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RESUMO

Cobre (Cu), zinco (Zn) e niquel (Ni) sdo metais pesados (MPs) e micronutrientes
essenciais para o crescimento ¢ desenvolvimento vegetal. No entanto, devido ao aumento das
acOoes antropicas, ha a entrada crescente desses elementos nos ambientes naturais,
principalmente em locais proximos as fontes emissoras como fragmentos florestais urbanos,
impondo riscos ao meio ambiente e a biota. Além de aumento nos niveis de metais pesados,
atividades poluidoras atmosféricas também vém causando elevacdo na concentragdo de gases
potencialmente tdxicos, como o ozonio (O3). A fim de garantir sua sobrevivéncia, as plantas
desenvolveram diversos mecanismos fisioldgicos e bioquimicos de protecdo a estes agentes
estressores, como antioxidantes, acidos organicos radiculares, fitoquelatinas e regulacdo de
aminoacidos. Contudo, a capacidade de sintese destes compostos organicos, bem como
respostas fisioldgicas a combinacdo de estressores abioticos, ainda sdo desconhecidas em
diversas espécies vegetais, em especial as espécies da Mata Atlantica. Espécies de diferentes
habitos de vida e taxas de crescimento devem apresentar estratégias de tolerancia distintas
frente a estressores ambientais. O projeto teve os objetivos de 1) Sistematizar método de cultivo
hidropdnico para espécies nativas da Mata Atlantica; 2) Avaliar a tolerancia e producao de
compostos bioquimicos de defesa em mudas de espécies de diferentes habitos de vida, nativas
da Mata Atlantica, cultivadas em solu¢ao hidropdnica enriquecida com MPs (Cu + Zn + Ni); 3)
Investigar os efeitos do O3 em uma espécie tolerante a MPs; 4) Verificar se a combinagdo de
estressores (MPs + Os) influencia na capacidade de manuteng¢do da tolerancia da espécie nativa
tolerante aos MPs. A tese consistiu em etapas experimentais, divididas em capitulos. Na
primeira etapa foi realizada a determinag¢@o do método hidropdnico e das concentragdes de MPs
em uma espécie modelo (Schinus terebinthifolia). Na segunda etapa, foi realizada a
determinagdo da capacidade de tolerancia de 5 espécies de diferentes habtios de vida (Schinus
terebinthifolia - arborea - crescimento rapido; Cariniana legalis - arborea - crescimento lento;
Seemania sylvatica - herbacea — crescimento rapido, Passiflora edulis - liana — cresciemnto
rapido; Aechmea fasciata — epifita — crescimento lento) através da andlise de parametros
fisiologicos e bioquimicos de tolerancia. Na terceira etapa foi realizado experimento com a
espécie tolerante a MPs (S. terebinthifolia) identificada na etapa anterior. Nesta etaa, foi
realizada a exposi¢do ao ozonio isoladamente, e também em combinacdo de estressores (MPs
+ O3). Na primeira etapa identificamos que o método hidropdnio “Dutch Bucket” ¢ vidvel para
o cultivo de S. ferebinthifolia sob perlita ou espuma fendlica. Nesta etapa, estabelecemos as
concentragdes maximas de MPs capazes de induzir estresse sem comprometer a sobrevivéncia
das plantas (50 uM de cobre, zinco e niquel). Na segunda etapa identificamos que Schinus

terebinthifolia e Aechmea fasciata sdao espécies tolerantes a MPs, Cariniana legalis ¢
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moderadamente tolerante, enquanto Passiflora edulis e Seemania sylvatica sdo espécies
sensiveis, sugerindo que o habito de vida das plantas aparenta ter relagdo com a capacidade de
tolerancia 8 HMs, enquanto que a taxa de crescimento (cresciemnto rapido x crescimento lento)
nao se mostra um preditor confidvel como ferramenta de analise de tolerancia. Na terceira etapa,
identificamos que a espécie tolerante a MPs (Schinus terebinthifolia) ¢ também tolerante ao Os
isoladamente, exibindo alta atividade estomatica e resposta hormética na biomassa.
Identificamos que a combinagdo de estressores (HMs + O3) ndo interferiu na capacidade de
tolerancia desta espécie aos MPs, evidenciando a alta capacidade de tolerancia desta espécie a
estressores ambientais.

Palavras-chave: Poluicdo, cobre, zinco, niquel, 0zonio, habito de vida, efeito hormético.
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ABSTRACT

Copper (Cu), zinc (Zn), and nickel (Ni) are heavy metals (HMs) and micronutrients
essential for plant growth and development. However, due to increased anthropogenic
activities, there is a growing influx of these elements into natural environments, mainly in
locations near emission sources such as urban forest fragments, posing risks to the environment
and biota. In addition to increased levels of heavy metals, atmospheric pollution activities are
also causing an increase in the concentration of potentially toxic gases, such as ozone (O3). In
order to ensure their survival, plants have developed various physiological and biochemical
mechanisms to protect against these stressors, such as antioxidants, root organic acids,
phytochelatins, and amino acid regulation. However, the capacity for synthesis of these organic
compounds, as well as physiological responses to the combination of abiotic stressors, are still
unknown in several plant species, especially those of the Atlantic Forest. Species with different
life habits and growth rates should exhibit distinct tolerance strategies in the face of
environmental stressors. The project had the following objectives: 1) To systematize a
hydroponic cultivation method for native species of the Atlantic Forest; 2) To evaluate the
tolerance and production of biochemical defence compounds in seedlings of species with
different life habits, native to the Atlantic Forest, cultivated in a hydroponic solution enriched
with MPs (Cu + Zn + Ni); 3) To investigate the effects of O3 on a species tolerant to MPs; 4)
To verify if the combination of stressors (HMs + O3) influences the ability to maintain tolerance
in the native species tolerant to HMs. The thesis consisted of experimental stages, divided into
chapters. In the first stage, the hydroponic method and the concentrations of HMs in a model
species (Schinus terebinthifolia) were determined. In the second stage, the tolerance capacity
of 5 species with different life habits was determined (Schinus terebinthifolia - tree - fast
growth; Cariniana legalis - tree - slow growth; Seemania sylvatica - herbaceous - fast growth;
FPassiflora edulis - liana - fast growth; Aechmea fasciata - epiphyte - slow growth) through the
analysis of physiological and biochemical tolerance parameters. In the third stage, an
experiment was conducted with the HMs-tolerant species (S. terebinthifolia) identified in the
previous stage. In this stage, exposure to ozone was carried out both alone and in combination
with stressors (HMs + O3). In the first stage, we identified that the "Dutch Bucket" hydroponic
method is viable for cultivating S. terebinthifolia under perlite or phenolic foam. In this stage,
we established the maximum concentrations of HMs capable of inducing stress without
compromising plant survival (50 uM of copper, zinc, and nickel). In the second stage, we
identified that S. terebinthifolia and A.fasciata are HM-tolerant species, C.legalis is moderately
tolerant, while P.edulis and S. sylvatica are sensitive species, suggesting that the life habit of

the plants appears to be related to their tolerance capacity to HMs, while the growth rate (fast
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growth vs. slow growth) does not prove to be a reliable predictor as a tool for tolerance analysis.
In the third stage, we identified that the HM-tolerant species (S. terebinthifolia) is also tolerant
to O3 in isolation, exhibiting high stomatal activity and a hormetic response in biomass. We
identified that the combination of stressors (HMs + O3) did not interfere with this species'
tolerance capacity to HMs, demonstrating this species' high tolerance capacity to environmental
stressors.

Key words: Pollution, copper, zinc, nickel, life-habit, hormetic effect
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Fig. I 1. Representation of a “Dutch Bucket” hydroponic system. Source: Adapted from
NoSoilSolution.com, 2025.

Fig. I 2. Schinus terebinthifolia hydroponically cultivated under expanded perlite (A) or
phenolic foam (B).

Fig. I 3. Schinus terebinthifolia at the beginning of the experiment (A), and after 30 days
cultivated in “Durch bucket” hydroponic system under perlite (B) or phenolic foam (C). Red

line scale= 10 cm.

Fig. I 4. Height, stem diameter, number of leaves and total dry biomass of S. terebinthifolia

cultivated under expanded perlite, or phenolic foam.

Fig. 1T 5. Relative chlorophyll content (SPAD index), total chlorophyll (Chl a+b) and
carotenoids concentration in leaves of S. terebinthifolia cultivated under expanded perlite or

phenolic foam.

Fig. I 6. Height, stem diameter, number of leaves, and leaf, stem and root dry biomass of S.
terebinthifolia cultivated under Control (balanced nutrient solution), T1 (25 uM Cu, Zn and
Ni), T2 (50 uM Cu, Zn and Ni) or T3 (100 uM Cu, Zn and Ni). Different letters indicate

significant difference between treatments, according to Tuckey test (p < 0.05).

Fig. I 6. Height, stem diameter, number of leaves, and leaf, stem and root dry biomass of S.
terebinthifolia cultivated under Control (balanced nutrient solution), T1 (25 uM Cu, Zn and
Ni), T2 (50 uM Cu, Zn and Ni) or T3 (100 uM Cu, Zn and Ni). Different letters indicate

significant difference between treatments, according to Tuckey test (p < 0.05).

Fig. 1 7. Schinus terebinthifolia grown in hydroponic solution under control (balanced
nutrient solution - A), T1 (25 uM Cu, Zn and Ni - B), T2 (50 uM Cu, Zn and Ni - C), T3 (100
UM Cu, Zn and Ni - D). (In Figure D, the photo of a dead individual was chosen to emphasize

the high mortality rate in this treatment. Red scale bar = 10 cm.

Fig. I 8. Mean concentrations of copper (Cu), zinc (Zn) and nickel (Ni) (mg kg-1 dry mass),
in leaves, stem and roots of S. terebinthifolia cultivated under Control (balanced nutrient
solution), T1 (25 uM Cu, Zn and Ni - B), T2 (50 uM Cu, Zn and Ni - C) or T3 (100 uM Cu,

Zn and Ni - D). Distinct lowercase letters indicate significant differences between HM
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treatments in the same tissue, while uppercase letters indicate differences between tissues in

the same HM treatment, according to Tuckey test (p < 0.05).

Fig. I 9. Net carbon assimilation (4), stomatal conductance (gsw), and maximum efficiency
of the photosystem II of dark-adapted leaves (Fv/Fm) of S. terebinthifolia cultivated under
Control (balanced nutrient solution), T1 (25 uM Cu, Zn and Ni - B), T2 (50 uM Cu, Zn and
Ni - C) or T3 (100 uM Cu, Zn and Ni - D). Distinct letters indicate significant differences

between treatments, according to Dunn’s test (p < 0.05).

Fig. I 10. Total chlorophyll, carotenoids, and relative chlorophyll content (SPAD index) of
S. terebinthifolia cultivated under Control (balanced nutrient solution), T1 (25 uM Cu, Zn
and Ni - B), T2 (50 uM Cu, Zn and Ni - C) or T3 (100 uM Cu, Zn and Ni - D).

Fig. I 11. pH and electrical conductivity of the control nutrient solution, T1, T2 and T3.
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Fig. IT 1. Mean concentrations of copper (Cu - A), zinc (Zn - B) and nickel (Ni - C) (mg kg-
1 dry mass), in leaves, stem and roots of pioneer tree, non-pioneer tree, herbaceous, liana and
epiphyte species cultivated in nutrient solution (C - Control) or nutrient solution with excess
of Cu, Zn and Ni (T - CuZnNi). Distinct letters indicate significant difference between organs
in the same treatment, while * indicates significant difference between Control and CuZnNi

in the same organ, according to two-way ANOVA followed by the Sidak test (p < 0.05).

Fig. I 2. Visual aspects of pioneer tree (A-B), non-pioneer tree (C-D), liana (E-F),
herbaceous (G-H) and epiphyte (I-J) seedlings cultivated under control nutrient solution
(figures A, C, E, G and I) or balanced nutrient solution with excess of Cu, Zn and Ni (figures

B, D, F, H and J). Letters with * highlights plant roots. Red bar scale = 10 cm.

Fig. II 3. Mean concentrations (pug mg-1 fresh mass) of reduced and total ascorbic acid (AAr
and AAt - A) and glutathione (GSHr and GSHt - B), and respective redox status (AAr/AAt,
GSHr/GSHt) in leaves of pioneer tree, non-pioneer tree, herbaceous, liana and epiphyte
seedlings cultivated in balanced nutrient solution (Control) or balanced nutrient solution with
excess Cu, Zn and Ni (CuZnNi). Distinct letters indicate significant difference between

treatments, according to t-test (p < 0.05).

Fig. II 4. Graphical representation of principal component analysis (PCA) and mean

concentrations (ng mg-1; bar graph) of phytochelatins (PC2 to PC6) detected in leaves (A
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and C) or roots (B and D) of pioneer tree, non-pioneer tree, herbaceous, liana and epiphyte
cultivated in balanced nutrient solution (C = Control) or balanced nutrient solution with

excess Cu, Zn and Ni (T = CuZnNi).

Fig. II 5. Mean concentration of root organic acids (ug ml-1) exuded pioneer tree (A), non-
pioneer tree (B), herbaceous (C), liana (D) and epiphyte (E) seedlings cultivated in balanced
nutrient solution (Control) or balanced nutrient solution with excess Cu, Zn and Ni (CuZnNi).
Different letters indicate a significant difference between treatments, according to the t-test

(» £0.05). “x” indicates undetected acid.

Fig. II 6. Heatmap of the standardized data of all biomarkers analyzed in the pioneer tree,
non-pioneer tree, herbaceous, liana and epiphyte species under CuZnNi stress. HM: Heavy
metal accumulation. As: Antioxidants. PCs: Phytochelatins. ROA: Root organic acids. L:

Leaf. R: Root. r: reduced. t: total. Cells with X indicate undetected compounds.

Fig. II S 1. Mean phytochelatins concentrations (PC2 to PC6; ng mg-1 fresh mass) in leaves
or roots of pioneer tree (A), non-pioneer tree (B), herbaceous (C), liana (D) and epiphyte (E)
cultivated in balanced nutrient solution (Control) or balanced nutrient solution with excess
Cu, Zn and N1 (CuZnNi). Different letters indicate significant difference between treatments
within same organ, while * indicates a significant difference between organs within same
treatment, according to two-way ANOVA followed by the Sidék test (p < 0.05). “x” indicates
undetected phytochelatin.

Fig. I S 2. Mean pH and conductivity values (uS cm-1) of hydroponic solutions during 5
weeks of cultivation of pioneer tree (A), non-pioneer tree (B), herbaceous (C), liana (D) and
epiphyte (E) grown in balanced nutrient solution (Control) or balanced nutrient solution with
excess of Cu, Zn and Ni (CuZnNi). Different letters indicate a significant difference between
weeks in the same treatment (lowercase letters compare in Control treatment; while
uppercase letters compare in CuZnNi treatment), and * indicates a significant difference
between treatments within the same week, according to two-way ANOVA followed by Sidak

test (p < 0.05).

Capitulo I1I

Fig. I1I 1. A. Daily means of solar radiation (SR), relative humidity (RH) and air temperature
during the experiment. B. Daily means of tropospheric O3 exposure in ambient (AA), 1.5

times ambient (1.5x%), and 2.0 times ambient (2.0x). The dashed vertical line represents the
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midterm of the experiment and when part of the plants exposed to AA were switched to 2.0x

(AA — 2.0%) and vice-versa (2.0x — AA).

Fig. IIT 2. Total (A) and leaf (B) dry weight (DW) of S. terebinthifolia plants after 90 days
of O3 exposure in ambient air (AA), 1.5 times ambient air (1.5%), 2.0 times ambient air
(2.0x), ambient to 2.0x after 45 days (AA—2.0x) and 2.0% to ambient after 45 days
(2.0x—AA) conditions. Distinct letters indicate significant differences according to one-way

ANOVA followed by Tukey’s test (p < 0.05). Bars denote standard error (n =9).

Fig. III 3. Linear regressions of total (A) and leaf (B) biomass of S. terebinthifolia plants
exposed to distinct O3 treatments and calculated reference biomass. Bars denote standard
errors (n =9). The red shaded areas represent the confidence intervals (95%). The regression

equations and coefficient of determinations (R2) are indicated in the upper right corner.

Fig. III 4. Modeling of stomatal conductance (gsw - mol H20 m-2 s-1) of S. terebinthifolia
as a function of temperature (°C), radiation (PPFD - umol m-2 s-1), vapor pressure deficit
(VPD - kPa), and phenological activity (DOY - day of year). Black dots represent the
measured stomatal conductance of S. ferebinthifolia, and the solid red line represents the

calculated parametrization model for each environmental parameter.

Fig. III 5. Nonlinear Bragg.4 model applied as a predictor of S. terebinthifolia relative total
biomass as a function of POD16 (A), and relative leaf biomass as a function of POD15. The
black dashed line represents the hypothetical relative biomass in the pre-industrial era (Brel
=1.00). The blue dots and blue dashed line represent the O3 critical levels to achieve 0.96 of
relative biomass (4% biomass loss from the pre-industrial era). The black symbols represent
S. terebinthifolia relative biomass (= SD) under each O3 treatment, and the solid red line

represents the calculated nonlinear model.

Fig. III S 1 Schematic representation of experimental design and ozone treatments.

Fig. IIT S 2. Linear regression of measured and estimated stomatal conductance (gsw) in

Schinus terebinthifolia leaves. RMSE = Root mean square error.

Fig. Il S 3. Nonlinear UCRS.5a applied as a predictor of S. terebinthifolia relative total
biomass of as a function of POD16 (A), and nonlinear UCRS.4a applied as a predictor of S.
terebinthifolia relative total biomass of as a function of POD19. Black dashed line represents

the hypothetical relative biomass in pre-industrial era (Brel = 1.00). The Blue dashed line
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represents the ozone critical levels to achieve 0.96 of relative biomass (4% biomass loss from

pre-industrial era).

Capitulo IV

Fig. IV 1. Schinus terebinthifolia seedlings at the beginning of the experiment (A). Free air

controlled exposure (FACE) ozone fumigation system (B-C).

Fig. IV 2. Experimental design used for the study of S. terebinthifolia under 3 atmospheric

ozone conditions (AA, 1.5x and 2.0x) and 2 nutrient treatments (Control and HM).

Fig. IV 3. S. terebinthifolia roots after washing (A) for root exudates collection in deionized

water (B).

Fig. IV 4. §. terebinthifolia seedlings at the end of the experiment. A: Control AA; B: HM
AA; C: Control 1.5%; D: HM 1.5%; E: Control 2.0x; F: HM 2.0x.

Fig. IV 5. Visible ozone leaf damage in S. ferebinthifolia. A: Control AA; B: HM AA; C:
Control 1.5x; D: HM 1.5%; E: Control 2.0x; F: HM 2.0x.

Fig. IV 6. S. terebinthifolia seedlings total biomass (g) under different ozone levels (AA,
1.5%, 2.0x) and nutrient solutions (Control and HM). Different lowercase letters indicate a
significant difference between ozone treatments, according to two-way ANOVA followed by

post-hoc Sidak’s test (p < 0.05).

Fig. IV 7. Mean concentrations of copper (Cu - A), zinc (Zn - B) and nickel (Ni - C) (mg kg-
1 dry mass), in leaves, stem and roots of S. ferebinthifolia cultivated under Control or with
excess of Cu, Zn and Ni (Metal). Distinct lowercase letters indicate significant differences
between organs in the same ozone treatment, while uppercase letters indicate differences
between ozone treatment in the same organ and metal treatment, according to two-way

ANOVA followed by post-hoc Sidak’s test (p < 0.05).

Fig. IV 8. Net carbon assimilation (4) of S. terebinthifolia leaves analyzed over 90 days under
different ozone levels (AA, 1.5%, 2.0x) and nutrient solutions (Control and HM). Lowercase
letters compare between times within the same treatment (The circle around the data

represents the combination of the statistical result).

Fig. IV 9. Net carbon assimilation (4) and stomatal conductance (gsw) in leaves from the top,

middle and bottom regions of S. terebinthifolia main stem, different ozone levels (AA, 1.5%,
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2.0x) and nutrient solutions (Control and HM). Lowercase letters indicate significant
differences among ozone treatments within the same HM treatment. Different letters mean
significant differences according to two-way ANOVA followed by post-hoc Sidak’s test (p
<0.05).

Fig. IV 10. Ascorbic acid and Glutathione in reduced or total forms, in leaves from the top,
middle and bottom regions of S. terebinthifolia main stem, submitted to different ozone levels

(AA, 1.5%, 2.0x) and nutrient solutions (Control and HM).

Fig. IV 11. Total chlorophyll and carotenoid content in leaves from the top, middle and
bottom regions of S. terebinthifolia main stem, submitted to different ozone levels (AA, 1.5x%,
2.0x) and nutrient solutions (Control and HM). Lowercase letters compare ozone treatments,
while * indicates significant difference between nutrient solution treatments in the same
ozone level, according to two-way ANOVA followed by post-hoc Sidak’s test (p < 0.05). left

y-axis: chlorophyll, right y-axis: carotenoids.

Fig. IV 12. Phytochelatins (PC2 — PC6) concentration (ng mg-1) in the leaves of the upper
and middle regions, and in the roots of S. terebinthifolia submitted to different ozone levels
(AA, 1.5%,2.0x) and nutrient solutions (Control and HM). Lowercase letters compare ozone
treatments, while * indicates significant difference between nutrient solution treatments in
the same ozone level, according to Scheirer-Ray-Hare followed by post-hoc Dunn’s test (p <

0.05).

Fig. IV 13. Root organic acids (ROA — mg g-1 root dry weight) of S. terebinthifolia,
submitted to different ozone levels (AA, 1.5%, 2.0x) and nutrient solutions (Control and HM).
Lowercase letters indicate significant difference between ozone treatments, according to two-

way ANOVA followed by post-hoc Sidak’s test (p < 0.05).

Fig. IV 14. Amino acids profile in leaves from upper (top), middle (mid) and lower (bot)
regions of the stem, and roots of S. terebinthifolia cultivated under ambient air (AA) and

Control nutrient solutions.

Fig. IV 15. Principal Component Analysis with correlation matrix in the leaves of the upper
(top) and middle (mid) and lower (bot) regions of main stem, and in the roots of S.
terebinthifolia submitted to different ozone levels (AA, 1.5x%, 2.0%) and nutrient solutions (C

and M).

Fig. IV 16. Amino acids in the leaves of the upper (top) and middle (mid) and lower (bot)
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regions of main stem of S. terebinthifolia submitted to different ozone levels (AA, 1.5%,2.0x)
and nutrient solutions (Control and HM). Lowercase letters compare ozone treatments, while
* indicates significant difference between nutrient solution treatments in the same ozone
level, according to two-way ANOVA followed by post-hoc Sidak’s test (bar graphs) or
Scheirer-Ray-Hare followed by post-hoc Dunn’s test (box-plot graphs) (p < 0.05).

Fig. IV 17. Amino acids in roots of S. terebinthifolia submitted to different ozone levels (AA,
1.5%, 2.0x) and nutrient solutions (Control and HM). Lowercase letters compare ozone
treatments, while * indicates significant difference between nutrient solution treatments in
the same ozone level, according to two-way ANOVA followed by post-hoc Sidék’s test (bar
graphs) or Scheirer-Ray-Hare followed by post-hoc Dunn’s test (box-plot graphs) (p < 0.05).
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Introducio Geral

Nas ultimas décadas, o aumento das atividades antropogénicas poluidoras tem se
tornado uma questao ambiental critica. Emissdes provenientes de industrias e frota automotiva,
mineracao e refinarias, descarte incorreto de residuos e esgoto, uso excessivo de fertilizantes e
outras atividades, t€m promovido o acréscimo nos niveis de alguns elementos potencialmente
toxicos como metais pesados no solo (DalCorso et al., 2019), e/ou precursores de 0zdnio
troposférico (O3) no ar (Donzelli e Suarez-Varela, 2024).

Cobre (Cu), zinco (Zn) e niquel (Ni) sdo micronutrientes essenciais para o crescimento
e desenvolvimento vegetal, usualmente encontrados em baixas concentragcdes em ambientes
nao perturbados e fazem parte da composi¢cao mineral natural dos solos (Panagos et al., 2018).
Estes elementos atuam em processos fisiologicos e bioquimicos e estdo relacionados com
atividades metabolicas primarias (crescimento e reprodugdo) e secundarias (protegao e defesa),
sendo vitais para o adequado desenvolvimento das espécies vegetais (Kabata-Pendias, 2011;
Barker e Pealbem, 2015). Cu esta envolvido na biossintese de pigmentos fotossintéticos,
lignificagdo de tecidos, cadeia transportadora de elétrons, regulagdo da permeabilidade da
parede celular, na sinalizagdo hormonal e prote¢do contra o estresse oxidativo através de
enzimas antioxidantes (Shabbir et al., 2020). Ni ¢ componente integral de metaloenzimas
envolvidas no metabolismo de carbono e nitrogénio como urease, Ni-Fe hidrogenase, monoxido
de carbono desidrogenase, sendo vital em diversas fases do desenvolvimento vegetal (Ahmad
e Ashraf, 2012). Zn é componente integral de lipidios e proteinas, atua na catalise de enzimas,
na producdo e regulacdo de hormoénios de crescimento, no metabolismo de carbono, e na
protecao contra patdogenos e estresses ambientais (Tsonev e Lindon, 2011).

Apesar de essenciais, altas concentracdes de Cu, Ni e Zn podem causar fitotoxidez,
estresse oxidativo e impactar negativamente as fungdes fisiologicas e metabolicas das plantas
(Nagajyoti et al., 2010). Cu, Zn e Ni estdo entre os metais pesados mais contaminantes e
difundidos nos diferentes compartimentos ecossistémicos de solos florestais urbanos (Argyraki
et al., 2018; Nakazato et al., 2021). A fitotoxidez por metais pesados pode ocasionar a redugao
da absorcao de 4gua e nutrientes, e acuimulo de carboidratos (Li et al., 2019), além de mudancas
morfoldgicas nas raizes e folhas (Martins et al., 2020). Essas alteracdes morfofisioldgicas
podem resultar em desbalangos nutricionais por interacdo entre nutrientes, inibicdo do
crescimento, reducao na biomassa, reducao da concentracdo de pigmentos, acarretando risco a
sobrevivéncia das plantas (Saleem et al., 2019). A formagdo descontrolada de espécies reativas
de oxigénio (EROs) ¢ também um dos efeitos mais evidentes da entrada excessiva de metais
pesados nas células vegetais, ocasionando oxida¢ao de biomoléculas, membranas lipidicas e

organelas vitais, levando ao estresse oxidativo com danos irreversiveis a componentes
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celulares, resultando em desordens no metabolismo vegetal e eventual morte (Mahmud et al.,
2019).

A fim de tolerar os potenciais efeitos toxicos, as espécies vegetais desenvolveram
sistemas fisioldgicos e bioquimicos de prote¢dao e defesa contra o estresse abidtico induzido
pelo excesso de metais pesados (Sarma et al., 2018). Uma das primeiras estratégias de protecao
das plantas contra o excesso de metais pesados ¢ a limitagdo/restri¢do na absorcdo destes
elementos, através da excregdo radicular de acidos organicos e demais exsudatos (Jones, 1998).
Os acidos organicos atuam contra o estresse por metais pesados principalmente por duas
formas: através da quelagdo de metais pesados no meio extracelular, dificultando a entrada nas
células (exclusdo); e pelo controle do pH da rizosfera (Girkin et al., 2018). Por se tratar de
acidos, a excregdo destes compostos organicos diminui o pH do solo/solu¢do, o que torna os
nutrientes mais biodisponiveis para serem absorvidos (Taiz et al., 2017). A adequada absor¢ao
dos demais nutrientes atua na manuten¢do da homeostase vegetal e diminui os efeitos adversos
causados pelo excesso de metais pesados (Kobayashi et al., 2019). Os principais acidos
organicos da rizosfera em exsudatos de plantas sdo os acidos acético, malico, citrico, oxalico,
succinico e fumarico (Mimmo et al., 2014). A detec¢@o de 4cidos organicos exsudatos pelas
raizes pode atuar na sinalizacdo de mecanismos de tolerancia ¢ adaptagao.

