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A B S T R A C T

To date, there have been no studies demonstrating the influence of sulfur (S) on the cadmium (Cd) uptake
kinetics, which limits the understanding of mechanisms involved in the uptake of this element. Therefore, this
study was carried out in order to quantify the contribution of symplastic and apoplastic uptakes of Cd (0.1 and
0.5 mmol L−1) by Massai grass (Panicum maximum cv. Massai) grown under low and adequate S-supply (0.1 and
1.9 mmol L−1) by measuring Cd concentration in the nutrient solution (Vmax, Km, and Cmin) along the plant's
exposure time (108 h) and determining Cd concentration in root symplast and apoplast. The Vmax of Cd influx in
Massai grass exposed to higher Cd and S concentrations was 38% higher than that plants supplied with lower S
concentration. The Km and Cmin of plants exposed to the highest Cd concentration was higher than that plants
subjected to the lowest Cd concentration, although values were not affected by S supply. Symplastic influx of Cd
in plants subjected to the lower Cd and S concentrations was 20% higher as compared to plants supplied with the
higher concentration of S, whereas the apoplastic influx of Cd was higher when there was a higher supply S,
regardless of Cd concentration in the solution. This result indicates that an adequate supply of S decreases the
contribution of the symplastic Cd uptake and increases the contribution of the apoplastic Cd uptake when the
toxicity caused by Cd is lower.

1. Introduction

The concentration of cadmium (Cd) in the environment has in-
creased in the last decades due to the disposal of industrial and muni-
cipal waste in inappropriate areas and the application of phosphate
fertilizers and sewage sludge, among other factors (Cataldo et al.,
1983). This fact represents a major socio-economic problem, since Cd is
toxic to plants, animals, and humans (Stritsis and Claassen, 2013). For
this reason, several strategies to decrease the Cd concentration in the
environment have been investigated, most notably phytoextraction
(Sheoran et al., 2016). However, to this date, there are few known
species of plants considered Cd hyperaccumulators, which fosters the
study of other plants, as forage grasses (Zhao et al., 2002; Rabêlo and
Borgo, 2016). These plants can offset the lower proportional accumu-
lation of Cd with their higher biomass production, especially when

grown with the adequate supply of sulfur (S) (Rabêlo and Borgo, 2016;
Rabêlo et al., 2017a,b). Sulfur is a component of metabolites that act in
the chelation and combat against the damage caused by Cd (eg), amino
acids, reduced glutathione (GSH) and phytochelatins (PCs), and an
adequate supply of this nutrient can increase the Cd extraction potential
(Seth et al., 2012; Rabêlo et al., 2017a,b). However, so far, there have
been no studies demonstrating the influence of S on Cd uptake kinetics,
which limits the understanding of the mechanisms involved in the
uptake of this element and the application of genetic breeding to op-
timize the phytoextraction.

Cadmium can enter cells from the root system through transporters
of the ZIP (Zinc-regulated transporter/Iron-regulated transporter-like
Protein) family, non-selective cation channels, or in the form of Cd-
chelates through YSL (Yellow-Stripe 1-Like) proteins (Lux et al., 2011).
By this pathway, Cd can reach the Casparian strips via symplast,
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through the cytoplasm of cells from the root system connected by
plasmodesmata (high-affinity transport system - HATS) (Redjala et al.,
2009). However, uptake-kinetics studies have shown that the Cd influx,
when at high concentrations, follows the Michaelis-Menten constant
with a linear component (Costa and Morel, 1994; Harris and Taylor,
2004; Perriguey et al., 2008). This linear component has been attrib-
uted to the strong binding of Cd to the cell wall, but it may also re-
present the apoplastic Cd flow towards the xylem through transporters
and/or channels (low-affinity transport system - LATS) (Lux et al.,
2011). These uncertainties hamper a more precise characterization of
the symplastic and apoplastic participations in the Cd uptake, especially
in situations in which plants have been exposed to Cd for short periods
(Sterckeman et al., 2011). In any event, the uptake kinetics of metals
normally includes two stages: the first stage is rapid and occurs after the
contact of the metal with the root system (passive system - apoplastic
uptake), while the second is slower and depends on the metabolic ac-
tivity (active system - symplastic uptake) (Sloof et al., 1995). However,
the importance of each stage varies according to the species and the
concentration of the heavy metal and of other ions (e.g., SO4

2−) in
solution (Redjala et al., 2009, 2010).

Although the sulfate (SO4
2−) does not compete with Cd for the same

uptake sites, the adequate supply of S may increase the synthesis of
thiol compounds (-SH) in the apoplast and alter the influx of Cd in this
pathway, since Cd has a high affinity with thiol compounds (Nocito
et al., 2002; Anjum et al., 2015). Thus, it is possible that the S supply
results in a greater accumulation of the metal in this site, which is
desirable, since the main site of Cd accumulation in tolerant plants is
the root apoplast (Wójcik et al., 2005; Akhter et al., 2014). On the other
hand, S is a component of the PCs [(γ-GluCys)n-Gly, in which n ranges
from 2 to 11], which act in the sequestration of Cd from the cytosol to
the vacuole (Cobbett and Goldsbrough, 2002). In this regard, the S
supply may increase the synthesis of PCs and consequently modify the
Cd influx via symplast (Hart et al., 1998; Mendoza-Cózatl et al., 2008).
It should be stressed that when exposed to Cd, some plants absorb more
S (Nocito et al., 2002) and, consequently, the adequate supply of this
nutrient may change the Cd uptake kinetics in relation to plants
growing under low S supply because of the synthesis of thiol com-
pounds (bonding and/or chelation of Cd). In view of this scenario, the
objective of this study was to identify the symplastic and apoplastic
contributions in the Cd uptake by Massai grass (Panicum maximum cv.
Massai) exposed to high Cd concentrations (0.1 and 0.5 mmol L−1)
under lower (0.1 mmol L−1) and higher (1.9 mmol L−1) S supplies,
since plants of this species have been evaluated in phytoextraction of Cd
studies as a function of the S supply (Rabêlo et al., 2017a,b).

