Physiologia Plantarum

Physiologia

Plantarum
- s Famt Benlogy

Unravelling the mechanisms controlling Cd accumulation
and Cd-tolerance in Brachiaria decumbens and Panicum
maximum under summer and winter conditions

Journal:

Physiologia Plantarum

Manuscript ID

PPL-2020-00171-HM03.R1

Manuscript Type:

Special Issue article

Date Submitted by the
Author:

n/a

Complete List of Authors:

Rabélo, Flavio Henrique Silveira; University of Sao Paulo Luiz de Queiroz
College of Agriculture, Soil Science

Gaziola, Salete; University of Sao Paulo Luiz de Queiroz College of
Agriculture

Rossi, Monica; University of Sao Paulo Centre for Nuclear Energy in
Agriculture

Silveira, Neidiquele; Institute of Agronomy

Woéjcik, Matgorzata; Maria Curie-Sklodowska University in Lublin Faculty
of Biology and Biotechnology

Bajguz, Andrzej; University of Bialystok, Department of Plant
Biochemistry;

Piotrowska-Niczyporuk, A

Lavres, Jose; Center for Nuclear Energy in Agriculture CENA, University
of Sao Paulo USP, Piracicaba, Brazil

Linhares, Francisco; University of Sao Paulo Centre for Nuclear Energy in
Agriculture

Azvedo, RA

Vangronsveld, Jaco

Alleoni, Luis Reynaldo; University of Sao Paulo Luiz de Queiroz College of
Agriculture

Key Words:

Antioxidants, Glutathione, Phytochelatins, Photosynthesis, Root apoplast

SCHOLARONE™
Manuscripts




Page 1 of 43

oNOYTULT D WN =

Physiologia Plantarum

Unravelling the mechanisms controlling Cd accumulation and Cd-tolerance in
Brachiaria decumbens and Panicum maximum under summer and winter weather

conditions

Flavio Henrique Silveira Rabélo*®*, Salete Aparecida Gaziola?, Monica Lanzoni Rossi®, Neidiquele
Maria Silveirad, Matgorzata Wojcike, Andrzej Bajguzf, Alicja Piotrowska-Niczyporuk!, José Lavrese,
Francisco Scaglia Linhares¢, Ricardo Antunes Azevedo?, Jaco Vangronsveld®, Luis Reynaldo

Ferracciu Alleoni?

aUniversity of Sdo Paulo, College of Agriculture Luiz de Queiroz, Piracicaba, Brazil
bHasselt University, Centre for Environmental Sciences, Diepenbeek, Belgium

¢ University of Sdo Paulo, Center for Nuclear Energy in Agriculture, Piracicaba, Brazil

4 Agronomic Institute, Center R&D in Ecophysiology and Biophysics, Campinas, Brazil

¢ Maria Curie-Sklodowska University, Faculty of Biology and Biotechnology, Lublin, Poland
T 'University of Bialystok, Faculty of Biology and Chemistry, Biatystok, Poland

Correspondence
*Corresponding author,

E-mail: flaviohsr.agro@usp.br

We evaluated the mechanisms that control Cd accumulation and distribution, and the mechanisms that
protect the photosynthetic apparatus of Brachiaria decumbens Stapf. cv. Basilisk and Panicum
maximum Jacq. cv. Massai from Cd-induced oxidative stress, as well as the effects of simulated
summer or winter conditions on these mechanisms. Both grasses were grown in unpolluted and Cd-
polluted Oxisol (0.63 and 3.6 mg Cd kg! soil, respectively) at summer and winter conditions. Grasses
grown in the Cd-polluted Oxisol presented higher Cd concentration in their tissues in the winter
conditions, but the shoot biomass production of both grasses was not affected by the experimental
conditions. Cadmium was more accumulated in the root apoplast than the root symplast, contributing
to increase the diameter and cell layers of the cambial region of both grasses. Roots of B. decumbens
were more susceptible to disturbed nutrients uptake and nitrogen metabolism than roots of P.
maximum. Both grasses translocated high amounts of Cd to their shoots resulting in oxidative stress.
Oxidative stress in the leaves of both grasses was higher in summer than winter, but only in P.
maximum superoxide dismutase (SOD) and ascorbate peroxidase (APX) activities were increased.
However, CO, assimilation was not affected due to the protection provided by reduced glutathione
(GSH) and phytochelatins (PCs) that were more synthesized in shoots than roots. In summary, the root
apoplast was not sufficiently effective to prevent Cd translocation from roots to shoot, but GSH and

PCs provided good protection for the photosynthetic apparatus of both grasses.
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Abbreviations — A, leaf CO, assimilation, APX, ascorbate peroxidase; AsA, ascorbic acid; BRs,
brassinosteroids; BSA, bovine serum albumin; CAT, catalase; Chl, chlorophyll; C;, intracellular CO,
concentration; F, transpiration; GPX, guaiacol peroxidase; GR, glutathione reductase; g,, stomatal
conductance; GSH, reduced glutathione; GS, glutathione synthetase; GSSG, oxidized glutathione;
ICP-OES, inductively coupled plasma optical emission spectrometry; k&, instantaneous carboxylation
efficiency; MDA, malondialdehyde; NUE, nutrient use efficiency; PCs, phytochelatins; PCS,
phytochelatin synthase; PEPcase, phosphoenolpyruvate carboxylase; PSI, photosystem I; PSII,
photosystem II; SOD, superoxide dismutase; WUE, instantaneous water use efficiency; WUE;,

intrinsic water use efficiency.

Introduction

The use of non-hyperaccumulator plants possessing high biomass production for cadmium (Cd)
phytoextraction increased in recent years (Rabélo et al. 2018a, Suman et al. 2018, Bora et al. 2020).
Among the C4 forage grasses that were investigated, Brachiaria decumbens Stapf. cv. Basilisk and
Panicum maximum Jacq. cv. Massai tolerated very high Cd concentrations in hydroponics (Kopittke et
al. 2010, Santos et al. 2011, Rabélo et al. 2017a, 2017b, 2017c, 2018b, 2018c, 2018d, 2019, 2020).
However, the mechanisms that allow them to cope with Cd-induced stress are still poorly understood,
especially under environmentally realistic conditions.

Cadmium uptake by plants from the soil includes diffusion of Cd into the free space of the root
cells and Cd adsorption by the cell walls (apoplastic uptake), followed by Cd transport across the
plasma membrane into the protoplast (symplastic uptake; Lux et al. 2011, Song et al. 2017). Both
apoplastic uptake and short-distance transport in the roots and long-distance Cd translocation through
the xylem from roots to shoots are mainly transpiration-driven processes. By consequence, conditions
that increase leaf transpiration, such as higher temperature, may lead to a higher Cd entrance into the
roots and translocation to the shoots in Poaceae (Ge et al. 2016, Guo et al. 2019). The possible higher
Cd uptake by plants growing at high temperature could intensify nutritional disturbances, among other
damages, since Cd competes with nutrients (e.g. Ca, Fe and Zn) for the same transporters (Carvalho et
al. 2020). To avoid nutritional disturbances Cd-induced, plants of the family Poaceae limit Cd
translocation from roots to shoots, by e.g. increasing suberinization of the endoderm cells and
lignification of the cortex cells and peripheral tissues of root vascular cylinder (Lux et al. 2011,
Kaznina and Titov 2014). Gomes et al. (2011) reported that B. decumbens grown in soil polluted with
Cd, Pb, Zn and Cu showed more lignin deposited in the walls of the root cortical cells compared to
control plants. However, there exist no reports on the mechanisms that prevent radial transport and
translocation of Cd from roots to shoots in B. decumbens exposed to Cd only. Rabélo et al. (2018b)
reported that vascular parenchyma cells of roots of P. maximum plants grown at 30.5°C and exposed
to 0.5 mmol I'! Cd in hydroponics possessed thicker cell walls in order to inhibit radial transport and
translocation of Cd to shoots and to alleviate induction of oxidative stress and damages to the

photosynthetic apparatus. On the other hand, the question arises if Cd uptake and the Cd-induced
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damages in B. decumbens and P. maximum would decrease due to a lower transpiration if these plants
were grown at lower temperatures, like they occur in winter?

It is known that the oxidative stress caused by increased levels of reactive oxygen species
(ROS) is higher at lower temperatures (Tang et al. 2020), as observed in several forage grasses (Loka
et al. 2019), and that oxidative stress should be the primary result of Cd toxicity in plants (Loix et al.
2017). Oxidative stress can cause protein oxidation and lipid peroxidation, which cause the rupture of
the plasma membranes and change the structure and numbers of chloroplasts in leaf cells, besides to
changes of the water relations and consequently the stomatal conductance and transpiration (Parmar et
al. 2013), as observed in P. maximum exposed to Cd (Rabélo et al. 2018d). In order to mitigate the
deleterious effects of the oxidative stress, enzymatic and non-enzymatic antioxidants are employed by
plants (Soares et al. 2019a). Reduced glutathione (GSH, y-Glu-Cys-Gly) is the main non-enzymatic
antioxidant in plant cells; it can be oxidized to glutathione disulfide (GSSG) in the course of ROS
scavenging, which contributes to preventing oxidative damages in the cells (Seth et al. 2012, Jia et al.
2020). Furthermore, GSH is a substrate for synthesis of phytochelatins (PCs) [(y-Glu-Cys),-Gly, with
n = 2-11], i.e. peptides involved in Cd chelation and its transport from the cytosol to the vacuole (Seth
et al. 2012). Phytochelatin-mediated Cd storage in the vacuole was reported as an efficient defense
strategy in non-hyperaccumulator plants (Jia et al. 2020), as also observed by Santos et al. (2011) in B.
decumbens and by Rabélo et al. (2018c) in P. maximum. Jia et al. (2018) described that defense
mechanisms involved in Cd tolerance in Pinus sylvestris were less efficient at ambient compared to
higher temperature, despite accumulating more Cd in the roots at the elevated temperature. These
authors attributed this result to lower activities of enzymatic antioxidants at ambient temperature.

The most important enzymes involved in antioxidative defense are superoxide dismutases
(SOD, EC 1.15.1.1) which dismutate superoxide (O,~) into hydrogen peroxide (H,O,) and H,O;
ascorbate peroxidases (APX, EC 1.11.1.11), catalases (CAT, EC 1.11.1.6) and guaiacol peroxidases
(GPX, EC 1.11.1.7) that are involved in reducing H,O, into H,O; and glutathione reductases (GR, EC
1.6.4.2) which convert GSSG into GSH (Soares et al. 2019a, Szopinski et al. 2019). Although
antioxidative enzymes act on ROS scavenging, SODs, CATs, APXs and GPXs apparently are not as
important as GSH for mitigating the Cd-induced oxidative stress in P. maximum (Rabélo et al. 2017b,
2018c, 2018d). Therefore, symptoms of oxidative stress in this plant species can be consequence of
GSH depletion due to its oxidation, direct Cd binding or its use for synthesis of PCs (Clemens 2006,
Jia et al. 2020). Santos et al. (2011) attributed also the Cd-induced oxidative damages of the
photosynthetic apparatus of B. decumbens to depletion of GSH for synthesis of PCs. Although GSH
seems to be more important than antioxidative enzymes to attenuate the Cd-induced oxidative stress in
both forage grasses, this relationship is unknown in grasses grown in different season conditions
(summer or winter), whilst it is known that the synthesis of antioxidants or/and the activity of the
antioxidative enzymes in these plants decreases at lower temperatures (Loka et al. 2019). Therefore,
our objectives with this study were: (i) to identify the sites of Cd accumulation in the roots of B.

decumbens and P. maximum and the plant responses developed to prevent Cd translocation from root
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to shoot; (ii) to understand how these forage grass species mitigate Cd-induced oxidative stress and
protect their photosynthetic apparatus from Cd toxicity; and (iii) to identify whether the mechanisms
involved in Cd accumulation and Cd-tolerance are affected by temperature conditions prevailing in
summer and winter. Our hypothesis was that in the summer conditions the leaf transpiration should be
higher, which would increase Cd translocation from roots to shoot and by consequence more strongly
compromise the normal functioning of the photosynthetic apparatus of both grasses in relation to
winter conditions. We hypothesized that, also in case of higher Cd uptake (notably in the summer
conditions), Cd should be more accumulated in the root apoplast and the action of GSH, PCs and
antioxidative enzymes would be larger to avoid damages induced by free Cd ions in either roots and

shoots.

