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Abstract

Xanthosoma sagittifolium (taioba) is an unconventional food plant of nutritional and socio-
environmental relevance. This study evaluated its elemental composition in five municipalities of
Amazonas (Manaus, Itacoatiara, Novo Airdo, Humait4, and Tabatinga) to analyze its nutritional potential
and use as an environmental bioindicator in the context of Amazonian edaphic variability. Rhizospheric
soil and leaf samples were analyzed by total reflection X-ray fluorescence (TXRF). The results
showed geochemical heterogeneity between the localities: soils of Tabatinga and Humaitd presented
high concentrations of aluminum and iron, while the leaves revealed higher levels of phosphorus,
potassium, calcium, and sulfur, especially in floodplain environments and seasonally flooded soils.
The analysis of main components (PCA) showed clear separation between municipalities, confirming
the edaphic influence on the mineral composition of the species. Positive correlations between nutrients
(P, S, Si, K) and trace elements (Cr, Yb) indicated physiological adaptive mechanisms of absorption.
The findings reinforce the dual role of taioba as both a food resource with high nutritional value and as
a bio-indicator sensitive to environmental quality. However, the presence of traces of potentially toxic
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elements highlights the need for continuous monitoring to ensure the safety of human consumption and

to broaden understanding of taioba in Amazonian ecosystems.
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Introduction

Chemical elements play important roles in
environmental dynamics and in maintaining ecosystem
quality. Although some are essential to plant
metabolism, their presence in high concentrations can
result in phytotoxicity, inducing physiological stress,
bioaccumulation processes, and ecotoxicological
imbalances [1, 2]. Elements such as aluminium (Al),
manganese (Mn), iron (Fe), chromium (Cr), nickel (Ni),
copper (Cu), zinc (Zn), and strontium (Sr) are necessary
for certain metabolic functions in plants and organisms,
but they may become toxic at elevated concentrations.
Metals such as cadmium (Cd) and lead (Pb) are harmful
even at low concentrations, since they do not perform
metabolic functions and can cause oxidative stress,
DNA damage, and reduced photosynthesis [2, 3].

Metal contamination in soil results from natural
processes, such as weathering and erosion, as well as
anthropogenic activities, including mining, vehicular
emissions, urban runoff, and agricultural and industrial
practices. Some metals, such as Al, Cd, Cr, Cu, Fe, Mn,
Ni, Pb, Zn, and Co, are often detected due to atmospheric
deposition, use of sewage sludge, fertilizers, pesticides,
and improper waste disposal. Because they are resistant
and non-biodegradable, they remain in the environment,
acting as continuous sources of contamination [1-4]. Its
effects on plants vary according to their bioavailability,
which is influenced by the type of metal, soil pH, organic
matter, climatic conditions, chemical composition, and
plant species [3].

Once incorporated into the soil, these elements
can be absorbed by plants through the root system,
accumulating in different organs, such as leaves,
stems, and other edible structures, a process known
as phytoextraction. Alternatively, phytostabilization
mechanisms can retain them in the soil, thereby limiting
their mobility but not eliminating the associated
environmental risk. These processes affect both plant
growth and human health, since they facilitate the entry
of contaminants into the food chain [5]. Under certain
conditions, bioaccumulation makes plants useful as
bio-indicators of environmental pollution, although
excessive accumulation compromises physiological
functions such as photosynthesis, chlorophyll synthesis,
and nutrient absorption [2, 3, 6].

The response of plants to the presence of metals
varies according to species and tolerance mechanisms.
While some accumulate the elements in the roots,
restricting their translocation (exclusion strategy),
others transport and store metals in leaves and stems
(accumulation strategy), characteristics that make
them relevant in biomonitoring and phytoremediation

strategies [1, 3]. The species Xanthosoma sagittifolium
(L.) Schott, popularly known as “taioba”, presents itself
as promising for environmental studies, because, in
addition to having a wide distribution in rural and urban
areas, it is prominent in traditional and agricultural
communities. Its high growth rate and ability to
accumulate metals in foliar and edible tissues allow it to
be used with both environmental quality monitoring and
human health risk assessments in conjunction with the
consumption of contaminated food [7, &].