2. Materials and methods

2.1. Plant material and treatments

The study to evaluate the effect of S on the Cd uptake by the root
system of Panicum maximum cv. Massai was carried out in a greenhouse
(30.5 °C average temperature and 60.5% relative humidity of the air;
Fig. S1 in the supplementary material), using plastic pots with 0.6 L
capacity containing 0.5 L of a nutrient solution. Treatments were re-
presented by combinations of two S concentrations (0.1 and
1.9 mmol L−1) and two Cd concentrations (0.1 and 0.5 mmol L−1), in
nutrient solutions modified from the solution of Epstein and Bloom
(2005). The plastic pots used in the study were distributed as random
blocks with four replications. The Cd concentrations tested in this study
were high in relation to other studies of Cd uptake kinetics (Lombi
et al., 2001; He et al., 2007), but relatively high and potentially toxic Cd
concentrations are required to investigate the existence of Cd transport
via LATS (Hart et al., 2002), mainly in plants that are possibly Cd hy-
peraccumulator, such as Massai grass.

2.2. Development of the kinetics study

Seeds were set to germinate in a tray containing expanded vermi-
culite, which was irrigated with deionized water in the first 14 days,
and nutrient solution modified to meet the S concentration of
0.1 mmol L−1 (diluted at 25% ionic strength) in the following nine days
(days 15–23) to acclimatize the plants to the nutrient solution (Rabêlo
et al., 2017a). After the 23 days of seeding, one seedling (± 10 cm
height) was transferred to each pot containing undiluted nutrient so-
lutions modified to meet the S concentrations of 0.1 and 1.9 mmol L−1

(100% ionic strength) for 19 days (days 24–42) to acclimatize the
plants to S concentrations (Rabêlo et al., 2017a). Then, the solutions
modified to meet the S and Cd concentrations were provided for seven
days (days 43–49) to acclimatize the plants to concentrations of S and
Cd (Rabêlo et al., 2017a). On the next day (day 50), the nutrient so-
lutions were modified to prevent the supply of S and Cd aiming to in-
crease the absorptive capacity of these two elements, as has been de-
monstrated for other elements (Epstein and Hagen, 1952; Lee and
Rudge, 1986). After 24 h of S and Cd deprivation, the solutions mod-
ified to meet the S and Cd concentrations were supplied again, for five
days (days 51–55) to carry out the study of kinetics (Fig. S2A in the
supplementary material). The nutrient solutions provided in each
period of the kinetics study were kept constantly aerated (day and
night) and renewed when the composition of the nutrient solution was
modified (days 24, 43, 50, and 51) and when the same composition was
used for more than seven consecutive days (15–23 and 24–42 periods).
Solutions maintained for periods of more than seven days were renewed
each seven days, and solutions maintained for periods of less than seven
days (solutions supplied between the days 43–49, 50, and 51–55) were
renewed only once, on days 43, 50, and 51.

The composition and initial pH of the nutrient solutions used in the
study is shown in Table 1, and the chemical speciation of the nutrient
solution used between days 51–55 (period of collection of the nutrient
solution for the calculation of kinetic parameters), calculated using
Visual MINTEQ® software v. 3.0 (Gustafsson, 2012), is described in
Table 2. The initial pH values of the nutrient solutions used during the
study ranged from 5.78 to 5.83 (Table 1). Xu et al. (2012) demonstrate
that, in model phytoplankton species, modest variations in pH (within
0.4 pH units of average seawater) have a negligible effect on the Cd
uptake system.

After the period of deprivation of S and Cd in the nutrient solution
(day 50), we began the supply of the modified solutions to meet the
combinations of S and Cd concentrations (days 51–55), as well as the
immediate sampling of the nutrient solution to determine the kinetic
parameters according to the method proposed by Claassen and Barber
(1974). Aliquots of 10 mL were collected every 15 min for the first 2 h;
every 30 min for the following 4 h; every 60 min during the subsequent
6 h; and, lastly, every 12 h until the end of the 108-h experiment. The
volume of nutrient solutions in the pots was kept constant (0.5 L)
during the collection period by adding deionized water (Claassen and
Barber, 1974). At the end of last solution collection, plants were se-
parated into shoot and root to determine the S and Cd concentrations
(apoplast and symplast) and measure the plant biomass production.

2.3. Determination of kinetic parameters

The kinetic parameters (maximum uptake rate - Vmax; Michaelis-
Menten constant - Km; minimum concentration below which plants
cease to absorb the element - Cmin; and absorptive capacity - α) were
determined by following the method proposed by Claassen and Barber
(1974), whose principle is the quantification of the reduction in the
concentration of the element of interest of the solution over time as a
function of its uptake by the plant root system. The Vmax and Km values
were calculated by graphic-mathematical approach (Ruiz, 1985) using
Cinetica Windows® software v. 1.0 (Ruiz and Fernandes Filho, 1992).
The Cmin value was estimated from the moment the Cd concentration in
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the exhaust solution remained constant, and α was obtained by the
Vmax/Km ratio (Keleti and Welch, 1984). The Cd depletion curves (de-
crease in the Cd concentration in the nutrient solution over time) were
adjusted by using the graphic-mathematical model proposed by Ruiz
(1985). The symplastic Cd influx was calculated by the equation of
Claassen and Barber (1974):

=
×

+

I V [Cd]
K [Cd]s
max

m (1)

where Is is the symplastic Cd influx (mmol g−1 FW h−1), Vmax is the
maximum Cd uptake rate (mmol g−1 FW h−1), Km is the Michaelis-
Menten constant (mmol L−1), and [Cd] represents the Cd concentration
in the nutrient solution. Afterwards, the apoplastic Cd influx was ob-
tained by the equation described by Lombi et al. (2001):

=
×

+

+ aI V [Cd]
K [Cd]

[Cd]a
max

m (2)

where Ia is the apoplastic influx of Cd (mmol g−1 FW h−1) and a is the
decline of the linear component. It is noteworthy that this equation has

been used to calculate the symplastic influx of Cd (Redjala et al., 2009),
but there is evidence that the linear component of this equation can
represent the Cd influx via apoplast (Lux et al., 2011). After the cal-
culations, the curves of the Cd symplastic and apoplastic influxes were
adjusted using SigmaPlot® software v. 13.0 (Systat Soft. Inc., 2015).