Materials and Methods

Soil collection and soil physical-chemical composition

Samples of an Oxisol, classified as Typic Hapludox according to United States Department of
Agriculture (USDA 1999), were collected in the most superficial layer (0.0 - 0.2 m depth) in an
anthropized area under a native pasture in Piracicaba, state of Sdo Paulo, Brazil (S 22°43°04”; W
47°36°55”). Soil parameters were determined on air-dried soil sieved with a 2-mm mesh: pseudo-total
Cd (3051a method; USEPA 2007) = 0.63 mg kg soil, pH (0.01 M CaCl,) = 4.8, available phosphorus
(P; ion exchange resin) = 22 mg dm soil, available sulphur (S; 0.01 mol L' Ca(H,PO,),) = 3 mg dm-3
soil, available potassium (K; ion exchange resin) = 0.1 mmol, dm? soil, available calcium (Ca; ion
exchange resin) = 3 mmol. dm™ soil, available magnesium (Mg; ion exchange resin) = 8§ mmol, dm
soil, available boron (B; hot water) = 0.38 mg dm™ soil, available cooper (Cu; diethylene triamine
pentaacetic acid - DTPA at pH 7.3) = 0.7 mg dm? soil, available iron (Fe; DTPA at pH 7.3) = 46 mg
dm-3 soil, available manganese (Mn; DTPA at pH 7.3) = 8.9 mg dm soil, available zinc (Zn; DTPA at
pH 7.3) = 4.2 mg dm? soil, A’ (1 M KCI) = 0.5 mmol, dm= soil, H+Al (pH SMP) = 15 mmol, dm
soil, and soil organic matter (oxidation with 0.4 N K,Cr,0,) = 34 g kg™! soil. Granulometric fractions
(sand = 828 g kg! soil, silt = 23 g kg'! soil, and clay = 149 g kg'! soil) were obtained by the
hydrometer method (Gee and Bauder 2002).

Plant material and experimental design

The experimental design was a factorial scheme 2 % 2, in which Brachiaria decumbens Stapf. cv.
Basilisk and Panicum maximum Jacq. cv. Massai were grown in two soil conditions (Cd-unpolluted
and Cd-polluted Oxisol) and two simulated environmental conditions (summer and winter). The
plastic pots used to grow the plants contained 3 kg of Cd-unpolluted soil (0.63 mg kg!) or Cd-polluted
(3.6 mg kg!) soil. The simulated environmental conditions for summer were: 24 h/30 + 2°C, 16/8 h
light/dark regime, 220 pmol photons m? s at the leaf level delivered by LED lamps 18W 840 T8C W
G, and 75 £ 5% relative humidity; whilst the simulated environmental conditions for winter were: 24

h/22 + 2°C, 14/10 h light/dark regime, 220 umol photons m= s, and 55 + 5% relative humidity. The
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temperatures were defined considering the averages recorded in the last 10 years in the summer and
winter of Piracicaba. The plastic pots used to grow the plants were distributed in a completely
randomized design with four replicates per condition. It is important to mention that Cd concentrations
between 0.01 and 0.8 mg kg!' are considered non-toxic (Kabata-Pendias 2011), while Cd
concentrations > 3.6 mg kg! present direct and indirect potential risks to the human health, according
to the guiding values of The Environmental Company of Sdo Paulo - CETESB, in Brazil (CETESB
2014).

Soil pollution, growth conditions, plant harvesting and samples collection

After collection, drying and characterization, the Oxisol was spiked with Cd using CdCl,. At the same
day, the basic fertilization was applied following the recommendation for forage grasses (Werner et al.
1997), except for Ca that was applied to increase Ca:Mg ratio in order to avoid Ca deficiency in the
two species. Nutrients were applied as pure substances through the nutrient solution. The fertilizer
doses consisted of 100 mg N (NH4NO3), 100 mg P (NH4H,PO,), 150 mg K (KCI), 50 mg S (ZnSO,)
and 160 mg Ca (CaCl,) per kg of soil. Subsequently, the soils were incubated for 15 days. After this,
seeds of both B. decumbens and P. maximum were sown. Twenty days later, the seedlings were
thinned leaving only 10 seedlings per pot. Between sowing and thinning, all plants were kept at
summer condition to accelerate germination. After thinning the plants were exposed to different
seasonal conditions. Fifty-four days after seeds germination 100 mg N (NH4;NO;) and 100 mg K (KCI)
per kg of soil were applied (Werner et al. 1997). The soil moisture content was maintained at a
constant level (70% of the maximum water holding capacity) during the study in the winter and
summer conditions through deionized water supply.

Sixty-three days after sowing, the photosynthetic parameters (described below) were determined
on the first fully expanded leaf, and samples of leaves and roots were collected for morpho-anatomical
and ultrastructural analyses. One day later, the plants were harvested and separated into shoots and
roots. The shoots were separated into leaf blades and another sample comprising stems and sheaths.
The plant material collected for biomass determination and elemental analyses was dried in a forced
ventilation oven at 60°C for 72 h, while the plant material collected for thiol compounds and

enzymatic activities analyses was snap frozen in liquid N and stored at -80°C.

Determinations of biomass production and water content

The fresh weights of leaf blades, stems and sheaths, and roots were determined at the moment of the
harvest, while the dry biomass was obtained after weighing the oven-dried samples. The water content
was calculated as the average percent difference between fresh weight and the dry weight divided by

the fresh weight (Aibibu et al. 2010).

Elemental determination in the plant tissues and nutrients use efficiency calculation
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The dried plant tissues (leaf blades, stems and sheaths and roots) were ground in a Wiley type mill
(Model 4, Thomas Scientific). Total N concentrations and abundance of the rare stable isotope N
relative to that of the more abundant '“N (8'N) were determined through an isotope ratio mass
spectrometer (Hydra 20-20, Sercon Ltd.) interfaced to an automatic N analyzer (ANCA-GSL, Sercon
Ltd.; Barrie and Prosser 1996), after extraction with 1 mol 1! KCI (1:15, plant tissue:solution, w/v),
distillation with MgO and Devarda's alloy and titration with 2.5 mmol I'' H,SO, (Tedesco et al. 1985).
To determined concentrations of P, K, Ca, Mg, S, B, Cu, Fe, Mn, Mo, Zn and Cd, tissues were
digested in a microwave oven (Model Ethos 1600, Milestone) using a mixture of HNO; + H,0,
following the United States Environmental Protection Agency - USEPA 3051a method (USEPA
2007). Subsequently, the extracts were analysed by inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 7000 SERIES, Thermo Fisher Scientific). Blank reagent samples were
used during the digestion for quality control. Standard reference material (SRM 1515 - apple leaves)
was used to assure the accuracy and precision of the extraction and analytical method. From the
elemental concentrations the element contents and the nutrient use efficiencies (NUE) were calculated.
Element content was obtained by multiplying the element concentration in the tissue by the dry weight
of the respective tissue, while the NUE was calculated as described in the equation 1 (Siddiqi and

Glass 1981):

. 2
NUE (g* mg™) = (total dry biomass, g)

(1

total nutrient content in the plant, mg

Determination of Cd concentrations in the root apoplast and root symplast

Cadmium concentrations in apoplast and symplast were determined using the method reported by
Rabélo et al. (2017a). The roots of the plants were divided into two longitudinal sections with
equivalent weights; one of the sections was immersed in a container with 150 ml of “desorption”
solution (2 mmol I'' CuCl,, 0.5 mmol 1! CaCl,, and 100 mmol 1" HCI) at 5°C for 30 min and the other
one was not immersed. CaCl, was used to maintain cell wall integrity during Cd desorption, and CuCl,
to release Cd (Cd?*) bound to the root apoplast exchange sites. After the desorption process, the two
root sections were washed in deionized water, dried and digested as described above. The Cd
concentration in the apoplast was calculated as the total Cd concentration (root part not immersed in
the desorption solution) minus Cd concentration in the symplast (root part immersed in the desorption
solution). We calculated then Cd partitioning between root apoplast and symplast as the percentage of

Cd accumulated in the root apoplast or root symplast in relation to total Cd concentration in the roots.

Morpho-anatomical and ultrastructural analyses of the leaves and roots
For histological characterization, samples of leaves (part closest to petiole) were processed for light

and transmission electron microscopy. Fixation was done in a modified Karnovsky solution
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(Karnovsky 1965; 2% glutaraldehyde, 2% paraformaldehyde, and 5 mmol 1I'' CaCl, in 0.05 mol 1!
sodium cacodylate buffer, pH 7.2) for 48 h. Subsequently, the samples were rinsed in cacodylate
buffer (0.1 mol I'") and post fixed in 1% osmium tetroxide in 0.1 mol I' sodium cacodylate buffer, pH
7.2, at room temperature, for 1 h. Dehydration was performed in a graded acetone series during 48h
and finally samples were embedded in Spurr epoxy resin (EMS, Electron Microscopy Sciences).
Semithin sections (120-200 nm) were collected on glass slides, stained with toluidine blue (2% in
water) for 5 min, rinsed in distilled water, and air-dried. The sections were permanently mounted in
Entellan®, observed and documented using an upright light microscope (Axioskop 40 Carl Zeiss).
Ultrathin sections of leaves (60-90 nm) were obtained using an ultramicrotome (Porter Blum MT2-
Dupont-Sorvall) equipped with diamond knife, collected on copper grids (300 mesh), and stained with
uranyl acetate (2.5%), followed by lead citrate (0.1%) (Reynolds 1963). The sections were observed at
80 kV under a transmission electron microscope (JEM1400 JEOL), and the images were digitalized.

Scanning electron microscopy was used to assess the morphology of the vascular cylinder
region of roots samples. Small pieces of roots (hair root zone) were fixed in the same modified
Karnovsky solution for 24 h and transferred to a 10% glycerol solution for 30 min, and then fractured
in liquid N. Post-fixation was done in 1% osmium tetroxide in water for 1 h and 30 min at room
temperature. Then, the samples were dehydrated with an increasing acetone series, subjected to critical
point drying with liquid CO, (Leica EM CPD 300), mounted on metal stubs using carbon conductive
tape (Pelco Tabs™, Ted Pella, Inc.), and sputter-coated (Leica EM ACE 600) with gold to thickness of
80 nm. The samples were imaged at JEOL JSM-IT300LV operating at 15 kV electron beam.

Determination of thiol compounds in the leaf blades, stems and sheaths and roots

For analysis of thiol compounds the samples were resuspended in 1 ml 0.1% trifluoroacetic acid (TFA)
(w/v) with 6.3 mmol I'' DTPA to allow protein precipitation, and then the suspension was
homogenized in a bead mill using the TissueLyser LT (QIAGEN) for cell disruption. The homogenate
was centrifuged for 10 min at 9900 g and 4°C to pellet precipitated proteins and cell fragments. The
resulting supernatant was removed and kept on ice prior to derivatization and thiol analysis
(Piotrowska-Niczyporuk et al. 2017). Non-protein thiols were extracted and analysed after
derivatisation with monobromobimane by reverse-phase HPLC, according to Huguet et al. (2012).
Briefly, 25 mg aliquots of material ground in 0.1% TFA, 6.3 mmol I DTPA (pH < 1) and 10 umol 1!
N-acetyl-lI-cysteine (internal standard) were filtered and incubated with 280 umol I
monobromobimane, 125 mmol 1! N-(2-hydroxyethyl)piperazine-N'-(3-propanesulfonic acid) (HEPPS,
pH 8.2) and 4 mmol 1! DTPA (30 min, 45°C, in dark). Subsequently, the thiol compounds were
separated on a Nova-Pak C18 analytical column (Waters) at 37°C and eluted with a slightly concave
gradient of water and methanol. Fluorescent compounds were identified with Ellman’s reagent
(Ellman 1959) using a Waters 474 fluorescence detector. The quantification was based on N-acetyl-1-
cysteine and GSH standards (0-20 pmol 1'') and corrected for derivatisation efficiency (Huguet et al.