Outra estratégia de protecdo das plantas contra o excesso de metais pesados ocorre pela
producdo de moléculas que atuam na quelagdo (aprisionamento) e compartimentalizagdo de
metais pesados em organelas celulares, como fitoquelatinas e metalotioneinas. Fitoquelatinas
(PCs) sdo polipeptidios ndo proteicos ricos em cisteinas (grupos tiois), sintetizadas através da
enzima fitoquelatina sintase (Phytochelatin synthase, EC 2.3.2.15), utilizando a glutationa (y-
Glu-Cys-Gly) como substrato precursor (Ogawa et al., 2010). PCs consistem em apenas trés
aminodacidos: glutamato (Glu), cisteina (Cys) e glicina (Gly), organizados em uma estrutura
basica [(y-Glu-Cys)s-Gly, onde n = 2-11], e s@o classificadas de acordo com numero de
repeticdes do grupo glutamato-cisteina (PC,) (Cobbett e Goldsbrough, 2002). As PCs sao
conhecidas pela capacidade de desintoxicagdo e compartimentalizacdo de metais pesados, por
meio da formacao de complexos com os ions metalicos livres no citosol, que sdo posteriormente
transportados ao vacuolo e outros compartimentos subcelulares (Yadav, 2010). Estudos
verificaram que existe correlacdo positiva entre o aumento da concentragdo de metais nos
tecidos e o aumento na producdo de fitoquelatinas (Beladi et al., 2011; Cao et al., 2019;
Navarrete et al., 2019). Ainda, as PCs possuem alta capacidade de translocagdo entre raizes e
folhas, e quando ligadas aos metais pesados, podem contribuir na homeostase e transporte de
metais nas plantas (Chen et al., 2006). Por utilizarem a glutationa reduzida (GSH) como

substrato, a inducdo da biossintese de PCs pode resultar em deplecdo de GSH (Zhang et al.,
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2005; Rabélo et al., 2018). Dessa forma, alteragdes nas concentragdes de GSH e PC podem ser
uteis indicadores para detecg¢do de respostas bioquimicas de protecdo contra a toxicidade por
metais pesados em plantas.

Além de contaminacdo do solo por metais pesados, o aumento de substancias
potencialmente toxicas na atmosférica, como dioxido de carbono (CO,), 0zbénio troposférico
(03), oxido nitroso (N20O) e outros compostos volateis, impdem novos desafios e estresses
abidticos as espécies vegetais, principalmente em areas urbanas (Matyssek et al., 2014). A
combinagdo de estressores ambientais (no solo e no ar) pode ser ainda mais desafiadora para a
sobrevivéncia de espécies vegetais, em comparagdo com apenas estressores isolados. Por
exemplo, Lolium perenne ¢ L. multiflorum elevam a sintese de fitoquelatinas quando cultivadas
em solo contaminado com Cd, porém quando cultivadas em solo contaminado, mas submetidas
a elevagdo na concentracao de CO; atmosférico, ha reducao na concentragao de fitoquelatinas
e menor capacidade de tolerancia ao Cd (Jia et al., 2010).

O O3, além de impulsionador de mudancas climaticas, ¢ um poluente altamente
oxidativo, sendo considerado uma ameaga aos ecossistemas terrestres ¢ a biodiversidade,
causando efeitos adversos em plantas e microbiota do solo, entre outros organismos presentes
nos ecossistemas. Ao interferir na composi¢do das comunidades microbianas do solo, esse
poluente pode alterar exsudatos das raizes, atividades enzimadticas no solo e a ciclagem de
nutrientes (Agathokleous et al., 2020). O O3 causa inumeros efeitos fisiologicos adversos nas
espécies vegetais, como a redu¢do da condutancia do mesofilo da folha e na capacidade de
carboxilagdo com consequente limitagdo do processo fotossintético (Xu et al., 2019), reducao
na taxa fotossintética saturada de luz, eficiéncia fotoquimica do fotossistema II (PSII), contetdo
de clorofila, massa foliar por area e biomassa radicular (Shang et al., 2017), além de senescéncia
foliar acelerada devido ao aumento da peroxidacdo lipidica, juntamente com alteragcdes na
atividade de enzimas antioxidantes (Dai et al., 2017). Além dos efeitos isolados do O3, a
disponibilidade de nutrientes (ou metais pesados) pode afetar a tolerancia das plantas a
exposicao a este poluente atmosférico, bem como a intensidade das alteragdes em parametros
fisiologicos como biomassa total (Zhang et al., 2018). Enquanto alguns estudos mostram que a
combinagdo de metais pesados e ozonio podem causar efeitos mais acentuados do que a
exposicao a um estressor isolado (Ormrod, 1977; Castagna et al., 2015), revelando que o efeito
combinado da toxicidade por MPs e O3 afetam negativamente crescimento vegetal, processo
fotossintético e regulacdo do sistema de defesa antioxidante (Dawud et al., 2026), outros
encontraram auséncia de interagdo entre esses estressores (Xu et al., 2020). Portanto, verificar
se o aumento da disponibilidade de Cu, Zn e Ni pode amplificar os efeitos negativos do O3 ¢ de

extrema importancia levando em consideragao o aumento conjunto destes estressores abioticos



no ambiente (Calfapietra et al., 2015).

Espécies pertencentes a diferentes grupos funcionais e habitos de vida apresentam
respostas fisiologicas, metabolicas e moleculares distintas (Krdamer, 2010), e ¢ esperado que
essa diversidade de respostas ocorra na Mata Atlantica, que ¢ megadiversa em espécies vegetais
com diversos habitos de vida e distribuidas em estratos (Marques et al., 2021). Devido a
variedade de habitos de vida e estratégias de sobrevivéncia, espécies nativas da Mata Atlantica
apresentam potencial de estudo sobre mecanismos de tolerancia contra estressores abioticos
conjuntos. Estudo experimental de Brandao (2020), revelou que o conteudo absoluto de Ni e
Zn em espécies arboreas refletiu diretamente o nivel desses metais nas formas disponiveis no
solo, sendo mais alto em espécies pioneiras (crescimento rapido) do que nas espécies nao
pioneiras (crescimento lento), com distintas estratégias de defesa antioxidante das espécies ao
estresse imposto pelos metais. Outro estudo experimental evidenciou que espécies arboreas da
Mata Atlantica apresentam alta capacidade de tolerancia ao Cu, devido a presenga de
mecanismos fisioldgicos como acumulo radicular e restri¢ao na translocacao (Siqueira et al.,
2021).

Contudo, a capacidade de tolerancia através da producdo de exsudatos (4cidos organicos
radiculares), sintese de moléculas quelantes de metais pesados (fitoquelatinas) e antioxidantes
(acido ascorbico e glutationa) sdo ainda desconhecidas em diversas espécies nativas da Mata
Atlantica, em especial em espécies com diferentes habitos de vida. Adicionalmente, o
conhecimento sobre a tolerancia de espécies vegetais submetidas a combinagdo de estressores
ambientais (metais pesados + 0z0nio), que sdo eventos interconectados em 4areas antropizadas,
ainda € incipiente e necessita de maior atengdo. Nesse contexto, o presente estudo foi
desenvolvido com o objetivo de ampliar o entendimento sobre essa tematica.

As hipdteses gerais testadas foram:

1) Espécies nativas da Mata Atlantica, quando cultivadas em solu¢do com concentracdes
elevadas de metais pesados, elevam a produgdo de compostos bioquimicos de tolerancia como
forma de mitigar danos fisiologicos;

2) Espécies vegetais de diferentes hébitos de vida e taxa de crescimento apresentam
niveis distintos de tolerancia frente & exposi¢do a metais pesados;

3) A espécie tolerante a metais pesados também pode ser tolerante a exposi¢cdo a outro
estressor abiotico (O3);

4) A exposicdo combinada a metais pesados e 0zonio causara efeitos deletérios mais
expressivos do que quando aplicados isoladamente, reduzindo sua capacidade de tolerancia aos
metais pesados.

Os objetivos gerais foram:
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1) Estabelecer sistema hidroponico, substrato e concentracao de metais pesados para
estudo com diferentes espécies da Mata Atlantica;

2) Avaliar se a capacidade de tolerancia de espécies vegetais nativas da Mata Atlantica
possui relacdo com o habito de vida e/ou taxa de crescimento, e desvendar seus mecanismos
bioquimicos de tolerancia;

3) Verificar os efeitos de concentragdes crescentes de 0zonio troposférico na biomassa
de uma espécie nativa da Mata Atlantica;

4) Investigar se a presenca do ozonio troposférico afeta a capacidade de tolerancia a
metais pesados de uma espécie tolerante, e se a combinacao de estressores abioticos (Metais
pesados + 0zOnio) causa efetivos negativos acentuados.

Para investigar esses efeitos e explorar melhor a capacidade de tolerancia de espécies
vegetais nativas da Mata Atlantica frente a esses estressores, esta tese foi organizada em quatro
capitulos, os quais foram concebidos de forma sequencial e integrada, com os resultados de
cada etapa fundamentando as perguntas, metodologia e aplica¢do da seguinte etapa.

No Capitulo 1, foram apresentados resultados de 2 experimentos para estabelecer e
otimizar as bases metodologicas do estudo, definindo o sistema de cultivo hidroponico, o
substrato mais adequado e as concentracdes de metais pesados (Cu, Zn e Ni) a serem utilizadas
nos experimentos subsequentes.

No Capitulo 2, utilizando o sistema hidroponico otimizado no capitulo anterior, foram
apresentadas as variagdes na capacidade de tolerdncia, acimulo de metais e respostas
fisiologicas e bioquimicas frente a uma concentracdo elevada de Cu, Zn e Ni de 5 espécies de
diferentes formas de vida e taxas de crescimento.

Com base no resultado do Capitulo 2, apos identificar a espécie mais tolerante aos
metais pesado, foi realizado experimento visando a elucidar as respostas desta espécie ao 0z6nio
troposférico de forma isolada, focando na biomassa e niveis criticos de O3 (Capitulo 3) e na
investigacdo dos mecanismos de tolerancia frente & combinagdo de estressores (HMs + O3)
(Capitulo 4).

Vale destacar que os Capitulos 2 e 3 sdo constituidos por manuscritos publicados ou
aceitos para publicag@o nos periddicos Science of the Total Environment e Journal of Forestry
Research, respectivamente. Esses manuscritos foram incluidos nesta tese na forma em que serdo
publicados, em conformidade com as politicas de direitos autorais das respectivas editoras

(Elsevier e Springer Nature).
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ABSTRACT

Contamination by multiple heavy metals (HMs) poses a growing global environmental
threat, and the assessment of plant HM tolerance is vital especially for important forest species
such as Schinus terebinthifolia, a native tree of the Atlantic Forest, a threatened biodiversity
hotspot. Hydroponic studies offer some experimental advantages to unravel plant responses
under heavy metal stress, but defining efficient growing system and appropriate substrate is
crucial. To address these points, two studies were conducted with S. ferebinthifolia under
circular hydroponics using the "Dutch Bucket" method. In the first study, the species was grown
in expanded perlite or phenolic foam, then growth and biomass characteristics were accessed
to determine the best inert substrate. In the second study, S. terebinthifolia was subjected to
increasing concentrations (0, 25, 50, or 100 pmol) of a combination of copper (Cu), zinc (Zn),
and nickel (Ni) for 4 weeks, and its morphological, physiological and survival rate parameters
were analyzed to assess the species' tolerance to multiple heavy metals. Our results
demonstrated that expanded perlite or phenolic foam are equally suitable for S. terebinthifolia
cultivation. When exposed to combined heavy metals, the species displayed toxicity symptoms
but maintained survival rate up to 50 pmol. Tolerance was conferred through root metal
accumulation and restriction without compromising root biomass. Our findings demonstrate the
S. terebinthifolia tolerance and phytoremediation potential for multi-heavy metal contaminated
sites.

Key-words: expanded perlite, phenolic foam, copper, zinc, nickel

INTRODUCTION

Environmental contamination with heavy metals (HMs) is among the main worldwide
problems and concerns of current time, due to their bioaccumulation in living organisms and
ecotoxicity (Zwolak et al., 2019). Combined exposure to multiple HMs presents a greater risk
to organisms and ecosystems than single-metal exposure (Timothy and Willians, 2019).
Multiple HMs such as Copper (Cu), Zinc (Zn) and Nickel (Ni) have been detected at concerning
levels in urban soils (Swain et al., 2024), and in forest fragments such as in the Atlantic Forest,
a biodiversity hotspot in Brazil (Nakazato et a. 2021). The excess of HMs in plants result in
reduced biomass, yield, photosynthetic capacity, and metabolic disturbances (Nagajyoti et al.,
2010). However, plants have different HM-tolerance levels and capacities, and therefore,
understanding the effects of HMs on plant species, as well as the search for tolerant species,
has become an increasingly relevant research topic.

The effects of HMs on plants can be studied using several experimental approaches,
including cultivation of plants in mining-impacted soils (Zabergja-Ferati et al., 2021), in natural

forest soils with controlled HM additions (Siqueira et al., 2021), and in hydroponic systems
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(Sumalan et al., 2023). A significant number of studies have already been conducted on plants
cultivated under excess HMs in soils. However, soil-based studies present some challenges in
understanding the interaction between HMs and plants, as soils exhibit substantial
physicochemical variability that influences the complexation of HMs (Caporale and Violante,
2016). This is due to interactions between metals and negatively charged clay particles, as well
as the presence of organic matter, affecting the available concentrations for plant absorption
(Fan et al., 2015). This also complicates the determination of the total metal concentrations to
which the plant is effectively exposed. Furthermore, the presence of microorganisms (e.g. algae,
fungi, and bacteria) in soils can alter the dynamics of nutrient availability and competition
(Hassani et al., 2018). Therefore, hydroponic techniques offer important methodological
advantages by enabling establishing precise control of nutrient concentrations supplied to
plants. Hydroponic methods are based on growing plants directly in a nutrient solution.
Compared to soil-based systems, hydroponic systems allow precise control over the
concentration of added nutrients (including HMs) and optimization of their bioavailability,
providing appropriate conditions to studies aimed at understanding plant responses to abiotic
nutritional stresses (Mattos et al., 2023). Hydroponic systems ensure maximum nutrient
absorption through pH control, absence of complexation with soil particles, and constant water
supply, thereby facilitating and isolating the effect of HMs on plant physiology (Sathyanarayan
et al., 2023).

Additionally, inert substrates can be added to hydroponic system, to further provide
some realistic advantages, as seedlings are subjected to conditions of mechanical resistance and
porosity structure similar to those of soil, thus simulating a more natural physiological root
growth (Rani et al., 2021). The choice of substrate in hydroponic systems can influence plant
growth, development, and productivity, while also affecting the observability of specific traits
such as root anatomy and compound exudation (Patil et al., 2020). Therefore, evaluating the
viability of hydroponic cultivation with different inert substrates is essential for optimizing both
experimental conditions and phenotypic observations, particularly for elucidating plant
responses to HM toxicity.

This study aimed to optimizing the hydroponic system model “Dutch Bucket” to
investigating the effect of multiple heavy metals (Cu, Zn, and Ni) on the growth, physiology
and consequently to determining HM-tolerance level of a key pioneer tree from the Atlantic
forest. Schinus terebinthifolia Raddi, popularly known as “Brazilian pepper tree” was chosen
as a model species due to its ornamental, economic and ecological importances (Lorenzi 2016)
and to its fast growth and high biomass production (Meyer, 2011), which facilitates the

detection of changes in seedling growth and physiology. The optimization of a system to
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cultivate and study S. ferebinthifolia and unravel its tolerance capacity to multiple HMs could

be essential for conservation and restoration programs.

MATERIAL AND METHODS

Two experiments were conducted with S. terebinthifolia seedlings, as described below. The
first aimed to optimize the hydroponic system and select the most suitable inert substrate. The
second experiment investigated its uptake capacity, as well as growth and physiological
responses to increasing concentrations of HMs (Cu, Ni, and Zn), using the optimized

hydroponic method, thereby enabling the discussion of its tolerance levels.
Experiment 1 — Setting up the hydroponic system and substrate test

Two hydroponic systems were set up in a greenhouse under semi-controlled conditions
of temperature, relative humidity, and light (on average, 25 °C, 80%, and 640 umol m2 s™}).
The hydroponic system adopted was based on the Dutch Bucket System method described in
Ghorbel et al. (2021). In this continuous circulation system, the plants were placed in black pots
with holes at the bottom for drainage and were continuously supplied with a balanced nutrient

solution through automatic water pumps, as shown in the representation below (Fig. I1).

Nutnuve \ ‘ Pump
( solution

Fig. 1 1. Representation of a “Dutch Bucket” hydroponic system. Source: Adapted from
NoSoilSolution.com, 2025.

In system A, the saplings were grown in expanded perlite (Fig. [2A), and in system B
the seedlings were grown in phenolic foam (Fig. 12B), both acquired from commercial
hydroponic grade producers and placed inside the pots. The loss of both substrates through the
holes was prevented by means of a nylon mesh inserted inside the pot. In each system, fifteen
6 month-old Schinus terebinthifolia saplings were grown for 2 weeks under 10% strength
balanced HA nutrient solution (Hoagland and Arnon, 1950), followed for 4 weeks under 25%
strength balanced HA, which was renewed weekly. Prior to cultivation in hydroponic systems,
the roots were washed in distilled water to completely remove the original substrate (composted

soil).
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Fig. 1 2. Schinus tebinthlia hydronically cultivated under expanded perlite (A) or phenolic foam
(B).

At the end of experiment (4 weeks), the individuals were removed from the system, and
the height, stem diameter, number of leaves, relative chlorophyll content (SPAD index) and
pigment concentration (Minocha et al., 2009) were measured. The plants were then separated
into leaves, stems and roots dried at 60 °C until constant weight, and the dry biomass was

measured in analytical scale.

Experiment 2 — Increasing heavy metal concentrations study

The results of the first experiment (as shown in detail below) indicated that perlite is an
adequate inert substrate and confirmed the successful establishment of S. terebinthifolia under
the hydroponic system, allowing to conduct this second experiment.

S. terebinthifolia saplings were cultivated in perlite under a control solution (25%
strength HA nutrient solution) or to three increasing concentrations of combined heavy metals
(Cu, Ni, and Zn) added to the nutrient solution (T1 to T3), as bellow:

Control: 25% strength of HA nutrient solution (Hoagland & Arnon, 1950).

T1: 25% HA + 25, 25, 25 uM Cu, Ni and Zn, respectively.

T2:25% HA + 50, 50, 50 uM Cu, Ni and Zn, respectively.

T3:25% HA + 100, 100, 100 pM Cu, Ni and Zn, respectively.

Heavy metal concentrations were defined based on studies with different species
cultivated in hydroponics enriched with metals (Soares et al., 2000; Vassilev et al., 2007;
Pietrini et al., 2015). Solutions were ionically balanced to avoid increase of nutrients other than

Cu, Zn and Ni (Table I1). All solutions were adjusted to 5.6 pH and weekly renewed.

Tab. I 1. Hoagland and Arnon (1950) balanced nutrient solution (25% strength - Control), or enriched
with 25 (T1), 50 (T2) or 100 (T3) uM of Cu, Zn, and Ni.

Nutrient Source Control T1 T2 T3
- uM
KNO;3 1500 1500 1500 1500
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Ca(NOs), 4H,O 1000 1000 1000 1000

NH4H,PO4 500 500 500 500
MgSO4 7TH,O 250 250 250 250
KCI 50 50 50 50
H;BO:; 25 25 25 25
MnSO4 H,O 0.6 0.6 1 1
H:>MoO, (85%) 0.5 0.5 1 1
Fe - EDTA 19 19 19 19
CuSO4 5H,O 0.100 25 50 100
ZnSO, TH,0 0.500 25 50 100
NiSO4 6H,0 0.001 25 50 100
(NH4)2S04 299 225 150 0
NH4NO; 0 74 149 299

The experimental design adopted was completely randomized, with 4 treatments and 15
plants per treatment, totaling 60 plants The experiment lasted 45 days, with 14 days for
adaptation to the hydroponic system (all plants received 10% HA in the first 7 days, then 25%
HA up to 14 days), and 31 days of exposure to control or HMs treatments. The acclimatation
phase (increasing nutrient solution strength for 14 days) was based in established hydroponic
protocols (Jones, 2014), while the experiment phase (30 days of constant exposure) was based
on the species biomass accumulation and growth rate (Meyer, 2011). At the end of experiment,
the visible, morphological and physiological measurements were performed to assess plant

tolerance and responses to increasing HM concentrations.
Analytical methods

Survival rate and biometrics

Survival rate (%) was performed by counting the number of living plants. The biometric
parameters analyzed at the end of experiment were plant height (cm), stem diameter (m) and

number of leaves.

Solution pH and electrical conductivity

Weekly, at the day of nutrient solution replacement, 50 mL of the solution was collected
and the solution pH (ranging from 0-14) and electrical conductivity (uS cm™') was analyzed

using a portable multiparameter sensor (Combo-5, AKSO).

Physiological parameters

The physiological parameters of gas exchange, chlorophyll fluorescence, relative
chlorophyll content (SPAD index) and pigment concentration were determined in the 1%
physiologically mature leaf of each plan

Net CO; assimilation (4, pmol CO> m? s™!), stomatal conductance (gsw, mol H,O m™
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s') and the maximum efficiency of photosystem II in the dark-adapted state (Fv/Fm) were
measured with a portable infrared gas analyzer (IRGA) (LI6800 — Li-Cor). Measurements were
carried out between 8 am and 12 pm at 400 ppm CO2, 50% relative humidity and 25°C
temperature as established conditions. The ideal value of photosynthetically active radiation
(PAR, umol photons m? s™!) was obtained t. through assimilation curve in response to the
decrease in PAR flux (from 2,000 to 0 umol m s™!) carried out in healthy individuals (plants
from control treatment, n = 3). Fy/F, measurements were performed in dark-adapted leaves (20
minutes covered in aluminum foil), by applying a 660 nm saturating rectangular flash (3,000
pmol photons m? s for 3 milliseconds.

The SPAD index was determined using a SPAD-502 manual chlorophyll meter (Konica
Minolta), averaging 5 leaf sections from each plant. Total chlorophyll (a + b) and carotenoid
concentrations (ug g leaf fresh weight) were determined in three discs (@ = 0.5 cm) removed
from the central region of the leaf, avoiding the veins. Leaf samples disks were immersed in
96% ethanol kept in the dark for 24 hours, periodically vibrated to ensure extraction
homogeneity. The extract was spectrophotometrically analyzed at A =471 nm, 649 nm, 664 nm
and 750 nm, and then chlorophyll a (Chl a), chlorophyll b (Chl b) and total carotenoids were
determined by the formulas derived from Minocha et al. (2009):

Chla = (13.36 X A664) — (5.19 X A649)
Chlb = (27.43 X A649) — (8.12 X A664)
Carotenoids = [(1000 x A470) — (2.13 X Chl a) — (97.64 X Chl b)] + 209

Biomass and heavy metal content in tissues

The plant was separated into roots, stem and roots, and oven-dried at 60 °C until constant
weight for dry mass determination (g). The dry plant samples (leaf, stem and roots) were
crushed in a knife mill until became a homogeneous powder, and later sent to Fertility
Laboratory, Agronomic Institute, Campinas, Sdoo Paulo State, Brazil, to determine copper
(Cu), zinc (Zn) and nickel (Ni) concentrations (mg g tissue), performed by Flame Absorption

Spectrometry (Raij et al., 2001).

Image processing

The images of the plants (Fig. I3 and I7) have been optimized for improved visual clarity
through contrast adjustments, brightness enhancement, background removal and scale insertion
using the GNU Image Manipulation Program (GIMP, version 3.0.4). The original, unprocessed

images are available from the corresponding author upon request.
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Statistical analysis

Statistical analyses were performed using GraphPad Prism (v 9.0). Data from both
experiments were assessed for normality (Shapiro-Wilk test) and homoscedasticity (Brown-
Forsythe test). When assumptions were met, differences between treatments were analyzed by
one-way ANOVA followed by Tukey's post hoc test (p < 0.05). If assumptions were violated,
data were log-transformed and re-analyzed. If transformed data still violated assumptions, the
non-parametric Kruskal-Wallis’s test was applied, followed by Dunn's post hoc test for multiple
comparisons. For HM concentration in tissues, a two-way ANOVA (factors: plant tissues (leaf,
stem and roots) and HM treatments) was performed, with significant interactions explored using

Tukey's post hoc test.

RESULTS

Experiment 1

The S. terebinthifolia saplings were able to grow and accumulate biomass compared to
the beginning of the experiment conducted under hydroponic conditions (Fig. 13). There were
no significant visual differences in S. terebinthifolia between cultivation under expanded perlite

(Fig. I3B) or phenolic foam (Fig. I3C).

CAV

Fig. I 3. Schinus terebinthifolia at the beginning of the experiment (A), and after 30 days cultivated in
“Durch bucket” hydroponic system under perlite (B) or phenolic foam (C). Red line scale= 10 cm.

There was no difference in the height, stem diameter, number of leaves and total

biomass of S. ferebinthifolia grown in expanded perlite or phenolic foam (Fig. 14).
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Fig. I 4. Height, stem diameter, number of leaves and total dry biomass of S. terebinthifolia cultivated
under expanded perlite, or phenolic foam.

There was no difference in the relative chlorophyll content (SPAD index), nor in the
concentration of chlorophylls and carotenoids in the leaves of S. terebinthifolia grown under

expanded perlite or phenolic foam (Fig. I5).
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Fig. I 5. Relative chlorophyll content (SPAD index), total chlorophyll (Chl a+b) and carotenoids
concentration in leaves of S. terebinthifolia cultivated under expanded perlite or phenolic foam.

Experiment 2
Biometrics, biomass and survival rate

There was a reduction in S. terebinthifolia height in treatments T1, T2, and T3,
compared to the control (Fig. 16). There was no change in stem diameter between treatments.

There was a progressive reduction in the number of leaves in S. terebinthifolia cultivated under

increasing heavy metals
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Fig. I 6. Height, stem diameter, number of leaves, and leaf, stem and root dry biomass of S.
terebinthifolia cultivated under Control (balanced nutrient solution), T1 (25 uM Cu, Zn and Ni), T2
(50 uM Cu, Zn and Ni) or T3 (100 pM Cu, Zn and Ni). Different letters indicate significant difference
between treatments, according to Tuckey test (p < 0.05).

There was a progressive decrease in S. terebinthifolia leaf dry mass under T1, T2 and
T3, respectively, compared to control. The dry biomass of stems was significantly reduced in
treatments T1, T2, and T3, compared to the control. There was no change in root dry biomass
between treatments (Fig. 16).

In treatment T3, 60% of S. terebinthifolia plants survived, contrasting with the survival
rate observed in control, T1 and T2 (94% survival each). Under control, T1 and T2, one
individual did not survive, while in T3 six individuals did not survive at the end of experiment.