2.4. Determination of Cd concentrations in apoplast and symplast and S

The concentrations of Cd (apoplast and symplast) and S were de-
termined only in the root system of the plants. The Cd concentration in
the apoplast and symplast was determined according to the methods
described by Lavres Junior et al. (2008) and Mori et al. (2009), with
modifications. The root system of the Massai grass was divided into two
longitudinal sections with equivalent masses; one of the sections was
immersed in a container with 150 mL of the “desorption” solution
(2 mmol L−1 CuCl2, 0.5 mmol L−1CaCl2, and 100 mmol L−1 HCl) at
5 °C for 30 min (Fig. S2B in the supplementary material). CaCl2
0.5 mmol L−1 was used to the maintain cell wall integrity during the
desorption of Cd and CuCl2 2 mmol L−1 for the release of the Cd (Cd2+)
connected to the root apoplast exchange sites (adapted from Wang,
2003). After the desorption process, the sectioned part of the root
system was washed in deionized water and dried in a forced-air oven at
60 °C for 72 h, and so was the sectioned part that was not immersed in
desorption solution. Subsequently, the plant material was ground
(Wiley mill) and subjected to nitric-perchloric digestion, as described
by Malavolta et al. (1997). The concentrations of S and Cd in the extract
obtained after digestion were quantified by optic emission spectro-
photometry with inductively coupled plasma (ICP-OES, Model iCAP
7000 SERIES, Thermo Scientific, Waltham, Massachusetts, USA). Later,
the Cd concentration in apoplast was calculated as the total Cd con-
centration (part sectioned from the root system not immersed in des-
orption solution) minus the Cd concentration in symplast (part sec-
tioned from the root system immersed in desorption solution).

2.5. Determination of biomass production

The biomass production of shoots and root system was obtained
after the plant material was dried in a forced-air oven at 60 °C for 72 h.
Later, with the biomass production values, the root/shoot ratio was
calculated.

2.6. Statistical analysis

The data were subjected to analysis of variance (F test) and means
were compared by Tukey's test (p < 0.05) using the Statistical Analysis
System v. 9.2 (SAS Institute, 2008). Results were expressed as
means ± standard error of the mean (SEM). Later, Pearson's correla-
tion studies were performed among the analyzed variables (SAS
Institute, 2008).

3. Results

3.1. Biomass production and root/shoot ratio

The highest biomass productions (shoot and root) of Massai grass
occurred under lower availability of Cd (0.1 mmol L−1) and higher S-
supply (1.9 mmol L−1) in nutrient solution (Table 3). The biomass
production of the shoot and root system of plants supplied with the
highest S concentration was 73 and 130% higher compared with the
biomass production of plants grown with the lower concentration of S,
under reduced exposure to Cd (0.1 mmol L−1). There was no significant
effect (p > 0.05) of S supply on the biomass production of plants ex-
posed to the higher Cd concentration in the solution. The biomass
production of shoots of plants grown with the higher Cd availability
was 40 and 74% lower than that of plants exposed to the lower Cd
concentration when they were grown receiving S supplies of 0.1 and

Table 1
Volumes and initial pH of stock solutions used in the preparation of the nutrient solutions
provided in each period of the study of Cd uptake kinetics.

S (mmol L−1)
Cd (mmol L−1)

0.1 0.1 1.9 1.9 0.1 0.1 1.9 1.9

0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5

Stock solution Volume used (mL L−1)

Days 0–14 Days 15–23

CdCl2 (1 mol L−1) – – – – – – – –
KH2PO4 (1 mol L−1) – – – – 0.25 0.25 0.25 0.25
NH4NO3 (1 mol L−1) – – – – 1.13 1.13 1.13 1.13
KNO3 (1 mol L−1) – – – – 1.50 1.50 1.50 1.50
KCl (1 mol L−1) – – – – 0.25 0.25 0.25 0.25
MgSO4·7H2O (1 mol L−1) – – – – 0.03 0.03 0.03 0.03
MgCl2·6H2O (1 mol L−1) – – – – 0.48 0.48 0.03 0.03
CaCl2 (1 mol L−1) – – – – 1.25 1.25 1.25 1.25
Micronutrients - Fea – – – – 0.25 0.25 0.25 0.25
Fe(III) - EDTAb – – – – 0.25 0.25 0.25 0.25
pH (H2O) 5.89 5.89 5.89 5.89 5.80 5.80 5.80 5.80

Stock solution Days 24–42 Days 43–49

CdCl2 (1 mol L−1) – – – – 0.1 0.5 0.1 0.5
KH2PO4 (1 mol L−1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
NH4NO3 (1 mol L−1) 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
KNO3 (1 mol L−1) 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
KCl (1 mol L−1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
MgSO4·7H2O (1 mol L−1) 0.1 0.1 1.9 1.9 0.1 0.1 1.9 1.9
MgCl2·6H2O (1 mol L−1) 1.9 1.9 0.1 0.1 1.9 1.9 0.1 0.1
CaCl2 (1 mol L−1) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Micronutrients - Fea 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Fe(III) - EDTAb 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
pH (H2O) 5.80 5.80 5.80 5.80 5.79 5.83 5.78 5.79