Xanthosoma sagittifolium is a perennial herbaceous
plant of the Araceae family, robust and widely adapted,
which can reach up to 2 m in height, with broad leaves
and underground tubers traditionally used for feeding.
Native to Central and South America, it is widely
distributed in tropical and subtropical regions, having
been naturalized in Brazil, where it is mainly cultivated
by small farmers [9-11]. It is considered one of the six
most important root and tuber crops in the world, playing
an essential role in the subsistence of rural and urban
communities, especially in periods of food insecurity.
Their corms, kernels, and leaves are consumed in
several ways, among them, cooked, fried, baked, or
processed into flour; they constitute an important source
of carbohydrates, fiber, vitamins (C and E), and minerals
[9, 10, 12].

In addition to nutritional and socioeconomic
relevance, taioba attracts scientific interest for its
ability to accumulate heavy metals in edible tissues,
a characteristic that qualifies it as a bioindicator and
phytoextractor, but also represents a risk to human
health. Associated with widespread distribution and
cultivation by small producers, along with cultural
and food relevance, this characteristic reinforces
the need to investigate its absorption capacity and
translocation of chemical elements in contaminated soils
[2, 7, 8]. Sensitive and multi-elemental techniques are
indispensable, and total reflection X-ray fluorescence
spectrometry (TXRF) stands out, requiring minimal
sample preparation, having low operating costs, and
being able to simultaneously detect various chemical
elements, including heavy metals and trace elements
[13]. The TXRF technique allows quantification at
very low concentrations, with high levels of sensitivity,
accuracy, and reproducibility, in addition to reducing the
consumption of chemical reagents and environmental
impact, and enabling direct analysis in soil, leaves,
roots, and grains [14-16].

Recent studies show technical versatility, such as
its application in monitoring potentially toxic elements
(PTEs) and nutrients in urban park plants [17], and in
nutrient analysis in soils and plants with simplified
calibration [18]. Other research reports the use of TXR
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considering metals such as Cr, Ni, Cu, Zn, and Pb [14-
16, 19]. Thus, the TXRF technique is considered an
essential tool for environmental, agricultural, and public
health studies, allowing both the assessment of heavy
metal contamination and the identification of nutrients
relevant to biofortification and food safety. Despite
these advances, few studies have addressed Amazonian
edible aroids using TXREF, particularly integrating soil-leaf
correlations [20].

Thus, this study aimed to evaluate the mineral
composition of taioba (Xanthosoma sagittifolium) in
different locations of the state of Amazonas, relating
it to the nutritional potential of the species and its use
as a bioindicator of soil contamination.

Materials and Methods

The study areas are in urban areas of Manaus,
Itacoatiara, Novo Airdo, Humaitd, and Tabatinga, in
the state of Amazonas, Brazil. The localities present
different levels of urbanization and were selected
based on the occurrence of the species Xanthosoma
sagittifolium.

The soils of Manaus (3°06°07” S, 60°01°30” W)
are predominantly dystrophic, deep, very temperate,
acidic, yellow Latosols with low natural fertility and
high permeability [21]. Itacoatiara, located between
the coordinates (3°08°00” S, 58°26°00” W), presents
yellow oxisols and utisols, also of low fertility, with
the occurrence of sandy areas near the Amazon River,
subject to leaching [22].

In Novo Airdo (2°37°28”S, 60°56’43”W), there is the
predominance of quartzite entisols and oxisols, sandy
soils with low nutrient retention capacity, associated
with areas of dry land forest and igap6 [23]. The soils
of the locality of Humaita (7°30°27”S, 63°01’15”W)
are characterized by the incidence of Plintosols and
Gleissolos, influenced by the proximity to the river
Madeira, with periods of waterlogging, as well as
Latosols in areas of dry land [23]. The soils of Tabatinga
(4°14°32”S, 69°56°43”W) are characterized by the strong
presence of gleissolos and entisols (fluvents), related to
the floodplain of the river Solimdes, marked by young,
fertile soils, but seasonally watered [24].

Collection of Soil and Plant Material

Collections of adult leaves and rhizospheric soils
of X. sagittifolium were carried out in July 2024, in
backyard homes and vacant lots in urban centers of the
study areas. 29 leaf samples of X. sagittifolium and 29
corresponding soil samples were randomly collected,
totaling 58 samples in the study. For the collection of
rhizosphere soils, the cleaning of undergrowth and
soil collection was carried out at a depth of 0 to 20 cm
around the selected plants. The processing of laboratory
analyses followed the protocol described by Bezerra et
al. [14], Gomes et al. [15], and Tomaz et al. [16].