The visual aspects of the plants reflected the heavy metal stress and survival rate (Fig. 17).
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Fig. 1 7. Schinus terebinthifolia grown in hydroponic solution under control (balanced nutrient solution
-A), T1 25 uM Cu, Zn and Ni - B), T2 (50 uM Cu, Zn and Ni - C), T3 (100 uM Cu, Zn and Ni - D).
(In Figure D, the photo of a dead individual was chosen to emphasize the high mortality rate in this
treatment. Red scale bar = 10 cm.

Heavy metal content in tissues

In S. terebinthifolia leaves, there was an increase in Cu concentration in treatment T3
compared to the others, while the opposite was observed for Zn, with a reduction in treatment
T3 (Fig. I8). There was no difference in Cu or Zn between the control, T1, and T2 treatments.
For Ni in the leaves, there was an increase in treatment T3 compared to the control, with a

greater increase in treatments T1 and T2, with no difference between them (T1 =T2).
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Fig. I 8. Mean concentrations of copper (Cu), zinc (Zn) and nickel (Ni) (mg kg™ dry mass), in leaves,
stem and roots of S. ferebinthifolia cultivated under Control (balanced nutrient solution), T1 (25 uM Cu,
Zn and Ni - B), T2 (50 pM Cu, Zn and Ni - C) or T3 (100 pM Cu, Zn and Ni - D). Distinct lowercase
letters indicate significant differences between HM treatments in the same tissue, while uppercase letters
indicate differences between tissues in the same HM treatment, according to Tuckey test (p < 0.05).

In the stem, the three added heavy metals, Cu, Zn, and Ni, show the same accumulation
pattern: the lowest values were found in the control treatment, with an increase in treatments
T1 and T2, which did not differ from each other (T1 =T2), and the greatest increase in treatment
T3.

In the roots, there was a continuous increase in the concentration of Cu, Zn, and Ni,
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corresponding to the increase in the concentration of these metals in the nutrient solution. Only
for Ni was there no difference in the concentration of this element in the roots between
treatments T1 and T2.

In the control treatment, there was no difference in the concentration of Cu, Zn, or Ni
between leaves and stem, while the root showed the highest concentrations. In the treatments
with added metals, there was a progressive increase in their concentration following this order:
Leaf (lowest accumulation), stem (intermediate accumulation), and root (highest

accumulation).

Physiological parameters

There was a reduction in net carbon assimilation (4) and stomatal conductance of S.
terebinthifolia in treatments T1, T2, and T3 compared to the control, with no difference in 4
between treatments T2 and T3, and no difference in gsw for all treatments with added HMs (T1
= T2 = T3) (Fig. 19). There was a progressive reduction in the maximum efficiency of

photosystem II (Fv/Fm) of S. terebinthifolia leaves in treatments T1, T3, and T2, respectively.
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Fig. I 9. Net carbon assimilation (4), stomatal conductance (gsw), and maximum efficiency of the
photosystem II of dark-adapted leaves (Fv/Fm) of S. terebinthifolia cultivated under Control (balanced
nutrient solution), T1 (25 uM Cu, Zn and Ni - B), T2 (50 uM Cu, Zn and Ni - C) or T3 (100 uM Cu, Zn
and Ni - D). Distinct letters indicate significant differences between treatments, according to Dunn’s test
(p £0.05).

There was a reduction in the total chlorophyll and carotenoids concentration, and in the
relative chlorophyll content (SPAD index) of S. terebinthifolia leaves cultivated under T1, T2

and T3, equally, compared to control (Fig. [10).
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Fig. T 10. Total chlorophyll, carotenoids, and relative chlorophyll content (SPAD index) of S.
terebinthifolia cultivated under Control (balanced nutrient solution), T1 (25 uM Cu, Zn and Ni - B), T2
(50 uM Cu, Zn and Ni - C) or T3 (100 uM Cu, Zn and Ni - D).

pH and conductivity
There was an increase in the pH of the solutions with heavy metals, ranging from 4.5

(control) to 5.6 (T2 and T3) at the end of experiment (Fig. I11). There was no difference for

electrical conductivity (EC) between treatments.
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Fig. I 11. pH and electrical conductivity of the control nutrient solution, T1, T2 and T3.

DISCUSSION

Experiment 1

The continuous circulation “Dutch Bucket” hydroponic system proved to be efficient
for the cultivation of S. terebinthifolia. Most hydroponics studies are conducted with vegetables
and herbaceous species of agricultural interest, while studies involving forest species are still
scarce (Erere et al., 2021), especially Atlantic Forest species. Although some hydroponic
studies with S. terebinthifolia exist (Dobbss et al., 2018; Silva et al., 2021; Mattos et al., 2023),
to our knowledge, this is the first study testing the effectiveness and viability of different
substrates media in growth outcome of S. terebinthifolia cultivated under the circular
hydroponic “Dutch Bucket” system.

Both perlite and phenolic foam proved to be equally viable and effectively inert
substrate media for S. ferebinthifolia hydroponic cultivation. Despite the similarity in the
outcomes, some details should be considered when choosing a substrate, as price, accessibility,
and the physical characteristics (Rani et al., 2021). Perlite offers high aeration and porosity that
facilitate root growth, along with low cost and reusability; however, it has low water retention
capacity. In contrast, phenolic foam provides high water retention but at a higher cost (Han et
al., 2014). This factor is particularly important in active hydroponic systems, as power outages
that interrupt nutrient solution circulation for extended periods may lead to plant loss due to
water deficiency; in this context, phenolic foam offers a clear advantage. The cultivation
objective is also highly relevant in the choice of substrate, which was decisive in our study.
Perlite proved to be much easier to remove from the roots, causing little or no interference to
the roots after removal, while phenolic foam required greater effort for complete root removal,

resulting in greater mechanical wear (data not shown). Therefore, for studies aimed at analyzing
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root morphology, anatomy, and functionality (such as exudation and biochemical analysis of
compounds), expanded perlite is preferable. Given the need for a substrate that is low-cost, easy
to handle and remove, and does not require strict control of plant hydration, perlite was selected

for use in the subsequent experiment.
Experiment 2

When cultivated under increasing concentrations of HM, there was a negative effect on
virtually all growth and physiological parameters measured in S. terebinthifolia. These effects
are the result of metabolic, nutritional, and biochemical disruptions caused by HM toxicity
(Dubey et. al., 2018). One of the precursors of physiological impairments in plant physiology
is the excessive production of reactive oxygen species (ROS), which affects normal cell
function and results in negative impacts on plant growth and development (Shahid et. al., 2014).
The effects of these possible disruptions were manifested in S. terebinthifolia by reduced height
growth, shoot biomass, photosynthetic pigments and activity (gas exchange and chlorophyll
fluorescence). These are clear symptoms of HM-toxicity (Huihui et al., 2020). Treatments T2
and T3 proved to be aggressive to the photosynthesis of S. terebinthifolia seedlings, highlighted
by negative carbon assimilation (photorespiration) and severe disruption of photosystem
efficiency.

In addition to the physiological parameters affected, the negative impact of excess HM
became visible. The leaves showed special sensitivity to HM-toxicity by reduced number and
biomass production, while the stem and roots showed lesser impacts revealed by constant
diameter size and root biomass. In the treatment with the highest concentration of heavy metals
(T3), in addition to alive plants with high toxicity symptoms, a high mortality rate (40%) was
observed, demonstrating that the concentration of 100 umol of the combination of Cu, Zn and
Ni was toxic to S. terebinthifolia in only 4 weeks of exposure. Further studies aiming to
understand biochemical, molecular, and more detailed responses of S. terebinthifolia under
HM-stress, should preferably be conducted using concentrations lower than 50 umol of Cu, Zn,
and Ni, in order to obtain measurable tolerance responses while avoiding high mortality.

The pH of the nutrient solution gradually increased with higher heavy metal
concentrations. Under stress, plants can release root exudates to increase pH and limit further
HM the uptake (Javed et al. 2013). This is a tolerance strategy to promote phytostabilization of
toxic elements, avoiding their absorption while maintaining water absorption capacity (Siyar et
al., 2020). This could be a tolerance strategy adopted by S. terebinthifolia. Further studies
investigating the root exudation capacity and compounds profile will elucidate this tolerance

mechanism.
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A progressive increase in Cu, Ni, and Zi levels were observed in all tissues of S.
terebinthifolia cultivated under excess HM. However, the accumulation differed among plant
tissues. Regardless of the HM (Cu, Zn, or Ni), the main organ of accumulation was the roots,
followed by the stem and leaves. This suggests that S. terebinthifolia possibly possesses active
mechanisms to restrict the translocation of metals to the aerial parts, in order to preserve the
photosynthetic organ. These mechanisms of HM restriction in roots may involve transporter
remodeling and accumulation in the cell wall (Wei et al., 2023), morphological and anatomical
changes of roots (Ambrosini et al. 2018), or through chelation and storage of metals in the
vacuole by the action of biochemical compounds such as phytochelatins (Xu et al., 2017).
Restriction by active mechanisms is plausible in S. terebinthifolia, given the large-scale increase
in root accumulation of HM, but no significant reduction in root biomass. This indicates that
the greater accumulation in the roots was not the result of a "concentration" effect that can occur
due to decreased biomass, but rather a real increase in the absorption and accumulation of the
metal by the tissue. The accumulation of HMs in the roots, along with the maintenance of root
biomass, is a confirmed manifestation of tolerance in HM-tolerant species (Clemens, 2006).

The high absorption of HMs in the different organs is a clear evidence that hydroponics
is a technique that allows for high availability of nutrients (and/or heavy metals) through pH
control, absence of chelating agents, and complexation with substrate particles (Gillespie et al.,
2020). Therefore, our results prove that the hydroponic technique facilitates nutritional and
physiological studies of tree species subjected to varying concentrations of nutrients and/or
heavy metals.

Overall, the most accumulated HM was Cu, mainly in roots. This corroborates a
previous study that showed that S. terebinthifolia is tolerant to excess copper and is
recommended as a phytostabilizer of this metal, due to its high absorption and retention in the
roots (Siqueira et al., 2021). In the leaves, zinc was the most accumulated metal, while nickel
was the least absorbed metal overall in all tissues. This is possibly related to the general
nutritional requirements of plants for each element. It is known that zinc is one of the
micronutrients required in the largest quantities, while nickel is required in minimal
concentrations (Lilay et al., 2024). In our study, this was evident in the S. terebinthifolia
seedlings grown in the treatment without the addition of HMs (control), where the plant leaves
contained naturally high levels of zinc and minimal amounts of nickel in this organ.

Despite exhibiting negative impacts on physiology and growth, S. terebinthifolia
demonstrated tolerance to HM exposure up to 50 uM of the Cu, Zn, and Ni, as there was no
alteration in the seedling survival rate. Treatment with 100 uM of HMs induced higher mortality
but still 60% of seedling survival. Additionally, it is important to note that S. ferebinthifolia
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was exposed to a combination of metals. Given that the combined effects of multiple HMs can
cause severe damage due to synergistic interactions among elements (Redha et al., 2021), the
survival of S. terebinthifolia under elevated HM exposure further supports its classification as
a HM—tolerant species. Evidence of tolerance was characterized by the maintenance of root
biomass and stem diameter, the ability to restrict heavy metals in the roots, and indications of

absorption restriction through pH modulation of the solution.

CONCLUSIONS

The Dutch Bucket continuous circulation hydroponic system is efficient for cultivating
S. terebinthifolia. Expanded perlite or phenolic foam are equally viable substrates for
cultivating S. terebinthifolia. However, perlite is more suitable for studies aimed at anatomical
and physiological roots analyses, as it allows for easier removal with less mechanical damage.
This methodological approach increases the range of possibilities for further studies in
hydroponics with this key species.

Under severe HM stress, S. terebinthifolia shows signs of toxicity by decreased shoot
biomass production and imbalanced physiological traits. However, the species may exhibit
tolerance mechanisms evidenced by the maintenance of root biomass and stem diameter,
accumulation of metals in the roots with restricted translocation to the leaves. S. terebinthifolia
can tolerate the combination of Cu, Zn, and Ni at concentrations up to 50 uM, as survival rate
is not affected. The species proves to be an excellent candidate for phytoremediation of Cu, Zn

and Ni, in addition to its attributes as a model species for studies of plant HM-stress.
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ABSTRACT
Environmental contamination by heavy metals (HM) threatens plant physiology;
however, some species tolerate it via strategies like root exudation of organic acids (ROAs),
phytochelatin (PC) synthesis, and antioxidants (ascorbic acid - AA, glutathione - GSH). We
hypothesized that plant life-form and growth-rate may influence HM-tolerance. We
experimentally studied five Atlantic Forest (a hotspot for biodiversity conservation) species:
fast-growth pioneer tree (Schinus terebinthifolia), slow-growth non-pioneer tree (Cariniana
legalis), fast-growth herbaceous (Seemannia sylvatica), fast-growth liana (Passiflora edulis),
and slow-growth epiphyte (Adechmea fasciata). Plants were hydroponically exposed to Cu, Ni,
and Zn (CuZnNi) for 45 days, and their physiological responses (gas exchange, chlorophyll
fluorescence, pigments, biomass) and HM-tolerance strategies (PCs, ROAs, AA, GSH) were
measured. Distinct HM-tolerance levels and mechanisms were found. The pioneer tree and
epiphyte were the most tolerant species, showing mild physiological disturbances. The pioneer
tree combined avoidance (phytic acid exudation), immobilization (leaf PC3), and mitigation
(AA) mechanisms. The epiphyte relied on avoidance (diverse ROAs) and immobilization (leaf
PC2). The non-pioneer tree was moderately tolerant, using immobilization (leaf PC6) and
mitigation (AA) strategies, but still exhibited significant physiological imbalances. Despite
their respective defense mechanisms, the herbaceous (avoidance: oxalic acid; immobilization:
leaf PC4) and liana (mitigation: GSH) were highly sensitive, showing severe toxicity. Our
results suggest that plant life-form influences heavy-metal accumulation and tolerance, whereas
growth rate was not a reliable predictor. Broader investigations, including additional species,
metals, and environmental conditions, are needed to determine whether these patterns reflect
life-form effects or taxon-specific responses.

Keywords: Tree, Herbaceous, Liana, Epiphyte, Pollution
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INTRODUCTION

Tropical plant species are increasingly challenged to survive amidst climate change,
urbanization, forest fragmentation, and environmental pollution. One of the main global
concerns regarding anthropic pollution is the environmental contamination by heavy metals
(HMs). These elements can be harmful to plants through their accumulation in the plant-soil
system, leading to toxicity (Vardhan et al., 2019; Zwolak et al., 2019). In the Atlantic Forest,
an important biodiversity hotspot in Brazil, contamination by multiple HMs such as copper
(Cu), zinc (Zn), and nickel (Ni) has been documented (Marques et al., 2021; Nakazato et al.,
2021). Anthropogenic activities such as vehicle emissions and industrial processes have raised
Cu, Zn, and Ni levels to concerning concentrations in the Atlantic Forest, especially in urban
fragments or areas close to large urban/industrial centers (Dafré-Martinelli, 2020; Vasconcellos
et al., 2021). Cu, Zn, and Ni are essential for plant growth and development, but at high
concentrations can disrupt plant physiology, reducing net carbon assimilation, light use
efficiency, pigment levels, while increasing oxidative damage and altering biomass allocation
(Ghori et al., 2019; Gong et al., 2019). Although understanding the effects of Cu, Zn and Ni
individually is important, the combined toxicity of multiple HMs in polluted soils poses a higher
risk to organisms and ecosystems compared to single HM exposure, and therefore deserves
greater attention (Chen et al., 2020).

It is well-established that plants have developed several physiological and biochemical
protective strategies to avoid, tolerate, or mitigate HM toxicity. One of the primary strategies
for protecting plants against excess HMs is the exudation of root organic acids (ROAs)
(Osmolovskaya et al., 2018). ROAs act as metal chelators, binding to free metals in soil to form
insoluble HM-ROA complexes, which in turn limit HMs uptake by plant roots (Kar et al., 2021),
thereby functioning as an avoidance mechanism. Another key biochemical strategy involves
the synthesis of non-protein polypeptides rich in cysteine (thiol groups), known as
phytochelatins (PCs) (Cobbett and Goldsbrough, 2002). PCs function after HM uptake by
chelating and subsequently compartmentalizing the PC-HMs complexes into cell vacuoles
(Pandey et al., 2019), serving as an intracellular accumulation mechanism. Studies have shown
that many species increase PC synthesis in response to HM stress (Beladi et al., 2011; Navarrete
et al., 2019; Talukder, 2020).

While mechanisms such as uptake restriction and chelation can effectively mitigate
adverse effects of HMs, oxidative damage may still occur due to increased production of
reactive oxygen species (ROS) (Mahmud et al., 2019). To counteract oxidative damage, plants
can synthesize enzymatic antioxidants, such as catalase (CAT), superoxide dismutase (SOD),

ascorbate peroxidase (APX), glutathione peroxidase (GPX), as well as non-enzymatic
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antioxidants like ascorbic acid (AA) and glutathione (GSH). AA and GSH work synergistically,
playing a crucial role in reducing toxicity by scavenging excess ROS. Moreover, GSH is as a
precursor for PCs synthesis (Liu et al., 2015).

In a megadiverse biome like the Atlantic Forest, plant species exhibit distinct life-forms
and occupy different ecological niches (Marques et al., 2021). These different life-forms may
result in distinct strategies to avoid, accumulate and tolerate HMs stress (Singh et al., 2020).
Research has shown that fast-growing pioneer tree species from the Atlantic Forest of Brazil
possess effective antioxidant systems and exhibit higher tolerance to oxidative stress (Brandao
et al., 2017; Esposito et al., 2018), accumulate more HMs and show less biomass imbalances
than slow-growing non-pioneer tree species (Brandao et al., 2022; Barbosa et al., 2024).
However, the specific defense strategies employed by native species from Atlantic Forest
against combined HM stress, -such as production of ROAs, PCs, AA or GSH-remain largely
unknown. Exposing plants experimentally to multiple HMs can provide valuable insights into
their tolerance mechanisms (Xie et al., 2018). Furthermore, no studies have yet investigated
potential differences in tolerance strategies and HMs accumulation capacities among plant
species with distinct life-forms coexisting in forest environments.

To address this gap, we propose two hypotheses. I: Plant species with different life-
forms are naturally adapted to varying environmental conditions and therefore exhibit different
HMs accumulation levels and tolerance strategies; II: Fast-growing species (including
herbaceous, climbing and pioneer trees) are more tolerant than slow-growing species (such as
epiphytes and non-pioneer trees). To test these hypotheses, we studied five species from the
Atlantic Forest with different life forms and growth rates. The species were hydroponically
cultivated under normal or high HM-concentrations, and their metal accumulation capacity, key
physiological aspects (carbon assimilation, chlorophyll fluorescence, pigments content, and
biomass production) and biochemical defense mechanisms (ROAs, PCs, and non-enzymatic

antioxidants) were evaluated.
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MATERIAL AND METHODS

Experimental design and sampling procedures

The experiments were carried out in a greenhouse with semi-controlled conditions
(mean temperature: 25°C, mean humidity: 50%; mean photosynthetic photon flux density
(PPDF) from natural sunlight: 1,200 pmol m? s™) located in the Instituto de Pesquisas
Ambientais (Environmental Research Institute), Sdo Paulo, Sao Paulo State, Brazil (23°30°S
and 46°40°W; 770 m altitude).

Seedlings of the five Atlantic Forest species that are characterized by distinct life-forms
were obtained from commercial nurseries: 1) pioneer tree (Schinus terebinthifolia Raddi,
Anacardiaceae); 2) non-pioneer tree (Cariniana legalis (Mart.) Kuntze, Lecythidaceae); 3)
herbaceous (Seemannia sylvatica (Kunth) Hanst., Gesneriaceae); 4) liana (Passiflora edulis
Sims, Passifloraceae); 5) epiphyte (Aechmea fasciata (Lindl.) Baker, Bromeliaceae). The
seedlings purchased from local producers originated from naturally germinated seeds (i.e. non-
genetically manipulated), collected from a wide broad variety of mother trees to ensure natural
genetic variability. To standardize physiological age and developmental stage across species
and ensure comparable responses, we use only young pre-flowering plants. The species were
selected by the criteria: 1) good representativeness of the life-form group; 2) native to the
Atlantic Forest and 3) possibility of obtaining standardized seedlings in local plant nurseries.
The non-pioneer tree C. legalis and the epiphyte A. fasciata are endangered Brazilian species,
and studies aiming the understanding of their tolerance mechanisms to environmental pollution
are highly necessary.

The experiments with each plant species were conducted in a recirculation “Dutch
Bucket” hydroponic system (Ghorbel et al., 2021; Bhat et al., 2023), which consisted of
growing the plants in 5 L reservoirs filled with perlite, through the nutrient solutions were
continuously circulated. The experimental design was composed of 2 treatments (Control or
CuZnNi), with 2 replicates each containing 15 plants, totaling 30 plants per treatment (n = 30).
The plants were continuously supplied with nutrient solutions stored in 20 L gallons and
prepared as follows:

Control: 25% strength Hoagland and Arnon balanced nutrient solution (Hoagland &
Arnon, 1950).

CuZnNi: 25% strength of Hoagland and Arnon balanced nutrient solution + 25 pM Cu,
Ni and Zn.

The concentrations of Cu, Zn and Ni added were based on several studies with different

species grown in hydroponic systems and exposed to solutions enriched with Cu, Zn or Ni
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(Soares et al., 2000; Vassilev et al., 2007; Sagardoy et al., 2009; Bouazizi et al., 2010; Pietrini
et al., 2015; Rizwan et al., 2017). The solutions were ionically balanced to avoid the increase
of other nutrients (mainly nitrogen and sulfur) than Cu, Zn and Ni (Table IIS1). Solutions were
adjusted to pH 5.6 and renewed weekly.

The experiment with each species lasted 45 days (15 days of adaptation to hydroponic
system and 30 days of experimentation). All physiological and biochemical analyses were
carried out at the end of the experiment.

Net CO; assimilation and chlorophyll fluorescence (n = 30) were determined in the 1%
physiologically mature leaf of each plant. In sequence, the plants were removed from the
hydroponic system, their roots washed with distilled water to remove all perlite particles and
then placed in bottles filled with 100 ml of deionized water for 2 hours. After that, 15 ml of
solutions from every 3 plants randomly chosen from the same treatment were joined to obtain
10 composite samples with 45 ml for analyses of organic acid exudation (n = 10).

Composite samples of leaves were immediately crushed into liquid nitrogen and stored
at -80°C for biochemical analyses. Each sample of leaves was obtained by assembling leaves
of 3 plants per treatment chosen for analyses of organic acid exudation. Ascorbic acid/pigments,
glutathione and phytochelatin were analyzed in composite samples of the 1%, 2" and 3™
physiologically mature leaves, respectively. We have defined the physiologically mature leaves
according to the particularity of each species. For pioneer tree, non-pioneer tree and climbing
species, we considered the first mature leaf as the third leaf counting from the apex downward.
For the herbaceous species we considered the third leaf of the youngest shoot while for the
epiphyte species we considered the third leaf counting from tank center to edge. Composite
samples of root tips were also similarly prepared and stored for phytochelatin analyses.

Finally, the plants were separated into leaves, stems, and roots, oven-dried at 60 °C until

constant weight to determine dry mass and Cu, Zn and Cu concentrations in each organ.
Analytical technics

pH and electrical conductivity of nutrient solutions

Solution pH and electrical conductivity (uS cm™) were weekly measured directly in
nutrient solutions with a portable multiparameter sensor (Combo-5, AKSO) one day before the

solution renewal.
Biomass and heavy metal accumulation

After drying at 60 °C in a circulating-air oven until constant mass, the roots, stems, and

leaves were weighed (g). The values of leaf and stem biomasses were summed to compose the
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shoot biomass and calculate root/shoot ratios. The dried samples were crushed in a knife mill
until become a homogeneous powder, then 100 mg of each sample was sent to Fertility
Laboratory at Instituto Agrondmico (Agronomical Institute), Campinas, Sao Paulo State, Brazil
for Cu, Zn and Ni analysis (mg g dry mass). Plant tissues were digested using nitric and
perchloric acids and HM concentration was determined by flame atomic absorption

spectrophotometry (Raij et al., 2001).
Physiological indicators of stress and visible alterations

Net CO» assimilation (4, pmol CO2 m? s) of each species was measured with a
portable infrared gas analyzer (IRGA) (LCpro, ADC-Bioscience, UK). Measurements were
carried out between 8 am and 12 pm at 400 ppm CO2, 50% relative humidity and 25°C
temperature as established conditions. The ideal value of photosynthetically active radiation
(PAR, pumol photons m? s') for each species was obtained through assimilation curve in
response to the decrease in PAR flux (from 2,000 to 0 pmol m™ s!) carried out in healthy
individuals (plants from control treatment, n = 3). Gas exchange was not only analyzed in the
epiphyte species due to its CAM metabolism (stomata opens at night).

The maximum efficiency of photosystem II in the dark-adapted state (Fy/Fn) was
determined in the same leaves used for measuring net CO; assimilation, previously dark-
adapted for 30 minutes, with a portable modulated pulse fluorometer OS5p (Opti-Sciences,
Hudson, USA). The light Fluorescence measurement was performed with a 660 nm saturating
rectangular flash of 3,000 umol photons m™ s™! for 3 milliseconds.

Total chlorophyll (a + b) and carotenoid concentrations (ug g™ leaf fresh weight) were
determined in frozen composite leaf samples immersed in 96% ethanol kept in the dark for 24
hours. The extract was spectrophotometrically analyzed at A = 471 nm, 649 nm, 664 nm and
750 nm, and then chlorophyll a (Chl a), chlorophyll b (Chl b) and total carotenoids were
determined by the formulas derived from Minocha et al. (2009):

Chl a = (13.36 X A664) — (5.19 X A649)
Chlb = (27.43 X A649) — (8.12 X A664)

Carotenoids = [(1000 x A470) — (2.13 X Chl a) — (97.64 x Chl b)] + 209

Visible alterations were evaluated by noticeable differences in plant height, number of
leaves, leaf chlorosis or necrosis, root volume and color between plants under Control or

CuZnNi1 treatments.
Antioxidants

Ascorbic acid (AA) concentration in reduced (AA,) and total (AA,) forms (mg g™! leaf

fresh weight) was determined in frozen composed samples, after extraction with
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metaphosphoric acid (HPO3), followed by centrifugation at 11,393.4 x g (10,000 rpm) for 15
minutes at 2 °C. The supernatant was collected, filtered in hydrophilic nylon syringe filters (0.22
um), and AA concentrations were determined in RP-HPLC on a C-18 column, flow rate set to
1 ml min™!, 25 °C and detection under diode array detector (DAD) at A = 245 nm, using isocratic
elution of water acidified at pH 2.3 with H;PO4 (Lopez et al., 2005).

Glutathione (GSH) concentration in reduced (GSHr) and total (GSHt) forms (mg g™ leaf
fresh weight) was determined in frozen composite samples, after extraction with sulfosalicylic
acid, followed by centrifugation at 11,393.4 x g (10,000 rpm) for 15 minutes at 2 °C. The
supernatant was collected and GSH concentrations were determined in spectrophotometer at A
=412 nm (Anderson, 1985).

Quantification and detection of ascorbic acid and glutathione were determined after
calibration curve (Table IIS2) with analytical grade commercial standards (Supelco, Merck
Sigma-Aldrich) as reference.