2012).
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Hydrogen peroxide and lipid peroxidation measurements

Concentrations of H,O, were determined in leaf blades, stems and sheaths, and roots of the plants as
described by Alexieva et al. (2001), with some modifications. Firstly, 0.2 g of frozen samples was
macerated in 2 ml of 0.1% (w/v) trichloroacetic acid (TCA) in the presence of 20% (w/w) of polyvinyl
polypyrrolidone (PVPP). After complete homogenization, 2 ml of extract was centrifuged at 10 000 g
for 15 min at 4°C. An aliquot of 0.2 ml was taken from the supernatant and then an aliquot of 0.2 ml
of 100 mmol I-' potassium phosphate buffer (pH 7.0) and 0.8 ml of 1 mol 1! potassium iodide was
added to the mixture. The solution was left for 1 h in darkness to stabilize the reaction and the readings
were made in a spectrophotometer (Genesys 10S UV-VIS, Thermo Fisher Scientific) at 390 nm.

Lipid peroxidation was also determined in the leaf blades, stems and sheaths, and roots of both
plant species, of which 2-thiobarbituric acid (TBA) reactive compounds were used to estimate the
malondialdehyde (MDA) content as measure of lipid peroxidation (Heath and Packer 1968). The
initial procedures for MDA measurements were the same as described for H,0,. Following
centrifugation, 0.25 ml of sample supernatant was added to 1 ml of 20% (w/v) TCA containing 0.5%
TBA. The mixture was placed in a water bath at 95°C for 30 min, and then on ice. After 20 min on ice,
the samples were centrifuged at 10 000 g for 10 min to separate the residues formed during heating
and to clarify the samples. Subsequently, spectrophotometer (Genesys 10S UV-VIS) reading were
done at 535 and 600 nm.

Extraction and quantification of proteins in the leaf blades

Leaf blades samples were homogenized with a mortar and pestle in 100 mmol I! potassium phosphate
buffer (pH 7.5; 1 g of leaf blade to 3 ml of buffer) containing 1 mmol 1! ethylenediaminetetraacetic
acid (EDTA), 3 mmol I'! dithiothreitol (DTT) and 4% (w/v) PVPP (Azevedo et al. 1998). The
resulting homogenate was centrifuged at 10 000 g for 30 min at 4°C, and the supernatant was stored at
-80°C for determination of the activities of antioxidative enzymes. Total soluble protein
concentrations were determined by the method of Bradford (1976), using bovine serum albumin -

BSA (Protein Standard, Sigma-Aldrich) as standard.

Determination of the activities antioxidative enzymes in the leaf blades

Total SOD activity was determined as described by Giannopolitis and Ries (1977), adding 15 pl of
protein extract to a mixture of 1.5 ml 50 mmol I' sodium phosphate buffer (pH 7.8) containing 13
mmol I' methionine, 75 pmol 1! nitroblue tetrazolium (NBT), 0.1 mmol 1! EDTA and 2 pmol 1!
riboflavin. The reaction was performed at 25°C in a chamber (covered with aluminum foil) with a
fluorescent light of 15 W, and after 5 min of light exposure, the light source was turned off and the
blue formazane compound produced by NBT photoreduction was measured spectrophotometrically
(Genesys 10S UV-VIS) at 560 nm. The same assay was performed with all reagents (but without

protein extract) and time of light exposure to be used as negative control.
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Total CAT activity was determined spectrophotometrically following the method described by
Kraus et al. (1995), with modifications by Azevedo et al. (1998). The reaction medium was composed
of 1 ml of 30 mmol I'' H,O, solution in 100 mmol 1! potassium phosphate buffer (pH 7.5). The
reaction started adding 25 pl of plant extract, and CAT activity was determined following the
decomposition of H,O, at 10 s intervals for 1 min at 240 nm (Genesys 10S UV-VIS).

Total APX activity was determined spectrophotometrically as described by Nakano and Asada
(1981). The reaction medium was composed of 15 ul of sample extract and 80 mmol I'' potassium
phosphate buffer solution (pH 7.0) containing 5 mmol I'! ascorbic acid (AsA), 1 mmol I'' EDTA and
1.45 mmol I'! H,O,. Absorption was measured for 1 min at 290 nm (Genesys 10S UV-VIS).

The total GPX activity was determined spectrophotometrically as described by Matsuno and
Uritani (1972), with modifications by Monteiro et al. (2011). The reaction medium contained 890 pl
phosphate-citrate buffer (sodium phosphate dibasic 0.2 mol 1-:citric acid 0.1 mol 1'") pH 5, 10 pl
enzyme extract and 50 ul 0.2% guaiacol, which was vortex shaken. Then, 50 ul of 9.8 mmol I'' H,O,
was added and incubated at 30°C for 15 min. The reaction was stopped by cooling in an ice water bath,
followed by the addition of 50 pl of 2% sodium metabisulphide solution. The reaction mixture was
held for 10 min, and the GPX activity was evaluated by monitoring the absorbance at 450 nm
(Genesys 10S UV-VIS).

Total GR activity was determined following the method described by Smith et al. (1988), with
modifications by Azevedo et al. (1998). The reaction medium (1 ml) was composed of 1 mmol I-' 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB), 1 mmol 1! GSSG, 0.1 mmol I nicotinamide adenine
dinucleotide phosphate (NADPH) and 50 pl protein in 0.1 mmol I'! potassium phosphate buffer
solution (pH 7.5). Absorption was measured for 1 min at 412 nm (Genesys 10S UV-VIS).

Determination of the photosynthetic parameters

Photosynthetic parameters [leaf CO, assimilation (4), stomatal conductance (g), intracellular CO,
concentration (C;) and transpiration (£)] were measured on the first fully expanded leaf, using an
infrared gas analyzer (Li-6400, Li-cor Inc.). All parameters were measured at a photosynthetic photon
flux density of 2,000 umol m? s, air CO, concentration of 400 = 20 umol mol' and block
temperature of 25°C. Measurements were performed following the procedures recommended by Long
and Bernacchi (2003). The instantaneous carboxylation efficiency (k), instantaneous water use
efficiency (WUE) and intrinsic water use efficiency (WUE;) were calculated as described in the
equations 2 (Farquhar and Sharkey 1982), 3 and 4 (Wang et al. 2016), respectively. Leaf area was
determined in a leaf area integrator model LI 3100 (Li-Cor Inc.). A chlorophyll meter (CFL 1030,
Falker) was used to evaluate chlorophyll a and b and the relative content of chlorophyll (Chl) was
calculated as chlorophyll a+b.

A
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where £ is the instantaneous carboxylation efficiency (umol CO, m? s*! Pa’!), 4 is the leaf CO,
assimilation (umol CO, m? s!), C; is the intracellular CO, concentration (umol CO, mol'), WUE is
the instantaneous water use efficiency (umol mol!), E is the transpiration (mmol H,O m s-'), WUE; is

the intrinsic water use efficiency (umol mol') and g is the stomatal conductance (mol H,O m2 s).

Statistical analyses

Both normality and homoscedasticity were checked. All data were submitted to a two-way analysis of
variance to detect the effects of the seasons and Cd concentrations, and a post-hoc Tukey test (P
<0.05) to compare means between seasons within each Cd concentration for each plant species and to
compare the means between Cd concentrations within each season for each plant species. Statistical
analyses were performed using the Statistical Analysis System v. 9.2 (SAS Institute 2008). The graphs
were constructed and plotted with SigmaPlot (version 10.0, Systat Software Inc.). Results were

expressed as means + standard error of the mean.

Results

Shoot biomass production of both grasses were not affected by the experimental conditions

The fresh and dry weights of leaf blades (Fig. 1A,D), stems and sheaths (Fig. 1B,E) of B. decumbens
and P. maximum were not changed by the season or presence of Cd in the soil, which was also the case
for the fresh and dry weights of roots of B. decumbens (Fig. 1C,F). However, the fresh weight of roots
of P. maximum grown in winter conditions was higher compared to summer condition, regardless of
the presence of Cd in the soil (Fig. 1C). The dry weight of roots of P. maximum grown in the Cd-
polluted soil was 33% lower compared to the unpolluted soil, in the winter condition (Fig. 1F). Like
was the case for weight, there was no effect of the season and/or presence of Cd in the Oxisol on the
water content of leaf blades (Fig. 1G), stems and sheaths (Fig. 1H) and roots (Fig. 1I) of B.
decumbens. However, the water content in the stems and sheaths, and roots of P. maximum grown in
winter conditions was higher than in summer conditions when the plants were grown in the Cd-

polluted (Fig. 1H-I).

Both grasses accumulated more Cd in winter conditions, and in the roots Cd accumulation was

higher in root apoplast
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Cadmium concentrations and Cd contents in all tissues of both forage grasses cultivated in the
unpolluted soil were not affected by the season (Fig. 2). However, when the grasses were grown in the
Cd-polluted soil, both presented higher Cd concentrations in their leaf blades (Fig. 2A), stems and
sheaths (Fig. 2B) and roots (Fig. 2C) after growing in winter compared to summer conditions. As
observed for the plants grown in the unpolluted soil, Cd concentration in all tissues of B. decumbens
cultivated in the Cd-polluted soil was also not dependent on the season (Fig. 2D-F). On the other hand,
the Cd concentrations in the stems and sheaths (Fig. 2E) and roots (Fig. 2F) of P. maximum from the
Cd-polluted soil were respectively 45 and 121% higher in the winter than the summer conditions.
Specifically for the roots, no effect of the season on Cd concentrations in the root apoplast (Fig. 3A)
and root symplast (Fig. 3B) of both grass species cultivated in the unpolluted soil was observed. On
the other hand, when grown in the Cd-polluted soil, Cd concentration in the apoplast of B. decumbens
grown in winter conditions was 61% higher than after growing in summer conditions (Fig. 3A). Both
grass species presented higher Cd concentrations in their root apoplast (Fig. 3A) and root symplast
(Fig. 3B) when cultivated in the Cd-polluted soil. Almost 60 and 70% of Cd in the roots of B.
decumbens was accumulated in the apoplast when this grass was grown in summer and winter
conditions, respectively, regardless of Cd concentration in the soil (Fig. 3C). Cadmium accumulation
in the root apoplast of P. maximum was more affected by Cd concentrations in the soil than the season
conditions used for plant growth. Cadmium accumulated in the root apoplast of P. maximum cultivated

in the Cd-polluted soil was higher than 60%, regardless of the season (Fig. 3C).

Cd exposure increased root diameter and root cell layers, mainly in summer condition

The root hair zone of the roots of both B. decumbens and P. maximum grown in the unpolluted soil
possessed uniseriate epidermis with evenly sized cells; the cortex consisted of uneven diameter cells,
regardless of the season (Fig. 4A,C,E,G,ILK,M,0). The central cylinder of both grasses cultivated in
the unpolluted soil had the typical structure for these plant species (see Gomes et al., 2011 and Rabélo
et al., 2018b), regardless of the season (Fig. 4E,G,M,0). However, after growing both species in the
Cd-polluted soil, pericycle cells were irregular, and the cambial region contained more cell layers and
looked disorganized, regardless of the season (Fig. 4F,H,N,P). The diameter of the vascular cylinder of
the roots of both grass species grown in summer conditions in the Cd-polluted soil had a bigger
diameter compared to the roots of plants from the unpolluted soil (Fig. S1B). Moreover, the plants
grown in the Cd-polluted soil had more root hairs than those from the unpolluted soil, mainly in

summer conditions (Fig. 4B.J).