Total Reflection X-ray Fluorescence
Analysis (TXRF)

The preparation of rhizospheric samples of soil
and leaves of X. sagittifolium was carried out in the
laboratory of Genetics and Plant Breeding at the Federal
University of Amazonas (LABGEMVEG-UFAM).
Analysis using total reflection X-ray fluorescence
spectrometry (TXRF) was conducted in the Technical-
Scientific Laboratory of Chemical Analysis (SETEC),
linked to the Regional Superintendence of the Federal
Police in the State of Amazonas. The procedures for
the analysis were based on the protocols outlined by
Bezerra et al. [14], Gomes et al. [15], and Tomaz et al.
[16]. Iridium (Ir) was used as an internal standard with
known mass to ensure the accuracy and reproducibility
of the analyses, functioning as a reference for the
quantification of the elements present in the samples
[25]. The acquisition time of the measurements was
approximately 600 seconds, ensuring better definition
of the obtained spectra. The samples were packaged in
quartz supports, which also acted as reflectors during
the analyses. From the standard, the sensitivities were
calculated based on the spectral peak area of each
element, according to the expression

Si = (Nl X C]r)/(NIr X Cl)

in which: N;: liquid counts of the peak of a given element;
N, : liquid counts of the iridium peak; C: concentration
of a particular element in the solution; C,: concentration
of the iridium element in the solution. The detection
limits (DLs) for the analyzed elements ranged from 0.01
to 1.0 mgkg™, depending on the atomic number and
matrix effects, which are consistent with values reported
for TXRF analysis of plant and soil samples. Quality
control was ensured by the inclusion of analytical blanks
and duplicate samples in each batch. Replicate analyses
showed relative standard deviations (RSD) below
5%, confirming the precision and reproducibility of
the measurement.

Statistical Analysis

The results were subjected to tests for the detection
and exclusion of outliers. The assumptions of the
analysis of variance (ANOVA) were then verified,
considering the normality of the residues [26] and the
homogeneity of the variances [27]. Data sets that did not
meet these criteria were tested using the nonparametric
Mann-Whitney test (Macfarland; Yates). The RStudio
environment [28] was utilized to perform principal
component analysis (PCA) and Pearson correlations
using R software.

The formation of the clusters was performed by the
hierarchical method of distances, using the UPGMA
algorithm (Unweighted Pair-Group Method with
Arithmetic Mean). For this procedure, the matrix of
mean Euclidean distances obtained in the R software
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(RStudio Team, Boston, MA, USA) was used. Then,
non-metric multidimensional scaling analysis (NMDS)
was applied, which made it possible to identify the
greatest dispersion among the sample units, reflecting
the highest levels of genetic dissimilarity. Statistical
analyses were conducted using the Vegan package,
available in the R environment [29].

Results and Discussion

Inorganic Elements in Rhizosphere Soils
and Leaves of Xanthosoma sagittifolium

The multielemental analysis of soils associated with
the occurrence of Xanthosoma sagittifolium indicated
heterogeneity in the distribution of elements among the
five municipalities evaluated. Aluminum and iron stood
out as the main inorganic constituents. The highest
aluminum concentration was observed in Manaus
(69,800 mg-kg™"), whereas Tabatinga presented lower
values (48,405.00 mgkg™). Similarly, iron reached
its maximum value in Humaitd (40,417.32 mgkg™),
contrasting with the low concentration in Manaus
(5,066 mgkg"). Calcium showed high values in
Novo Airdo (178,400.00 mgkg™), and titanium was

predominant in Humaitd (6,091.44 mgkg™). Trace
elements such as cobalt, copper, bromine, and mercury
showed reduced concentrations in all locations (Table 1).