The reduced/total ratio of ascorbic acid and glutathione was calculated to evaluate their
redox state. Values < 0.5 indicate the predominance of oxidized state and values > 0.5 the

predominance of reduced state of both antioxidants (Burkey et al., 2006).
Phytochelatins (PC)

Phytochelatin (PC2 to PC6) concentrations (ng g leaf or root fresh weight) were
determined in frozen composite samples, after extraction with 60% perchloric acid, vortexing
for 1 minute, followed by centrifugation at 11,393.4 x g (10,000 rpm) for 15 minutes at 2 °C.
The supernatant was collected, filtered in hydrophilic nylon syringe filters (0.22 pm) and PC
detection were determined in RP-HPLC (reverse phase high performance liquid
chromatographic) on a C-18 column, flow rate set to 1 ml min™!, 25 °C and detection under
DAD at A = 214, using (A) 99.9% deionized water + 0.1% trifluoroacetic acid (v/v) and (B)
acetonitrile for 25 minutes under linear elution gradient (1% decrease in A and 1% increase in
B per minute) (Hunaiti et al., 2003). Quantification and detection were determined after
calibration curve (Table IIS2) with commercially laboratory synthesized phytochelatins

(Anaspec, USA) as standard reference.
Root organic acids (ROA)

The composite solutions (15 mL) were filtered through qualitative cellulose membranes
(grade 42) with 0.22 pm porosity, freeze-dried and resuspended in 500 pl distilled water
acidified at pH 4.0 with H3POg. Identification and quantification of ROAs were carried out in
a RP-HPLC system, using a C-18 column and an isocratic elution of (A - 93%) 25 mM KH2PO4

in water and (B - 7%) methanol, with flow rate set to 1 ml min™!, 25 °C and detection under
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DAD at A = 210 nm. Commercial organic acids (Acetic, Adipic, Ascorbic, Benzoic, Butyric,
Citric, Formic, Fumaric, Isobutyric, Isocitric, Lactic, Maleic, Malic, Malonic, Oxalic, Phytic,
Propionic, Quinic, Shikimic, Succinic and Tartaric - organic acids kit, Supelco, Merck Sigma-
Aldrich) were used as a standard reference, and the identification of organic acids in the samples
(ug ml™!) was performed by first adding the standard to a blank sample (deionized water) and
comparing the retention times of the sample with the standard reference, and second by adding
the standard to a random sample and observing the increase in the corresponding organic acid
peak. Quantification and detection were determined after calibration curve (Table 1IS2) with

analytical grade commercial reference standard (Cawthray, 2003).
Statistical analyses

Data was analyzed in the statistical software GraphPad Prism v 9.0. Differences between
Control and CuZnNi treatments regarding biomass ratio, leaf gas exchange, chlorophyll
fluorescence, pigment content, ascorbic acid, glutathione and root organic acids were identified
through t-test (p < 0.05). Heavy metal and phytochelatin concentrations in each organ were
analyzed using Two-Way ANOVA (factors: treatment x organ), while pH and conductivity of
the nutrient solution weekly renewed were assessed with Two-Way ANOVA (factors: treatment
x time), followed by Sidak's multiple comparison test (p < 0.05) to identify differences between
variables and their interactions. The residual data were subjected to Shapiro-Wilk normality
(normal distribution) and Brown-Forsythe homoscedasticity (equality of variances) tests. Non-
normal or heteroscedastic data were transformed (log or sqrt) to meet ANOVA assumptions.
Synthesis of Two-way ANOVA results can be found at Supplementary material (Table IIS3
and 1IS4).

Phytochelatins were also analyzed through Principal Component Analysis (PCA), to
identify species-specific phytochelatins (PC2 — PC6) and detect if heavy metal excess
influences PC concentration and preference.

A graphical construction of Heatmap was performed to represent the overall HM
accumulation, biochemical defenses and physiological responses of the 5 species studied. To
ensure comparability, the data were variance-scaled (standardized) to be incorporated into the

heatmap.



RESULTS

Heavy metal accumulation
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The metal accumulation capacity varied among species, according to the following

order of magnitude (Fig. 111, Table I1IS5): Herbaceous > liana > pioneer tree > epiphyte = non-

pioneer tree.
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Fig. II 1. Mean concentrations of copper (Cu - A), zinc (Zn - B) and nickel (Ni - C) (mg kg'! dry mass),
in leaves, stem and roots of pioneer tree, non-pioneer tree, herbaceous, liana and epiphyte species
cultivated in nutrient solution (C - Control) or nutrient solution with excess of Cu, Zn and Ni (T -
CuZnNi). Distinct letters indicate significant difference between organs in the same treatment, while *
indicates significant difference between Control and CuZnNi in the same organ, according to two-way
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ANOVA followed by the Sidak test (p < 0.05).

There was no difference in Cu concentration between organs of plants grown in Control,
except for the pioneer tree, which accumulated significantly more Cu in its roots. Ni
concentrations in non-pioneer tree, herbaceous and liana were higher in roots than in stem or
leaves in the Control. However, for the pioneer tree and epiphyte, no significant difference in
Ni concentration between organs was observed in the Control. Plants of all species cultivated
in CuZnNi accumulated higher levels of Cu, Zn and Ni in their roots than in the stem or leaves,
except for the epiphyte, which showed similar Zn concentrations in all organs under the same
treatment.

All plant species exposed to CuZnNi exhibited elevated heavy metal concentrations in
their tissues relative to the Control group; however, the patterns of accumulation varied among
the different species. Cu, Zn and Ni concentrations increased only in roots of the pioneer tree
roots, with no changes in leaves or stems. Cu concentration increased only in roots of the non-
pioneer tree, while Ni concentration increased in all organs, but no difference of Zn
concentration for all organs. Cu, Zn and Ni concentrations increased in all organs of the
herbaceous species. Cu and Zn increased in roots and stems of the Liana species, while Ni
concentration increased in all organs. Cu concentrations increased only in the roots of the
epiphyte species, while Ni concentration increased in all organs, and Zn concentration increased

in roots and leaves.
Physiological indicators of stress and visible alterations

All species showed physiological adjustments under HM stress (Table I11). Net carbon
assimilation (A4) was reduced for all species under CuZnNi; the herbaceous and liana species
reached negative assimilation values (e.g., photorespiration). Except for the pioneer-tree,
maximum efficiency of photosystem II in the dark-adapted state (Fv/Fm) decreased in all species
under CuZnNi. Chlorophyll and carotenoid concentrations decreased for the herbaceous and
lianas species under CuZnNi. Root/Shoot biomass ratio was altered for the non-pioneer tree,
herbaceous and liana under CuZnNi.

Tab. II 1. Mean values + standard deviation of net carbon assimilation (4, umol CO, m™ s™!), maximum
efficiency of photosystem II in the dark-adapted state (F,/Fm, ratio), chlorophyll and carotenoid
concentrations (mg g fresh mass), and biomass root/shoot (ratio) of pioneer tree, non-pioneer tree,
herbaceous, liana and epiphyte seedlings cultivated in balanced nutrient solution (Control) or balanced
nutrient solution with excess Cu, Zn and Ni (CuZnNi). Means in bold indicate a significant difference
between treatments, according to t-test (p < 0.05). Net carbon assimilation not performed in Epiphyte
due to CAM-type metabolism.

Species Treatment A Fy/Fm Chlorophyll Carotenoids Root/Shoot

-- -- umol CO, m? ¢! ratio mg g’ ratio

Pioneer tree Control 5.88 £3.18 0.68+0.11 150+1.00 05+£0.15 0.18+0.04
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CuZnNi 1.61+£1.33 0.66+0.09 141+£049 025+£0.09 0.24+0.16
. Control 4.93 £1.04 0.64+0.02 191+£042 032+£0.08 0.22+0.04
Non-pioneer tree .
CuZnNi 0.51 +£0.59 0.52+0.04 228+123 042+0.22 0.29+0.05
Control 10.88 + 5.96 0.71+£0.02 1.14+0.14 0.18+0.03 0.20+0.15
Herbaceous )
CuZnNi -0.04 £4.27 0.50+£0.11 0.51+£0.17 0.09+£0.03 0.33+0.61
Li Control 3.68 +£1.96 0.70 £0.03 2.78+0.59 0.51+0.09 0.43+0.12
iana
CuZnNi -0.28 £ 0.68 0.55+£0.10 0.78+0.13 0.23+0.03 0.27+0.07
. Control -- 0.60 £0.07 0.12+0.03 0.04+£0.01 0.16=0.04
Epiphyte i
CuZnNi -- 0.52+£0.07 0.12+£0.04 0.03+=0.01 0.15+0.08

All species showed visible alterations when cultivated under HM stress (Figure 112).

The pioneer tree showed fewer visible injuries after cultivation under CuZnNi stress than the

other species, with a reduction in height and root volume. In all other species, darkening and

expressive root volume reduction were observed under CuZnNi. In the shoots of plants under

CuZnNi, wilted leaves were noticeable in the non-pioneer tree; leaf chlorosis and leaves size

reduction, and smaller plants were observed in the liana; and leaf necrosis, chlorosis and size

reduction were evident in the herbaceous species. The epiphyte showed leaf opacity and

reduced root development under CuZnNi.

Fig. II 2. Visual apects of pioneer tree (A-B), non-pioneer tree (C-D), liana (E-F), herbaceous (G-H)




41

and epiphyte (I-J) seedlings cultivated under control nutrient solution (figures A, C, E, G and I) or
balanced nutrient solution with excess of Cu, Zn and Ni (figures B, D, F, H and J). Letters with *
highlights plant roots. Red bar scale = 10 cm.

Antioxidants

Leaf concentrations of total ascorbic acid (AA) and total glutathione (GSH;) varied
among species according to following order of magnitude (Fig. I13):
AA:: Liana > pioneer tree = non-pioneer tree > epiphyte > herbaceous

GSHy¢: Liana > pioneer tree = epiphyte = herbaceous > non-pioneer tree
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Fig. II 3. Mean concentrations (ug mg™' fresh mass) of reduced and total ascorbic acid (AA, and AA; -
A) and glutathione (GSH; and GSH; - B), and respective redox status (AA/AA:, GSH/GSH,) in leaves
of pioneer tree, non-pioneer tree, herbaceous, liana and epiphyte seedlings cultivated in balanced
nutrient solution (Control) or balanced nutrient solution with excess Cu, Zn and Ni (CuZnNi). Distinct
letters indicate significant difference between treatments, according to t-test (p < 0.05).

Reduced ascorbic acid levels (AA;) and total ascorbic acid levels (AA;) increased in the



42
pioneer and non-pioneer tree under CuZnNi, while only AA; increased in the herbaceous plant,
but AA;decreased in the liana species. Leaf AA: or AA concentrations of the epiphyte species
did not differ between treatments. Ascorbic acid redox state (AA/AA;) increased in the non-
pioneer tree under CuZnNi, switching from oxidized state (< 0.5) to reduced state (> 0.5). For
the other species, there was no variation in AA/AA between treatments and were characterized
by the predominance of the reduced state (> 0.5).

Reduced glutathione (GSH;) increased in the non-pioneer tree, herbaceous and liana
species under CuZnNi, while total glutathione (GSHy) increased in the pioneer tree. Glutathione
redox state (GSH./GSH;) increased in the herbaceous and liana species under CuZnNi,
switching from oxidized (< 0.5) to reduced state (> 0.5). For the other species, there was no
change in GSH/GSH, between treatments. Both with or without CuZnNi stress, the pioneer tree
and epiphyte species were characterized by predominating oxidized state of glutathione, while

the non-pioneer tree was characterized by the reduced state of glutathione.
Phytochelatins

PCA explained 56.80% of the total variability in leaf phytochelatins of the five species
studied (Fig. 14). Axis 1 explained 29.76% (p = 0.02) of the variance and was mainly composed
of PC2, PC3 and PCS. Axis 2 explained 27.06% (p < 0.01) of the variance and was mainly
composed of PC3 and PC4. In roots, PCA explained 62.30% of the total variability in root
phytochelatins. Axis 1 explained 37.32% (p < 0.01) of the variance and was mainly composed
of PC2, PC3 and PCS5. Axis 2 explained 24.98% (p = 0.01) of the variance and was mainly
composed of PC4 and PC6 (Fig. 114).
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Fig. II 4. Graphical representation of principal component analysis (PCA) and mean concentrations (ng
mg!; bar graph) of phytochelatins (PC2 to PC6) detected in leaves (A and C) or roots (B and D) of
pioneer tree, non-pioneer tree, herbaceous, liana and epiphyte cultivated in balanced nutrient solution
(C = Control) or balanced nutrient solution with excess Cu, Zn and Ni (T = CuZnNi).
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In general, phytochelatin concentrations were higher in leaves than roots; except PC5 in
non-pioneer tree under Control, and PC6 in liana under CuZnNi. The PCAs also revealed that
the species produced higher levels of specific phytochelatins, as summarized below (Fig. 114).

High leaf concentration of PC3 was detected in pioneer tree species, with an increase
observed in trees grown under CuZnNi, whereas a similar tendency was not evident in their
roots. Non-pioneer tree species were characterized by high concentrations of PC3 and PC6 in
leaves, showing an increase under CuZnNi and by elevated levels of PC3 in the roots, also
increasing under CuZnNi.

Herbaceous species exhibited a high concentration of PC6 in leaves under the Control.
However, under the CuZnNi, PC6 decreased while PC4 increased in their leaves. High
concentrations of both PC4, PC5 and PC6 were detected in the roots; with no differences
observed between treatments.

Liana species did not exhibit a high production of any specific leaf phytochelatin.
However, a high concentration of PC2 was detected in their roots in both treatments, compared
to the other species.

High concentration of PC2 was detected in leaves of the epiphyte, with no distinction
between treatments. All phytochelatins were measured at low levels in their roots, with no
differences observed between treatments.

In general, the two-way ANOVA and multiple comparison tests confirmed that each
species adjusted its leaf and root concentrations of specific phytochelatins in response to

increased metal levels in the hydroponic solution (Table IIS3).
Root organic acids and hydroponic solution

A total of thirteen root organic acids (ROA) were identified: phytic, oxalic, tartaric,
malonic, lactic, maleic, acetic, citric, succinic, fumaric, propionic, isobutyric and shikimic (Fig.
I15). Oxalic acid was the only ROA detected in all plant species. The diversity of exuded ROA
varied among species, as follows:

Epiphyte (10) > liana (9) > herbaceous (8) > pioneer tree (2) = non-pioneer tree (2)

The species also exuded distinct levels of total ROA, as follows:

Pioneer tree > liana > epiphyte = non-pioneer tree > herbaceous



Root organic acids
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45

E: T B
10000 100+
1000-|
‘_l— ‘-_ a
£ 1004 £ ki
: 5w b
10| a
1
X
0.1 1
] L L L
> 2 N
ot & o <:x*§
2
Herbaceous Liana
C 1000
100 o
100
< 10~ I =
E _ 10-
2 g
1_
b o
X X X i
0.1 XX 0.1
) : ] ) (=] o L] 9]
& & & & & &S o
& F O oé} NI R
W @ O
Epiphyte
a
100- -

1 Control
I CuZnNi

pg mi™”
.c —
— - o
I |
et
- o
o
e
5%
——i
=

<[

-, . ., . 0 .\O .\c' . \(:,
D & & L 0 & S B
O RV 9 0_:"'00 N

Fig. II 5. Mean concentration of root organic acids (ug ml™") exuded pioneer tree (A), non-pioneer tree
(B), herbaceous (C), liana (D) and epiphyte (E) seedlings cultivated in balanced nutrient solution
(Control) or balanced nutrient solution with excess Cu, Zn and Ni (CuZnNi). Different letters indicate

a significant difference between treatments, according to the t-test (p < 0.05). “x” indicates undetected
acid.

Overall, ROA exudation by all species decreased after cultivation under the CuZnNi.

Oxalic acid was exuded by all species, and decreased under CuZnNi in all species, except in
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herbaceous species; phytic acid by pioneer tree; tartaric acid by liana; fumaric by herbaceous
and tartaric and maleic acids by epiphyte. The production of shikimic (by non-pioneer tree),
malic, malonic, lactic, isobutyric (by herbaceous), lactic, propionic (by lianas) and succinic (by
epiphytes) acids occurred only in the Control. In contrast, phytic acid was exudated by liana
and epiphyte only in the CuZnNi (Fig. II5).

The pH values of the hydroponic solutions used in the experiments ranged between 3.75
and 5.78. Solutions with excess of Cu, Zn and Ni used to cultivate all species decreased in pH
over time. Similar pH decreases were observed in the Control solution used to cultivate species
of pioneer tree and epiphyte species. Significant differences in pH values between the two
treatments were observed during the experiments conducted with non-pioneer tree, herbaceous,
and pioneer tree species, although without following a pattern (Fig. I1S2).

The conductivity values of hydroponic solutions ranged between 580 and 670 uS cm’!
during experiments with pioneer tree and non-pioneer tree species, between 300 and 500 puS
cm’! during experiment with herbaceous, between 30 and 170 uS cm™ during experiment with

' during experiment with epiphyte species. The

liana, and between 30 and 50 uS cm’
conductivity values of both Control and CuZnNi solutions used to cultivate all species
fluctuated significantly over time and differences between the conductivity of Control and

CuZnNi solutions were observed, albeit without following a pattern (Fig. I1S2).

DISCUSSION
Heavy metal accumulation

All species accumulated the excess heavy metals (HM) mainly in roots, reducing
translocation to aboveground tissues as a protective mechanism, consistent with several other
studies (Galal et al., 2015; Wang et al., 2015; Zang et al., 2020). HM accumulation in roots
occurs passively in the cell walls, which act as a selective barrier preventing entry into the
cytoplasm and avoiding cellular damage (Parrotta et al., 2015). Between 70-90% of all absorbed
HM can accumulate in the cell walls of roots (Jia et al., 2019). However, significant differences
in HM accumulation patterns were observed among the species studied. Notably, the
herbaceous and liana species accumulated more HM in their organs than the other species, and
as a result, presented more severe physiological imbalances. The extreme high contents of
heavy metal in tissues in herbaceous and liana, especially Cu in roots (> 1000 mg kg™!, table
S5), highlights their HM sensitivity, resulting from excessive metal uptake (weak avoidance)
and reduced root biomass. More evidently, the herbaceous species showed the higher heavy
metal concentrations in leaves of all species, indicating its low translocation retention capacity,

which was followed by the most evident visual damage and physiological disruption.
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Conversely, the pioneer tree, non-pioneer tree and epiphyte, which showed lower HM
accumulation, displayed fewer physiological imbalances. This highlights that avoidance
(reducing HM uptake), together with immobilization (limiting HM translocation to shoots), are
key mechanisms to prevent HM stress. Although HM was mainly accumulated in roots, no
increase in root phytochelatin synthesis was observed for most species, indicating that this
active method of chelation and subsequent entrapment in vacuoles may not be their main
strategy for HM accumulation. It is possible that, regardless of the plant life-form, root cell wall
storage should be the main strategy for HM accumulation in the studied species. The differences
in metal concentrations found between species in our study can be attributed to inherent
biological variations, such as metabolism and nutrient uptake rates, receptor types and amounts,
presence of lignified roots, and metal selectivity of each species (Filipovi¢-Trajkovi¢ et al.,

2012; Pasricha et al., 2021).
Physiological indicators of stress

All five species showed some degree of physiological imbalance when cultivated under
CuZnNi, indicating that 25 uM of combined Cu, Zn and Ni supplied hydroponically for 45 days
was phytotoxic. The decrease in net carbon assimilation rate observed in the species cultivated
under HM stress was expected, as excessive HM affects negatively plant physiology and
homeostasis (Ghori et al., 2019). Chlorophyll fluorescence stability verified in the pioneer tree
indicates that light absorption and photosynthetic efficiency were not affected (Kalaji et al.,
2016), highlighting its higher tolerance to HM compared to other species. Maintaining light
absorption efficiency is essential for pioneer species, which must tolerate high light intensities
in open, sunny environments, such as degraded areas (Favaretto et al., 2011). Therefore, this
pioneer tree can be recommended for forest restoration of HM-contaminated open areas. The
non-pioneer tree species was able to survive and maintain its photosynthetic pigment
concentrations after exposure to CuZnNi, despite reductions in both net carbon assimilation rate
and chlorophyll fluorescence. Therefore, this species could also be considered for restoration
programs, particularly in areas with lower contamination of Cu, Zn and Ni, and preferably after
plantation of pioneer trees.

The epiphyte species was tolerant to HM stress, as evidenced by the absence of
alterations in pigment concentration or biomass allocation. It is noted that epiphyte exhibited
the lowest levels of photosynthetic pigments of all species, regardless of the presence of the
CuZnNi treatment. Low pigment values are common in this epiphyte species, and it’s related to
their adaptation to partial shade under the forest canopy (Holcman and Sentelhas, 2013). Since

our experiment was conducted under natural sunlight, the species reduces the chlorophyll



48
content and exhibits opaque leaves coloration (Figure 2), but that did not influence the species
ability to tolerate HM. Because epiphytes live in such a unique environment (attached to other
plants and under the canopy), the species naturally possesses several morphophysiological
adaptations that enable it to thrive in stressful environments, including leaf tank formation,
CAM photosynthesis and absorptive leaf trichomes (Silvestro et al., 2014). A recent study
further emphasized the epiphyte's responsiveness and high tolerance to environmental
pollution, attributed to the effective maintenance of its antioxidant defense system (Giampaoli
et al., 2021). Interestingly, the experiment with this epiphyte species revealed the greatest
diversity of root ROA, the lowest conductivity values of hydroponic solutions and the highest
total levels of PCs. This suggests that, among the studied species, epiphyte has the greatest
capacity to regulate nutrient bioavailability through high ROA exudation (Panchal et al., 2021).
This finding is important for an epiphyte bromeliad, highlighting additional functionalities of
epiphyte roots beyond substrate (host tree) fixation (Young et al., 2022). Furthermore, our study
revealed that the epiphyte species efficiently inactivates free HMs within cells by forming
complexes with PCs, mainly PC2 in leaves, thus reducing HM toxicity (Asgher et al., 2017).

Herbaceous and liana species were the only ones to show a reduction in pigment
concentration, accompanied by negative photosynthetic rates. Decreased photosynthetic
pigments levels are a clear indicator of toxicity and represent a severe loss in overall
photosynthetic capacity (Zaouali et al., 2020). These species also exhibited changes in biomass
allocation between plant organs, resulting in alterations in the root/shoot ratio. This indicates
their heightened vulnerability to HM contamination. From an ecological perspective, the
biomass reduction and allocation shifts observed in herbaceous and liana species under HM
stress can have detrimental effects on their competitiveness and hinder their establishment,

particularly in contaminated areas (Michalet et al., 2023).
Antioxidants

The increase in antioxidant levels, such as ascorbic acid and glutathione, are clear
indicators of tolerance against oxidative damage caused by ROS generated by excess HM in
cells (Maleki et al., 2017; Singh et al., 2019). In our study, only the pioneer and non-pioneer
trees species increased both AAr and AAt concentration under excess HM, indicating a high
biochemical adaptability and protection against oxidative stress (Gill and Tuteja, 2010).
Conversely, herbaceous and liana species exhibited higher capacity to elevate GSH; under HM
stress, prioritizing the regeneration of GSH to its reduced state rather than utilizing it in other
metabolic pathways. GSH;: is an exceptionally efficient antioxidant molecule that combats ROS,

preventing oxidative damage, and protects cellular structures (Noctor et al., 2012). Additionally,
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GSH; acts as the primary defense mechanism against metal toxicity before PCs synthesis
reaches effective levels of metal complexation (Boojar, 2010).

The predominance of AA in the reduced redox state (AA/AA:> 0.5) across species in
our study suggests a high capacity for AA renewal and an antioxidant system prepared to
combat oxidative agents (Brandao et al., 2017). However, GSH, which serves as both an
essential antioxidant (Kunert and Foyer, 2023) and precursor of PC (Asgher et al., 2017), was
predominantly in the reduced redox state (GSH,/GSH; > 0.5) only in the non-pioneer tree and
herbaceous species cultivated under excess HMs. The predominance of oxidized GSH observed
in the pioneer tree species under both HM stress and Control indicates a high utilization of this
compound in other metabolic pathways (Noctor et al., 2012). Additionally, the non-pioneer
species exhibited the lowest basal levels of total glutathione (GSHt) but responded to excess
HM with a significant increase in long-chain phytochelatins (PC6). Similarly, the epiphyte
exhibited the highest total levels of phytochelatins, supposedly prioritizing the utilization of
GSH for PCs synthesis. Conversely liana species showed the highest level of GSHt in leaves
but exhibited lower overall levels of PCs (especially in roots), indicating a prioritization of

antioxidant defence over HM-chelating mechanism.
Phytochelatins

The PCA graph highlighted that each species produces higher levels of specific PCs
with defined chain-length in response to HM stress. This finding suggests that these PCs could
serve as target molecules to indicate HM tolerance level of plant species (Liu et al., 2015). The
primary leaf PC-indicators for each species were: PC3 for the pioneer tree, PC6 for the non-
pioneer tree and PC4 for the herbaceous species. In contrast, no specific leaf phytochelatin
emerged as a consistent indicator of HM stress in the liana and epiphyte species studied. It is
well established that the longer chain length of a phytochelatin molecule, the greater its HM-
binding capacity and the higher the stability of the PC-HM complex (Chekmeneva et al., 2011).
The decrease in PC6 levels but increase in PC4 levels in herbaceous leaves under HM stress
may indicate that the species loses the ability to synthesize long-chain phytochelatins, resulting
in higher sensitivity to HM stress, consistent with the observed with the physiological damage
in these species.

Despite the significant accumulation of HM in roots, all species prioritized PC synthesis
in leaves, a trend observed in previous studies (Zhang et al., 2010; Mohamed et al., 2012;
Bankaji et al., 2015; Cao et al., 2019). After HM uptake by roots, PCs are among the most
effective components of a plant’s biochemical defense system for immobilizing absorbed HMs

(Boojar, 2010; Singh et al., 2019) and preventing ROS production and consequent oxidative
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damage (Cobbett, 2000; Yadav, 2010). The epiphyte species studied exhibited the highest PC2
production among the species studied. Furthermore, its elevated basal PC content likely

contributed to its high tolerance to HMs, as evidenced by low physiological damage.
Root organic acids and hydroponic solution parameters

Each species exhibited distinct capacities for ROA exudation, both in terms of diversity
and concentration levels. The exudation of ROA depends on several factors, including species,
developmental stage, root architecture and the presence or absence of stress (Sandnes et al.,
2005; Badri and Vivanco, 2009). In our study, ROA diversity was greater in species with shorter
life cycles (epiphyte, liana and herbaceous) compared to those with long life cycles (trees). This
supports our hypothesis that HM tolerance mechanisms vary between species with different
life-forms.

The diversity of ROA among different life-form species is critical fact to consider in
phytoremediation projects targeting HM-contaminated areas, as ROAs play essential roles in
regulating nutrient bioavailability and plant-microbiota interactions (Weisskopf et al., 2008).
Each ROA also serves specific functions in nutrient availability and plant-soil relationships
(Bais et al., 2006). Therefore, herbaceous, liana, and epiphyte species could be valuable for
urban greening projects in cities within Atlantic Forest domain. Their higher capacity for ROA
exudation can help regulate soil pH and nutrient bioavailability, thereby enhancing beneficial
plant-soil interactions. These species are well suited for late-stage ecological restoration of HM-
contaminated areas. On the other hand, tree species included in this study may be recommended
for the initial phases of ecological restoration programs.