Stock solution Day 50 Days 51–55

CdCl2 (1 mol L−1) – – – – 0.1 0.5 0.1 0.5
KH2PO4 (1 mol L−1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
NH4NO3 (1 mol L−1) 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
KNO3 (1 mol L−1) 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
KCl (1 mol L−1) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
MgSO4·7H2O (1 mol L−1) – – – – 0.1 0.1 1.9 1.9
MgCl2·6H2O (1 mol L−1) 2.0 2.0 2.0 2.0 1.9 1.9 0.1 0.1
CaCl2 (1 mol L−1) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Micronutrients - Fea 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Fe (III)-EDTAb 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
pH (H2O) 5.83 5.83 5.83 5.83 5.79 5.83 5.78 5.79

a Composition of the micronutrient solution (μmol L−1): KCl = 50; H3BO3 = 25;
MnSO4·H2O = 2; ZnSO4·7H2O = 2; CuSO4·5H2O = 0.5; H2MoO4 (85% MoO3) = 0.5.

b Fe(III)-EDTA = 100 μmol L−1.
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1.9 mmol L−1, while in the root system there was a decrease of 70 and
96%, respectively. There was a significant effect (p < 0.05) only of Cd
concentrations on the root system/shoot ratio; in plants subjected to the
lower concentration of Cd, this ratio was 100 and 280% higher than in
plants exposed to the higher concentration Cd, with the lower and
higher supplies of S, respectively.

3.2. Depletion of Cd in the nutrient solution

The Cd depletion in the nutrient solution fit the potential model
better, irrespective of the concentration of Cd and S (Fig. 1). In all
combinations of Cd and S concentrations evaluated, the Cd concentra-
tion in the solution was reduced practically to half after 12 h of ex-
posure of the Massai grass to the treatments. The Cd concentration in
the nutrient solution of the plants exposed to lower Cd and S con-
centrations was 0.051 mmol L−1 (Fig. 1A), while in the nutrient solu-
tion of the plants subjected to the lower concentration of Cd and highest
concentration of S, the Cd concentration was 0.038 mmol L−1 (Fig. 1B).
When the Massai grass was exposed to the higher Cd concentration, the
Cd concentration in the nutrient solution after 12 h was
0.199 mmol L−1 (Fig. 1C) and 0.196 mmol L−1 (Fig. 1D), when S was
supplied in the amounts of 0.1 and 1.9 mmol L−1, respectively. The Cd
concentration in the nutrient solution remained constant after 72 h of

exposure of plants to the combinations of Cd and S concentrations, and
the Cmin value was estimated at that moment.

3.3. Kinetic parameters

The kinetic parameters evaluated here (Vmax, Km, Cmin, and α) were
changed significantly (p < 0.05) by the combination of Cd and S
concentrations (Table 4). The highest Vmax was observed in the Massai
grass exposed to the higher Cd concentration and supplied with the S
concentration of 1.9 mmol L−1. This value was 38% higher than the
Vmax of the plants exposed to the higher concentration of Cd and grown
under the lower S supply. Plants exposed to the higher Cd concentration
displayed a 27 and 45 times higher Vmax than those exposed to the Cd
concentration of 0.1 mmol L−1 when S was supplied at 0.1 and
1.9 mmol L−1. The Km values of the Massai grass cultivated with the
higher Cd concentration were 493 and 500% higher in relation to the
Km of the plants exposed to the lower Cd concentration when the S
supply was 0.1 and 1.9 mmol L−1, respectively. Similar results were
found for Cmin, which was 508 and 435% higher in the Massai grass
exposed to the higher Cd concentration with the lower and higher
supplies of S, as compared with plants exposed to the Cd concentration
of 0.1 mmol L−1. Thus, as occurred for Vmax, the highest α value was
found in plants exposed to the Cd concentration of 0.5 mmol L−1 and to
the S concentration of 1.9 mmol L−1, which showed a 30% greater Cd
absorptive capacity (α) than plants grown under the higher Cd con-
centration and lower S concentration. The absorptive capacity of plants
exposed to the higher concentration of Cd was 376 and 668% greater
than that of plants exposed to 0.1 mmol L−1 Cd with the lower and
higher S supplies in the nutrient solution, respectively.

3.4. Symplastic and apoplastic Cd influx

The symplastic influx of Cd from the Massai grass grown under the
lower S concentration was 20% higher than that of plants supplied with
the higher S concentration when they were exposed to 0.1 mmol L−1 Cd
(Fig. 2A). However, when the Massai grass was exposed to the higher
Cd concentration, the apoplastic influx of the plants supplied with the

Table 2
Chemical speciation of the nutrient solution (pH 5.5) by Visual MINTEQ® software.

0.1 mmol L−1 S + 0.1 mmol L−1 Cd 0.1 mmol L−1 S + 0.5 mmol L−1 Cd

S - Species (%) Cd - Species (%) S - Species (%) Cd - Species (%)

SO4
−2 66.55b Cd+2 58.77c SO4

−2 69.87 Cd+2 52.88
HSO4

− 5.04 CdCl+ 38.45 HSO4
− 0.01 CdCl+ 36.16

CdSO4 (aq)a 0.23 CdCl2 (aq) 1.54 CdSO4 (aq) 1.07 CdCl2 (aq) 1.51
MgSO4 (aq) 6.26 CdSO4 (aq) 0.23 MgSO4 (aq) 6.42 CdSO4 (aq) 0.21
CaSO4 (aq) 18.54 CdNO3

+ 0.96 CaSO4 (aq) 19.09 CdNH3
+2 0.01

KSO4
− 1.81 CdHPO4 (aq) 0.02 KSO4

− 1.90 CdNO3
+ 0.86

NH4SO4
− 1.56 CdEDTA−2 0.01 NH4SO4

− 1.63 CdHPO4 (aq) 7.96
– – CdHEDTA- 0.02 – – CdEDTA−2 0.40

1.9 mmol L−1 S + 0.1 mmol L−1 Cd 1.9 mmol L−1 S + 0.5 mmol L−1 Cd

S - Species (%) Cd - Species (%) S - Species (%) Cd - Species (%)