Roots of B. decumbens were more susceptible to disordered nutrients uptake and nitrogen
metabolism, and P. maximum presented lower NUE under Cd-induced stress

In general, the nutrient concentrations in the leaf blades and stems and sheaths of B. decumbens (Table
1) showed limited differences in function of the season conditions and Cd concentrations in the soil.

Plants grown in the Cd-polluted soil in the winter condition had a lower K concentration and higher
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concentrations of Ca in the leaf blades; phosphorous in the stems and sheaths was higher after growth
in winter than in summer condition. In contrast to the shoots, nutrients concentrations in the roots of B.
decumbens showed high variations in function of season conditions and Cd concentration in the soil.
Concentrations of N, P, K, Ca, Mg, S and Zn in the roots of this species grown in the Cd-polluted soil
were higher after growth in winter than summer conditions. When B. decumbens was grown in the
summer conditions, the concentrations of P, K, Ca, S, Mn and Zn in the roots of plants grown in the
Cd-polluted soil were higher compared to unpolluted soil. On the other hand, when this species was
grown in the winter condition the concentrations of N, Cu, Fe and Zn in the roots of the plants grown
in the Cd-polluted soil was higher than in the roots of plants from unpolluted soil (Table 1).

As observed in B. decumbens, the nutrients concentrations in the leaf blades and stems and
sheaths of P. maximum (Table 1) showed limited differences in function of the season and Cd
concentration in the soil. P. maximum cultivated in winter conditions on the Cd-polluted soil contained
a lower Cu concentration in the leaf blades and higher concentrations of K and Mg in the stems and
sheaths compared to summer condition. In contrast to what was observed in the roots of B. decumbens,
there was also low variation of nutrients concentrations in the roots of P. maximum in function of the
Cd concentration in the soil, as well as low variation of nutrients concentrations due to the season in
the roots of P. maximum cultivated in the Cd-polluted soil. However, the concentrations of K, Cu, Mo
and Zn in the roots of this species grown in the unpolluted soil were higher in winter than summer
conditions (Table 1). B. decumbens showed very high Fe concentrations in its roots (> 3300 mg kg!
DW), regardless of the season or Cd concentration in the soil; this was also the case in P. maximum (>
2600 mg kg'! DW). These results indicate the formation of Fe plaques on the roots.

In general, the contents of K and B in leaf blades and roots of B. decumbens depend on the
season and Cd concentration in the soil (Table S1). Nitrogen metabolism (measured through 8'°N; see
Robinson 2001) in the stems and sheaths and roots of B. decumbens grown in the Cd-polluted soil in
the winter condition was also function of the season and Cd concentration in the soil (Fig. S2B-C).
However, despite the changes in the concentrations of nutrients and N metabolism in B. decumbens,
NUE did not depend on the season nor Cd concentration in the soil (Fig. S3). As observed for B.
decumbens, the nutritional changes (nutrients content) caused by the treatments in P. maximum were
more pronounced in the leaf blades and roots (Table S1). When grown in the Cd-polluted soil in
summer conditions, the latter species contained less P and B in the leaf blades compared to unpolluted
soil, which was also observed for Fe and Zn in the leaf blades and N, P, Ca, B, Cu, Fe, Mn, Mo and Zn
in the roots of the plants grown in the winter condition. P. maximum cultivated in the Cd-polluted soil
showed also lower NUE of K, Mg, Mn and Mo compared to the unpolluted soil, in winter condition

(Fig. S3C,E,J-K), and lower NUE of K and S in summer condition (Fig. S3C,F).

In general, the synthesis of thiol compounds was higher in the shoot than roots in both grasses
The cysteine concentrations in the leaf blades (Fig. 5A) and stems and sheaths (Fig. 5B) of B.

decumbens grown in summer and P. maximum cultivated in summer and winter conditions were
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higher after growing in the Cd-polluted than in the unpolluted soil. After growing in the Cd-polluted
soil, both species contained higher concentrations of cysteine in their shoots as well as in the stems
and sheaths in the summer condition (Fig. 5A,B). Cysteine concentrations in the roots of B.
decumbens cultivated in the Cd-polluted soil were similar or lower than after growing in the
unpolluted soil (Fig. 5C). Roots of P. maximum grown in the summer condition contained lower
cysteine concentrations when grown in the Cd-polluted soil, but the opposite was the case for the
winter condition (Fig. 5C).

The y-glutamylcysteine (y-EC) concentration in the leaf blades of B. decumbens grown in the
Cd-polluted soil was higher than in plants from the unpolluted soil, regardless of the season (Fig. 5D).
However, the opposite was observed in the stems and sheaths of this species kept in winter condition
(Fig. 5E). As observed in the leaf blades of B. decumbens, the y-EC concentrations in the leaf blades
and stems and sheaths (Figs. 5SD-E) of P. maximum grown in the Cd-polluted soil was higher in winter
than summer conditions. There was no effect neither of the season nor Cd concentration in the soil on
v-EC concentration in the roots of B. decumbens (Fig. 5F). On the other hand, the roots of P. maximum
grown in the Cd-polluted soil in summer condition presented higher y-EC concentrations.

Regardless of the season, there was no effect of Cd pollution in the soil on GSH concentrations
in the leaf blades of B. decumbens (Fig. 5G), however, the GSH concentrations increased in the stems
and sheaths (Fig. SH). The GSH concentrations in stems and sheaths of B. decumbens were higher
after growth in summer than in winter conditions, regardless of Cd concentration in the soil (Fig. SH),
but the opposite was observed in the roots (Fig. 5I). When grown in summer conditions, P. maximum
grown in the Cd-polluted soil presented lower GSH concentrations in its tissues compared to plants
from unpolluted soil, but the opposite was observed for plants from winter conditions (Fig. 5G-I). The
GSH concentrations in the leaf blades, stems and sheaths, and roots of P. maximum kept in winter
condition were respectively 97, 33 and 75% higher compared to summer conditions, when this forage
grass was grown in the Cd-polluted soil (Fig. 5G-I).

In general, total PCs concentrations in the leaf blades of both grass species did not differ neither
in function of the season nor Cd concentration in the soil (Fig. 5J). Furthermore, regardless of the Cd
concentration in the soil, PC, and PCs concentrations in the leaf blades of B. decumbens and PC;
concentration in the leaf blades of P. maximum grown in summer were higher than those from winter
conditions; the opposite was observed for PCs concentration in P. maximum (Fig. 5J, analysis not
shown). Total PCs concentrations in the stems and sheaths of B. decumbens grown in the summer
conditions were higher in plants from the Cd-polluted than from the unpolluted soil; the opposite was
observed in P. maximum grown in both seasons (Fig. 5K). Both grass species contained higher PCs
concentrations in the shoots than in the roots (Fig. 5J-L). Total PCs, PC,, PC; and PC, concentrations
in the roots of B. decumbens grown in both season conditions were higher in plants from the Cd-
polluted than from the unpolluted soil, and the concentrations in plants from summer conditions were
higher than in those from winter conditions (Fig. SL). In the roots of P. maximum, PCs were only

detected in plants from winter conditions, with concentrations higher in the case of unpolluted than
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Cd-polluted soil (Fig. 5L). In general, the proportion of longer-chain PCs increased in the order roots
< stems and sheats < leaf blades (Fig. 5J-L).

Ocxidative stress in the leaf blades of both grasses was higher in summer than winter conditions,
but only in P. maximum SOD and APX activities were increased

In general, H,O, concentrations in the leaf blades (Fig. 6A), stems and sheaths (Fig. 6B) and roots
(Fig. 6C) of B. decumbens were not significantly changed by the season or Cd concentration in the
soil, which was observed also in the stems and sheaths and roots of P. maximum (Fig. 6B,C). On the
other hand, H,O, concentrations in the leaf blades of P. maximum cultivated in the winter conditions
were lower compared to the plants grown in the summer conditions and it was always higher in plants
from the unpolluted soil (Fig. 6A). The higher H,O, concentration observed in the leaf blades of P.
maximum grown in summer condition on the unpolluted soil correlated with higher lipid peroxidation
level (Fig. 6D), but based on the soluble protein concentration this did not result in protein oxidation
(Fig. S4). Like for the H,O, concentration, lipid peroxidation in the leaf blades of B. decumbens (Fig.
6D), and in the stems and sheaths (Fig. 6E) and roots (Fig. 6F) of both species did not differ neither in
function of the season nor Cd concentration in the soil. In both species, the H,O, concentrations and
lipid peroxidation were the highest in the leaf blades, followed by stems and sheaths and roots,
respectively (Fig. 6A-F).

The total activities of SOD (Fig. 7A), APX (Fig. 7C), GPX (Fig. 7D) and GR (Fig. 7E) in the
leaf blades of B. decumbens did not depend on the Cd concentration in the soil. On the other hand,
CAT activity (Fig. 7B) in the leaf blades of B. decumbens grown in winter conditions in the Cd-
polluted soil were 38% higher. In the leaf blades of B. decumbens grown in the Cd-polluted soil only
CAT activity (Fig. 7B) was slightly affected by the season (29% higher in winter than summer
conditions). Similarly, the total activities of SOD (Fig. 7A), CAT (Fig. 7B), APX (Fig. 7C), GPX (Fig.
7D) and GR (Fig. 7E) in the leaf blades of P. maximum grown in winter conditions were not affected
by the presence of Cd in the soil. However, the activities of SOD (Fig. 7A) and APX (Fig. 7C) in the
leaf blades of P. maximum from summer conditions were respectivley 13 and 211% higher; GPX
activity was 50% lower in the plants grown in the Cd-polluted soil compared to the plants from the
unpolluted soil (Fig. 7D). Only the activities of SOD (Fig. 7A) and APX (Fig. 7C) in the leaf blades of
P. maximum grown in the Cd-polluted soil were affected by the season (respectively 55 and 185%,

higher SOD and APX activities in summer conditions grown plants compared to winter conditions).

Cd exposure changed the leaf cell organelles structure, but there was little effect of Cd on leaf
gas exchange and chlorophyll concentration

B. decumbens and P. maximum cultivated in the unpolluted soil showed high numbers of chloroplasts
containing well-compartmentalized grana and organized thylakoids and low accumulation of starch
grains (Fig. 8A,C,E,G,M,0,Q,S), regardless of the season. However, when grown on Cd-polluted soil,

both species exhibited: (1) reductions in intercellular spaces and expansion of mesophyll cells, which

Page 14 of 43



Page 15 of 43

oNOYTULT D WN =

Physiologia Plantarum
15

was more pronounced in summer than winter conditions (Fig. 8B,D,N,P); (2) increases in the size and
number of starch grains, mainly when B. decumbens was grown in summer and P. maximum in winter
conditions (Fig. 8F,H-L,R,T-X); (3) increases in the numbers of mitochondria, vacuoles and
peroxisomes, as well as disorganization of the thylakoids with undulating membranes (Fig. 8F,H-
L,R,T-X); (4) changes in the chloroplast membrane with manifestation of small vesicles when B.
decumbens was grown in summer (Fig. 8F,I-J) and P. maximum in winter conditions (Fig. 8R,U-V);
and (5) increases in the size and numbers of plastoglobules, regardless of the season, the most obvious
in B. decumbens (Fig. 8F,H-L,R,T-X).