The complete inhibition of exudation of certain ROAs observed in the studied species
(except for pioneer tree) under HM stress highlights the significant impact that HM
contamination may have on the regulation of natural processes in plants (Badri and Vivanco,
2009). The reduction or inhibition of exuded ROAs contradicts our hypothesis that there would
be an increase in ROAs under HM stress, which was based on the results of previous studies
(Zhu et al., 2011; Montiel-Rozas et al., 2016). The ROA reduction found in our study may result
from decreased carbon availability due to reduced assimilation via photosynthesis and/or
metabolism imbalance due to high stress. ROAs are carbon molecules; approximately 11% of
the total fixed carbon and 27% of the carbon allocated to roots are exuded into the rhizosphere
(Vives-Peris et al., 2020). This percentage can vary depending on plant species, nutritional
status, and plant age. Young plants, such as those in our study, can allocate around 30-40% of
the total fixed carbon in root exudates (Whipps, 1990). In our study, all species showed a

reduction in net carbon assimilation under HM stress, which may lead to lower allocation to
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roots and consequently reduced ROA exudation. Additionally, the species may actively reduce
ROAs exudation as a strategy to maintain essential acids involved in the tricarboxylic acid
(TCA) cycle (such as oxalic, malic, fumaric, citric and succinic), since these are exuded by
roots in lesser amounts than non-TCA cycle acids. These compounds play key roles in the
energy metabolism of plants and are crucial for maintaining minimal physiological and
photosynthetic activities of plants, especially under stress (Zhang and Fernie, 2023).

The pioneer tree exuded extremely high quantities of phytic acid and exhibited the
lowest physiological alterations of all species. Phytic acid has a high affinity for various metallic
ions, such as Zn**, Cu?*, Cd**, Ni** and Pb*" (Kim et al., 2017) and forms stable complexes that
reduce their bioavailability for plant uptake (Crea et al., 2008). Therefore, it is plausible that
the high exudation of phytic acid represents one of the primary strategies this species employs
to tolerate HM stress. In contrast, the liana and epiphyte species only exuded phytic acid when
subjected to stress, indicating that increased phytic acid exudation may serve as an active
protective mechanism against excess HMs in these species. This response has been observed in
other studies as well; for example, species from the genus Pferis increase phytic acid exudation
when grown in soil contaminated with arsenic (Liu et al., 2016).

The reduction in pH of hydroponic solutions containing excess HMs over time indicates
that progressive acidification occurred. This acidification cannot be explained by increased
exudation of root ROAs, as exudation decreased under HM stress, in some cases, was
completely inhibited. Instead, it may have resulted from the increased exudation of other
compounds, such as phenols, amino acids, proteins, and mucilage, which also lower solution
pH and may be released under HM stress (Bali et al., 2020). The varying conductivity levels of
nutrient solutions suggest that the uptake rates of nutrients (including the HMs targeted in this
research) differ among species. Electrical conductivity (EC) is a measurement that indirectly
indicates the quantity of free ions in a solution, thus estimating the availability of nutrients
(Velazquez-Gonzalez, 2022). In our study, the conductivity values appear to be related to the
diversity of ROAs exuded by each species. The lowest conductivity values (indicating lower
available nutrients) were observed in epiphyte, liana and herbaceous species, which also
exhibited the highest diversity of ROAs. This supports the idea that ROAs can act as nutrient
regulators by complexing free ions in the solution, thereby reducing nutrient availability (Ma

et al., 2020).
Overall tolerance strategies and study limitations

Overall, the plant species studied focused more on strategies that immobilize HMs

within the cells (such as phytochelatins synthesis) or mitigate oxidative stress under Cu, Zn and
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Ni stress (via non-enzymatic antioxidant synthesis) than on avoidance mechanisms like ROAs
exudation. The species exhibited distinct abilities to exude high concentrations and/or a high
diversity of ROAs, which may reduce HM bioavailability and confer benefits, even although
ROAs synthesis was not triggered by excess HM levels. Additionally, root cell wall storage
emerged as another important strategy for restricting the deleterious effects of Cu, Zn and Ni in

the studied species, particularly in the liana and pioneer tree species (Figure 116).
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Based on the overall evaluation and metal accumulation and physiological damage, we
were able to rank the studied species according to their tolerance strategies and level of stress
responses to Cu, Zn and Ni, as follows:

Pioneer tree (S. terebinthifolia) = epiphyte (4. fasciata) > non-pioneer tree (C. legalis)

> liana (P. edulis) = herbaceous (S. sylvatica).
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The tolerant pioneer tree species was characterized by effective avoidance (high
exudation of phytic acid), immobilization (increased synthesis of PC3 on leaves), and
mitigation (enhanced production of AA) strategies. As a result, this species accumulated
intermediate amounts of metals in its leaves and exhibited minimal physiological damage.
Similarly, the tolerant epiphyte species demonstrated both avoidance (the greatest diversity of
exuded ROAs) and immobilization (high synthesis of phytochelatin PC2 in leaves)
mechanisms, which coincided with proportionally lower levels of HM accumulation in both
leaves and roots. The non-pioneer tree could not be clearly categorized as tolerant, as it
exhibited significant physiological imbalances despite maintaining overall growth and showing
some tolerance responses through immobilization (increased synthesis of phytochelatin PC6 in
leaves) and mitigation (enhanced production of AAs). This was observed in response to low
heavy metal accumulation in its leaves. The herbaceous and liana species were the most
sensitive species studied, exhibiting severe physiological damage and alterations in biomass
allocation. The tolerance strategies observed in both herbaceous (increased leaf contents of
phytochelatin PC4 and high oxalic acid exudation) and the liana species (high antioxidant
activity and increased synthesis of phytochelatin PC2 in roots) were not sufficient to fully
mitigate the stress induced by the equivalently high HMs contents in their leaves and/or roots,
as indicated by the heatmap.

Although we could identify the main tolerance strategies and accumulation capacity of
the studied species, we understand that our study has intrinsic limitations, highlighting: 1) We
adopted only one species as the representative model for each plant life-form. To obtain a
broader understanding, studies with more species are needed to verify if the response patterns
found here are consistent within each life-form group. 2) The individuals in our study were
young pre-flowering plants. The responses dynamics of adult plants and/or in reproductive
phase to multiple HM-stress may be different. New studies with mature plants and under
different physiological phases are needed to better elucidate the strategies and tolerance levels
of each life-form. 3) Our study focused on the combined effect of three heavy metals (Cu + Zn
+ Ni) at an equal concentration (25 uM) since the objective was not to differentiate the stress
intensity caused by each individual element. Future studies investigating these elements
individually and across a range of concentrations may provide more detailed and element-
specific insights. 4) Our study employed simple salts and hydroponic cultivation to ensure high
metal absorption and to emphasize biochemical responses. However, studies conducted in soil
systems and involving metals complexed with chelators can reveal a more comprehensive

understanding of these species' behavior in natural environments.
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CONCLUSIONS

The native Atlantic Forest species with different life-forms studied in the present study
(pioneer tree, non-pioneer tree, herbaceous, liana and epiphyte) exhibited distinct tolerance
strategies and HM accumulation, confirming our hypothesis 1. §. terebinthifolia (pioneer tree
— fast growth) is a HM-tolerant species, employing a combination of avoidance,
immobilization, and mitigation mechanisms. 4. fasciata (epiphyte — slow growth) is also a HM-
tolerant species, relying on avoidance and immobilization mechanisms. C. legalis (non-pioneer
tree — slow growth) is a HM-moderately tolerant species employing relevant immobilization
and mitigation mechanisms but presents significant physiological imbalances under HM-stress.
S. sylvatica (herbaceous — fast growth) and P. edulis (liana — fast growth) are HM-sensitive
species exhibiting severe physiological damage under HM-stress due to less effective HM-
tolerance mechanisms. Growth rate (fast growth x slow growth) was not a reliable predictor of
HM-tolerance across the studied plant species, refuting our hypothesis II.

Our results expand the scientific knowledge about plants HM-tolerance by
demonstrating that the plant life-form not only defines its ecological role but also may influence
HM-tolerance and HM-accumulation capacity. Our findings can contribute to the identification
of HM-tolerant plant species using life-form traits and support their selection for conservation
and restoration of HM-contaminated areas. The trees Schinus terebinthifolia and Cariniana
legalis are recommended for the initial phases of ecological restoration programs of HM-
contaminated areas, while herbaceous Seemannia sylvatica, liana Passiflora edulis and epiphyte
Aechmea fasciata could be suited for late-stage phases to promote soil-microbiological
dynamics improvement interactions due to higher ROAs diversity exudation.

The detection and evaluation of biochemical tolerance compounds such ascorbic acid,
glutathione, root organic acids and phytochelatins are effective biochemical indicators of HM-
tolerance, since the more evident these mechanisms are, less physiological damage are
observed. Future studies with more species, different HMs diversity and concentrations, and
environmentally realistic conditions are essential to better understand the HM-tolerance
mechanisms and plant-stress dynamics, and to confirm whether distinct biochemical strategies

are more related to plant life form than taxonomic aspects.
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Highlights

Ozone risk assessment for Schinus terebinthifolia was explored for the first time.

S. terebinthifolia stomatal ozone uptake model was parameterized.

Nonlinear stomatal flux-based models better predicted ozone risk to S. terebinthifolia biomass.

2.56 mmol O3 m? PODj6 and 3.37 mmol O3 m? POD;s were the critical levels to prevent 4%

of total and leaf biomass loss, respectively.

S. terebinthifolia is highly tolerant to ozone stress.
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ABSTRACT

Schinus terebinthifolia (Raddi) is a tropical fast-growing broadleaf tree species from the
Atlantic Forest in Brazil, a threatened biodiversity hotspot. The species has socioeconomic
importance and is employed in forest restoration programs and urban greening. In urban
environments, plants are exposed to several abiotic stressors, such as atmospheric pollution.
Tropospheric ozone (O3) is one of the main secondary pollutants that affect plant growth and
survival. Therefore, determining the critical levels (CL) of phytotoxic Os is essential. Ozone
risk assessment for S. terebinthifolia is unknown. Forty-five S. terebinthifolia seedlings were
cultivated in pots and submitted to 5 ozone treatments (Ambient Air — AA; 1.5x AA; 2.0x AA;
AA — 2.0x and 2.0x — AA) for three months in an Os-free-air controlled exposure facility.
Ozone risk assessment was conducted using environmental data, measurements of stomatal O3
uptake and seedling biomass. To find the best model for predicting Os-induced biomass loss,
we tested the Accumulated Ozone exposure over a Threshold of 40 ppb (AOT40) and the
Phytotoxic Ozone Dose above a threshold 'y' (PODy) using linear and 116 nonlinear statistical
models. POD1¢ and POD;s5 when applied with the four-parameter nonlinear logarithmic model
"Bragg4" provided the best fit for assessing O3 risk based on total and leaf biomass,
respectively. The species exhibited a 4% biomass loss (CL) in total biomass at 2.56 mmol O3
m PODj and in leaf biomass at 3.37 mmol O3 m™ POD;s. The results indicated that biomass
accumulation was initially stimulated at low to moderate Os doses but reduced at higher doses.

Overall, S. terebinthifolia demonstrated high tolerance to tropospheric Os stress.

Keywords: Tropical, tree, environment, ozone-stress, tolerance
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INTRODUCTION

Due to anthropogenic activities, emissions of primary air pollutants (e.g., CO2, CHs, and
NOx) have reached concerning levels in recent decades (Lamb et al. 2021). This phenomenon
has contributed to increasing levels of secondary air pollutants such as tropospheric ozone (O3),
which is formed in the presence of oxygen, primary pollutants (especially NOy) and solar
irradiation (Elshorbany et al. 2024). Tropospheric O3 is a major air pollutant that impacts air
quality, climate, human health and ecosystems (Mills et al. 2018). Its rising levels can
negatively impact the growth, development, and productivity of plant species, including both
crops and forests, representing a global environmental concern (Dewan and Lakhani 2022).

Multiple experimental approaches have been employed to investigate the detrimental
effects of O3 on plants, with biomass production serving as a particularly relevant indicator of
Os-induced risk (Moura et al. 2018; Kaylor et al. 2023; Manzini et al. 2025). Currently,
experiments conducted using Free-Air Controlled Exposure (FACE) systems in open-air
environments can provide reliable estimates of plant responses to Oz under realistic
environmental conditions (Paoletti et al. 2017; Hoshika et al. 2024).

The most commonly used exposure-based index for assessing Os risk to plant biomass
production is the Accumulated Exposure Over Threshold of 40 ppb (AOT40), which is
calculated based on tropospheric O3 concentrations. However, since O3 enters the leaf through
the stomata, a flux-based index has proven to be more effective in predicting Os-induced effects
on vegetation (Hoshika et al. 2024). The Phytotoxic Ozone Dose (PODy, where "y" represents
the O3 flux threshold) accounts for actual Oz uptake by plants, considering both climate
conditions and plant physiological characteristics. As such, it provides a more specific and
realistic dose-response relationship for accurate estimation of O3 critical levels (CLs) (Mills et
al. 2011).

In general, linear models are used to predict the impacts of O3 exposure on plant biomass
loss. However, recent studies have shown that plants subjected to O3 stress may exhibit
hormetic responses (Agathokleous et al. 2019a; Li et al. 2021), which are more evident in
tolerant species (Hoshika et al. 2024). Hormesis (or hormetic effect) is a dose—response effect
characterized by a stimulatory or beneficial effect at low exposure levels to an environmental
agent, followed by inhibitory or toxic effects at higher doses (Mattson 2008). In plants, the
hormetic zone refers to a condition in which low levels of stress enhance growth, biomass
production, and/or active defense mechanisms. In contrast, higher doses can lead to adverse
physiological effects and growth inhibition (Calabrese and Blain 2009). Since linear models do
not adequately capture hormetic responses, testing nonlinear models is essential for accurately

predicting plant response to Os, particularly for tolerant species, which are often
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underrepresented in traditional dose-response studies based solely on linear modelling
approaches (Agathokleous et al. 2019a).

Calculating O flux and consequently PODy requires species-specific parameterization
to model stomatal Os uptake over time. This modeling is essential for determining CLs
associated with biomass loss. According to the ICP Vegetation Manual, a CL based on a 4%
biomass loss is recommended for tree species, particularly those growing in temperate climates
(CLRTAP 2015). Although some parameterization of stomal conductance has been performed
for subtropical tree species (e.g. Niu et al. 2016), studies involving tropical species remain
scarce. To date, only a few tropical species have been parameterized, such as Astronium
graveolens — Anacardiaceae (Cassimiro et al. 2016), Eugenia uniflora — Myrtaceae (Engela et
al. 2021) and Passiflora edulis — Passifloraceae (Fernandes et al. 2019). However, for these
species, CLs for biomass loss have not yet been calculated, despite increasing O3 concentrations
in many South America cities (Seguel et al. 2024). The climate in tropical regions favors a year-
round O3 formation (Moura et al., 2014), and this suggests that other tropical species from South
America may also be at risk from elevated Os exposure, including Schinus terebinthifolia
(Raddi - Anacardiaceae), commonly known as Brazilian pepper tree. The species is native to
the tropical Atlantic Forest, a highly threatened and extremely important biodiversity hotspot
(Marques and Grelle 2021), and holds significant regional socioeconomic value (Lorenzi 2016),
with recommendation for ecological restoration programs and increasingly used in urban
greening initiatives. Due to its rapid growth and high tolerance to soil pollutants, such as copper
(Siqueira et al. 2021), iron (Silva et al 2024) and even diesel contamination (Bona et al. 2011),
S. terebinthifolia hold attributes as an ideal plant model for stress tolerance studies.

Nature-based solutions (NBS) for mitigating the effects of climate change and air
pollution in urban and peri-urban areas have become increasingly important (Hobbie and
Grimm 2020). However, selecting suitable species for urban reforestation remains a complex
task, particularly in cities where O3 levels are rising (Nguyen et al. 2022). Urban reforestation
planning must account for a wide range of plant traits, including morphological, physiological,
and adaptive characteristics, highlighting species that provide high ecosystem services and
exhibit tolerance to abiotic stressors (Miller et al. 2015). In this context, stomatal model
parameterization and Os risk assessment for S. terebinthifolia are highly relevant for supporting
public policy aimed at establishing limit concentrations of tropospheric O3. Moreover, the
response of this ecologically and economically important species to increasing O3 levels is
unknown, and thus, defining ozone thresholds and plant-stress sensibility can provide a
scientific-based approach for tropical urban greening.

Therefore, we aimed to assess, for the first time, the parametrization of the stomatal
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conductance model for the tropical tree species S. terebinthifolia. Specifically, we compared
linear and several nonlinear dose-response functions to identify the most suitable for predicting
the effects of increasing O3 concentrations on the biomass of S. terebinthifolia, using AOT40
and PODy indices as exposure metrics. Furthermore, we pursued to determine the CL of O3
capable of causing significant biomass loss in this species. Since S. terebinthifolia is tolerant to
soil pollutants, we hypothesize that the species could be also Os-tolerant and present a hormetic

biomass response to increasing ozone concentrations.

MATERIALS AND METHODS

Ozone face fumigation set-up and experimental design

The experiment was conducted at a free-air O3 exposure facility in Sesto Fiorentino,
Italy (43°48'59"N, 11°12'01"E, 55 m above sea level), which enables plant exposure under
realistic environmental conditions. Briefly, O3 was generated from pure oxygen using an Os
generator (TGOC13X, Triogen Ltd., Glasgow, UK), then diluted with ambient air in a mixing
tank and delivered through Teflon tubes suspended from a fixed grid above the plants (for
details, see Paoletti et al. 2017). Environmental parameters include air temperature (Temp, °C),
relative humidity (RH, %) and solar radiation (SR, W m), that were hourly recorded by a
Watchdog station (Mod. 2000; Spectrum Technology, Inc., Aurora, IL, USA) positioned 2.5 m
above ground level.

Seeds of S. terebinthifolia were obtained from a commercial nursery (Arbocenter,
Brazil). They were sown in seedling trays in November 2023 and grown inside a controlled
environmental room (T: 25 °C, Photosynthetic Photon Flux Density [PPFD]: 500 umol m2 s~
1) until spring 2024. Subsequently, the plants were transferred to the experimental nursery and
transplanted into 5 L pots containing 3.5 kg of natural soil. Ozone fumigation was carried out
over three months during the summer of 2024 (day of year 161 to 259). Each pot received daily
irrigation of 500 = 50 mL day! via an automatic drip irrigation system, ensuring consistent soil
water content throughout the experiment.

Plants were exposed for 90 days to three O3 levels: Ambient Air (AA), 1.5 times the
ambient of O3 concentration (1.5x), and twice the ambient O3 concentration (2.0x). To establish
intermediate O3 exposures and thus create five total treatments, plants from the AA and 2.0x
groups were exchanged between plots midway through the experiment (45 days after the
beginning, on August 1%). These plants were subjected to 45 days under AA followed by 45
days under 2.0x (AA — 2.0x), and vice versa (2.0x — AA). These pots were randomly
reallocated within the new treatment. The experimental design consisted of 45 S. terebinthifolia

plants distributed across 5 treatments, with 9 plants per treatment arranged in replicated square
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plots (5 m x 5 m). A schematic representation of the experimental layout and the creation of

intermediate O3 treatments is provided in Figure IIIS1.
Biomass assessment

S. terebinthifolia biomass was assessed at the beginning (To) and at the end of the
experiment (Brinal). At harvest, plants were separated into leaves, stems, and roots, oven-dried
at 70 °C for 5 days until reaching constant weight, then weighed (g) using an analytical scale
(Sartorius, Goettingen, Germany). Total plant biomass was calculated as the sum of the dry
weights of leaves, stems, and roots.

Differences in total and leaf dry biomass among O3 treatments were analyzed through
one-way ANOVA, followed by Tukey’s multiple comparison test (p < 0.05).

A control reference biomass (Bref) was calculated for risk assessment, following the
approach proposed by Paoletti et al. (2017), assuming an average daily O3 concentration of 20
ppb to represent the pre-industrial clean air condition (Tarasik et al. 2019). Relative biomass

(Bre1) for both leaf and total biomass was then determined as the ratio: Brel = Bfinal / Brer.
Stomatal parametrization

Stomatal conductance to water vapor (gsw, mol H2O m? s!), vapor pressure deficit
(VPD, kPa) and leaf temperature (°C) of S. terebinthifolia, as well as the environmental light
(PPFD, umol m™ s™!') were measured using a portable porometer (LI-600, Li-Cor Inc. Lincoln,
NE, USA). These measurements were used to parameterize the gsw model based on the
multiplicative algorithm described by Jarvis (1976), suggested by Mills et al. (2003) and Hayes
et al. (2012) following the ICP-vegetation mapping manual (CLRTAP, 2015):

9SW = Gmax X flight X max{fmin, (ftemp X fypp X fphen)

where gmax (mmol O3 m? s!) and fmin (fraction) are the maximum and minimum stomatal
conductance (95th and 5th percentiles of all gsw data, respectively), following the description
of Bicarova et al. (2019) and Hoshika et al. (2020), while the other functions indicate the
response of stomata to environmental factors as photon flux density at the leaf surface (fiignt),
air temperature (fiemp), vapor pressure deficit (fvep) and phenology (fphen). The accuracy of
model estimation was assessed by performing a linear regression between the measured and
estimated gsw values (Figure I1IS2), as described by Hoshika et al. (2012).

Measurements were taken twice per week on two fully expanded leaves located at
different positions on the main stem of each plant, resulting in a total of 2,048 measurements.
The measurements were designed to capture a wide range of VPD, temperature, and

photosynthetic photon flux density (PPFD) conditions to evaluate gsw responses under variable
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environmental scenarios. The resulting parameterization was then used to calculate PODy,

based on the hourly stomatal O3 flow (Hoshika et al. 2024).
Ozone indexes and critical levels (CLs) for risk assessment

The AOT40 index was calculated as the sum of the hourly O3 concentrations exceeding
40 ppb during daylight hours (solar radiation > 50 W m), following the methodology
established by the Convention on Long-range Transboundary Air Pollution (CLRTAP 2015).

PODy was calculated by Eq. 1:

PODy - fmaX(Fst —-Y,0) xdt
where “y” is a species-specific threshold of the hourly stomatal O3 flux, and Fs (nmol m? s™)

is calculated as in Eq. 2:

Fg=[03] Xg03 X rc + (1p+ 1)

where [Os] is the hourly O3 concentration (ppb); gso3 (mol O3 m™ s7!) is ggw * 0.663, considering
the diffusivity ratio between O3 and water vapor (CLRTAP 2015); rc is the leaf surface
resistance calculated as ro = 1/ gso3 + 0.0164 considering cuticular or external conductance
(0.0164 mol m™ s™!, CLRTAP 2015) and 1y is the leaf boundary layer resistance calculated as 1o
= 1.3 x 150 x (La/u)*> where u is the wind speed (m s), Lq is the cross-wind leaf dimension
(0.024 m, data obtained from Oliveira et al. 2019) and the factor 1.3 accounted for differences
in diffusivity between heat and Oz (CLRTAP 2015). Different PODy detoxification thresholds
were tested to identify the best PODy index to predict Os effects on S. terebinthifolia total
relative biomass.

Following the methodology by Hoshika et al. (2024), linear regression and 116
nonlinear statistical models were compared to identify the most suitable index for predicting
biomass loss and leaf damage caused by O3 toxicity. The analysis was conducted using the
statistical software R, employing the packages “drc” (Ritz et al., 2015), “modelr” (Wickham,
2023), “aomisc” (Onofri, 2020), “statforbiology” (Onofri, 2024) and “automation” (Ruiz,
2023). Model selection was based on the following mathematical criteria: 1) lowest Akaike
Information Criterion (AIC); 2) highest coefficient of determination (R?); and 3) realistic
biological responses (e.g. excluding models showing abrupt increases or decreases inconsistent
with plant’s visual condition during the experiment).

Finally, the best-fitting model predictor was used to calculate the critical levels of
tropospheric O3z (CL) required to induce 4% biomass loss, as recommended by CLRTAP
(2015). Graphs were generated using Microsoft Excel, GraphPad Prism or with “ggplot2”
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package (Wickham, 2016) in R.

RESULTS

Climate conditions and O3 concentrations

During the experimental period, the mean daily solar radiation (SR) was 502.2 + 249.9
W m?, the mean air relative humidity (RH) was 59.9 = 19.4 %, and the mean daily air
temperature (T) was 25.8 £ 5.9 °C (Figure III1A). SR exhibited a gradual decline over the
experiment, while air temperature initially increased, reaching a peak on day 226 before

decreasing in the latter half of summer. Conversely, RH displayed an opposite trend to

temperature.
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Fig. Il 1. A. Daily means of solar radiation (SR), relative humidity (RH) and air temperature
during the experiment. B. Daily means of tropospheric O3 exposure in ambient (AA), 1.5
times ambient (1.5%), and 2.0 times ambient (2.0%). The dashed vertical line represents the
midterm of the experiment and when part of the plants exposed to AA were switched to 2.0x
(AA — 2.0x) and vice-versa (2.0x — AA).

The daily mean O3 concentrations for the treatments AA, 1.5%, 2.0x are shown in Fig.
[IT1B. In treatments AA and 1.5 x daily mean O levels increased during the first half of the
experimental period before declining toward the end. In contrast, the 2.0% treatment exhibited
a slight increase beyond the midpoint before decreasing. The final O3 mean hourly

concentrations (ppb) over the experiment were 39.9, 46.3, 53.0, 64.0 and 69.3 for AA,
2.0x—>AA, 1.5%, AA—2.0x and 2.0%, respectively.

Biomass
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The final total dry biomass of S. terebinthifolia (Bfina-T) increased in plants exposed to

the 1.5% treatment, compared to all other treatments (Fig III2A). In contrast, the final leaf dry
biomass (Brfina-L) Was significantly reduced in plants exposed to treatments 2.0x—AA and 2.0x%,

relative to those exposed to 1.5% treatment (Fig I112B).
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Fig. I1I 2. Total (A) and leaf (B) dry weight (DW) of S. terebinthifolia plants after 90 days of
O3 exposure in ambient air (AA), 1.5 times ambient air (1.5x%), 2.0 times ambient air (2.0x),
ambient to 2.0x after 45 days (AA—2.0x) and 2.0% to ambient after 45 days (2.0x—AA)
conditions. Distinct letters indicate significant differences according to one-way ANOVA
followed by Tukey’s test (p < 0.05). Bars denote standard error (n =9).

The calculated reference total biomass (Brer.T) was 146.97 g (Fig III3A), while the
reference leaf biomass (Brer.L) was 50.44 g (Fig. I11I3B).
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Fig. I1I 3. Linear regressions of total (A) and leaf (B) biomass of S. terebinthifolia plants
exposed to distinct O3 treatments and calculated reference biomass. Bars denote standard
errors (n = 9). The red shaded areas represent the confidence intervals (95%). The regression
equations and coefficient of determinations (R?) are indicated in the upper right corner.

The calculated values of relative leaf biomass (Brel-) were 0.89, 0.92, 1.08, 0.78 and
0.80. and those of relative total biomass (Brei-t) were 0.92, 0.89, 1.16, 0.73 and 0.83 for AA,
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2.0x—>AA, 1.5, AA—2.0x and 2.0%, respectively. For both leaf and total biomass, S.
terebinthifolia saplings showed the highest relative biomass in the 1.5% treatment, while all
other treatments resulted in lower values compared to the reference biomass estimated for pre-

industrial conditions.
Stomatal parameterization and O3 indexes (AOT40 and PODo-22)

The parameterization of S. terebinthifolia seedlings (Table III1) allowed for the
modeling of stomatal conductance (Fig. 4), resulting in a maximum stomatal conductance (gmax)
of 0.525 mol HO m™ s™!. The model identified an optimal temperature of 31.3 °C, saturating
light intensity (PPFD at gsw reached 90% gmax) of 1054 umol m™ s, and a maximum vapor
pressure deficit (VPD) of 2.7 kPa. Peak phenological activity occurred around day of year 180.