In the leaves of X. sagittifolium, the macronutrients
phosphorus, sulfur, chlorine, potassium, and calcium
predominated, with variations between localities. The
plants located in Humaita showed high levels of phosphorus
(7,977,696.00 mgkg™), sulfur (5,867,316.50 mgkg™),
and chlorine (11,994,322.50 mgkg™). In Tabatinga,
high  levels were observed for  potassium
(19,280,350.00 mg-kg™) and calcium (385,610 mg-kg™).
Manaus, in turn, recorded lower concentrations in
relation to most elements, especially iron (689.2 mg-kg™).
Trace elements such as titanium, yttrium, barium,
and mercury occurred at low concentrations,
while manganese showed significant accumulation
in Novo Airdo (148.1 mgkg™) (Table 2). Nevertheless,
the TXRF technique does not quantify light elements
such as nitrogen (N) and carbon (C), which constrains
full nutritional profiling.

Principal Components Analysis (PCA)
The main component analysis (PCA) based on foliar

data explained a significant part of the total variability,
in which the first two components explained 42.97%

Table 1. Inorganic elements in soils with the occurrence of Xanthosoma sagittifolium in the municipalities of Humaitd, Itacoatiara,
Manaus, Novo Airdo, and Tabatinga, Amazonas, Brazil. Values are presented as mean+tstandard deviation (n = 3), expressed in mg-kg™*

as significant values rounded to two decimal places.

Inorganic Components Humaita Itacoatiara Manaus Novo Airdo Tabatinga
(mg-kg™)
Aluminum 122,710+8589.70 102,580+7180.60 69,800+4886.00 125,100+8757 48,405+3388.35
Phosphorus 3,623.50+253.64 11,604+812.28 2,085+145.95 4,952+346.64 2,019+141.33
Sulfur 1,499.25+104.95 5,189.25+363.25 362.10+£25.35 2,961.00+£207.27 391.10£27.38
Chlorine 358.65+25.11 607.58+42.53 4,425.00+£309.75 740.50+51.80 6,278.00+439.46
Potassium 28,845+2019.15 4,609.50+322.64 269,200+18844 1,169+81.83 3,676+257.32
Calcium 120,279.45+8419.56 69,340+4843 29,260+2048.20 178,400+12446 87,450+6121.50
Titanium 6,091.444+426.40 6,164+431.50 2,109+147.60 19,660+1376 2,130.50+569.10
Manganese 0.00 0.00 156,50+11,50 0.00 0.00
Iron 40,417,320+2829.20 | 74,762.50+5233.40 5,066+354.60 101,200£7084 8,199.50+£573.97
Cobalt 223.90+15.63 218.23£15.28 112.40+7.834 318.00£22.26 54.17+3.80
Copper 70.37+4.92 74.30+5.20 5.19+0.36 10.41£0.73 30.34+2.12
Bromine 13.88+0.97 8.15+0.57 1.71+0.12 23.44+1.63 4.38+0.31
Rubidium 177.90+12.46 16.01£1.12 0.15+0.01 0.64+1.58 22.64+1.61
Yttrium 75.53+£5.27 28.18+2.00 10.65+0.00 47.42+3.23 25.20+2.63
Barium 1,998.80+139.89 197.95+13.86 205.40+14.35 2,462.00+£172.34 406.95+28.49
Ytterbium 0.00 0.00 0.00 0.00 0.00
Mercury 5.78+0.40 6.06+0.42 0.25+0.02 2.31+0.16 0.21+0.01

* Statistical differences among municipalities were evaluated using the non-parametric Kruskal-Wallis test (p<0.05).
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(Fig. 1). The first axis mainly separated Humaita and
Tabatinga from the other municipalities, due to the
accumulation of phosphorus, potassium, and chlorine,
while the second axis was influenced by calcium and
manganese. The PCA of the soil (Fig. 2) indicated a
strong presence of aluminum and iron, contributing
to the differentiation of the localities and highlighting
Humaitd and Tabatinga as distinct groups, in contrast
to Manaus and Itacoatiara, which were grouped due to
lower concentrations of these elements.

Pearson’s Correlation

In the leaves of X. sagittifolium strong correlations
(0.7>0.9) and positive correlations between P x S
(0.9869), Si x K (0.8726), Cr x Yb (0.8973) and negative
correlations between I x Mg (—=0.367), I x Si (—0.369),
I x P (-0.410), and T x K (—0.378) were observed
(Fig. 3). As for the correlation matrix involving the
composition of the rhizosphere soils of X. sagittifolium
samples (Fig. 4), positive correlations were observed
with several essential elements between Mg x Si (0.853),
Mg x P (0.718), Mg x S (0.718), Mg x K (0.382), and
Mg % Ca (0.836). Perfect type correlation was observed
between P x S (1.00) (Fig. 4). Positive correlations were

observed between the micronutrients Fe x Cu (0.873),
Fe x Rb (0.796), and Fe x Ce (0.558). Strong and positive
correlations were observed between Cr x Ni (0.996) and
Cr x Ce (0.907), Cu x Ni (0.885), Cu x Ce (0.804), and
Cu x Hg (0.744).