The thickness of the leaf blades of both grass species grown in summer conditions was higher in
the plants grown on the Cd-polluted soil compared to unpolluted soil (Fig. 1SA). This was not the case
for the leaf area. In contrast, the leaf area of P. maximum grown in winter conditions was lower after
growing the plants on the Cd-polluted soil (Fig. 9A). In general, leaf gas exchange parameters did not
change due to presence of Cd in the soil (Fig. 9B-H). On the other hand, leaf CO, assimilation (Fig.
9B), transpiration (Fig. 9E), instantaneous carboxylation efficiency (Fig. 9F), and intrinsic water use
efficiency (Fig. 9H) in B. decumbens grown in the Cd-polluted soil were higher in summer than winter
conditions, while the opposite was observed for the intracellular CO, concentration (Fig. 9D) and for
the instantaneous water use efficiency (Fig. 9G). Stomatal conductance (Fig. 9C) and intracellular CO,
concentration (Fig. 9D) of P. maximum grown in the Cd-polluted soil was higher in winter than
summer conditions, while the instantaneous carboxylation efficiency (Fig. 9F) and intrinsic water use
efficiency (Fig. 9H) were higher in summer than winter conditions. In general, presence of Cd in the

soil and season did not affect chlorophyll concentrations in both species (Fig. 91-L).

Discussion

Cd accumulation and plant responses developed to prevent Cd translocation from roots to shoot
In non-tolerant plants, uptake usually leads to inhibition of the biomass production (Aibibu et al. 2010,
Andresen et al. 2020). In species belonging to the family Poaceae, the reduction of both leaf area and
CO, assimilation have been attributed to Cd-induced physiological disturbances (Kaznina and Titov
2014), as also observed by Rabélo et al. (2018d) in P. maximum exposed to 0.1 and 0.5 mmol Cd I'! in
hydroponics. Nevertheless, the shoot and root biomass production of B. decumbens and the shoot
biomass production of P. maximum grown in the Cd-polluted Oxisol (Fig. 1A-F) did not decrease,
even though Cd concentrations reached up to 50 mg kg' DW in these tissues (Fig. 2A-C). According
to Kaznina and Titov (2014) this should be explained by the fact that leaf area (Fig. 9A) and leaf CO,
assimilation (Fig. 9B) were not affected due to efficient cellular mechanisms to cope with Cd-induced
stress. Although several studies have been conducted with B. decumbens and P. maximum in
hydroponics (Kopittke et al. 2010, Santos et al. 2011, Rabélo et al. 2017a, 2017b, 2018b, 2018c,
2018d, 2019), the mechanisms of these species to cope with the Cd-stress are still poorly understood
(Rabélo et al. 2018a). Moreover, in soils, Cd is not so easily available as in hydroponic systems

(Rabélo et al. 2020). As the roots are the first in contact with Cd, an important defense mechanism
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against Cd-induced stress is associated with the plant capacity to decrease or delay the Cd transport
through membranes (from the apoplast to symplast) in the root cells, enabling the activation of
intracellular Cd detoxification mechanisms (Wojcik et al. 2005, Rabélo et al. 2017a, Song et al. 2017,
Clemens 2019, Andresen et al. 2020).

After 64 days of growth, both B. decumbens and P. maximum grown in the Cd-polluted Oxisol
contained higher Cd-concentrations in the root apoplast than the root symplast (Fig. 3A-C),
corroborating the results obtained by Vazquez et al. (1992), Kiipper et al. (2000), Wojcik et al. (2005)
and Rabélo et al. (2017a). This indicates that also in forage grasses, the root cell wall has an important
role in the process of Cd retaining from root apoplast to xylem transport (Clemens 2019). Initially,
Cd?" ions are adsorbed by the negative charges (RCOQO") on the apoplastic surfaces, and the deposition
of suberin and lignin in the cell wall further reduce the Cd transport from root apoplast to xylem (Lux
et al. 2011, Song et al. 2017). In this study, both grass species cultivated in the Cd-polluted Oxisol
showed higher numbers and diameters of the cell layers of the root cambial region (Fig. 4F,H,N,P).
This is similar to what was reported for Pinus sylvestris (Schiitzendiibel et al. 2001) and Raphanus
sativus (Vitoria et al. 2003) exposed to Cd in hydroponics. On the other hand, Gomes et al. (2011)
reported thickening of exodermis and endodermis in B. decumbens cultivated in an Oxisol polluted
with Cd, Cu, Pb and Zn. Similarly, in Cd hyperaccumulator plants such as Noccaea caerulescens
(Véazquez et al. 1992) and Arabidopsis halleri (Kiipper et al. 2000), the cortical apoplast has been
regarded as a primary site for Cd accumulation in the roots. It seems that the redox state in the
apoplast and the signaling by GSH and H,O, are involved in the process that determines the sites of
suberin and lignin deposition in roots (Loix et al. 2017). Although this process is still unclear, it
probably affects Cd and nutrients uptake by plants due to changes of root anatomy (Clemens 2019,
Andresen et al. 2020).

The higher numbers of root hairs in both grasses grown in the Cd-polluted Oxisol compared to
the unpolluted Oxisol (Fig. 4B,J) suggest that Cd accelerated the maturation of the endodermis (Lux et
al. 2011). This maturation process can lead to a reduction of the membrane surface area available for
ion uptake (Enstone et al. 2003). The ion uptake is also affected by the strong Cd adsorption on the
Donnan's spaces of the root apoplast, which changes the nutrients uptake that flow mainly via
apoplastic route (used by most heavy metals; Zare et al. 2018), as we observed for Mn and Zn in the
roots of B. decumbens grown in the summer condition (Table 1). This is in agreement with Kopittke et
al. (2010) who observed lower Mn uptake by the roots of B. decumbens exposed to Cd, and Rabélo
and Borgo (2016) that observed lower cationic micronutrients uptake by grasses exposed to Cd. The
intensity of Mn deficiency strongly affects the root endodermis suberization and ion homeostasis
which is important for plants to cope with Cd-induced stress (Chen et al. 2019, Carvalho et al. 2020).
Besides Mn and Zn, the concentrations of P, K, Ca and S in the roots of B. decumbens grown in the
summer condition were lower on the Cd-polluted soil (Table 1). The lower uptake of nutrients such as
P, K and Ca can affect the retaining of Cd in the root apoplast (Clemens 2019). Phosphates
[Cd;3(POy);] can precipitate Cd in the cell wall (Van Belleghem et al. 2007), while K and Ca play an
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important role in the synthesis of cell walls (Guo et al. 2017). In a different way, lower S
concentrations can compromise Cd sequestering in the root symplast through a lowered synthesis of S-
containing molecules (mainly PCs), as observed by Van Belleghem et al. (2007) in A. thaliana roots.
Thus, lower nutrients uptake can decrease the plant capacity to retain Cd in the root apoplast and root
symplast, and thus lead to higher Cd translocation from roots to shoot.

Phytochelatins are the primary Cd-chelators in the cytosol of plant cells and are involved in Cd
transport from cytosol to vacuole (Seth et al. 2012). Like in some Cd hyperaccumulator plants, Cd
storage into vacuoles in non-hyperaccumulator plants is an efficient defense strategy against high Cd
concentrations (Seth et al. 2012, Jia et al. 2020). However, we only observed a slight induction of PCs
synthesis in the roots of B. decumbens and P. maximum (Fig. 5L) if compared to PCs concentrations
observed in the roots of B. decumbens (Santos et al., 2011) and P. maximum (Rabélo et al. 2018¢)
exposed to Cd for 6 to 9 days in hydroponics. This might be correlated with the lower Cd
concentrations in the root symplast compared to root apoplast in both grass species (Fig. 3A-C) and
different mechanisms of Cd detoxification during acute (hydroponics) and chronic (soil) Cd stress
(Wojcik et al. 2015). Pal et al. (2019) suggested that concentration and composition of PCs (e.g. PC,.)
were related to the cytoplasmic Cd concentration in the roots of Eichhornia crassipes. We found that
B. decumbens roots containing up to 50 mg Cd kg' DW and P. maximum roots containing up to 30 mg
Cd kg'! DW (Fig. 2C) synthesized PC,, PC; and PC,, and PC, and PC; (Fig. 5L), respectively. Rabélo
et al. (2018c) reported that P. maximum roots presenting Cd concentrations ranged from 422 to 1580
mg kg' DW synthesized PC,, PC;, PC, and structural variations of PCs, such as desglycine PCs
[desGly-PC, (y-Glu-Cys),], PCs isoforms [cys-PC, Cys-(Glu-Cys),-Gly] and homo-PCs [h-PCs; (y-
Glu-Cys),-B-Ala]. Moreover, the long-term Cd exposure in this study might explain the lower PCs
concentrations. Heiss et al. (2003) observed that, after long term exposure to Cd, the phytochelatin
synthase (PCS, EC 2.3.2.15) that catalyzes PCs synthesis from GSH was induced in leaf blades but not
in roots of Brassica juncea. This might also be the case in our study, since the GSH pools in leaf
blades (Fig. 5G) and roots (Fig. 5I) were similar, but the PCs concentrations in the leaf blades were
higher (Fig. 5J) than in the roots (Fig. 5L). The lower PCs synthesis in the roots, mainly in P.
maximum grown in winter condition in the Cd-polluted soil, may have resulted in Cd-induced root

damages leading to lowered root biomass (Fig. 2F).

Cd-induced oxidative stress and protection of the photosynthetic apparatus from Cd toxicity

Although Cd can induce oxidative stress in plant roots, this process is more harmful in the shoots than
in roots of B. decumbens and P. maximum (Santos et al. 2011, Rabélo et al. 2018d, 2019). Therefore, a
high root-to-shoot translocation of Cd can lead to an increased oxidative stress in the shoots. Cadmium
can induce oxidative stress by indirect pathways such as the replacement of redox-active metals in
proteins and activation of NADPH oxidases, decreasing the GSH pool due to binding of Cd** to GSH
and PCs synthesis, and disturbing electron transport chains leading to the generation of ROS (Clemens

2006, Loix et al. 2017, Jia et al. 2020). Of different forms of the ROS generated, H,O, imposes severe
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oxidative stress due to its higher stability in comparison to other ROS (e.g. O,™), which can lead to
high lipid peroxidation and lowered CO, assimilation, since the Calvin cycle-related enzymes are very
sensitive to H,O, (Loix et al. 2017, Soares et al. 2019a, Szopinski et al. 2019, Bora et al. 2020,
Andresen et al. 2020). In this study we observed that the concentrations of H,O, and MDA were much
higher in shoots than roots (Fig. 6), which is in agreement with Rabélo et al. (2018d). However, no
Cd-induced increases of H,O, production were observed in tissues of both grass species (Fig. 6A-C),
which is evidenced by the preservation of CO, assimilation in the shoots under Cd exposure (Fig. 9B).
This might be due to (i) an efficient Cd chelation by thiol-containing compounds, and/or to (ii) an
efficient deployment of GSH and antioxidative enzymes for ROS scavenging (Rabélo et al. 2018a).