Tab. IIT 1. Stomatal conductance parameterization of S. terebinthifolia, measured under
natural conditions along the entire experimental period. gmax is maximum conductance; fmin 1S
the minimum stomatal conductance (fraction); fiemp, fiight, fvpD and fphen are the variation in gmax
with temperature (T, °C), photosynthetic photon flux density (PPFD, umol m? s™), vapor
pressure deficit (VPD, kPa) and phenology (day of the year), respectively. Tmax, Topt and Tmin,
are the maximum, optimal, and minimum air temperature for stomatal opening. The constant
a determines the shape of the exponential relationship for fiigh: function. VPDiax and VPDmin
are the vapor pressure deficit for attaining maximum and minimum stomatal aperture. Start
and End are the days of start and end of the experiment. fyhen a and fphen b are the number of
days for fphen to reach its maximum and minimum, respectively.

Parameter Unit S. terebinthifolia
8max mol H,O m?2s! 0.575
Smin Fraction 0.059
ﬁemp Tmax °C 40.7
Topt °C 31.3
Thnin °C 13.3
Siight A Constant 0.0054
fvep VPDiax kPa 2.7
VPDuin kPa 6.5
ﬁhen Start Day 161
End Day 259
fl;hen_a Day 22
fohen b Day 76
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Fig. I1I 4. Modeling of stomatal conductance (gsw - mol H:O m? s) of S. terebinthifolia as a
function of temperature (°C), radiation (PPFD - pmol m s™), vapor pressure deficit (VPD -
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kPa), and phenological activity (DOY - day of year). Black dots represent the measured
stomatal conductance of S. ferebinthifolia, and the solid red line represents the calculated
parametrization model for each environmental parameter.

The AOT40 and PODy values are shown in Table IIIS1. POD2; was established as the
upper limit because PODy values become zero beyond this point for at least one treatment and

thus are negligible.
Flux-based dose-response functions and critical levels detection

Table IIIS1 and Table I1IS2 show the best 3 nonlinear and the linear regression models
for AOT40 and PODy (0 — 22) as a function of Brei.L and Brer-t. The regression ranking is defined
according to the results of AIC and R? calculations for each index individually.

For both total and leaf relative biomass, the linear regression was not the most suitable
predictor of S. terebinthifolia biomass across the tested indices, as it consistently exhibited high
AIC values and low R2. Among the 117 models tested (116 nonlinear plus the linear model),
the linear model ranked between 33" (in POD3 for Brei.r) and 82™ (in PODy for Brel.1).

In contrast, several nonlinear models demonstrated superior performance, with higher
goodness-of-fit and more favorable AIC values. Among all combinations of models and indices,
the best predictor of total biomass was the four-parameter logistic model “Bragg.4” (AIC = -
28.80, R? = 0.81) fitted to POD; (Fig. III5A). For leaf biomass, the same nonlinear “Bragg.4”
model was also the best fit (AIC =-37.61, R? = 0.82) but based on POD;s (Fig. III5B).
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Fig. III 5. Nonlinear Bragg.4 model applied as a predictor of S. terebinthifolia relative total
biomass as a function of POD1s (A), and relative leaf biomass as a function of POD1s. The
black dashed line represents the hypothetical relative biomass in the pre-industrial era (Brel =
1.00). The blue dots and blue dashed line represent the O3 critical levels to achieve 0.96 of
relative biomass (4% biomass loss from the pre-industrial era). The black symbols represent
S. terebinthifolia relative biomass (= SD) under each O3 treatment, and the solid red line
represents the calculated nonlinear model.

Based on the best plausible model Bragg.4, the CLs to induce a 4% biomass loss were
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determined at 2.66 mmol O3 m PODjs for total biomass, and 3.37 mmol O3 m™ POD;s for leaf

biomass.

DISCUSSION

While S. terebinthifolia is a native tropical plant species, the experiment was conducted
in Italy, a non-tropical climate region. However, the environmental variables measured
throughout the experiment (in summer) showed moderate solar incidence (> 500 W m), high
relative humidity (> 50%) and mild temperatures (= 25 °C), providing similar conditions of
some Atlantic Forest regions in southern Brazil where S. terebinthifolia naturally occur
(Olmedo et al, 2023). Also, S. terebinthifolia is noteworthy for its remarkable ability to adapt
to various types of climate and conditions (Santos et al, 2024). While the environmental
conditions proved to be adequate for S. terebinthifolia growth, we recognize that factors such
as different photoperiods and soil characteristics may influence the biomass response, which
constitutes a limitation of our study.

Regarding ozone, the mean hourly ozone concentration in natural ambient air (control)
in Italy was approximately 40 ppb. In contrast, data from CETESB for the state of Sdo Paulo
(where the species is native and most of the remaining Dense Ombrophilous Atlantic Forest is
located) in 2024 recorded a mean annual concentration of = 82 ppb. This indicates that S.
terebinthifolia is naturally exposed to even greater oxidative stress in its habitat than in our
experimental setup. Consequently, the observed tolerance in our study likely reflects an existing
adaptation of the species to high ozone concentrations, supporting its potential use in urban
forestry in high-ozone regions like Sao Paulo. It is important to contextualize that these high
regional levels, monitored by CETESB, also reflect the current reality of the Atlantic Forest
biome, which is fragmented and heavily influenced by anthropogenic emissions from
metropolitan areas nearby. Future dose-response studies within the remnants of the Atlantic
Forest itself could further corroborate these findings.

The experimental conditions confirmed the effectiveness of the Os-enrichment
treatments in establishing distinct O3 concentration levels, while maintaining a realistic
environment for S. terebinthifolia growth under free-air conditions. As expected, the highest
daily mean Os concentrations were recorded in the 2.0x treatment and the lowest in ambient air
(AA). Mid-experiment plant transfers between AA and 2.0x effectively created intermediate
levels of O3 uptake, demonstrating that this simple approach can effectively broaden the range
of exposure scenarios without requiring additional O3 generation systems. Moreover, this
method provides a practical solution for exploring seasonal variations in plant responses to O3
exposure.

The observed reductions in total and leaf biomass of S. terebinthifolia under elevated
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O3 reflect Oz-induced physiological disruptions, such as impaired photosynthetic efficiency (Xu
et al. 2023), stomatal alterations (Hoshika et al. 2015), shifts in nitrogen and carbon allocation
(Shang et al. 2019), and oxidative damage to cellular structures (Baier et al. 2005). However,
an increase in total biomass was observed under the 1.5% treatment compared to AA (control
treatment), followed by reduction, suggesting a hormetic response to mid-low O3 exposure. In
this case, negative effects on total plant biomass were evident only under high Os
concentrations, indicating a high capacity of S. terebinthifolia to tolerate Os-induced oxidative
stress. Hoshika et al. (2024) proposed that moderate/tolerant species may exhibit broad response
ranges and nonlinear patterns of biomass production under increasing O3z exposure, which is
consistent with the pattern observed in our study. Furthermore, it is possible to verify that after
a dose of 5 mmol O® m?, an almost flattened ozone-biomass response was exhibited. This
indicates that the effect of O; in S. terebinthifolia biomass becomes negligible, reaching a
saturation point and hormetic zone end (Erofeeva 2021), possibly due to stomatal O3 uptake
limit.
The PODy index outperformed AOT40 in predicting both leaf and total biomass loss in
S. terebinthifolia. Recent studies have demonstrated that PODy provides greater accuracy than
AQOTA40 in assessing O3 effects on crop yield (Pleijel et al. 2022), biomass loss (Manzini et al.
2025) and for establishing CLs. But, up to our knowledge, no study has ever tested several non-
linear regressions to assess biomass response to PODy or AOT40, highlighting the novelty of
our study. As a species-specific, flux-based index that accounts for plant physiology and
stomatal behavior, PODy yields more realistic estimates of Oz impacts (Mills et al. 2011). In
our study, the superior predictive performance of PODy was confirmed, and we recommend its
use for O3 risk assessment and CLs calculation for this species. Importantly, the most effective

[}

PODy thresholds for assessing S. terebinthifolia were those with higher “y” values, especially
above 15 nmol O3 m™ s, High “y” thresholds typically indicate substantial detoxification
capacity by plant species and may reflect an inherent tolerance to O3 (Marzuoli et al. 2024).
This suggests that S. ferebinthifolia possess an effective defense system capable of mitigating
oxidative stress form elevated Os uptake. Ongoing analyses of antioxidant activity and stress-
related metabolic compounds may further clarify the physiological mechanisms underlying this
apparent Os tolerance.

Regardless of the index used (AOT40 or PODy), nonlinear models consistently
outperformed linear regression in predicting the effects of O3 on S. ferebinthifolia leaf and total
biomass, as indicated by higher R? values and lower AIC scores. Therefore, our discussion is

focused on the non-linear models approach. The application of nonlinear models to assess O3-

induced impacts on plant biomass has been previously supported in literature, with several
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studies highlighting their superior accuracy and greater biological realism compared to linear
models (Agathokleous et al. 2019b; Conte et al. 2021). This finding aligns with the accumulated
scientific evidence indicating that plant responses to environmental stressors, including O3,
often follow nonlinear patterns (Hoshika et al. 2024). Nonlinear models are better suited to
capture the complex dose-response dynamics that characterize plant physiological processes
under variable environmental conditions.

However, the use of nonlinear models for O3 risk assessment should be approached with
caution. In our study, the four-parameter logistic model “Bragg.4” based on POD ¢ was selected
as the most suitable model for predicting both leaf and total biomass loss of S. terebinthifolia
under O3z exposure. Mathematically, other models, specifically the “Five-parameter
Cedergreen-Ritz-Streibig a" or “UCRS.5a” model on PODis and the “Four-parameter
Cedergreen-Ritz-Streibig a” or “UCRS.4a” model on PODiy, demonstrated even better
performance in terms of lower AIC values and higher R2. Despite their statistical superiority,
these models were excluded due to their lack of biological plausibility. In particular, they
produced abrupt shifts in biomass response across the O3z gradient (Fig. IIIS3 A) or failed to
reflect a biological meaningful pattern in plant biomass production (Fig. IIIS3 B). As
highlighted by Tredennick et al. (2021), caution is warranted when applying nonlinear models,
as they can be prone to overfitting and may yield biological implausible interpretations. Our
findings reinforce the importance of critically evaluating both the mathematical and biological
validity of predictive models. When assessing Os risk, it is essential to prioritize models that
not only perform well statistically but also reflect realistic biological responses to
environmental stress.

Although we propose the use of nonlinear models to predict biomass responses to O3
exposure, linear regression was used to define the reference biomass in our study. The definition
of reference biomass under ambient exposure conditions, such as those found in free-air O;
enrichment (FACE) experiments, remains a subject of debate within the scientific community
(Hoshika et al. 2024). Establishing a “zero dose” reference can potentially lead to
overestimation of relative biomass, making the use of a constant reference value a more
practical and widely accepted alternative (Paoletti et al. 2017). To address possible uncertainties
associated with this estimated reference, we adopted the “modified Paoletti’s approach”
proposed by Hoshika et al. (2024), which incorporates the mean, upper, and lower bounds of
the 95% confidence interval. Based on the “best fit” estimation (i.e., the intercept of the linear
regression), S. terebinthifolia exhibited a broad range of biomass responses. This supports the
hypothesis by Hoshika et al. (2024) that Os-tolerant species tend to display a wider response

range, likely due to hormetic effects at low O3 doses. Also, we performed the linear and non-
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linear regressions without including the calculated reference value, relying on the actual
experimental data only. It was chosen to avoid biasing the modeling by starting from an
arbitrary point (i.e brr = 1.0), as done in previous ozone dose-response studies with
experimental data (Manzini et al. 2025; Hoshika et al., 2018).

The CL for S. terebinthifolia leaf and total biomass loss were determined based on
PODi¢ and POD;s, respectively. In contrast, the CLRTAP (2015) convention recommends a
threshold of 1 mmol m™ s! (i.e., POD)) for forest tree species. If POD; were applied to S.
terebinthifolia, the estimated CL would be 39.13 mmol m™ for leaf biomass and 38.98 mmol
m™ for total biomass (data not shown). However, a POD;-based threshold assumes the species
can only detoxify up to 1 nmol m? s™! of absorbed O3, with any additional uptake potentially
causing physiological impairment. Our findings suggest otherwise. The species moderate
tolerance to O3 and even stimulatory biomass effect observed at intermediate exposure levels
(1.5%) indicate that S. terebinthifolia likely employs mechanisms beyond O3 avoidance to
maintain physiological functions and growth. Stomatal conductance data further support this,
with high maximum stomatal conductance (gmax) of 0.525 mol HoO m™ s! significantly
exceeding values reported for other species, including Cupressus sempervirens (0.108 mol O3
m s'; Manzini et al. 2025), Mediterranean evergreen tree Quercus ilex (0.250 mol HO m? s°
1), Mediterranean deciduous tree Q. pubescens (0.340 mol H,O m™ s™), deciduous broadleaf
species such as Q. robur (0.300 mol HO m™ s!; Hoshika et al. 2018), Alnus glutinosa (0.300
mol HoO m? s, Sorbus aucuparia (0.240 mol H,O m? s'), and herbaceous species like
Vaccinium myrtillus (0.140 mol H,O m? s!; Hoshika et al. 2020). The high stomatal
conductance of S. terebinthifolia is evident even when compared with other tropical species of
the Atlantic Forest, such as the moderately ozone-sensitive tree species Astronium graviolens
(0.152 mol HoO m? s’!; Cassimiro et al. 2016), the ozone-sensitive Eugenia uniflora (0.082 mol
03 m™ s”!; Engela et al. 2021) and the Os-tolerant tropical liana species Passiflora edulis (0.160
mol O3 m? s°!; Fernandes et al. 2019). This highlights that even among species from the same
biome and climate, the high stomatal conductivity of S. terebinthifolia is notorious.

Given this consistently high stomatal activity and PODy (i.e. high Os flux threshold), it
is unlikely that S. terebinthifolia mitigates O3 stress through stomatal closure (i.e., avoidance
mechanism). Instead, the species probably relies on active detoxication mechanisms, since S.
terebinthifolia naturally synthesizes high levels of antioxidants compounds in leaves (Uliana et
al., 2016; Oliveira et al., 2024), including ascorbic acid, glutathione and superoxide dismutase
enzyme, key molecules known to mitigate Oz-induced oxidative stress (Siqueira et al. 2021).
Therefore, it’s plausible that S. terebinthifolia should rely on biochemical detoxification as a

primary adaptive strategy to elevated Os stress, while maintaining sufficient stomatal opening
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for carbon uptake. Further studies focusing on antioxidant mechanism and physiological

parameters could confirm this hypothesis.

CONCLUSIONS

This study presents the first parametrization of the stomatal O3 uptake model and O3
risk assessment for Schinus terebinthifolia. Our findings support our hypothesis and suggest
that S. terebinthifolia is highly tolerant to tropospheric O3 stress. We recommend the use of the
flux-based PODy index as the most appropriate approach for assessing O3 risk in this species,
as it incorporates species-specific physiological responses. Critical levels were estimated at
2.66 mmol O3 m? (PODj) for total biomass and 3.37 mmol Oz m (POD;s) for leaf biomass,
beyond which a 4% reduction in relative biomass is expected. Nonlinear models proved to be
more suitable than traditional linear regression for capturing complex dose-response
relationships, offering better fit and biological realism. Modest biomass production enhance
was observed under low to moderate Oz exposure (1.5x), followed by biomass reduction at
higher doses, suggesting evidence consistent with hormesis effects. The species high stomatal
conductance with high tolerance suggests that S. terebinthifolia tolerates Os not trough ozone
uptake avoidance, but most likely relying on detoxification mechanisms. Future analyses of
antioxidant activity and related metabolic compounds can further clarify the underlying S.
terebinthifolia tolerance mechanisms. Given its demonstrated resilience and adaptive traits, S.
terebinthifolia shows potential for use in urban greening and reforestation programs,

particularly in regions affected by elevated tropospheric Os levels.
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ABSTRACT
Combined contamination by heavy metals (Cu, Zn, Ni) and tropospheric ozone (Os) is frequent
in urban and degraded areas, imposing abiotic stresses that negatively affect plant growth and
survival. Tolerant species employ mechanisms such as root organic acid exudation,
phytochelatin synthesis, antioxidant system activation, and free amino acid regulation to
mitigate these damages. Schinus terebinthifolia, a species with known tolerance to some heavy
metals and promising characteristics for urban afforestation, has been hypothesized to also be
tolerant to Os. This study analyzed the physiological (biomass, leaf damage, gas exchange,
pigments), biochemical (root organic acids, phytochelatins, non-enzymatic antioxidants, free
amino acids), and visual responses of this species to three Os concentrations (ambient air - AA,
1.5 AA, and 2.0x AA) and two metal treatments (control fertilization and fertilization enriched
with Cu, Zn, and Ni). The results demonstrated that the species maintains its photosynthesis
and antioxidant defenses despite visible leaf damage under high Os, exhibits a hormetic
response in biomass, and performs coordinated metabolic adjustments in the analyzed
compounds. Critically, the species presents a high capacity for metal accumulation and
retention in the roots, a mechanism that was not compromised by the additional Os stress. It is
concluded that S. terebinthifolia has high tolerance to individual and/or combined stresses,
demonstrating great potential for use in ecological restoration programs and urban afforestation
in areas subject to this double environmental contamination.

Key-words: Tolerance, atmospheric pollution, soil contamination, biochemical compounds
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INTRODUCTION

Due to increased human activities, environmental contamination by abiotic agents such
as heavy metals (HMs) and secondary air pollutants like ozone (O3) has become a growing
global concern. HMs adsorbed on particulate material are primary pollutants that mainly affect
soils, and the main sources are vehicle emissions, mining, and agricultural fertilizers (Timothy
and Williams, 2019), while O3 is a secondary pollutant formed from the reaction of oxygen in
the presence of primary pollutants (NOx) and volatile organic compounds emitted by natural or
anthropogenic sources (Donzelli and Suarez-Varela, 2024). Both are potent inducers of
oxidative stress and cell damage, compromising plant development and survival (Demidchik,
2015).

To tolerate potential toxic effects of stress caused by HM or O3 exposure, plants have
evolved several physiological adaptations and biochemical defenses (Sarma et al., 2018). The
exudation of root organic acids (ROAs), which can limit the absorption of toxic elements
(Osmolovskaya et al., 2018), and the synthesis of phytochelatins (PCs) that act as binding
molecules to heavy metals, trapping them in the vacuole and limiting their translocation within
the plant (Inouhe, 2005) are key strategies to prevent HM toxicity. To mitigate oxidative stress
from HMs or tropospheric O3, plants rely on antioxidant defense molecules, such as ascorbate
peroxidase, catalase, superoxide dismutase enzymes, and non-enzymatic molecules such as
ascorbic acid (AA) and glutathione (GSH) (Hasanuzzaman and Fujita, 2022). In addition to
specialized antioxidant compounds, metabolites from primary metabolism, such as free amino
acids, also play crucial roles in stress responses (Kawade et al., 2023). Consequently, profiling
of free amino acids can provide other key insights into the adaptive mechanisms underlying
plant tolerance to combined stresses like tropospheric ozone and heavy metals.

Given the growing need for species that are resilient to climate change and tolerant to
multiple urban pollutants, the identification of plants capable of tolerating combined stresses is
increasingly critical for urban forestry and environmental restoration (Kisgarva et al., 2023).
Schinus terebinthifolia, a tropical species native to the threatened Atlantic Forest, is valued for
its ornamental use and medicinal properties, and exhibits desirable traits for urban landscaping
(Carvalho et al., 2013), and is recommended to environmental restoration and ecological
recompositing (Oliveira et al., 2025). Previous studies have shown that S. terebinthifolia is
tolerant to heavy metals like iron (Silva et al., 2024), copper (Siqueira et al., 2021) and the
combination of Cu, Zn, Ni under hydroponic conditions (Siqueira et al., 2026a). Also, a recent
study showed that S. terebinthifolia is highly tolerant to O3 individually, presenting hormetic
responses under stress (Siqueira et al., 2026b). However, since the tolerance mechanisms to

combining O3 and HM stress remain unknown, our results are highly relevant for ecological
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and urban aspects, as anthropized/contaminated environments targeted for restoration typically
present a persistent combination of multiple stressors (Calfapietra et al., 2015). We therefore
hypothesized that, given its tolerance to certain heavy metals and its robust antioxidant system,
S. terebinthifolia may also exhibit tolerance to Oz and mitigate ozone-induced oxidative stress.
Conversely, we also raise the hypothesis that O3 exposure could impair S. terebinthifolia heavy
metal tolerance, leading to adverse physiological and developmental effects. Therefore, this
study aims to analyze the visual (symptomatic damage), physiological (gas exchange,
photosynthetic pigments, and biomass), and biochemical (non-enzymatic antioxidants,
phytochelatins, root organic acids, and free amino acids) responses of S. terebinthifolia to
increasing concentrations of tropospheric ozone and heavy metal exposure, in order to elucidate

its physiological adaptations and defense strategies against multiple abiotic stressors.

MATERIAL AND METHODS

Experimental setup

The seedlings of Schinus terebinthifolia (Fig. IV1A) were obtained from the
germination of seeds sent to CNR-IRET from Brazil in November 2023. The experiment was
carried out from June to September 2024 in the Free Air Controlled Exposure (FACE) ozone
fumigation system (Fig. IVIB and IV1C).

Fig. IV 1. Schinus terebinthifoliaseedlings at the beining of the experiment (A). Free air controlled
exposure (FACE) ozone fumigation system (B-C).
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Plants were grown for 3 months (July — September) under 3 atmospheric O3
concentrations: Ambient air (AA - 39.9 ppb on average), 1.5% ambient air (1.5% — 53.0 ppb),
and 2.0x ambient air (2.0 - 69.3 ppb) (Fig. IV2). In addition to the O3 treatment, plants were
grown under two fertilization treatments: 25% strength of balanced Hoagland and Arnon
solution (Control), and 25% strength of balanced Hoagland and Arnon solution enriched with
heavy metals (HM) (copper - Cu, zinc - Zn, and nickel - Ni, 1250 uM of each). O3 treatment
consisted of 3 blocks and 3 plants per block for each nutrient treatment (n = 9). These plants

were fertilized with the Control treatment.
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Fig. IV 2. Experimental design used for the study of S. ferebinthifolia under 3 atmospheric ozone
conditions (AA, 1.5x and 2.0%) and 2 nutrient treatments (Control and HM).

Leaf gas measurements and sampling

At the beginning of the experiment, monthly, and at the end of the experiment, the
potential alterations in the photosynthetic process of S. terebinthifolia were investigated by
measuring leaf gas exchange parameters [Net carbon assimilation (4) and stomatal conductance
(gsw)) by an infra-red gas analyzer (IRGA - L16800 — Li-Cor)]. Photos of leaves were taken to
assess visible O3 leaf damage.

At the end of the experiment, the plants were removed from the soil, and the roots were
washed. Then roots were placed in 1L of deionized water for 2 hours to exudates sampling (Fig.

IV3A and IV3B).
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Fig. IV3. S. terebmthzf.olza roots after Washrng tA) for root exudates collection in deionized water (B).

Fresh leaves in the upper (Top), middle (Mid) and lower (Bot) regions of the main stem
of S. terebinthifolia, as well the fresh root tips were sampled and immediately crushed in liquid
nitrogen for biochemical analyses. Since heavy metals have low mobility within tissues and
their effects are observed mostly in young leaves (Page and Feller, 2015), while O3 mainly
affects older leaves (Pisuttu et al., 2024), we aim to identify the effects of these stressors at
different leaf ages and main stem position.

Finally, the remaining parts of the plants were sectioned into leaves, stem and roots,
and dried in an oven until constant weight. The samples were weighed and crushed in a mill to

further quantification of heavy metals concentrations in tissues.
Biochemical measurements
Photosynthetic pigments

Total chlorophyll (a + b) and carotenoid concentrations (ug g™' leaf fresh weight) were
determined in frozen leaf samples immersed in 96% ethanol kept in the dark for 24 hours. The
extract was spectrophotometrically analyzed at A =471 nm, 649 nm, 664 nm and 750 nm, and
then chlorophyll a (Chl a), chlorophyll b (Chl b) and total carotenoids were determined by the
formulas derived from Minocha et al. (2009):

Chla = (13.36 X A664) — (5.19 x A649)
Chlb = (27.43 x A649) — (8.12 X A664)
Carotenoids = [(1000 x A470) — (2.13 X Chl a) — (97.64 x Chl b)] + 209

Antioxidants

Ascorbic acid (AA) concentration in reduced (AA,) and total (AA,) forms (mg g' leaf
fresh weight) was determined in frozen leaf samples, after extraction with metaphosphoric acid
(HPO:s), followed by centrifugation at 11,393.4 x g (10,000 rpm) for 15 minutes at 2 °C. The
supernatant was collected, filtered in hydrophilic nylon syringe filters (0.22 pm), and AA
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concentrations were determined in RP-HPLC on a C-18 column, flow rate set to 1 ml min™', 25
°C and detection under diode array detector (DAD) at A = 245 nm, using isocratic elution of
water acidified at pH 2.3 with H;PO4 (L6pez et al., 2005).

