan-
sion speed of the first pair of leaves. The principal component analysis (PCA) reveals that
carbohydrates, proteins, amino acids, P and Mg cluster oppositely to lipids, Ca, Mn, B, Se,
Cu, S and Zn along the PC1 axis, suggesting inverse metabolic patterns [10]. Notably, starch
accumulation peaks in the secondary root stage in genotype 606. This implies that lipids
are likely metabolized and converted into starch to secure energy and carbon reserves, a
dynamic more intense in 606 but also present in Santa Fé, though less so. PCA component
2 separates lipid metabolites in the early Santa Fé stages. The late-stage increases in starch
in both genotypes likely result from lipid conversion, supporting seedling development
with expanded leaves.

Additionally, lipids and minerals—except P and Mg—are metabolically most active in
initial stages, especially during the first four stages in 606, and first five in Santa Fé. Other
reserves assume greater metabolic roles in later stages (from stage five onward in 606, stage
six in Santa Fé).

Starch content rises in both genotypes throughout germination, but transient synthesis
declines from secondary root stage in 606 and epicotyl emergence in Santa Fé, suggesting
starch accumulation during late development is derived from other reserves.

The surge in sucrose synthesis in the last two stages in 606, and all carbohydrate
synthesis in Santa Fé during these stages, likely relate to beta-oxidation within the gly-
oxylate cycle and subsequent gluconeogenesis. These pathways generate carbon sources
for carbohydrate biosynthesis. Hexoses from gluconeogenesis may also participate in cell
wall construction, possibly explaining the lignified embryos observed in later stages by
Penfield et al. (2004) [64].

The metabolic processes observed, particularly those involving carbohydrate and lipid
reserves, highlight their essential role in early seedling development as the primary sources
of energy and carbon, especially in oleaginous species [71,72]. This energy demand is
met through the interconversion between carbohydrates and lipids, recently elucidated
in Brassica napus, where under water stress, plants convert lipids into carbohydrates to
compensate for the energy deficit caused by stress, thereby ensuring germination and
seedling growth [72,73].

This dynamic is regulated at the genetic level to balance the rapid mobilization of
starch and the more gradual conversion of lipids [73,74]. Starch serves as a readily available,
short-term energy reserve metabolized in the early germination stages, whereas lipids act
as a long-term reserve. This gradual interconversion enhances the resistance and vigor of
oleaginous plants by efficiently coordinating carbohydrate and lipid metabolism, which is
crucial for successful plant establishment under stress conditions [72,73].

Such distinct metabolic traits inherent to each genotype may underlie observed differ-
ences in the germination percentages, germination speed index, mean germination velocity
and developmental timings described by Gongalves et al. (2024) [10].
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5. Conclusions

Our findings indicate that the metabolic patterns observed during the germination of
the genotypes 606 and Santa Fé of Bertholletia excelsa help to bridge important knowledge
gaps regarding the mobilization of primary and mineral reserves in the early development
of this species. The inherent differences in the amounts and metabolic activities between
the two genotypes demonstrate that each adopts distinct strategies for utilizing stored
resources during germination and initial growth. These results highlight that both the levels
and relative concentrations of metabolites may serve as potential biochemical markers. At
the same time, the specific dynamics of reserve mobilization can further provide metabolic
indicators capable of distinguishing between genotypes, considering that other genetic
materials have been studied in the genetic improvement programs of the Brazil nut tree.

Furthermore, we propose that future studies investigate the physiological and molec-
ular responses of these contrasting genotypes under environmental stress conditions to
identify tolerance-related biomarkers. Such integrative approaches could enhance restora-
tion and reforestation strategies in degraded Amazonian areas, providing a solid foundation
for the selection of genotypes that are more tolerant to environmental fluctuations and
resilient to climate variability and habitat disturbance.
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