A high PCs synthesis was observed in the leaf blades of both grass species (Fig. 5J), which is
important to limit the Cd-induced damages in the cells, as reported for B. juncea (Heiss et al. 2003)
and E. crassipes (Pal et al. 2019). However, although PCs contribute to diminishing the cell damages
induced by Cd, their synthesis may lead to a depletion of the GSH pools and compromise the capacity
of plant cells to cope with oxidative stress (Jia et al. 2020), as observed in case of high Cd exposure
(Santos et al. 2011, Rabélo et al. 2018d). Nevertheless, GSH concentrations in the shoots of both grass
species did not decrease due to the Cd pollution in the soil (except for P. maximum grown in the
summer condition, Fig. 5G-H), as well as the concentrations of cysteine (Fig. 5A-B) and y-EC (Fig.
5D-E). High cysteine and y-EC concentrations are essentials for plants to cope with Cd-induced
oxidative stress, as observed in P. sylvestris (Schiitzendiibel et al. 2001), since both are GSH
precursors. Gamma-glutamylcysteine synthetase (y-ECS, E.C. 6.3.2.2) catalyzes the synthesis of y-EC
from glutamate and cysteine, and subsequently, glutathione synthetase (GS, E.C. 6.3.2.3) catalyzes the
synthesis of GSH from y-EC and glycine (Seth et al. 2012). As GSH is the main non-enzymatic
antioxidant in plants, its maintenance is essential for plants to cope with Cd-induced oxidative stress,
as also observed in other studies (Santos et al. 2011, Rabélo et al. 2017b, 2018d, 2019, Pal et al. 2019).
Apparently, only when the GSH pool is decreasing in the tissues of grasses (e.g. P. maximum grown in
the Cd-polluted soil in the summer condition; Fig. 5G-I), antioxidative enzymes such as SOD (Fig.
7A) and APX (Fig. 7C) are employed to scavenge the Cd-induced ROS, which is in agreement with
Rabélo et al. (2018d). On the other hand, when P. maximum was exposed to high Cd concentrations,
SOD and APX often presented lower activities (Yu et al. 2013, Rabélo et al. 2018d), which can
compromise the protection of the photosynthetic apparatus (Dobrikova and Apostolova 2019, Guo et
al. 2019). Differences in the activity of antioxidative enzymes in response to Cd suggest that various
other anti-oxidative mechanisms may be functioning when there are no severe Cd-induced damages in
the photosynthetic apparatus (Szopinski et al. 2019).

The efficient functioning of the antioxidative system, mainly the AsA-GSH cycle, is very
important to protect the photosynthetic apparatus against deleterious Cd effects resulting from
increased ROS production (e.g. chlorophyll degradation; Parmar et al. 2013, Bora et al. 2020, Tang et
al. 2020). Oxidative stress can cause protein oxidation and lipid peroxidation, leading to disruption of

thylakoid membranes and alterations in the structure and amount of grana, which interrupts the
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reactions in the photosystem II (PSII) and changes the electrons flow between PSII and PSI (Parmar et
al. 2013, Andresen et al. 2020). Indeed, Sousa Leite and Monteiro (2019) reported that Cd exposure
resulted in lower quantum yield of PSII (® PSII) and electron transport rate (ETR) in the first growth
of P. maximum. However, in our study chlorophyll concentrations in both grass species grown in the
Cd-polluted soil were similar to those in plants from the unpolluted soil (Fig. 91-L), although both
species showed disorders in the chloroplast’s membranes (Fig. 8F,X). Despite the disorders in the
chloroplast membranes and the increased size and numbers of plastoglobules (Fig. 8F,H-L,R,T-X)
being an indication of oxidative stress (Austin et al. 2006), CO, assimilation was not affected in plants
growing on the Cd-polluted soil (Fig. 9B). Since also the total soluble protein concentration did not
change due to Cd-exposure (Fig. S4) it is probable that key enzymes of photosynthesis such as
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO, EC 4.1.1.39) and phosphoenolpyruvate
carboxylase (PEPcase, EC 4.1.1.31) were also not affected. Our results are similar to those reported by
Per et al. (2017) for B. juncea exposed to 0.1 mmol Cd I'. They attributed the preservation of the CO,
assimilation to the high GSH pool under Cd-stress. However, the preservation of the CO, assimilation
by P. maximum grown in the Cd-polluted soil in summer condition (Fig. 9B), under lower GSH levels
(Fig. 5G), suggests that other mechanisms are acting to protect its photosynthetic apparatus from Cd
toxicity. Dobrikova and Apostolova (2019) reported that plants exposed to Cd showed higher CO,
assimilation (despite photosynthetic damages) if treated with brassinosteroids (BRs - involved in
physiological processes via activation of different defense mechanisms). They attributed this to
increased activities and related transcript levels of antioxidative enzymes induced by the BRs
(Dobrikova and Apostolova 2019). Thus, the higher SOD (Fig. 7A) and APX (Fig. 7C) activities in P.
maximum grown in the Cd-polluted soil in the summer condition might be associated to this hormone
signaling.

Besides the involvement of PCs, GSH and antioxidative enzymes in the protection of the
photosynthetic apparatus, a proper nutrient balance (especially Ca, Mg and Fe) in the shoots of both
species (Tables 1 and S1) contributed to the maintenance of the CO, assimilation under Cd-induced
stress (Carvalho et al. 2019, 2020). Plants presenting low Ca concentration can show stomatal closure
due to entry of Cd in competition to Ca?" into the guard cells (Perfus-Barbeoch et al. 2002), which
results in lower CO, conductance and inhibition of photosynthesis (Parmar et al. 2013). Cadmium can
also replace Mg?* in chlorophylls a and b causing chlorophyll degradation and thus chlorosis, mainly
in plants with low Mg concentration in the shoots (Gillet et al. 2006). However, both grass species did
not present neither stomatal closure (Fig. 9C) nor lower intracellular CO, concentrations (Fig. 9D), or
lower chlorophyll concentrations (Fig. 9I-L) and chlorosis. The proper functioning of the
photosynthetic apparatus of both species can also be associated with the formation of Fe plaques [due
to the high Fe concentrations in the Oxisol (Longnecker and Welch 1990)] observed in the roots of
both species (Table 1). Formation of iron plaques acts as a Fe source that prevents Cd-induced Fe
deficiency (Sebastian and Prasad 2016), preventing disturbances in electron transport chains and

chlorosis (Longnecker and Welch 1990). The importance of a proper nutritional balance in the
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protection of photosynthesis against Cd-induced damage was demonstrated also in Solanum
lycopersicum (Carvalho et al. 2019) and Glycine max (Andresen et al. 2020). Besides of being
essential for plants to cope with Cd-induced stress, a proper nutritional balance is also indispensable
for the plants to cope also with other abiotic stresses, such as the unfavorable temperatures or water

relations (Soares et al. 2019b).

Mechanisms involved in Cd accumulation and tolerance affected by summer or winter
conditions

Different conditions of temperature, humidity or daylight length prevailing in summer and winter
influence the growth of plants and their responses to abiotic stresses, including heavy metals (Loka et
al. 2019). This is particularly important for Cd, since its uptake by plants is influenced by leaf
transpiration (Lux et al. 2011), and conditions that increase the transpiration process, such as higher
temperatures, supposedly lead to a higher Cd uptake by plants (Ge et al. 2016). However, only B.
decumbens grown in the Cd-polluted soil showed higher transpiration in the summer than winter
conditions (Fig. 9E), and both species contained higher Cd concentrations in their tissues in winter
than summer conditions (Fig. 2A-C). First of all, the low transpiration observed in P. maximum grown
in the summer conditions (Fig. 9E) is probably associated with a low stomatal conductance (Fig. 9C;
Farquhar and Sharkey 1982). Schulze et al. (1973) reported that stomatal closure in plants exposed to
higher temperatures resulted from water stress, which apparently occurred in P. maximum (Fig. 1H-1
and 9H). This assumption will be discussed later.

Besides the effects on the physiological processes involved in Cd uptake, the different
conditions of the season influence also Cd bioavailability from the soil (Jia et al. 2018). The
bioavailability of Cd in our soil was 34% higher in winter conditions compared to summer conditions
(Rabélo et al. 2020) enabling both grasses to take up more Cd in the winter than the summer
conditions (Fig. 2A-C). In contrast, Jia et al. (2018) reported that Cd uptake by P. sylvestris cultivated
in a Luvisol for 3 years was higher under elevated temperature (+ 2°C) than in ambient temperature.
The higher Cd uptake by plants grown at higher temperatures can be attributed to changes in the lipid
composition of plasma membrane and its fluidity, facilitating passive and active Cd flux through the
membrane (Pourghasemian et al. 2013).

Although both grass species absorbed more Cd in winter than summer conditions (Fig. 2A-C), it
was in summer conditions that Cd more strongly induced an increase in the diameter of the root
vascular cylinder (Fig. S1B) and numbers of root hairs (Fig. 4F,N). Poerwanto et al. (1989) reported
also that root hairs were found mainly in fibrous roots in Citrus unshiu, and that after six months of
plant growth the numbers of root hairs were higher at 30°C than 20°C. The root respiration increases at
higher temperatures, leaving fewer carbohydrates for root growth (Szaniawski 1983). In this scenario,
Cd-induced deposition of lignin and suberin in root tissues probably accelerates the root cell
maturation and increases the root diameter (Fig. S1B). It is also possible that ethylene is involved in

the root responses observed in our study, since ethylene mediated reorientation of cell expansion and
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has an important role in root hair development (Le et al. 2004). Moreover, according to Enstone et al.
(2003), the endo- and exodermal layers of roots mature earlier in water-stressed plants, which might
be the case for P. maximum grown in the Cd-polluted soil, since this grass showed lower root water
content (Fig. 1I) and higher abundance of root hairs (Fig. 4J,L) in the summer condition. On the other
hand, Cd did not increase the diameter of the root vascular cylinder (Fig. S1B) of both grass species
grown in winter condition, probably because these plants already showed high diameters in the
unpolluted soil. Davidson (1969) suggested that grasses cultivated at lower temperatures develop large
roots (high diameter) to compensate for the low specific ion fluxes into the roots in this condition. This
assumption becomes clear when we observe that B. decumbens grown in both Cd-polluted and
unpolluted soil showed higher root nutritional disorders in the winter than summer conditions (Table
1). The negative 8N observed in the roots of B. decumbens grown in the Cd-polluted soil in the
winter conditions (Fig. S2C) indicates that nitrate (NO;3") and ammonium (NH,") uptake and their
metabolism were altered in comparison to the other conditions assayed (Robinson 2001), with N
concentrations even increasing in this condition (Table 1). It's noteworthy that changes of the NOs-
/NH4* metabolism and their proportion can compromise the capacity of grasses to cope with Cd-
induced oxidative stress, as observed in P. maximum exposed for 4 days to 0.5 or I mmol Cd 1! in
hydroponics (Sousa Leite and Monteiro 2019).

Changes in the cell wall of root cells, caused by water stress (P. maximum) or nutritional
disorders (B. decumbens) induced by Cd exposure and/or seasonal conditions, affect Cd partitioning in
the root apoplast and symplast (Fig. 3C), and in turn, synthesis of thiol compounds involved in
intracellular ROS scavenging and Cd chelation (Pourghasemian et al. 2013, Loix et al. 2017). In this
study, GSH concentrations in the roots (Fig. 5I) and leaf blades (Fig. 5G) of both grass species
cultivated in the Cd-polluted soil were higher in winter than summer conditions, just like the
concentrations of Cd in the tissues (Fig. 2A,C). Xu et al. (2006) also reported higher GSH synthesis in
the leaf blades of two grass species (Festuca arundinacea and Lolium perenne) grown at 22°C
compared to 38 or 42°C using similar conditions to ours (14/10 h light/dark regime, 160 pmol m2 s-!
PAR, and 70 £+ 10% relative humidity), and attributed this to absence of heat stress. Moreover, in our
study the higher GSH concentrations in the winter conditions can be attributed also to higher Cd tissue
concentrations observed in this season, since GSH synthesis is strongly Cd-induced (Seth et al. 2012).
Also, Repkina et al. (2019) observed higher GSH synthesis in leaf blades of Triticum aestivum grown
at 4°C exposed to Cd than in plants grown at 4°C without Cd exposure. According to these authors, the
higher GSH synthesis in the leaf blades of plants exposed to Cd decreased the lipid peroxidation in the
tissue, as we also observed in our study (Fig. 6D). It seems obvious that GSH plays an essential role to
attenuate Cd-induced oxidative stress in conditions of lower temperatures in both grass species, since
Cd chelation through PCs (Fig. 5J-L) and ROS scavenging by SOD, CAT, APX and GPX (Fig. 7A-D)
were not induced (except CAT activity in B. decumbens) when the plants were grown in the winter
condition on the Cd-polluted soil. In this way, the higher oxidative stress induced at lower

temperatures (Tang et al. 2020) in several grasses (Loka et al. 2019) may be associated to lower GSH



oNOYTULT D WN =

Physiologia Plantarum
22

pools. This assumption seems to be also valid for high temperatures, since the leaf blades of both
grasses grown in the summer conditions presented lower GSH concentrations (Fig. 5G) and higher
lipid peroxidation (Fig. 6D). A lower GSH pool in grasses grown at higher temperatures often results
in oxidative stress and severe damages to chloroplasts (Xu et al. 2006).