Glutathione (GSH) concentration in reduced (GSHr) and total (GSHt) forms (mg g™ leaf
fresh weight) was determined in frozen leaf samples, after extraction with sulfosalicylic acid,
followed by centrifugation at 11,393.4 x g (10,000 rpm) for 15 minutes at 2 °C. The supernatant
was collected and GSH concentrations were determined in spectrophotometer at A = 412 nm

(Anderson, 1985).
Phytochelatins

Phytochelatin (PC2 to PC6) concentrations (pg g leaf or root fresh weight) were
determined in frozen leaf and root samples, after extraction with 60% perchloric acid, vortexing
for 1 minute, followed by centrifugation at 11,393.4 x g (10,000 rpm) for 15 minutes at 2 °C.
The supernatant was collected, filtered in hydrophilic nylon syringe filters (0.22 pum) and PC
detection were determined in RP-HPLC (reverse phase high performance liquid
chromatographic) on a C-18 column, flow rate set to 1 ml min™!, 25 °C and detection under
DAD at A = 214, using (A) 99.9% deionized water + 0.1% trifluoroacetic acid (v/v) and (B)
acetonitrile for 25 minutes under linear elution gradient (1% decrease in A and 1% increase in

B per minute) (Hunaiti et al., 2003).
Root organic acids

Root organic acids were detected in the sampled root exudated solution, after immersing
the roots in 1L of distilled water for 2 hours. An aliquot of the solution (45 mL) was collected
and filtered through qualitative cellulose membranes (grade 42) with 0.22 um porosity. Then,
it was freeze-dried and resuspended in 2 ml of distilled water acidified at pH 4.0 with H3POa.
Identification and quantification of ROAs were carried out in a RP-HPLC system, using a C-
18 column and an isocratic elution of (A - 93%) 25 mM KH>PO4 in water and (B - 7%)
methanol, with flow rate set to 1 ml min!, 25 °C and detection under DAD at A = 210 nm.
Commercial organic acids (Acetic, Adipic, Ascorbic, Benzoic, Butyric, Citric, Formic,
Fumaric, Isobutyric, Isocitric, Lactic, Maleic, Malic, Malonic, Oxalic, Phytic, Propionic,
Quinic, Shikimic, Succinic and Tartaric - organic acids kit, Supelco, Merck Sigma-Aldrich)
were used as a standard reference, and the identification of organic acids in the samples (nug ml”
) was performed by first adding the standard to a blank sample (deionized water) and
comparing the retention times of the sample with the standard reference, and second by adding
the standard to a random sample and observing the increase in the corresponding organic acid

peak (Cawthray, 2003). Calibration curve was performed in detected organic acids.
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Free amino acids

Amino acids concentration (nmol g™! of fresh tissue) was determined in frozen leaf and
roots samples, by the adapted methanol-chloroform-water extraction (Lisec et al., 2006) and
AccQ-Tag Ultra derivatization protocol and kit (Waters, 2007). 350 ul of pre-cooled (-20 °C)
methanol was added to 50 mg of samples, vortexing for 10 seconds followed by heat extraction
for 10 min at 70°C. After cooling to room temperature, the samples were centrifugated at 11,000
rpm for 10 minutes. The supernatant was collected, transferred to new vials, and then added
375 uL of pre-cooled (-20 °C) chloroform, vortexed for 10 seconds, and added 750 pL of
ultrapure water. After centrifuging for 15 minutes at 2,200 rpm at room temperature to phase
separation, 150 puL of the aqueous phase (upper part) was collected, transferred to new vials,
and dried in a SpeedVac at 25 °C. In a vial, 5 pL of the sample reconstituted in water, 35 L
borate buffer, and 10 pL of 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC -
derivatizing) were added, vortexed for 10 seconds, and placed in a heater at 55°C for 10
minutes. The separation was performed under the ACQUITY UPLC system (Waters, Milford,
MA, USA) with AccQ-Tag Ultra Column C18 (2.1x100 mm 1.7 pm) at 60°C with the following
eluents: A- AccQ-Tag Ultra Eluent A (10% in water), B- AccQ-Tag Ultra Eluent B (100%), at
a flow rate of 0.7 mL min™'. The gradient was 0—0.54 min (99.9% A), 5.74 min (90.0% A), 7.74
min (78.8% A), 8.04—8.64 min (40.4% A), 8.73—10 min (99.9% A), with a 5 minute post-run
procedure for column conditioning. Amino acids were detected by UV absorbance at 260 nm.
To determine the concentration of each amino acid, a 8 point calibration curve with mix
(Waters) and single standards (Merck Sigma-Aldrich) of the following 17 amino acids were
used: Alanine (ALA), Arginine (ARG), Asparagine (ASP), Cysteine (CYS), Glycine (GLY),
Glutamic acid (GLU), Histidine (HIS), Isoleucine (ILE), Leucine (LEU), Lysine (LYS),
Methionine (MET), Phenylalanine (PHE), Proline (PRO), Serine (SER), Tyrosine (TYR),
Threonine (THR) and Valine (VAL). The identification and calculation were performed at the
Empower software (Waters, Milford, MA, USA).

To amino acid profile characterization of S. ferebinthifolia, we selected the leaves and
roots of plants in the absence of imposed stressors (MH and O3), that is, in the Ambient Air
(AA) and Control treatment, while the treatments with stressors were analyzed to verify the

influence of those stressors on the amino acid profile.
Statistical analysis

Data was analyzed through GraphPad Prism v 9.0 and R software’s. Data residuals were
subjected to Shapiro-Wilk normality (parametric distribution) and Brown-Forsythe

homoscedasticity (equality of variances) tests, and independence of observations to verify two-
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way ANOV A assumptions. If these assumptions were met, differences between treatments were
analyzed through Two-Way ANOVA (factors: HM x 0s), followed by Sidék's multiple
comparison test (p < 0.05). Non-normal or heteroscedastic data were transformed (log or sqrt).
If transformed data presented parametric but heteroscedastic distribution, Welch-correction
ANOVA was applied. If even transformed data presented non-parametric residuals, data were
analyzed through Scheirer-Ray-Hare test, followed by Dunn’s post-hoc multiple comparison
test (p < 0.05). Parametrical data was represented by mean bar (+ standard deviation) graphs,
while non-parametrical data was represented by median box plot (1.5 X interquartile range as
whiskers) graphs.

Free amino acids were first exploratorily analyzed through Principal Component
Analysis (PCA) with correlation matrix (standardized data) to identify possible treatment effect
in overall amino acids profile. Further a two-way ANOVA (factors: HM X O3) was performed

to better assess treatment effects on individual amino acids concentration.



94
RESULTS

Visual aspects

There were visual differences in the growth of S. ferebinthifolia seedlings subjected to
O; treatments (Fig. IV4). Plants in the 1.5% treatment showed increased growth compared to
the AA plants, while plants in the 2.0x treatment showed growth reduction. There were no

visible differences between the Control and HM treatments, for all O3 treatments.

Fig. IV 4. S. terebinthifolia seedlings at the end of the experiment. A: Control AA; B: HM AA; C:
Control 1.5%; D: HM 1.5x%; E: Control 2.0x; F: HM 2.0x.

Visible leaf damage

Visible leaf damage caused by increased tropospheric O3 exposure was observed in S.
terebinthifolia (Fig. IVS5). Plants in the AA treatment showed no O3 damage, plants grown in
the 1.5x treatment showed mild damage characterized by duller leaf coloration and
development of small, localized stipples., while those plants in the 2.0 treatment showed
severe visible damage, evidenced by extensive widespread O3 damage (red spots) covering
most of leaf blades. There were no visual differences between Control and HM treatments for

all O3 treatments.

. - Q!ﬁ

Fig. IV 5. Visible ozone leaf dama{ge inS. terebinthz;’o a. A: Control AA; B: HM AA; C: Control 1.5x%;
D: HM 1.5%; E: Control 2.0x; F: HM 2.0x.

Biomass production
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S. terebinthifolia total biomass production was affected by atmospheric O3
concentration (Fig. IV6), but not by heavy metal content. Plants in the 1.5x treatment showed
increased biomass compared to the AA plants, while plants in the 2.0% treatment showed
reduced biomass production. There were no differences between the Control and HM

treatments, for all O3 treatments.
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Fig. IV 6. S. terebinthifolia seedlings total biomass (g) under different ozone levels (AA, 1.5%, 2.0%)
and nutrient solutions (Control and HM). Different lowercase letters indicate a significant difference
between ozone treatments, according to two-way ANOVA followed by post-hoc Sidak’s test (p < 0.05).

Heavy metal accumulation

Root accumulation of Cu, Zn, and Ni in S. terebinthifolia was primarily driven by heavy
metal exposure, showing significantly higher levels under HM than the control, and occurring
consistently across all O3 treatments (Fig. IV7). In leaves, only Ni levels increased while Cu
and Zn remained unchanged. In stems, Cu and Zn increased under heavy metals only at 2.0x
O3, whereas Ni increased at all O3z treatments. In roots, Cu and Zn concentrations increased at

2.0x O3 compared to 1.5% O3z. Ozone treatments did not affect Ni in any organ.
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Fig. IV 7. Mean concentrations of copper (Cu - A), zinc (Zn - B) and nickel (Ni - C) (mg kg! dry mass),
in leaves, stem and roots of S. terebinthifolia cultivated under Control or with excess of Cu, Zn and Ni
(Metal). Distinct lowercase letters indicate significant differences between organs in the same ozone
treatment, while uppercase letters indicate differences between ozone treatment in the same organ and
metal treatment, according to two-way ANOVA followed by post-hoc Sidak’s test (p < 0.05).

Gas exchange

When measured in the same leaves throughout the experiment, net carbon assimilation

progressively decreased over the 90 days period of experiment, with no difference between O3
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or HM treatments (Fig [VS).
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Fig. IV 8. Net carbon assimilation (4) of S. terebinthifolia leaves analyzed over 90 days under different
ozone levels (AA, 1.5%, 2.0x) and nutrient solutions (Control and HM). Lowercase letters compare
between times within the same treatment (The circle around the data represents the combination of the
statistical result).

When measured at the end of experiment (90 days), there was a difference in net carbon
assimilation (4) and stomatal conductance (gsw) for plants exposed to distinct O3
concentrations under the same HM conditions, depending on the leaf age/position (top - young,
middle - mature or bottom - old). There was a reduction in 4 in leaves from the central region
of the stem (mature leaves - Middle), in plants under 2.0% O3 treatment compared to 1.5% or
AA treatments (Fig. IV9). There were no differences in 4 between the Control and HM
treatments, for all O3 treatments. There was an increase in gsw in leaves from the lower region
of the stem (old leaves - Bottom) under 2.0% O3 treatment compared to AA treatment. However,

this difference was found only in seedlings under Control fertilization.
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Fig. IV 9. Net carbon assimilation (4) and stomatal conductance (gsw) in leaves from the top, middle
and bottom regions of S. terebinthifolia main stem, different ozone levels (AA, 1.5%, 2.0x) and nutrient
solutions (Control and HM). Lowercase letters indicate significant differences among ozone treatments
within the same HM treatment. Different letters mean significant differences according to two-way
ANOVA followed by post-hoc Sidak’s test (p < 0.05).

Antioxidants

No significant change was observed in the concentrations of ascorbic acid and

glutathione in S. ferebinthifolia leaves under excess metals or tropospheric O3 (Fig. IV10).
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Fig. IV 10. Ascorbic acid and Glutathione in reduced or total forms, in leaves from the top, middle and
bottom regions of S. terebinthifolia main stem, submitted to different ozone levels (AA, 1.5%, 2.0x) and
nutrient solutions (Control and HM).

Photosynthetic pigments

The concentration of total chlorophylls and carotenoids decreased in the top leaves of S.
terebinthifolia under HM exposed to 1.5x Oz compared to AA (Fig. IV11). The effect of ozone
on pigments became detectable only in plants exposed to HM, although the HM factor alone
did not produce statistical differences. No differences were observed between the control and

heavy metal treatments at any O3 level. Pigment concentrations in mid-region leaves remained
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unchanged. In bottom leaves, chlorophylls decreased under 1.5x O3 compared to AA, in both
the control and heavy metal conditions. For carotenoids, a reduction occurred at 1.5% O3z only
under HM. Carotenoid concentrations decreased under 1.5x compared to AA in HM exposure.
Under 2.0x O3, the carotenoid concentration of HM exposure plants was higher compared to

control fertilization.
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Fig. IV 11. Total chlorophyll and carotenoid content in leaves from the top, middle and bottom regions
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of S. terebinthifolia main stem, submitted to different ozone levels (AA, 1.5%, 2.0x) and nutrient
solutions (Control and HM). Lowercase letters compare ozone treatments, while * indicates significant
difference between nutrient solution treatments in the same ozone level, according to two-way ANOVA
followed by post-hoc Sidak’s test (p < 0.05). left y-axis: chlorophyll, right y-axis: carotenoids.

Phytochelatins

The concentration of phytochelatins (PC2—PC6) did not change in the top and middle
leaves of S. terebinthifolia under excess heavy metals or tropospheric O3 (Fig IV12). In roots,
PC6 increased in seedlings with control fertilization at 1.5% O3 compared to 2.0x O3, but PC6

concentration decreased in roots of plants under HM compared to control under 1.5% Os.
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Fig. IV 12. Phytochelatins (PC2 — PC6) concentration (ug mg™') in the leaves of the upper and middle
regions, and in the roots of S. terebinthifolia submitted to different ozone levels (AA, 1.5%, 2.0x) and
nutrient solutions (Control and HM). Lowercase letters compare ozone treatments, while * indicates
significant difference between nutrient solution treatments in the same ozone level, according to
Scheirer-Ray-Hare followed by post-hoc Dunn’s test (p < 0.05).
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Root organic acids
The root exudates of S. terebinthifolia contained oxalic and maleic acids, which were
detected under all metal and Os treatments (Fig. IV13). Maleic acid increased in seedlings

exposed to metals under 2.0x Oz compared to the 1.5% O3 treatment. Oxalic acid levels

remained unchanged under all treatments.
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Fig. IV 13. Root organic acids (ROA — mg g™! root dry weight) of S. terebinthifolia, submitted to
different ozone levels (AA, 1.5%, 2.0x) and nutrient solutions (Control and HM). Lowercase letters
indicate significant difference between ozone treatments, according to two-way ANOVA followed by
post-hoc Sidak’s test (p < 0.05).

Amino acids

All 17 evaluated amino acids were detected in the leaves (all positions) and roots of S.
terebinthifolia (Fig. IV14). The amino acid profile revealed isoleucine (ILE) as the most
abundant and histidine (HIS) as the least abundant in all plant tissues. While the distribution
patterns among leaves from different positions (Top, Mid, Bot) were relatively similar, the
amino acid profile in root differed from leaves, showing a greater predominance of arginine

(ARG) and asparagine (ASP).
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Fig. IV 14. Amino acids profile in leaves from upper (top), middle (mid) and lower (bot) regions of the
stem, and roots of S. terebinthifolia cultivated under ambient air (AA) and Control nutrient solutions.

Principal Component Analysis (PCA) with correlation matrix explained 42.96% (leaf
bot), 47.73% (leaf mid), 51.46% (leaf top) and 67.06% (roots) of the total variability in S.

terebinthifolia amino acids content in tissues (FiglV15). PCA did not reveal clear separation of

groups according to O3 or heavy metal treatments, suggesting the treatments did not affect the

overall amino acid profile of S. terebinthifolia, but the amino acids may vary independently.

Therefore, two-way ANOVA was performed individually for each amino acid to assess

treatment effects.
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Fig. IV 15. Principal Component Analysis with correlation matrix in the leaves of the upper (top) and
middle (mid) and lower (bot) regions of main stem, and in the roots of S. terebinthifolia submitted to
different ozone levels (AA, 1.5%, 2.0x) and nutrient solutions (C and M).

The two-way ANOVA revealed differences between treatments for 5 individual amino
acids (HIS, LYS, THR, GLU and PHE) in leaves (Fig. IV16). In the upper (top) leaves, HIS
and LYS increased in plants grown under HM and 1.5% O3 compared to the control fertilization
in the same O3 treatment. LYS also increased in treatment 1.5 O3 compared to AA O3 under
HM treatment. In the middle (mid) leaves, THR decreased under 1.5% in both HM and Control
fertilization, compared to AA O3, while PHE in plants under HM increased at 1.5x O3 to 2.0x.
In bottom (bot) leaves, only GLU was affected by the treatments, increasing at 1.5% compared

to AA under HM fertilization.
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Fig. IV 16. Amino acids in the leaves of the upper (top) and middle (mid) and lower (bot) regions of
main stem of S. terebinthifolia submitted to different ozone levels (AA, 1.5%, 2.0x) and nutrient
solutions (Control and HM). Lowercase letters compare ozone treatments, while * indicates significant
difference between nutrient solution treatments in the same ozone level, according to two-way ANOVA
followed by post-hoc Sidak’s test (bar graphs) or Scheirer-Ray-Hare followed by post-hoc Dunn’s test
(box-plot graphs) (p < 0.05).
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In roots, 6 individual amino acids (ASP, THR, ALA, TYY, VAL and PHE) were
affected by O3 or HM treatments (Fig. IV17). THR, ALA, TYY, VAL and PHE increased in
plants grown under HM compared to control fertilization at 2.0x O3, while ASP increased under
HM compared to control fertilization at 1.5x O3. THR and VAL increased at 2.0x O3 under
HM, while ASP decreased. Also, ASP decreased at 1.5% O3 under control, compared to AA and
2.0x%.
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Fig. IV 17. Amino acids in roots of S. terebinthifolia submitted to different ozone levels (AA, 1.5%,
2.0x) and nutrient solutions (Control and HM). Lowercase letters compare ozone treatments, while *
indicates significant difference between nutrient solution treatments in the same ozone level, according
to two-way ANOVA followed by post-hoc Sidak’s test (bar graphs) or Scheirer-Ray-Hare followed by
post-hoc Dunn’s test (box-plot graphs) (p < 0.05).



108
DISCUSSION

The addition of heavy metals to the substrate was effective, as evidenced by the
increased tissue concentrations of these elements. In general, the elements were preferentially
accumulated in the roots, a pattern consistent with previous studies on S. terebinthifolia under
metal excess, such as iron (Dobbss et al., 2018), copper (Zabotto et al., 2020; Siqueira et al.,
2021), Zn and Ni (Siqueira et al., 2026a). Nickel (Ni) was the only element whose leaf
concentration increased after heavy metal application. Among the 3 elements added, Ni is
required in the lowest concentration and, in general, plants show only trace concentrations
under normal nutrient conditions (Barker and Pilbeam, 2015), and this pattern is confirmed in
S. terebinthifolia. Therefore, S. terebinthifolia may have more specific retention mechanisms
for abundant elements like Cu and Zn, while lacking equally efficient mechanisms to restrict
Ni translocation.

Our results confirm the high capacity of S. terebinthifolia to accumulate and retain
heavy metals preferentially in its root system. Furthermore, our results provide evidence that
O;s stress does not affect this allocation pattern, since HMs were mainly restricted in roots even
with increasing atmospheric O3 concentrations. The reduction in Cu and Zn levels in plants
subjected to 1.5% O3 compared to 2.0x O3 occurred in conjunction with biomass increase in the
1.5% treatment. This result is most plausibly explained by the well-known dilution effect (Jarrell
and Beverly, 1981), whereby a given amount of absorbed metal is diluted within a larger
biomass; conversely, in the 2.0x treatment, lower biomass resulted in higher metal
concentrations. Future studies could confirm whether the observed patterns are solely an
indirect consequence of biomass alterations, or if there is a direct interference of O3 stress in
the absorption capacity of metals by plants (e.g. reduction in metal receptors in roots).

The maintenance of non-enzymatic antioxidants levels in leaves under HM may also
result from the high capacity of S. terebinthifolia to retain metals in the roots, protecting the
leaves from possible oxidative damage, thereby reducing the need to invest in antioxidant
synthesis. (Bhaduri and Fulekar, 2012). We initially hypothesized that the additional O3 stress
might interfere with the protective mechanisms of S. terebinthifolia against HMs, by disrupting
tolerance mechanisms through synergistic stress effects (Dietz, 2021). However, S.
terebinthifolia maintained its non-enzymatic antioxidant synthesis capabilities under all O3
levels, demonstrating that O3z stress does not affect the natural tolerance capacity of S.
terebinthifolia to HM stress. This is highly relevant when advocating for the use of S.
terebinthifolia in urban afforestation and ecological restoration, where these two groups of
stressors are often associated (Raci¢ et al., 2025). Our finding of a species capable of tolerating

combined heavy metal stress even under elevated O3 levels represents a significant contribution
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for urban greening species planning. Although S. terebinthifolia seedlings showed visible
damage after Os treatment, they did not exhibit any alteration in their non-enzymatic antioxidant
compounds. This suggests that the existing concentrations were likely already sufficient to
combat the oxidative stress caused by O3, evidenced by the maintenance of the photosynthetic
capacity of the young leaves, showing that S. terebinthifolia exhibits tolerance and the ability
to maintain growth under both HM and O3 stress. However, our study was limited to the non-
enzymatic antioxidant’s ascorbic acid and glutathione, while other non-enzymatic antioxidants
such as phenolic compounds, alkaloids, and terpenes, and enzymatic antioxidants such as
catalase and superoxide dismutase, may also play a role in combating abiotic stress (Irato and
Santovito, 2021). Future studies investigating other antioxidant and metabolic compounds may
provide broader insights.

In general, S. terebinthifolia grown under 1.5% O3 showed a reduction in chlorophyll
and carotenoid content and in maleic acid exudation compared to other O3 treatments. Contrary
to a linear dose-response, a biphasic or "V"-shaped pattern was observed, where levels
decreased at moderate O3 but recovered at the 2.0x concentration. Conversely, an inverted
pattern was noted for root PC6 and certain leaf amino acids, which increased at 1.5x O3 and
subsequently decreased at 2.0x. These non-linear, biphasic responses suggest the occurrence of
hormetic effects, previously evidenced in plants under increasing Os; concentrations
(Agathokleous et. al., 2019). In fact, a recent study demonstrated that S. terebinthifolia exhibits
a hormetic response when exposed to increasing concentrations of ozone (Siqueira et al.,
2026b). This type of response may indicate 1) activation of preparatory compensatory
mechanisms, where moderate levels of stress (in our case, 1.5% O3) prepare the plant's defense
system and metabolism against a possible subsequent more severe stress (Siemieniuk et al.,
2025), or 2) emphasize the hormetic plasticity of S. terebinthifolia in physiological regulation,
being able to redirect the energy from the synthesis of compounds to maintain growth
(Erofeeva, 2024). Even when exhibiting visible leaf damage when subjected to increasing O
concentrations, S. terebinthifolia seedlings maintained their antioxidant system, oxalic acid
exudation, and increased stomatal opening (gsw), confirming the evidence that S. ferebinthifolia
is a HM and Os tolerant species with considerable adaptive mechanisms.

Although few differences for phytochelatin concentrations between treatments were
found, a distinct pattern was observed in the priority of synthesis of each phytochelatin,
according to the organ analyzed (leaves or roots). The synthesis of phytochelatins in S.
terebinthifolia exhibited tissue-specific prioritization: PC2 were prominent in leaves, while PC6
was prioritized in roots. This pattern aligns with the distinct functional demands of each organ.

In leaves, the preference for the shorter-chain, more chemically stable PC2 may facilitate faster
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translocation and ensure more durable responses due to lower degradation rates (Checkmeneva
et al., 2011). Conversely, in roots, the prioritization of PC6 (phytochelatin with the greatest
chelation capacity) may be related to the fact that roots are the primary site of heavy metal entry
and thus metal immobilization are more required, instead of PCs mobility (Checkmeneva et al.,
2011). A previous study with S. terebinthifolia had already provided evidence that this species
prioritizes short-chain PCs in the leaves, while the roots accumulate more long-chain PCs
(Siqueira et al., 2026a). The prioritization of longer PCs in root likely contributes to the evident
root metal accumulation observed in S. terebinthifolia. Interestingly, the ozone treatment caused
an increase in PC6 phytochelatins in roots under 1.5x O3 and control, but not in plants exposed
to metals. This may have occurred due to the hormetic effect provided by Os, which stimulated
the growth and overall metabolism of the plant in the absence of combined heavy metal stress
(Erofeeva, 2024). These results highlight the complex interactive dynamics of stressors in plant
biochemical responses.

The amino acid profile revealed that HIS is synthesized in lower concentrations, while
LEU is prioritized. Leucine is an amino acid involved in stress responses, synthesis of volatile
compounds and biochemical defenses, and especially involved in tolerance to heavy metals
such as Cu (Sun et al., 2022). Therefore, the high levels of LEU in leaves and roots of S.
terebinthifolia may contribute to the species' high tolerance capacity. HIS, which was found in
low free concentrations, is an amino acid also related to tolerance to heavy metals, especially
Ni, and often found in high concentrations in Ni hyperaccumulators (Krdamer et al., 1996). S.
terebinthifolia showed lower absorption and retention of Ni in the roots, compared to Cu and
Zn, possibly due to the low synthesis of HIS. In the roots, in addition to the predominance of
LEU, there was significant synthesis of ASP (Zn) and ARG. ASP is an amino acid that can act
as a ligand for Cd, Pb, and Zn (Sharma and Dietz, 2006), while ARG is more related to general
metabolic responses, such as the mobilization of nitrogen reserves, but also acts in adjusting
developmental and defense mechanisms against stress (Winter et al., 2015). This demonstrates
that although S. terebinthifolia is tolerant to heavy metals as a whole, the amino acid profile of
this species confers greater tolerance and specific accumulation of Cu and Zn with rapid
metabolic responses, but less tolerance and specific restriction to Ni.

Ozone and heavy metal treatments influenced amino acid concentration of S.
terebinthifolia, but this alteration occurred in specific amino acids, without affecting the overall
profile. The roots showed greater variation in amino acid concentration (6) in response to the
treatments, compared to the leaves (5). This may be related to the fact that the roots accumulated
more HM, and therefore, metabolic adjustments were required in this organ. In fact, changes in

amino acid levels may indicate adaptive responses to stress, conferring greater capacity and
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binding to metals (Kocaman 2023) and metabolic regulation for activation of enzymatic
antioxidant defenses and increased expression of genes encoding defense molecules induced by
tropospheric O3 (Fu et al., 2025). Furthermore, it was verified that the alteration occurs in
different amino acids in leaves from different positions, indicating that the metabolic
adjustments seem to be related to leaf age, which may be caused by the leaf
maturation/senescence process (Kanojia et al., 2021). Similar to the other compounds analyzed
(pigments, organic acids, and phytochelatins), the amino acids showed hormetic responses to
O3, signaling adaptation followed by optimization. In response to heavy metals, the trend was
an increase in the concentration of specific amino acids (especially at 2.0x), indicating that S.
terebinthifolia exhibits an adaptive response, synthesizing amino acids that may aid in defense
responses through direct binding with metals (Kocaman 2023), or through optimization of
metabolic regulation to combat heavy metal stress (Ghori et al., 2019).

Overall, S. terebinthifolia exhibits desirable traits for restoration of areas impacted by
both heavy metals and ozone pollution. However, caution is warranted in its recommendation,
as certain species are known to emit high concentrations and a wide diversity of volatile organic
compounds (VOCs), which can act as precursors to tropospheric ozone formation (Lerdau et
al., 1997). Moreover, elevated atmospheric O3 concentrations have been shown to stimulate
VOC synthesis and emission (Yang et al., 2025). A limitation our present study is that possible
VOCs emitted by S. terebinthifolia were not measured. Consequently, despite its tolerance to
03, the species may potentially exacerbate ozone pollution if it proves to be a high emitter of
VOC:s. Future investigations should focus on characterizing the quantity/composition of VOCs
released by S. terebinthifolia and elucidating the interactions between VOC emissions and
atmospheric ozone dynamics. Such data would support a more robust assessment of the species’
suitability for restoration programs in areas with elevated tropospheric O3 concentrations.
Future species selection frameworks would benefit from integrating plant physiological

tolerance with assessments of VOC emissions and their net effects on urban air quality.

CONCLUSIONS

Schinus terebinthifolia exhibits visible leaf damage when exposed to high ozone
concentrations; however, it maintains photosynthetic rate and active antioxidant defenses. The
species showed a hormetic effect of ozone on biomass, with a 1.5x stimulus followed by a 2.0x
reduction. The hormetic response was conferred through metabolic adjustments evidenced by
root organic acids, photosynthetic pigments, phytochelatins, and free amino acids. The species
exhibits accumulation and retention of heavy metals in the roots. The addition of ozone stress

did not affect the tolerance capacity of S. terebinthifolia to heavy metals. S. terebinthifolia
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exhibits high tolerance to excess of Cu, Zn and Ni and to elevated ozone concentration, both
individually or in combination, demonstrating its potential for use in areas affected by soil metal
contamination and atmospheric ozone pollution, although the dynamics of interaction between
VOCs and O3 should be further explored for better suitability recommendation of S.

terebinthifolia in O3 affected areas.
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Consideracoes finais

A partir dos experimentos do capitulo I, foi possivel estabelecer um protocolo de cultivo
em sistema hidropdnico eficiente para cultivo de espécies arboreas. O sistema hidroponico de
circulagdo continua, estilo “dutch bucket”, se mostrou eficaz para o cultivo da espécie arborea
da Mata Atlantica S. terebinthifolia, sendo a perlita o substrato ideal para estudos visando
analises radiculares. A concentragdao de 50 uM da combinagao de Cu, Zn e Ni foi estabelecida
como limite para estudos do efeito de metais pesados, devido a ativacao de respostas ao estresse,
sem comprometer a taxa de sobrevivéncia. S. terebinthifolia se mostrou tolerante aos metais
pesados adicionados e com atributos para ser utilizada como espécie modelo em estudos
visando compreender respostas de plantas aos metais pesados.