SO4
−2 71.91 Cd+2 51.63 SO4

−2 71.50 Cd+2 51.18
HSO4

− 0.01 CdCl+ 33.51 HSO4
− 0.01 CdCl+ 34.56

CdSO4 (aq) 0.21 CdCl2 (aq) 1.33 CdSO4 (aq) 1.03 CdCl2 (aq) 1.44
MgSO4 (aq) 6.16 CdSO4 (aq) 4.00 Cd(SO4)2−2 0.04 CdSO4 (aq) 3.90
CaSO4 (aq) 18.11 Cd(SO4)2−2 0.07 MgSO4 (aq) 6.05 Cd(SO4)2−2 0.07
KSO4

− 1.93 CdNH3
+2 0.01 CaSO4 (aq) 17.82 CdNH3

+2 0.01
NH4SO4

− 1.66 CdNO3
+ 0.84 KSO4

− 1.91 CdNO3
+ 0.82

– – CdHPO4 (aq) 7.80 NH4SO4
− 1.64 CdHPO4 (aq) 7.62

– – CdEDTA−2 0.79 – – CdEDTA−2 0.40

a aq - aqua complex.
b Variation< 5% in SO4

−2 availability (pH 3.5 to 5.5).
c Variation<10% in Cd+2 availability (pH 3.5 to 5.5).

Table 3
Biomass production (shoots and roots) and root/shoot ratio of Massai grass supplied with
S and exposed to Cd.

Cd
(mmol
L−1)

S (mmol
L−1)

Shoot biomass
(g/plant)

Root biomass (g/
plant)

Root/shoot ratio

0.1 0.1 0.70 ± 0.055 b 0.10 ± 0.010 b 0.14 ± 0.013 a
1.9 1.21 ± 0.082 a 0.23 ± 0.015 a 0.19 ± 0.014 a

0.5 0.1 0.42 ± 0.035 c 0.03 ± 0.003 c 0.07 ± 0.006 b
1.9 0.32 ± 0.031 c 0.01 ± 0.003 c 0.05 ± 0.011 b

Means ± SEM followed by different letters in the column differ by Tukey's test
(p < 0.05).
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lower S concentration was 26% lower than that of plants supplied with
the higher S concentration (Fig. 2B). The symplastic influx of Cd from
the Massai grass under the higher Cd concentration was 26 and 44
times greater than that of plants exposed to the lower Cd concentration
when S was available at 0.1 and 1.9 mmol L−1 in the nutrient solution
(Fig. 2A and B). The highest apoplastic influxes of Cd from the Massai
grass exposed to the Cd concentrations of 0.1 (Fig. 2C) and
0.5 mmol L−1 (Fig. 2D) were observed when plants were supplied with
the S concentration of 1.9 mmol L−1. The higher supply of this nutrient
resulted in a 24 and 68% higher apoplastic Cd influx in relation to the
plants under lower S, when the Massai grass was exposed to the Cd
concentrations of 0.1 and 0.5 mmol L−1, respectively. The Cd influx via
apoplast of the plants exposed to 0.5 mmol L−1 Cd was 32 and 43 times
higher than the apoplastic influx of the Massai grass exposed to the
lower Cd concentration when S was supplied in the amounts of 0.1 and
1.9 mmol L−1, respectively (Fig. 2C and D).

3.5. Concentrations of Cd (apoplast and symplast) and S

The Cd concentrations significantly changed (p < 0.05) the Cd
concentration in apoplast, symplast, and total Cd concentration,
whereas the S concentrations changed the concentration of S. The Cd
concentration in apoplast of plants exposed to the higher Cd con-
centration was 110 and 126% higher than that of plants exposed to the
lower Cd concentration when S was supplied at 0.1 and 1.9 mmol L−1,
respectively, whereas the Cd concentration in symplast was 89 and
102% higher for the same comparison. The Cd concentration in apo-
plast was 46, 60, 62, and 79% higher than the Cd concentration in
symplast when the plants were grown with the Cd (mmol L−1) and S
(mmol L−1) combinations of 0.1 + 0.1, 0.1 + 1.9, 0.5 + 0.1, and
0.5 + 1.9, respectively. By contrast, the total concentration of Cd of the
plants exposed to the higher Cd concentration was 101 and 116%
greater than that of plants exposed to the Cd concentration of
0.1 mmol L−1 in the lower and higher supply of S in the nutrient so-
lution. The Massai grass supplied with the higher S supply showed a 94
and 58% higher concentration of S in the root system in relation to the
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Table 4
Kinetic parameters Vmax, Km, Cmin and absorptive capacity (α = Vmax/Km) estimated from the uptake of Cd by Massai grass supplied with S and exposed to Cd.

Cd (mmol L−1) S (mmol L−1) Vmax Km Cmin α

μmol g−1 FW h−1 μmol L−1 μmol L−1 –

0.1 0.1 0.0082 ± 0.0003 c 0.045 ± 0.002 b 0.012 ± 0.001 b 0.184 ± 0.008 c
1.9 0.0069 ± 0.0005 c 0.047 ± 0.002 b 0.014 ± 0.001 b 0.148 ± 0.013 c

0.5 0.1 0.2319 ± 0.0078 b 0.267 ± 0.016 a 0.073 ± 0.001 a 0.876 ± 0.056 b
1.9 0.3212 ± 0.0047 a 0.282 ± 0.004 a 0.075 ± 0.001 a 1.137 ± 0.055 a

Means ± SEM followed by different letters in the column differ by Tukey's test (p < 0.05).
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plants supplied with the S concentration of 0.1 mmol L−1 when plants
were exposed to the Cd concentrations of 0.1 and 0.5 mmol L−1, re-
spectively (Table 5).