The Cd-induced reduction in intercellular spaces and expansion of mesophyll cells in the leaf
blades were stronger in plants grown in summer than winter conditions, mainly in P. maximum (Fig.
8B,D,N,P). This is a common response in plants exposed to water stress (Utrillas and Alegre, 1997).
Both higher temperatures and Cd exposure can induce water stress (Schulze et al. 1973, Clemens
2006). Thus, the combination of both factors apparently resulted in water stress in P. maximum, since
this grass contained lower water contents in roots and stems and sheaths (Fig. 1H-I), and higher WUE;
(Fig. 9H) when grown in the Cd-polluted soil in the summer conditions. Gago et al. (2014) detailed
that higher WUE; occurs due to stomatal closure (Fig. 9C) in order to avoid water loss under water
deficit conditions. Besides the changes in the mesophyll cells, B. decumbens showed also increases in
the size and numbers of starch grains and changes in the chloroplasts membrane when grown in the
summer condition (Fig. 8F,H-L). However, P. maximum presented these changes mainly in the winter
conditions (Fig. 8R,T-X). The starch grain accumulation in the chloroplasts of B. decumbens grown in
the summer conditions may be associated with the conservation of sucrose synthesis under high
temperature as well as greater carbon fixation (Bita and Gerats 2013), since this grass showed high
carboxylation (Fig. 9F) and CO, assimilation (Fig. 9B) in summer conditions. Rabélo et al. (2018c,d)
reported that sucrose synthesis in the leaf blades of P. maximum grown at 30.5°C was maintained
under Cd exposure enabling carbon fixation and preservation of photosynthetic rate. On the other
hand, Pietrini et al. (2003) mentioned that high intracellular CO, concentrations (Fig. 9D) in plants
exposed to Cd at lower temperature can lead to accumulation of starch grains (as observed in P.
maximum) as a result of a limiting phosphate recycling between cytosol and chloroplasts caused by a
lower sucrose synthesis induced by Cd. In turn, the higher intracellular CO, concentrations observed
in P. maximum grown in the winter condition (Fig. 9D) can be associated with inhibition of RuBisCO
activity, which results in lower CO, carboxylation (Fig. 9F; Wang et al. 2016). According to Bita and
Gerats (2013) the seasonal effects on the photosynthesis process strongly vary between different
species, mainly when there is interaction with other factors. Therefore, further studies are necessary to
better understand the interactions between influence of the season and Cd stress on C, photosynthesis
of grasses, since there are other aspects involved in effective photosynthetic adaptation at different

temperature and water conditions.

Conclusion

The main site of Cd accumulation in the roots of both B. decumbens and P. maximum was the
apoplast, but Cd partitioning between root apoplast and symplast can be affected by seasonal
variations that induced nutritional disorders in B. decumbens grown in winter and water stress in P.

maximum grown in summer conditions. Both nutritional disorders and water stress in these grass
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species probably affect cell wall composition and the Cd-induced root cell maturation. However,
specific studies are necessary to examine this assumption. Although the root apoplast had an important
role in Cd retention in the roots of both grass species, it was not sufficiently effective to prevent Cd
translocation from roots to shoots in B. decumbens and P. maximum.

The high roots to shoots translocation of Cd resulted in higher oxidative stress in the shoots than
roots in both grass species, but the shoot biomass production did not decrease due to the high Cd
concentrations. Therefore, this indicates that the photosynthetic apparatus of both species was
protected from oxidative stress induced by Cd and seasonal variations. This protection was provided
by both PCs, that act as Cd chelators, and by GSH that limited lipid peroxidation. GSH levels seem to
be more important than SOD, CAT, APX and GPX activities to attenuate the oxidative stress in the
leaf blades. These enzymes seem to act as a secondary protection mechanism and were mobilized only
when the GSH pool was low. Moreover, a proper nutrient balance in the shoots of both species
enabled an appropriate photosynthetic activity. On the other hand, the preservation of photosynthesis
in P. maximum under water stress in summer condition suggests that other factors are involved in
effective protection of the photosynthetic apparatus from the stress induced by Cd and/or seasonal
variations, such as phytohormones or antioxidants that act as osmolytes. This should be investigated in

more details in further studies.
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Fig. S1. Leaf blade thickness and diameter of the root vascular center.

Fig. S2. 6'°N in the leaf blades, stems and sheaths and roots.

Fig. S3. Nutrient use efficiency.

Fig. S4. Total soluble protein concentration in the leaf blades.

Table S1. Nutrients content in the leaf blades, stems and sheaths and roots.
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Fig. 1. Fresh biomass production (A-C), dry biomass production (D-F) and water content (G-I) in the
leaf blades (top row), stems and sheaths (middle row) and roots (bottom row) of Brachiaria
decumbens Stapf. cv. Basilisk and Panicum maximum Jacq. cv. Massai grown in the Cd-unpolluted
(0.63 mg kg') and Cd-polluted (3.60 mg kg') Oxisol, in summer and winter conditions. Distinct
uppercase letters indicate difference between seasons within each Cd concentration for each plant
species, and distinct lowercase letters indicate difference between Cd concentrations within each

season for each plant species (Tukey test, P < 0.05, n=4).

Fig. 2. Cadmium concentrations (A-C) and Cd contents (D-F) in the leaf blades (top row), stems and
sheaths (middle row) and roots (bottom row) of Brachiaria decumbens Stapf. cv. Basilisk and
Panicum maximum Jacq. cv. Massai grown in the Cd-unpolluted (0.63 mg kg'!) and Cd-polluted (3.60
mg kg!) Oxisol, in summer and winter conditions. Distinct uppercase letters indicate difference
between seasons within each Cd concentration for each plant species, and distinct lowercase letters
indicate difference between Cd concentrations within each season for each plant species (Tukey test, P

<0.05, n=4).

Fig. 3. Cadmium concentrations in the root apoplast (A) and root symplast (B) and Cd partitioning
between root apoplast and symplast (C) of Brachiaria decumbens Stapf. cv. Basilisk and Panicum
maximum Jacq. cv. Massai grown in the Cd-unpolluted (0.63 mg Cd kg!) and Cd-polluted (3.60 mg
Cd kg') Oxisol, in summer and winter conditions. Distinct uppercase letters indicate difference
between seasons within each Cd concentration for each plant species, and distinct lowercase letters
indicate difference between Cd concentrations within each season for each plant species (Tukey test, P

<0.05, n=4).

Fig. 4. Morpho-anatomical changes and elemental composition (hair root zone) in the roots of
Brachiaria decumbens Stapf. cv. Basilisk (A-H) and Panicum maximum Jacq. cv. Massai (I-P) grown
in the Cd-unpolluted (0.63 mg kg!, A, C, E, G, I, K, M and O) and Cd-polluted (3.60 mg kg'!'; B, D, F,
H, J, L, N and P) Oxisol in summer and winter conditions (summer = A, B, E, F, I, J, M and N and
winter = C, D, G, H, K, L, O and P). Scanning electron microscopy (A-P): co, cortex; vc, vascular
center; en, endodermis; mx, metaxylem; mp, medular parenchyma; pe, pericycle; rh, root hair; arrows

show disorganization of cambial region. Bars: A-D, I-L = 100 um; E-H, M-P = 50 pm.

Fig. 5. Cysteine (A-C), y-glutamylcysteine (y-EC, D-F), reduced glutathione (GSH, G-I) and total
phytochelatins (PCs, J-L) concentrations in the leaf blades (top row), stems and sheaths (middle row)
and roots (bottom row) of Brachiaria decumbens Stapf. cv. Basilisk and Panicum maximum Jacq. cv.
Massai grown in the Cd-unpolluted (Unp., 0.63 mg kg™!') and Cd-polluted (Cd, 3.60 mg kg!) Oxisol, in
summer and winter conditions. Distinct uppercase letters indicate difference between seasons within

each Cd concentration for each plant species, and distinct lowercase letters indicate difference between
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Cd concentrations within each season for each plant species (Tukey test, P < 0.05, n=4). ND, non-

detected.

Fig. 6. Concentrations of hydrogen peroxide (H,O,, A-C) and malondialdehyde (MDA, D-F) in the
leaf blades (top row), stems and sheaths (middle row) and roots (bottom row) of Brachiaria
decumbens Stapf. cv. Basilisk and Panicum maximum Jacq. cv. Massai grown in the Cd-unpolluted
(0.63 mg kg') and Cd-polluted (3.60 mg kg-') Oxisol, in summer and winter conditions. Distinct
uppercase letters indicate difference between seasons within each Cd concentration for each plant
species, and distinct lowercase letters indicate difference between Cd concentrations within each

season for each plant species (Tukey test, P < 0.05, n=4).

Fig. 7. Total activities of the enzymes superoxide dismutase (SOD, A), catalase (CAT, B), ascorbate
peroxidase (APX, C), guaiacol peroxidase (GPX, D) and glutathione reductase (GR, E) in the leaf
blades of Brachiaria decumbens Stapf. cv. Basilisk and Panicum maximum Jacq. cv. Massai grown in
the Cd-unpolluted (0.63 mg kg') and Cd-polluted (3.60 mg kg') Oxisol, in summer and winter
conditions. Distinct uppercase letters indicate difference between seasons within each Cd
concentration for each plant species, and distinct lowercase letters indicate difference between Cd

concentrations within each season for each plant species (Tukey test, P < 0.05, n=4).

Fig. 8. Anatomical and ultrastructural changes in the leaf blades of Brachiaria decumbens Stapf. cv.
Basilisk (A-L) and Panicum maximum Jacq. cv. Massai (M-X) grown in the Cd-unpolluted (0.63 mg
kg)y=A,C,E, G, M, O, Q and S; and Cd-polluted (3.60 mg kg') Oxisol =B, D, F, H-L, N, P, R and
T-X; in summer and winter conditions (summer - A, B, E,F, I, J, M, N, Q, R, U and V; and winter - C,
D, G H K, L, O, P, S, T, W and X). Light microscopy (A-D and M-P): bc: buliform cell; ch:
chloroplast; ep: epidermis; vs: vascular system; is: intracellular space; arrows indicate starch grains.
Transmission electron microscopy (E-L and Q-X): ch: chloroplast; mi: mitochondria; sg: starch
grain; th: thylakoids; va: vacuole; smaller arrows show the presence of plastoglobules and larger
arrows show disorders in the chloroplasts membrane containing small vesicles in B. decumbens Stapf.
cv. Basilisk; smaller arrows show membrane rupture and larger arrows show peroxisomes, distorted
thylakoids and presence of vesicles in P. maximum Jacq. cv. Massai, while asterisks (*) show the
presence of electrodense material. Bars: A-D, M-P=50 um; E, I, G, K, Q, U, S, W=1um; F,J, H, L,
R, V,T,X=0.5pum.