The results obtained indicate a consistent pattern
of nutritional and geochemical plasticity, with strong
sensitivity to soil conditions and, in some cases, to
atmospheric deposition. This sensitivity gives the
species the role of a bioindicator, since the mineral
composition of its tissues reflects sensitively the
geochemical conditions of the soils in which they
develop. The observed accumulation pattern also
suggests a potential phytoextractor, revealing that these
plants may contribute to the reduction of bioavailability
of heavy metals in degraded environments, in line with
recent research on phytoremediation of Amazonian
species [30, 31].

An important aspect is that taioba is a highly
consumed and widely cultivated edible species in
rural and urban communities, thus presenting relevant
socioeconomic and nutritional importance in the
Amazon [11]. In addition to providing leaves with
high nutritional value, the species has potential as an
environmental bioindicator, considering its ability to

Table 2. Inorganic elements in leaves with the occurrence of Xanthosoma sagittifolium in the municipalities of Humaita, Itacoatiara,
Manaus, Novo Airdo, and Tabatinga, Amazonas, Brazil. Values are presented as mean+standard deviation (n = 3), expressed in mg-kg™*

as significant values rounded to two decimal places.

Inorganic Components Humaita Itacoatiara Manaus Novo Airdo Tabatinga
(mg-kg™)
Aluminum 3,162.50+221.38 11,290+£790.30 | 2,048.00+143.36 0 1,934+135.38
Phosphorus 7,977,696+558.39 6,113+428.40 5,963,00+417.41 | 79,530+5567.10 1,383+96.81
Sulfur 5,867,316.50+410.71 20,600+1400 4,623+323.61 35,310+£2471.70 5,256+367.92
Chlorine 11,994,322.50+839.60 42,055+2944 47,250+3307.50 | 86,160+5711.20 45,165+3161.55
Potassium 4,504,690.00+315.33 26,920+1886 23,010£1610 42,750+2992.50 | 19,280,350+1348.62
Calcium 34,813,400+2436.94 | 91,805+6416.00 | 113,290+7930.30 | 222,300+15561 385,610427992.70
Titanium 182.00+12.74 74.56+5.22 16.38+6.57 93.88+6.57 10.73+0.00
Manganese 107.90+7.55 0.00 27.20+1.90 148.10+£10.37 58.70+4.12
Iron 2,882,363+201.76 1,998.68+139.90 689.20+48.24 846.70+59.27 237.90+16.65
Cobalt 31.91£2.23 7.43+0.51 4.22+0.41 12.38+0.97 14.92+1.05
Copper 50.02+3.50 53.04+0.48 8.80+0.34 56.95+3.96 16.76x1.12
Bromine 14.73+1.03 50.95+3.57 4.37+0.31 63.60+4.42 23.56+1.65
Rubidium 191.96+12.56 256.83+17.96 32.94+1.30 86.18+4.13 34.5242.48
Yttrium 7.68+0.54 15.91£0.29 2.36+0.00 8.32+2.04 5.02+0.36
Barium 0.00 0.00 0.00 12.00+0.00 0.00
Ytterbium 35.13£2.46 1.934+0.08 7.02+0.14 3.30+0.00 0.00
Mercury 0.45+0.91 1.00+0.08 0.39+0.14 0.00 0.00

* Statistical differences among municipalities were evaluated using the non-parametric Kruskal-Wallis test (p<0.05).
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grow in different soil conditions, including dystrophic,
sandy, and seasonally flooded lowlands [32]. Although
the species has significant nutritional value, including
high fiber, protein, and mineral content, the ability to
accumulate metals implies risks to food safety. Some
studies show that plant species cultivated in urban areas
or near pollution sources may exceed the recommended

limits for some metals, such as Cd and Pb, implying
risks to human health [33-35].