3.6. Pearson's correlation among the studied variables

The highest correlation coefficients (r) are highlighted in Table 6. As
can be observed in the table, the correlations between Vmax and Cd
concentration in apoplast (r ≥ 0.97); Vmax and Cd concentration in
symplast (r ≥ 0.94); Km and Cd concentration in apoplast (r ≥ 0.96);
Km and Cd concentration in symplast (r ≥ 0.98); Cmin and Cd con-
centration in apoplast (r ≥ 0.94); Cmin and Cd concentration in sym-
plast (r ≥ 0.98); α and Cd concentration in apoplast (r ≥ 0.98); and α
and Cd concentration in symplast (r ≥ 0.92) revealed that there is a
close relationship between the Cd influx and the Cd accumulation site
in the root system of the Massai grass. It is also noteworthy that the S
concentration did not have a negative correlation (p > 0.05) with the
variables of the study of Cd uptake kinetics by the Massai grass.

3.7. Relationship between Cd influx and accumulation site

The symplastic Cd influx was 41.5, 32.2, 37.6, and 32.7% when the
Massai grass was exposed to the combinations of Cd (mmol L−1) and S
(mmol L−1) concentrations of 0.1 + 0.1, 0.1 + 1.9, 0.5 + 0.1, and
0.5 + 1.9, respectively. Similarly, the accumulation of Cd in the root
symplast was 40.7, 38.5, 38.8, and 35.9% when plants were grown with
the Cd (mmol L−1) and S (mmol L−1) combinations of 0.1 + 0.1,
0.1 + 1.9, 0.5 + 0.1, and 0.5 + 1.9, respectively (Fig. 3).

4. Discussion

The biomass production (shoots and roots) of the plants decreased
with the higher exposure to Cd (Table 3), which was also reported in
other studies (He et al., 2007; Stritsis and Claassen, 2013). This occurs
because Cd changes the metabolism of nutrients, amino acids, and
carbohydrates; degrades proteins and lipids; and damages the photo-
synthetic apparatus, among other factors (Benavides et al., 2005).
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(B and D) and supplied with the S concentrations of 0.1 and 1.9 mmol L−1 in nutrient solution.

Table 5
Cadmium concentrations in apoplast, symplast, and apoplast + symplast (total), and S concentration in the roots of Massai grass supplied with S and exposed to Cd.

Cd (mmol L−1) S (mmol L−1) Cd concentration (mg kg−1 DW) S concentration

Apoplast Symplast Total (g kg−1 DW)

0.1 0.1 388.34 ± 24.48 b 266.26 ± 00.17 b 654.61 ± 24.31 b 1.50 ± 0.19 b
1.9 400.55 ± 18.64 b 250.89 ± 09.07 b 651.44 ± 09.57 b 2.91 ± 0.10 a

0.5 0.1 814.58 ± 20.00 a 503.58 ± 24.11 a 1318.17 ± 04.10 a 1.79 ± 0.08 b
1.9 903.81 ± 13.75 a 505.73 ± 31.33 a 1409.54 ± 17.58 a 2.83 ± 0.12 a

Means ± SEM followed by different letters in the column differ by Tukey's test (p < 0.05).
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However, the biomass production of the root of the Massai grass sup-
plied with the higher S concentration was 130% higher as compared
with the biomass production of the grass cultivated with the lower S
concentration, when 0.1 mmol L−1 Cd was provided in the nutrient
solution, which is associated with the higher synthesis of amino acids,
GSH, and PCs found under adequate S supply in other study with Massai
grass (Rabêlo et al., unpublished data), since these metabolites are in-
volved in Cd detoxification (Cobbett and Goldsbrough, 2002; Seth
et al., 2012). Furthermore, the S metabolism is involved in the synthesis
of essential hormones for the adaptation of plants to adverse conditions,
such as exposure to Cd (Capaldi et al., 2015). On the other hand, the
higher S supply increased the damage caused by the larger concentra-
tion of Cd to the Massai grass (Table 3), in some sort of double toxicity
(Cd and S). The toxicity caused by S may occur when the plant meta-
bolism is altered (Ward, 1976) and, in this situation, the synthesis of
GSH is also higher, but is aimed at signaling the lower need for S uptake
(Herschbach and Rennenberg, 1994).

The changes in the root biomass production of the Massai grass
resulted in depletion of Cd over time. This depletion in the solution of
plants supplied with the higher S concentration (higher biomass pro-
duction) was 26% higher as compared with the depletion in the

solution of plants grown under the lower concentrations of S and Cd
(lower biomass production) (Fig. 1A and B), while there was no effect of
S on the depletion of Cd in the solution of plants exposed to the higher
Cd concentration (biomass production unchanged) after 12 h of ex-
posure (Fig. 1C and D). Cadmium uptake can occur either passive
(LATS) or active (HATS) transport, and Cd can cross the plasma
membrane through channels of divalent cations (e.g., Ca+2 and Zn+2)
or by Cd-specific transporter proteins (Sloof et al., 1995; Chen et al.,
2008). This uptake can be simulated by the Michaelis-Menten constant
(Vmax and Km). The Vmax (defined as the product between the number of
uptake sites per root unit by its working velocity; Epstein and Bloom,
2005) of the Massai grass exposed to the lower Cd concentration was
not changed (p > 0.05) by the S supply, unlike the Vmax of the Massai
grass exposed to the higher Cd concentration (Table 4). The higher Vmax

observed in the Massai grass exposed to the higher Cd and S con-
centrations in relation to lower S concentration may be related to the
alteration in the root architecture (Perriguey et al., 2008; Redjala et al.,
2009), since the uptake area (more uptake sites) of the root system in
these plants was larger than the elongation area (fewer uptake sites).
Plants supplied with the higher S concentration possibly had a higher
number of cortical cell layers compared to the plants cultivated with the

Table 6
Pearson's correlation among shoot biomass production (SBP), root biomass production (RBP), maximum uptake rate (Vmax), Michaelis-Menten constant (Km), minimum concentration
below which the plant ceases to absorb the element (Cmin), Cd absorptive capacity (α), Cd concentration in apoplast (Cdapo), Cd concentration in symplast (Cdsym), total Cd concentration
(Cdtot), and S concentration (Scon) of the Massai grass supplied with S and exposed to Cd (n = 16). Bold numbers highlight correlations higher than 0.89.