Fig. 9. Leaf area (A), leaf CO, assimilation - 4 (B), stomatal conductance - g; (C), intracellular CO,
concentration - C; (D), transpiration - E (E), instantaneous carboxylation efficiency - k£ (F),
instantaneous water use efficiency - WUE (G), intrinsic water use efficiency - WUE; (H), chlorophyll
a concentration (I), chlorophyll b concentration (J), chlorophyll ¢ + b concentration (K) and

chlorophyll a/b ratio (L) of Brachiaria decumbens Stapf. cv. Basilisk and Panicum maximum Jacq. cv.

Page 32 of 43



Page 33 of 43 Physiologia Plantarum
33

Massai grown in the Cd-unpolluted (0.63 mg kg!) and Cd-polluted (3.60 mg kg'') Oxisol, in summer
and winter conditions. Distinct uppercase letters indicate difference between seasons within each Cd
concentration for each plant species, and distinct lowercase letters indicate difference between Cd

concentrations within each season for each plant species (Tukey test, P < 0.05, n=4). FIC - Falker
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Table 1. Nutrients concentration in the leaf blades, stems and sheaths, and roots of Brachiaria decumbens Stapf. cv. Basilisk and Panicum maximum Jacq. cv.

Massai grown in the Cd-unpolluted (0.63 mg kg-') and Cd-polluted (3.60 mg kg-') Oxisol, in summer and winter conditions.

Plant species B. decumbens P. maximum

Season Summer Winter Summer Winter
Oxisol Cd-unpolluted Cd-polluted Cd-unpolluted Cd-polluted Cd-unpolluted Cd-polluted Cd-unpolluted Cd-polluted
Leaf blades
N (g kg' DW) 33.25+1.62 Aa 3437+2.76 Aa 35.80+1.88 Aa 36.47+1.73 Aa 20.65 +0.51 Aa 22.70 £ 0.55 Aa 24.25+0.54 Aa 25.27+0.74 Aa
P (gkg' DW) 3.82+0.18 Aa 3.88+0.38 Aa 3.29+0.21 Ab 426+0.06 Aa 291+0.22 Aa 2.34+0.45 Aa 2.46+0.10 Aa 2.56+0.10 Aa
K (gkg! DW) 3458 +0.83 Aa 34.08+2.77 Aa 25.53+1.08 Bb 30.07 +£0.62 Ba 16.55+0.46 Aa 19.65+0.67 Aa 18.69 £0.55 Aa 21.89+0.35 Aa
Ca (gkg' DW) 7.51+£0.68 Aa 6.20 +0.39 Ba 7.37+0.69 Aa 8.92+0.47 Aa 7.33+£0.92 Aa 7.39+0.35 Aa 6.80 +0.35 Aa 5.83+0.44 Aa
Mg (g kg DW) 5.58+0.13 Aa 5.02+0.39 Aa 4.87+0.39 Aa 5.08+0.41 Aa 3.34+0.09 Aa 3.29+0.15 Aa 323+0.11 Aa 3.15+0.24 Aa
S (gkg! DW) 2.86+0.06 Aa 2.84+0.23 Aa 2.51+£0.10 Aa 2.84+0.16 Aa 1.72+0.13 Aa 1.86+0.06 Aa 1.86 +0.05 Aa 1.72+0.07 Aa
B (mg kg! DW) 25.60 +£4.02 Aa 20.23 £2.73 Aa 24.37+3.64 Aa 17.80 +£2.62 Aa 21.27+2.07 Aa 10.44 +£2.18 Ab 11.05+0.27 Ba 10.72 £0.96 Aa
Cu (mg kg'! DW) 6.32+0.50 Aa 5.52+0.44 Aa 5.05+0.42Ba 4.85+0.26 Aa 3.75+0.10 Aa 4.15+£0.26 Aa 3.83+0.13 Aa 3.05+0.27Ba
Fe (mg kg'! DW) 314.80 £47.34 Aa 352.49 +£20.26 Aa 309.71 £29.21 Ab 425.97 £43.82 Aa 257.63 £19.35 Aa 24281 £5.71 Aa 245.46 £7.98 Aa 164.77 £ 14.17 Aa
Mn (mg kg! DW) 730.99 + 13.56 Aa 669.49 + 58.76 Aa 678.21 £39.23 Aa 719.32 £52.18 Aa 456.30 +7.59 Aa 499.45 +50.86 Aa 512.87 £28.55 Aa 540.78 £21.73 Aa
Mo (mg kg' DW) 0.094 £ 0.028 Aa 0.072 £0.008 Aa 0.066 +0.010 Aa 0.058 £0.004 Aa 0.097 £0.027 Aa 0.112+0.024 Aa 0.042 +0.010 Ba 0.058 £0.010 Aa
Zn (mg kg'! DW) 621.33 +£45.54 Aa 436.19 +37.94 Ab 440.27 £ 47.67 Ba 480.53 +25.70 Aa 196.80 & 23.70 Aa 227.36 +37.65 Aa 276.09 = 17.91 Aa 187.94 £9.58 Aa
Stems and sheaths
N (g kg' DW) 22.22+0.80 Ba 22.32+1.66 Ba 25.62+0.98 Aa 27.00+1.93 Aa 17.02+0.22 Aa 17.47+0.86 Aa 19.15+£0.18 Aa 19.70 £ 0.86 Aa
P (gkg! DW) 3.02+0.17 Aa 3.18+0.26 Ba 3.00+0.22 Ab 3.94+0.29 Aa 2.51+0.07 Aa 244+0.15 Aa 2.33+0.12 Aa 2.62+0.08 Aa
K (gkg! DW) 36.54+2.12 Aa 3537+4.01 Aa 33.44+£2.38 Aa 34.57+2.13 Aa 16.61 £1.03 Aa 18.13 £0.96 Ba 20.16 £0.73 Aa 25.04+1.13 Aa
Ca(gkg' DW) 2.90+0.33 Aa 2.70+0.24 Aa 3.03+0.12 Aa 3.24+0.23 Aa 3.71+0.17 Aa 3.89+0.15 Aa 3.64+0.18 Aa 3.47+0.22 Aa
Mg (g kg’ DW) 2.84+0.13 Aa 2.92+0.15 Aa 2.84+0.21 Aa 3.00+0.13 Aa 3.02+0.11 Aa 2.73+0.10 Ba 3.14+0.20 Aa 3.41+0.21 Aa
S (gkg! DW) 2.17+£0.12 Aa 2.17+0.20 Aa 1.93+£0.17 Ab 242 +£0.21 Aa 2.08+£0.15 Aa 2.21+0.15 Aa 2.07+0.13 Aa 2.00£0.07 Aa
B (mg kg' DW) 1141 +£1.30 Aa 9.46 +0.38 Aa 13.13+£1.39 Aa 9.88+1.07 Aa 20.86 +£3.47 Aa 10.78 £0.99 Ab 11.81+£2.04 Ba 8.03+0.95 Aa
Cu (mg kg! DW) 3.79+0.38 Aa 3.68+0.31 Aa 3.88+0.26 Aa 4.32+0.30 Aa 2.73+0.10 Aa 2.92+0.18 Aa 2.66+0.13 Aa 291+0.15 Aa

861.40 £ 127.73 Aa
591.80 +£45.68 Aa
0.087 £0.023 Ba

1086.06 = 87.79 Aa

665.65 £53.49 Aa

680.12 + 15.87 Aa

0.142 £ 0.021 Ba
1263.21 + 104.50 Aa

611.30 = 62.93 Bb
589.25 £31.55 Aa
0.160 £ 0.025 Aa

1136.21 £17.31 Aa

840.09 + 80.04 Aa

619.55+£55.54 Aa

0.205+0.023 Aa
1155.20 +£ 129.81 Aa

508.24 £ 51.22 Ab
391.39+£25.55 Aa
0.097 £0.022 Aa
881.09 + 16.53 Ab

733.82+£117.44 Aa
376.18 £ 12.52 Aa
0.080£0.014 Aa

1142.29 +£ 60.29 Aa

528.94 £27.73 Aa
382.75+13.37 Aa
0.092+£0.010 Aa

1048.87 £ 64.80 Aa

Fe (mg kg! DW)

Mn (mg kg! DW)
Mo (mg kg! DW)
Zn (mg kg'' DW)

418.47 £ 84.84 Aa
35354+ 437 Aa
0.057+0.011 Aa
970.96 £ 52.19 Aa

Roots

N (gkg! DW) 13.60 + 1.46 Aa 11.65+1.97 Ba 16.05 +0.65 Ab 19.85 +2.96 Aa 7.72+0.42 Aa 7.50+0.45 Aa 10.87 £ 0.37 Aa 11.12+1.10 Aa
P (gkg! DW) 1.38+0.15 Aa 1.05+0.17 Bb 1.14+0.05 Ab 1.65+0.21 Aa 0.88£0.03 Aa 0.98 +£0.06 Aa 1.07 £0.06 Aa 0.95+0.07 Aa
K (gkg!' DW) 10.16 + 0.86 Ba 6.51+0.73 Bb 1479 £ 0.61 Aa 14.79 £ 0.39 Aa 547+0.24 Ba 5.58+0.11 Ba 9.89+1.07 Aa 11.83 +1.30 Aa
Ca(gkg!' DW) 2.39+0.41 Aa 1.76 £ 0.15 Bb 2.55+0.18 Aa 2.97+0.19 Aa 147+0.11 Aa 142+0.13 Aa 1.89+0.20 Aa 1.55+0.03 Aa
Mg (g kg DW) 2.68 £ 0.30 Aa 1.98 £ 0.36 Ba 2.49+0.30 Aa 3.20+£0.29 Aa 0.61 £0.05 Aa 0.68 +£0.07 Aa 1.02£0.20 Aa 1.20+0.18 Aa
S (gkg!' DW) 1.63 £ 0.08 Aa 1.20+0.25 Bb 1.31+0.13 Ab 1.82+0.28 Aa 0.62 +£0.02 Aa 0.89 +0.05 Aa 0.84 +£0.06 Aa 0.89 £0.05 Aa
B (mg kg'! DW) 44.64 +£8.37 Aa 42.83 £3.26 Aa 60.80 +9.39 Aa 21.42+1.90 Bb 41.35+6.89 Aa 21.82+1.76 Ab 29.93 +£3.27 Aa 17.10+2.95 Aa
Cu (mg kg' DW) 7.65+0.33 Aa 6.73 £0.56 Aa 5.91+0.48 Ab 8.19+£0.77 Aa 3.72+0.56 Ba 4.83+0.38 Aa 5.72+0.46 Aa 4.59+0.24 Aa
Fe (mg kg'! DW) 5418.13 £384.42 Aa  5629.13 £371.73 Aa 334536 +447.40 Bb  4566.13 + 434.88 Ba 2606.22 +324.60 Aa  3105.73 £336.48 Aa  3747.69 £394.95 Aa  2854.68 £299.03 Aa
Mn (mg kg! DW) 296.06 +35.20 Aa 233.53 £21.01 Ab 246.96 + 7.44 Ba 257.29 +£13.18 Aa 112.40 £ 10.55 Aa 138.47 £10.05 Aa 166.42 £7.41 Aa 147.99 £4.91 Aa

Mo (mg kg! DW) 0.32+0.013 Aa 0.30+£0.013 Aa 0.24+£0.031 Aa 0.30+0.027 Aa 0.19+0.039 Ba 0.22+0.048 Aa 0.33+£0.036 Aa 0.27+0.039 Aa
Zn (mg kg' DW) 1563.79 £ 94.41 Aa 1040.58 + 84.79 Bb 1062.00 + 45.44 Bb 1324.62 + 8.44 Aa 308.04 £ 43.86 Ba 32534 +£38.11 Aa 582.78 £ 68.15 Aa 480.53 +£17.44 Aa

Means = SEM followed by distinct uppercase letters in rows indicate difference between seasons within each Cd concentration for each plant species, and

distinct lowercase letters in rows indicate difference between Cd concentrations within each season for each plant species (Tukey test, p < 0.05).
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