From a food safety perspective, the presence of high
concentrations of essential nutrients in X. sagittifolium
leaves presents a strategic resource against common
nutritional deficiencies in rural and riverside populations
[10, 12]. In addition, the identification of positive

CONFIDENCE ELLIPSES AROUND THE CATEGORIES OF CITY

Dim 2 (14.03%)

CITIES

*  Humaitad

® ltacoatiara
® Manaus

* Novo_Airdo

* Tabatinga

5 10
Dim 1 (28.94%)
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correlations between nutrients such as P x S and Si x simultaneous accumulation of essential elements [36,
K reinforces that the plant maintains physiological 37], ensuring nutritional quality even in challenging
mechanisms able to optimize the absorption and environmental conditions.
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The low concentration of trace metals such as Hg
suggests that, in general, the species presents safety
for consumption. However, Codex Alimentarius and
DRC 722/2022 (ANVISA) establish maximum tolerated
limits (LMTs) of contaminants in food, and WHO/
FAO reference values point to, for example, 0.2 mg-kg™
of Cd as a limit in leafy vegetables. Thus, promoting
PANCs as functional foods must be accompanied
by continuous environmental monitoring in urban
environments subject to contamination to ensure safety
[38, 39]. Biomonitoring is essential to ensure that the
availability of X. sagittifolium as a safe food resource
is not compromised by external factors related to
environmental pollution.

Total reflection X-ray fluorescence analysis (TXRF)
for X. sagittifolium indicates differences in the pattern
of elemental distribution between the study sites,
reflected in the main components of soil (Al and Fe) and
leaves (P, K, and Cl), resulting in the clear separation
of the localities Humaita and Tabatinga. Moreover, in
comparison with studies conducted on other Amazonian
species, it validates the findings of this research. In
Stryphnodendron pulcherrimum, accumulation of Cr,
Y, and YD in leaves and roots in urban forest fragments
of Manaus was observed, characterizing the species as
sensitive to atmospheric and edaphic contamination. In
addition, there was a clear separation between forest
fragment areas and anthropized areas [16]. Similarly,
Urena lobata analyzed in varzea and dry land areas was
identified as a hyperaccumulator of Hf and Yb, besides
presenting capacity for phytoextraction of Cr and Ni and
separation between the studied areas [15]. These results
show that tree, herbaceous, food, and medicinal species
share adaptive plasticity and potential for biomonitoring
in Amazonian environments under anthropogenic
pressure. In the case of X. sagittifolium, there were
significant concentrations of P, K, Ca, and Mn in certain
localities and metals at levels that varied according to
local conditions, as observed in the reference studies.
Furthermore, they confirm that elementary signatures of
the substrate and environment are determinants in the
organization of sampling point communities and foliar
composition, according to related studies.

In the specific case of taioba, the literature confirms
the sensitivity of aroids (ColocasialXanthosoma)
to the environment, with recent reports of metal
characterization in X. sagittifolium under different
pollution contexts, reinforcing the need for surveillance
when destined for food. These studies align with this
research’s findings, which detected high concentrations
of Al, Fe, and Ti in soils and leaves that are rich in P, K,
and Ca; these elements can coexist with detectable traces
of Cr, Ni, and Hg at low levels sufficient for bioindicator
function. In scenarios of higher anthropic intake, these
levels could reach a range of health concerns [8].

The correlation matrix showed associations between
macronutrients and micronutrients in soil (Mg, Si, Mg P,
Mg S, and Mg Ca), as well as strong foliar correlations
between P, S, Si, K, and trace elements (Cr, Yb).

Patterns of this nature, simultaneous accumulation and
high correlation between transition metals and alkaline
and alkaline-earth elements, also occurred in Coffea
canephora, which exhibited significant correlations
between elements in leaves and grains (Co Ni, Fe Ni,
K Rb), as well as negative correlations involving K in
roasted grains with transition metals [14].

Regarding  the  nutritional  standard,  the
multielemental analysis found the accumulation of
essential macronutrients in different localities of the
Amazon. This nutritional profile reinforces the species
with high nutritional content by promoting food security
in traditional communities. Taioba provides affordable,
nutrient-rich, and culturally integrated alternatives to
everyday eating practices where dependence on local
resources is limited [9].