SBP RBP Vmax Km Cmin α Cdapo Cdsym Cdtot Scon

SBP
RBP 0.96**
Vmax −0.76** −0.82**
Km −0.75** −0.82** 0.97**
Cmin −0.74** −0.81** 0.94** 0.98**
α −0.78** −0.83** 0.99** 0.94** 0.92**
Cdapo −0.72** −0.78** 0.97** 0.96** 0.94** 0.98**
Cdsym −0.72** −0.80** 0.94** 0.98** 0.98** 0.92** 0.94**
Cdtot −0.73** −0.79** 0.97** 0.98** 0.97** 0.97** 0.99** 0.97**
Scon 0.36ns 0.29ns 0.18ns 0.10ns 0.06ns 0.15ns 0.20ns 0.09ns 0.16ns

*p < 0.05; **p < 0.01;ns-not significant.

Fig. 3. Percentage contribution of the symplastic and apoplastic mechanisms in the influx (red color) and accumulation site (black color) of Cd in the root system of Massai grass supplied
with S and exposed to Cd. The contribution of the Cd influx and accumulation site was calculated by using the data presented in Fig. 2 and Table 5, respectively. The image located on the
upper right side (adapted from Tinker and Nye, 2000) indicates the symplastic and apoplastic mechanisms. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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lower S concentration, which could lead to a difference in the ratio
between the exposed plasmalemma area and the root biomass, which in
turn would produce a difference in uptake rate (Vmax) (Zelko et al.,
2008; Redjala et al., 2009). Bouranis et al. (2006) related that S-de-
privation resulted in shorter lateral roots in the upper sectors and in a
limited extension of the lignified layers towards the next lateral root
carrying sector in maize plants.

Although the Vmax of the Massai grass exposed to the higher Cd
concentration was changed by the S concentrations (p < 0.05), Km

remained constant (Table 4), indicating that the affinity of Cd by the
uptake sites of the root system of the grass is not modified by S supply,
just as Cd does not change the affinity of S by the root uptake sites
(Nocito et al., 2002). In addition, the Km of the Massai grass exposed to
the Cd concentration of 0.1 mmol L−1 was 84 and 83% lower in relation
to the Km of the plants exposed to the higher Cd concentration when S
was supplied at 0.1 and 1.9 mmol L−1, but the amount of Cd absorbed
(concentration of Cd x biomass production) was 66 and 963% higher
for the same comparison. It is important to note that in studies carried
out with relatively high concentrations of Cd (> 90 μmol L−1) physical
uptake parameters (diffusion and irreversible binding) tend to be ac-
centuated, whereas active transport (HATS and LATS) characteristics
are minimized (Cataldo et al., 1983). This indicates that Km cannot be
used as the main factor to explain the elevated Cd uptake by plants
grown in contaminated environments (Redjala et al., 2009). In this
regard, the Cd uptake (high concentrations) probably is more deeply
affected by the architecture than by the absorptive capacity (Vmax and
Km) of the plant root (Redjala et al., 2009, 2010). This assumption
becomes even clearer as we observe the negative correlation between α
(Vmax/Km) and the biomass production of the root system (Table 6) and
the high Cmin values (Table 4). High Cmin values (concentration in
which the influx is equal to the efflux) are indicative of serious damage
to the plasma membrane that may lead to cell death (Marschner, 1995).
The Vmax values verified in this study are relatively smaller and the
values of Km relatively higher than those pointed out in other studies
(Catalado et al., 1983; Hart et al., 1998, 2002). This result probably
occurred by the use of complete nutritive solution (Table 1), since the
increase of the concentration of other divalent cations may inhibit Cd2+

influx due to the reduction of plasma membrane electronegativity, non-
competitive inhibition of influx by a variety of cations, or direct com-
petition for specific cation transporters such as observed between Cd2+

and Zn2+ (Costa and Morel, 1993; Kinraide, 2001; Hart et al., 2002;
Harris and Taylor, 2004).

Distinguishing uptake into the symplast from apoplastic binding is a
major problem in studies of root uptake of divalent cations, such as Cd
(Harris and Taylor, 2004). At concentrations above 5 μmol L−1 Cd, the
physical uptake (Cd irreversibly bound to the root cell wall) can ser-
iously distort any kinetic interpretation of Cd uptake in plants, which
can explains the similarities in the symplastic uptake (Fig. 2B) between
the most damaged root tissues (1.9 S + 0.5 Cd) and less damaged
(0.1 S + 0.5 Cd) (Cataldo et al., 1983). Influx of Cd across the plasma
membrane of root cells has been shown to occur via a concentration-
dependent process exhibiting saturable kinetics, that Cd uptake by roots
is controlled by a transport protein in the plasmalemma (Lux et al.,
2011). Several results indicate that Cd gets through the plasmalemma
of root cells in an opportunistic way, via other divalent cation carriers
or channels, such as those for Zn2+, Cu2+, Fe2+ or Ca2+, that show
poor selectivity (Cataldo et al., 1983; Costa and Morel, 1993; Zhao
et al., 2002; Han et al., 2006). A saturable symplastic influx (Fig. 2A
and B) component supports the existence of membrane transporter-
mediated uptake, that in low external concentrations can be regarded as
HATS (Redjala et al., 2009). The Cd species transported through the
symplasm are unknown, but could include Cd2+ (predominant specie in
the nutrient solution used in this study; Table 2) or Cd-chelates (Lux
et al., 2011). Plants grown under the lower S concentration showed
higher symplastic influx of Cd as compared with those supplied with the
higher S concentration, when Cd was supplied at 0.1 mmol L−1