Os experimentos do capitulo Il revelaram que 5 espécies da Mata Atlantica de diferentes
habitos de vida apresentam estratégias distintas de tolerancia a exposi¢do aos metais pesados.
A taxa de crescimento da planta (crescimento lento x crescimento rapido) ndo se mostrou um
preditor eficiente para classificagdo de espécies tolerantes a metais pesados, enquanto o habito
de vida e a avaliagdo das estratégias bioquimicas de cada espécie foram eficientes na detec¢ao
de espécies tolerantes. As 5 espécies estudadas puderam ser classificadas de acordo com a sua
tolerancia aos metais pesados Cu, Zn e Ni: Schinus terebinthifolia ¢ Aechmea fasciata sao
tolerantes, Cariniana legalis ¢ moderadamente tolerante, enquanto Seemannia sylvatica e
Passiflora edulis sdo sensiveis.

O experimento do capitulo IIl originou a parametrizacdo estomdtica de Schinus
terebinthifolia pela primeira vez, demonstrando sua alta abertura estomatica. O estudo revelou
que S. terebinthifolia é tolerante ao ozonio, e apresenta resposta hormética da biomassa, tendo
seu crescimento estimulado em baixas-médias concentragdes de ozonio troposférico, seguido
de efeito negativo em concentragdes altas. A descoberta da tolerancia de S. terebinthifolia ao
0zOnio troposférico amplia sua recomendagdo de uso em ambientes afetados pela poluicdo
atmosférica deste estressor abiotico.

O experimento do capitulo IV revelou que S. terebinthifolia ¢ tolerante a combinagdo
da exposicdo de metais pesados e 0zonio troposférico. A espécie mantém a capacidade de
restri¢ao radicular dos metais pesados e manutencao dos niveis de antioxidantes, aliadas a
adaptacgdes fisioldgicas e regulacdo de aminoacidos como estratégias para tolerar a combinagao
de estressores. A adicdo do estresse pelo ozonio troposférico ndo afeta as capacidades de
tolerancia de S. terebinthifolia aos metais pesados Cu, Zn e Ni. Isso evidencia que a espécie
pode ser indicada na utilizagdo em ambientes afetados pela presenga de metais pesados no solo
e concentracoes elevadas de ozonio troposférico.

Em sintese, a tese estabelece protocolos otimizado para cultivo de espécies nativas em
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hidroponia, e classifica S. terebinthifolia como uma espécie-modelo eficaz para estudos de
estresse abiotico, evidenciando sua intrinseca tolerdncia aos metais pesados Cu, Zn e Ni.
Adicionalmente, demonstra que a espécie possui resiliéncia ao 0zdénio troposférico, exibindo
uma resposta hormética que potencializa seu crescimento sob concentracdes moderadas. A
espécie mantém capacidade de acumulagdo radicular de metais e seu aparato de defesa
antioxidante mesmo sob a pressdo combinada de metais pesados e 0zonio troposférico. O
combinado perfil fisioldégico e bioquimico de S. terebinthifolia apresenta caracteristicas
desejaveis como uma candidata para a revegetacdo e restauracao ecoldgica de areas urbanas e
degradadas que sofrem simultaneamente com a polui¢ao do solo por metais pesados ¢ a
polui¢do atmosférica por 0zonio. A investigagdo comparativa entre cinco espécies sob estresse
por metais pesados revelou que a tolerdncia ndo ¢ eficazamente predita pela taxa de
crescimento, mas pelo habito de vida e estratégias fisioldgicas/bioquimicas especificas.
Portanto, avaliagdo dos aspectos ecoldgicos, fisiologicos e bioquimicos se mostra uma
ferramenta eficiente na busca por espécies tolerantes a estressores abidticos e auxilia na selecao

de outras espécies com potencial de tolerancia.
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Anexo A
Capitulo II - Supplementary material

Tab. II S 1. 25% strength of Hoagland and Arnon (1950) balanced nutrient solution (Control), or enriched
with excess Cu, Zn, and Ni (CuZnNi).

Nutrient Source Control CuZnNi
- uM

KNO; 1500 1500

Ca(NO3), 4H,O 1000 1000
NH:H>PO4 500 500
MgSO4 7TH,O 250 250
KClI 50 50
H;BO:; 25 25
MnSO4 H,O 0.6 0.6
H>Mo04 (85%) 0.5 0.5
Fe - EDTA 19 19
CuS0, 5H,0 0.1 25
ZnSO4 TH,0 0.5 25
NiSO4 6H,0 0.0 25
(NH4),50; 299 225
NH,NO; 0 74

Tab. II S 2. Calibration curve parameters and limits of detection (LOD) for target biochemical
compounds analyzed by spectrophotometer-UV (Glutathione) or HPLC-UV (all others). Curves were
constructed using analytical grade standard reference. LOD was calculated as 3o/slope, where o
represents the standard deviation of y-intercept noise from a blank sample.

Compound Calibration curve equation R? Limit of detection
- - - pg ml”
Ascorbic acid y=0.1681x + 0.4913 0.9972 0.0574
Glutathione y =424.27x - 2.3942 0.9781 1.3636
PC2 y =0.00006x + 0.0208 0.9921 9.4652
PC3 y =0.00008 + 0.0147 0.9616 4.1123
PC4 y =0.00006 + 0.0203 0.9828 1.8777
PC5 y =0.0001 + 0.0163 0.9945 6.5332
PC6 y =0.00008 + 0.0114 0.9716 1.8208
Phytic acid y =0.0344x + 0.2671 0.9966 27.1750
Oxalic acid y =0.00003x - 0.0049 0.9935 0.0031
Formic acid y =0.0015x - 0.0508 0.9975 0.2652
Lactic acid y =0.0014x + 0.0089 0.9969 0.7209
Maleic acid y =0.00008 + 0.0017 0.9939 0.1679
Citric acid y =0.0008x +0.0172 0.9599 0.1850
Fumaric acid y =0.00001x + 0.0018 0.9951 0.0120
Quinic acid y =0.0016x - 0.0251 0.9882 0.1732
Shikimic acid y =0.0182x - 0.0226 0.9799 2.9244
Tartaric acid y =0.0005x - 0.0287 0.9921 0.2333
Isobutyric acid y=0.0417x - 0.0131 0.9914 32.5474
Succinic acid y=0.0016x - 0.0217 0.9934 0.8503

Malic acid y =0.0011x - 0.0008 0.9945 0.3577
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Tab. II S 3 Synthesis of Two-way ANOVA applied on data of phytochelatins concentrations (PC 2-6)
observed in leaves or roots (Organ; factor 1) of pioneer tree, non-pioneer tree, herbaceous, liana and
epiphyte under Control or CuZnNi (Treatment; factor 2), and Two-Way ANOVA applied on data of
heavy metal concentrations (Cu, Zn or Ni) observed in leaves, stem or roots (Organ; factor 1) of pioneer
tree, non-pioneer tree, herbaceous, liana and epiphyte under Control or CuZnNi (Treatment; factor 2).
P-values equal or under 0.05 (bold) means statistical significative difference between variables.

Phytochelatins Heavy metals

Life-form Variable PC2 PC3 PC4 PCS5 PC6 Cu Zn Ni
Organ <0.01 <0.01 <0.01 0.86 0.30 <0.01 <0.01 <0.01
Pioneer tree Treatment <0.01 <0.01 0.03 041 0.09 <0.01 <0.01 <0.01
Interaction <0.01 0.04 <0.01 045 0.29 <0.01 <0.01 <0.01
Organ <0.01 0.07 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pioi(:;'tree Treatment 0.07 <0.01 0.1 <0.01 <0.01  <0.01  0.06 <0.01
Interaction 0.38 0.64 0.05 <0.01 <0.01 <0.01 0.43 <0.01
Organ 0.02 0.01 <0.01 0.23 <0.01 <0.01 <0.01 <0.01
Herbaceous Treatment 0.08 0.01 <0.01 0.13 0.14 <0.01 <0.01 <0.01
Interaction 0.03 0.06 <0.01 0.65 0.16 <0.01 <0.01 <0.01
Organ <0.01 0.02 <0.01 - 0.03 <0.01 <0.01 <0.01
Liana Treatment 043 0.15 0.17 -- 0.09 <0.01 <0.01 <0.01
Interaction 0.56 0.07 041 - 0.01 <0.01 <0.01 <0.01
Organ <0.01 <0.01 0.71 <0.01 <0.01 <0.01 <0.01 <0.01
Epiphyte  Treatment 1.00 090 0.76 0.24 0.24 <0.01 <0.01 <0.01
Interaction 0.33 0.59 099 0.69 0.21 <0.01 <0.01 <0.01

Tab. II S 4. Synthesis of Two-Way ANOVA applied on data of pH and Conductivity of nutrient solutions
over time (Time; factor 1) under Control or CuZnNi (Treatment; factor 2). P-values equal or under 0.05
(bold) means statistical significative difference between variables.

Nutrient solution

Life-form Variable pH Conductivity

Time <0.01 0.87

Pioneer tree  Treatment <0.01 0.38
Interaction  0.15 0.14

Time <0.01 0.00

Piorll(z:?_tree Treatment  0.27 0.00
Interaction  <0.01 0.29

Time <0.01 0.71

Herbaceous  Treatment <0.01 0.00
Interaction  <0.01 0.00

Time <0.01 0.00

Liana Treatment  0.02 0.21
Interaction  0.11 0.01

Time <0.01 0.00

Epiphyte Treatment  0.21 0.58

Interaction  0.09 0.31
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Tab. IT S 5. Mean concentrations of copper (Cu), zinc (Zn) and nickel (Ni) (mg kg™ dry mass) and dry
biomass, with standard deviation (£) in leaves, stem and roots of pioneer tree, non-pioneer tree,
herbaceous, liana and epiphyte species cultivated in nutrient solution (C - Control) or nutrient solution
with excess of Cu, Zn and Ni (T - CuZnNi).

. Cu Zn Ni Dry biomass
Life-form Organ  Treatment . . .
—-mgkg! - —-mgkg'-—-  —mgkg' - g
Control 14.55+ 1.56 28.64 + 427 470+ 087 221+ 1.01
Leaf .
CuZnNi 8.90 + 2.64 31.00 + 3.98 10.51 + 1.95 1.59 + 1.00
Pi ) St Control 17.95+ 5.03 44.15+5.34 5.04+3.07 2.72 £0091
10neer tr m
oneer tree © CuZnNi 18.81 + 5.07 58.78 £8.16 9.62 4 1.22 2.69 + 1.48
R Comol 2635648888 75.99+13.27 12.38 +2.30 0.90 + 0.33
OB CuZnNi  583.64+4597  218.49+4778  121.64+2935  0.88+0.49
Control 479 + 0.88 22.96+2.54 130+ 0.86 3.18 % 0.99
Leaf ]
CuZnNi 3.22 4 0.59 23.25+2.34 3.40 + 0.99 118+ 0.34
. Control 6.42 +1.70 27.92+5.61 1.06 + 0.45 2.27 4 0.60
Non-Pioneer tree Stem .
CuZnNi 17.67+7.81 33.87 4938 6.99+2.18 1.28 +0.49
Control 1730+ 3.15 70.95 + 19.71 2.46 + 0.62 1.15+0.32
Roots .
CuZnNi  199.11+5444  7934+1588  31.40+6.50 0.73 <032
Control 549+ 1.17 2254+ 4.77 033 + 0.28 2.60+1.15
Leaf .
CuZnNi  192.18+171.01  121.73+75.76  54.07+32.88  0.43+0.26
Herb N Control 1331+ 7.15 85.71 + 19.67 1334157 0.75 + 0.38
T m
erbaceous © CuZnNi 59092+ 15639 44568+ 15824 162.84+4996  0.35+0.20
Roore | Control 21.23 +7.04 20196+ 67.74 3.1+ 1.00 0.59 % 0.32
OB CuzZnNi 108340+179.71  279.60 £8434  12347+6971  0.25+0.16
Legp  Control 433+3.72 56.51 - 9.66 128+0.76 148+ 057
CuZnNi 12.12+3.57 4993+ 1292  24.04+737 0.15 4 0.06
. Control 5.06 +0.88 58.26 + 8.33 2.00 + 0.49 0.99 + 0.24
Liana Stem .
CuZnNi  138.56+47.83  300.83+5224  10243+63.04 034+ 0.08
Rogre | Control 6.49 4 1.14 95.08 = 23.60 499+ 1.62 0.98 = 0.15
001S
CuZnNi  1001.53+210.79  629.97+106.74 241.86+49.86  0.13 % 0.03
Control 6.82 % 3.09 52.44 = 10.43 3.99+2.74 7.68 % 2.58
Leaf )
CuZnNi 15.94 + 5.94 6739+ 17.44 7.87 +3.73 6.41 +2.74
N N Control 9.43 +2.28 69.24 = 13.42 2.61 + 1.80 0.55 +0.20
pipuyte M CuZnNi 10.38 +2.71 70.17 £ 13.13 5.6441.92 0.55 % 0.20
Rogre | Control 9.85+ 1.13 2821 +3.97 2224061 1.25 4 0.48
OB CuZnNi 263.50+£4898 639141227  2944+6.16 0.98 + 0.37
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Fig. II S 1. Mean phytochelatins concentrations (PC2 to PC6; ng mg™! fresh mass) in leaves or roots of
pioneer tree (A), non-pioneer tree (B), herbaceous (C), liana (D) and epiphyte (E) cultivated in
balanced nutrient solution (Control) or balanced nutrient solution with excess Cu, Zn and Ni
(CuZnNi). Different letters indicate significant difference between treatments within same organ,
while * indicates a significant difference between organs within same treatment, according to two-way
ANOVA followed by the Sidak test (p < 0.05). “x” indicates undetected phytochelatin.
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Fig. I S 2. Mean pH and conductivity values (uS cm™) of hydroponic solutions during 5 weeks of
cultivation of pioneer tree (A), non-pioneer tree (B), herbaceous (C), liana (D) and epiphyte (E) grown
in balanced nutrient solution (Control) or balanced nutrient solution with excess of Cu, Zn and Ni
(CuZnNi). Different letters indicate a significant difference between weeks in the same treatment
(lowercase letters compare in Control treatment; while uppercase letters compare in CuZnNi treatment),
and * indicates a significant difference between treatments within the same week, according to two-way
ANOVA followed by Sidék test (p < 0.05).
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Capitulo III - Supplementary material

Tab. III S 1. AOT40 and PODy values (0 — 22) of S. terebinthifolia cultivated in ambient (AA), 1.5
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times ambient (1.5%), 2.0 times ambient (2.0%), ambient to 2.0x after 45 days (AA — 2.0x) and 2.0x
to ambient after 45 days (2.0x — AA) conditions.

Index AA 2.0x —> AA 1.5% AA — 2.0x 2.0x
- ppm
AOT40  16.39 22.13 27.89 40.12 45.86
- mmol m

PODy 33.59 38.73 42.05 48.35 53.49
POD; 28.70 33.83 37.08 43.36 48.48
POD; 24.43 29.53 32.68 38.94 44.03
POD; 20.63 25.66 28.66 34.87 39.90
PODg4 17.27 22.24 25.01 31.08 36.04
POD:s 14.30 19.18 21.7 27.56 32.44
PODs 11.67 16.46 18.73 2431 29.11
POD, 9.38 14.08 16.06 21.35 26.04
PODg 7.42 12.01 13.65 18.62 23.21
PODy 5.71 10.21 11.51 16.11 20.60
POD 4.27 8.65 9.62 13.88 18.25
POD; 3.08 7.30 7.96 11.92 16.14
POD, 2.08 6.10 6.50 10.17 14.19
PODy3 1.33 5.08 5.22 8.66 12.41
POD14 0.80 4.21 4.09 7.41 10.82
POD:s 0.45 3.49 3.10 6.32 9.36
POD;s 0.23 2.90 2.23 5.36 8.03
PODy; 0.10 2.40 1.52 4.52 6.82
PODs 0.04 1.98 1.01 3.77 5.71
PODy9 0.02 1.63 0.63 3.09 4.70
POD»y 0.01 1.33 0.36 2.48 3.79
POD», 0.01 1.05 0.19 1.95 2.99
POD», 0.01 0.80 0.09 1.50 2.30
POD2; 0.00 0.59 0.03 1.10 1.69
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Tab. IIT S 2. Akaike indication criteria (AIC), coefficient of determination (R?) and ranking of
linear and the tree best non-linear models as function of AOT40 or PODy.2; to predict relative
leaf biomass in S. ferebinthifolia. The line in bold font denotes the best predictor model.

Index Model AIC R? Rank

AOT40 Four-parameter Lorentz -33.0357  0.754927 1
Brain-Cousens -32.7727  0.781724 2

Gaussian -31.9286  0.76909 3
Linear -20.2583  0.250015 73

PODy Four-parameter Lorentz -31.3483  0.725747 1
Four-parameter Bragg -31.0952  0.72108 2

Brain-Cousens -31.0286  0.754811 3
Linear -19.4145  0.206615 82

POD;, Four-parameter Lorentz -31.3607  0.725974 1
Four-parameter Bragg -31.0898  0.720978 2

Brain-Cousens -30.8385  0.751683 3
Linear -19.431  0.207491 69

POD, Two-phase -31.7879  0.821472 1
Four-parameter Lorentz -31.3609  0.725977 2

Four-parameter Bragg -31.0895  0.720973 3

Linear -19.4738  0.209749 71

POD; Two-phase -31.7852  0.82144 1
Four-parameter Lorentz -31.3123  0.725087 2

Four-parameter Bragg -31.0887  0.720958 3
Linear -19.5217  0.212264 75

POD, Two-phase -31.788  0.821473 1
Four-parameter Lorentz -31.3136  0.725111 2

Four-parameter Bragg -31.0717  0.720643 3
Linear -19.5697  0.214784 75

PODs Two-phase -31.5741  0.818909 1
Four-parameter Lorentz -31.2888  0.724657 2

Four-parameter Bragg -31.0889  0.720963 3
Linear -19.6094  0.216859 75

PODs Two-phase -31.5735  0.818901 1
Four-parameter Lorentz -31.15 0.722098 2

Four-parameter Bragg -31.0772  0.720745 3
Linear -19.6139  0.217094 77

POD, Four-parameter Bragg -31.084  0.720872 1
Four-parameter Lorentz -31.0392  0.720037 2

Brain-Cousens -29.3798  0.726321 3

Linear -19.6356  0.218226 71

PODs Two-phase -31.7875  0.821467 1
Four-parameter Bragg -31.0787  0.720772 2

Four-parameter Lorentz -31.0653  0.720523 3

Linear -19.6693  0.21998 71

PODy Two-phase -31.788  0.821473 1
Four-parameter Lorentz -30.8589  0.716651 2
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Gaussian -29.1008  0.721183 3

Linear -19.6708  0.220056 71

PODo Two-phase -31.7869  0.82146 1
Four-parameter Lorentz -30.7531  0.714645 2

Gaussian -29.1006  0.72118 3
Linear -19.7002  0.221585 67

POD; Log-normal gaussian -29.1008  0.721184 1
Gaussian -29.1007  0.721183 2

Brain-Cousens -26.9261  0.677683 3
Linear -19.7591  0.224634 64

PODy; Gaussian -29.1009  0.721186 1
Log-normal gaussian -29.1008  0.721184 2

Five-parameter Cedergreen-Ritz-Streibig "a" -26.6202  0.721186 3
Linear -19.8235  0.227957 67

PODy; Gaussian -29.1009  0.721186 1
Log-normal gaussian -29.1009  0.721186 2

Bragg4 -26.3886  0.618276 3
Linear -19.9911  0.236536 66

PODy4 Five-parameter Cedergreen-Ritz-Streibig "a" -35.5999  0.721186 1
Five-parameter Cedergreen-Ritz-Streibig "b" -35.5929  0.721186 2
Five-parameter Cedergreen-Ritz-Streibig "c" -35.5569  0.721186 3
Linear -20.3361  0.253893 66

POD;s Four-parameter Bragg -37.6057  0.81929 1
Four-parameter Cedergreen-Ritz-Streibig -37.5946  0.721186 2
Four-parameter Lorentz -36.1437  0.80079 3

Linear -20.8447  0.278768 65

PODjs Gaussian -29.0496  0.72023 1
Log-normal gaussian -28.9626  0.718604 2

Tree-parameter Lorentz -28.3846  0.618173 3

Linear -16.0641  0.008056 65

PODy; Four-parameter Bragg -37.6012  0.819236 1
Four-parameter Lorentz -37.048  0.812445 2

Gaussian -35.6059  0.819292 3
Linear -22.3429  0.347326 62

POD3 Four-parameter Bragg -37.6006  0.819229 1
Four-parameter Lorentz -37.0438  0.812393 2

Gaussian -35.6038  0.819268 3

Linear -23.0963  0.379297 51

PODy9 Four-parameter Bragg -37.602  0.819246 1
Four-parameter Lorentz -37.0868  0.812929 2

Gaussian -35.6041  0.819271 3
Linear -23.8017  0.407809 58

PODyo Four-parameter Bragg -37.6044  0.819274 1
Four-parameter Lorentz -37.1944  0.814266 2

Multistage -35.605  0.819281 3
Linear -24.4826  0.434091 47
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PODy; Four-parameter Bragg -37.6033  0.819261 1
Four-parameter Cedergreen-Ritz-Streibig -35.6676  0.794366 2

Multistage -35.6046  0.819277 3
Linear -25.0723  0.455909 43

POD»; Four-parameter Bragg -37.5387  0.818481 1
Multistage -35.5994  0.819214 2

Log-normal gaussian -35.5877  0.819073 3
Linear -25.511 0.47159 39
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Tab. I1I S 3 Akaike indication criteria (AIC), coefficient of determination (R?) and ranking of linear
and the three best non-linear models as function of AOT40 or PODy.2; to predict relative total biomass
in S. terebinthifolia. The line in bold font denotes the best predictor model.

Index Function AIC R? Rank

AOT40 Two-phase -26.0148 0.847715 1
Four-parameter Lorentz -22.7676 0.717906 2
Four-parameter Bragg -22.2609 0.708214 3

Linear -10.6206 0.172255 59
PODO Two-phase -26.0488 0.84806 1
Four-parameter Bragg -22.2261 0.707537 2
Four-parameter Lorentz -21.8869 0.700847 3

Linear -9.9853 0.136444 63
POD1 Four-parameter Bragg -22.2277 0.707569 1
Four-parameter Lorentz -21.8361 0.699834 2
Gaussian -19.294 0.688787 3

Linear -9.99929 0.137249 62
POD2 Four-parameter Bragg -22.2303 0.707619 1
Four-parameter Lorentz -21.8634 0.70038 2
Gaussian -20.2426 0.707858 3

Linear -10.034 0.139244 62
POD3 Two-phase -22.724 0.810357 1
Four-parameter Bragg -22.2311 0.707635 2
Four-parameter Lorentz -21.9256 0.701619 3

Linear -10.0734 0.1415 63
POD4 Two-phase -25.9216 0.846765 1
Four-parameter Bragg -22.232 0.707651 2
Four-parameter Lorentz -21.9164 0.701436 3

Linear -10.1146 0.143856 63
PODS5 Four-parameter Bragg -22.2298 0.707608 1
Four-parameter Lorentz -21.8912 0.700935 2
Gaussian -19.0171 0.682989 3

Linear -10.1503 0.14589 63
POD6 Two-phase -25.8417 0.845947 1
Four-parameter Bragg -22.2352 0.707714 2
Four-parameter Lorentz -21.8161 0.699432 3

Linear -10.1591 0.146394 62
POD7 Two-phase -25.8565 0.846098 1
Four-parameter Bragg -22.2244 0.707503 2
Four-parameter Lorentz -21.7846 0.698801 3

Linear -10.1832 0.14776 62
PODS Two-phase -25.6903 0.844384 1
Four-parameter Bragg -22.2294 0.7076 2
Four-parameter Lorentz -21.9417 0.701939 3

Linear -10.2193 0.149808 64
POD9 Four-parameter Bragg -22.2278 0.707571 1
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Four-parameter Lorentz -21.7813 0.701939 2

Weibull -18.9835 0.682277 3

Linear -10.2317 0.150514 61

POD10 Four-parameter Lorentz -21.6605 0.696299 1
Weibull -18.9833 0.682272 2

Gaussian -18.669 0.675545 3
Linear -10.2685 0.152595 60

POD11 Weibull -18.9794 0.682191 1
Gaussian -17.4342 0.647706 2

Log-normal gaussian -17.2839 0.644159 3

Linear -10.3293 0.15602 53

PODI12 Weibull -18.9534 0.681704 1
Gaussian -18.1576 0.664292 2

Log-normal gaussian -15.3812 0.596034 3
Linear -10.3941 0.159661 46

POD13 Weibull -18.9674 0.681937 1
Gaussian -18.9638 0.681861 2

Three-parameter log-logistic -14.2754 0.432229 3

Linear -10.5424 0.167926 33

POD14 Gaussian -26.8003 0.811319 1
Log-normal gaussian -26.8 0.811315 2

Five-parameter Cedergreen-Ritz-Streibig "c¢" -26.7963 0.811268 3
Linear -10.8353 0.184019 36

POD15 Four-parameter Bragg -28.7828 0.811099 1
Gaussian -26.8004 0.81132 2

Log-normal gaussian -26.8004 0.81132 3
Linear -11.2698 0.207317 50

POD16 Five-parameter Cedergreen-Ritz-Streibig "a" -29.6395 0.843857 1
Four-parameter Bragg -28.7999 0.811314 2

Four-parameter Lorentz -27.5625 0.795089 3
Linear -11.8697 0.23839 57

POD17 Four-parameter Bragg -28.7992 0.811305 1
Five-parameter Cedergreen-Ritz-Streibig "a" -28.4514 0.83099 2
Five-parameter Cedergreen-Ritz-Streibig "b" -27.9366 0.825084 3
Linear -12.5772 0.273478 64

POD18 Four-parameter Bragg -28.7985 0.811296 1
Four-parameter Lorentz -27.8584 0.799091 2

Gaussian -26.7989 0.811302 3

Linear -13.2483 0.305269 61

POD19 Four-parameter Cedergreen-Ritz-Streibig "a" -29.0717 0.814703 1
Four-parameter Bragg -28.7983 0.811293 2

Four-parameter Lorentz -27.8337 0.79876 3

Linear -13.8931 0.3345 63

POD20 Four-parameter Bragg -28.7998 0.811312 1
Four-parameter Cedergreen-Ritz-Streibig "a" -28.2266 0.803963 2
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Four-parameter Lorentz -27.7045 0.797019 3
Linear -14.5268 0.362029 63

POD21 Four-parameter Bragg -28.799 0.811303 1
Four-parameter Cedergreen-Ritz-Streibig "b" -27.4464 0.793496 2

Multistage -26.7993 0.811306 3
Linear -15.0767 0.384994 56

POD22 Four-parameter Bragg -28.798 0.81129 1
Multistage -26.7992 0.811305 2

Log-normal gaussian -26.7896 0.811184 3
Linear -15.4857 0.401538 44
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Fig. IlI S 1 Schematic representation of experimental design and ozone treatments.
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Fig. III S 2. Linear regression of measured and estimated stomatal conductance (gsw) in Schinus
terebinthifolia leaves. RMSE = Root mean square error.
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Fig. III S 3. Nonlinear UCRS.5a applied as a predictor of S. terebinthifolia relative total biomass of as
a function of PODjs (A), and nonlinear UCRS.4a applied as a predictor of S. terebinthifolia relative
total biomass of as a function of POD19. Black dashed line represents the hypothetical relative biomass
in pre-industrial era (B = 1.00). The Blue dashed line represents the ozone critical levels to achieve
0.96 of relative biomass (4% biomass loss from pre-industrial era).