The variability observed among municipalities located
in the Amazon indicates that edaphic and hydrological
conditions directly influence the nutritional value of the
species. In Tabatinga and Humaita, for example, the
accumulation of P, K, and Ca in leaves demonstrates
that varzea environments and irrigable soils favor
greater nutrient availability [10, 11]. This heterogeneity
has direct implications for community agricultural
management, where the choice of cultivation areas in
more fertile environments can maximize the nutritional
value of the species, while the cultivation on dystrophic
soil, as in Manaus, may require complementary organic
fertilization practices [5, 6, 40, 41].

The populations of X. sagittifolium based on the
results indicate that the species is adapted to different
geochemical contexts, highlighting the importance of
in situ conservation strategies that consider local soil
variability. Although trace elements such as mercury
have been detected at low concentrations, their presence
in urban and lowland environments points to the need for
continuous monitoring, aiming to avoid potential risks
of bioaccumulation. In addition, the high variability
in eclementary distribution among the municipalities
analyzed indicates that cultivation and sustainable
management strategies of the species can be directed to
specific agroecological contexts, favoring both genetic
conservation and food safety.

From a social and environmental standpoint, these
results provide relevant insights for public-health
indicators by identifying potential risks associated with
the consumption of plant species grown in contaminated
areas. In addition, they strengthen environmental
education by raising awareness among farmers and
consumers about the importance of assessing the quality
of soil and water used in the cultivation of PANCs.
They also open perspectives for phytoremediation
policies, using local species of rapid growth and popular
acceptance in projects to recover degraded areas at
reduced costs and with lasting environmental benefits.
Finally, they value the use of PANCs but emphasize the
need to balance their promotion with health surveillance
measures, ensuring that their nutritional benefits are not
compromised by environmental contamination. Future
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research should investigate the bioavailability of trace
elements under controlled cultivation and seasonal
variation to refine its use as a biomonitor

Thus, this study illustrates that X. sagittifolium can
simultaneously function as an environmental quality
bioindicator and a food source of high nutritional value,
although this potential should be managed with caution
due to the risk of heavy metal bioaccumulation. The
integration of these findings with the results observed in
other Amazonian species strengthens the understanding
of the role of regional flora both in phytoremediation and
food security, pointing paths for future public policies
that reconcile health, environment, and sustainability.
In addition, in all the studies, including the present one,
total reflection X-ray fluorescence (TXRF) proved to be
an efficient technique for multielemental detection at
very low levels, allowing for simultaneous identification
of nutrients and contaminants. This approach contributes
to the understanding of the dynamics of the elements in
the soil-plant system and expands the possibilities of
application in environmental biomonitoring programs.

Conclusions

The results show that Xanthosoma sagittifolium has
nutritional and adaptive plasticity, able to reflect the
geochemical variability of Amazonian soils through
its leaf composition. The accumulation of essential
nutrients such as P, K, Ca, and S highlights the role of
the species as a strategic resource for food security in
rural and urban communities, especially in contexts
where the availability of mineral-rich foods is limited.
At the same time, the detection of positive correlations
between nutritional and trace elements suggests the
existence of efficient physiological mechanisms of
integrated absorption, ensuring nutritional stability even
in contrasting soil conditions.

The correlations observed between macro and
microelements  indicate  efficient  physiological
mechanisms of element uptake and translocation,
reinforcing the suitability of the species for both
nutritional enhancement and environmental
biomonitoring.

The presence of trace metals such as Cr, Ni, and Hg,
even at low concentrations, demonstrates the relevance
of the species as an environmental bioindicator, sensitive
to both soil characteristics and anthropic pressures. This
dual purpose, as both a high-nutritional-value food and a
biomonitoring tool, reinforces the importance of taioba
in integrating sustainable production strategies, health
surveillance policies, and phytoremediation programs
in areas at risk of contamination. Thus, the species is
consolidated as a multifunctional resource, whose
proper management can simultaneously promote health,
environmental conservation, and valorization of non-
conventional food plants in the Amazon.

Future research should explore the seasonal
dynamics of metal uptake and promote the integration

of TXRF-based monitoring into community agricultural
programs. The safe cultivation of taioba thus contributes
to sustainable food systems, phytoremediation, and
environmental health surveillance across tropical
regions.
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