(Fig. 2A). Plants well nourished in S usually present higher synthesis of
PCs when exposed to Cd (Bashir et al., 2015). PCs act in the seques-
tration of free Cd2+ ions in the cytosol, transporting them to organelles
less sensitive to damage caused by Cd, such as vacuoles (Cobbett and
Goldsbrough, 2002). Thus, the accumulation of Cd in the vacuole of
plants well nourished in S tends to be larger and in plants cultivated
with low S supply the accumulation tends to be smaller, which facil-
itates the transport of the Cd to the xylem by the symplastic via.
Moreover, plants grown with proper S supply display detoxification
mechanisms, such as Cd efflux from the cytoplasm to the apoplast,
which is more efficient in comparison with plants cultivated with low S
supply, such that the symplastic influx of Cd is usually lower under such
conditions (Nocito et al., 2002; Jasinski et al., 2003; Van Belleghem
et al., 2007). This fact becomes clearer as we observe that the difference
between Cd concentration in the root symplast and root apoplast of the
Massai grass supplied with the lower S concentration was lower than
that of plants provided with the higher S concentration (Table 5). In this
way, the proper S supply benefits the Cd accumulation in the root
apoplast of the Massai grass, which is desirable, since the main accu-
mulation site of Cd in tolerant plants is the root apoplast (Wójcik et al.,
2005; Akhter et al., 2014). By contrast, the symplastic influx of Cd of
plants exposed to the higher concentration of Cd was higher when there
was a higher S supply (Fig. 2B). This result is possibly linked to the
partial loss of selectivity of the plasma membrane (high Cmin values),
which may occur under high toxicity conditions (toxicity by Cd and S)
and lead to greater symplastic uptake (Zhao et al., 2002). In all treat-
ments the linear component verified in Fig. 2A and B probably reflects a
second pathway for Cd into the symplast (LATS) as demonstrated by
Redjala et al. (2009). The linear component of the Cd uptake system is
likely related to that Cd uptake may be passive (Costa and Morel, 1994)
through channels of other divalent cations like Ca which are permeable
to Cd (Lombi et al., 2001; Zhao et al., 2002). This LATS for Cd uptake
was shown in concentration-dependent kinetics on plant organelles
(Lux et al., 2011). The similarity of the slope for all treatments (Fig. 2A
and B) suggests that S not change the Cd uptake by LATS. The transition
concentration that determines the switch between HATS and LATS
depends on the ion (Marschner, 1995). For Cd, it seems that this switch
is much lower for the non-accumulator plants than for hyper-
accumulator plants (Redjala et al., 2009). Massai grass probably is a Cd
hyperaccumulator plant (Rabêlo et al., unpublished dates), but the
transition concentration that determined the switch between HATS and
LATS was lower (∼1 μmol L−1) for Massai grass exposed to the Cd
concentration of 0.1 mmol L−1 (Fig. 2A) than switch related by Redjala
et al. (2009) for Noccaea caerulescens (10 μmol L−1) exposed to
50 μmol L−1, suggesting that the Cd uptake by Massai grass occurs
predominantly through the LATS and the apoplastic via in high Cd
concentrations.

Because of the high concentrations of Cd to which the Massai grass
was exposed, we chose to use the equation described by Lombi et al.
(2001) to calculate the apoplastic influx, since there are indications that
the linear component of this equation can represent the apoplastic in-
flux of Cd (Lux et al., 2011). The adoption of this equation for this
purpose is not usual, but employing inadequate protocols to remove the
Cd from the root apoplast may cause a high efflux of Cd from the
symplast, mainly in cases when the plasma structure is seriously da-
maged (high Cmin values; Table 4), which may compromise the relia-
bility of results (Lombi et al., 2001; Harris and Taylor, 2004). In this
sense, the apoplastic uptake function that could be useful for modeling
the Cd transport is not available from the literature, since in most
studies of Cd uptake kinetics, desorption processes were performed,
which more or less eliminated the apoplastic uptake (Redjala et al.,
2009). However, the contribution of apoplast to the Cd total root up-
take is very important, mainly when the Cd concentration is high. If the
apoplastic barriers (particularly Casparian bands and suberin deposits)
can blocking the cation flow towards stele and xylem (Lux et al., 2011),
the apoplastic influx will accumulate Cd in the root only, while the sole
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symplastic influx would contribute to the shoot content (Redjala et al.,
2009). However, it is also possible for Cd2+ and Cd-chelates to reach
the xylem solely via an extracellular, apoplasmic pathway in regions of
the root lacking a Casparian band (Lux et al., 2004). In this situation,
the apoplastic root influx should be considered as an important me-
chanism in understanding the phytoaccumulation of this metal (Redjala
et al., 2009). The apoplastic influx of Cd by the root system of the
Massai grass exposed to the Cd concentrations of 0.1 and 0.5 mmol L−1

was higher when the plants were grown with the higher supply of S
(Fig. 2C and D). The amount and composition of suberin are among the
major factors that limit the apoplastic displacement of water and in-
organic ions (Schreiber et al., 2005). In this sense, it is possible that the
Massai grass supplied with the higher S concentration tested in this
study shows lower deposition of suberin between the epidermis and the
cortex (apoplastic via), since the synthesis of suberin can be regulated
by ethylene, and plants well nourished with S show lower ethylene
synthesis when exposed to Cd (Barberon et al., 2016; Khan et al., 2016).
In this context, the lower deposition of suberin (mainly in regions near
the Caspary strips) in plants grown with lower S supply may facilitate
the apoplastic transport of Cd to the shoots, but this fact can increase
the damage caused by Cd (Redjala et al., 2009). Redjala et al. (2010)
stated that the apoplastic uptake of Cd by corn plants ranged from 15 to
82% as a function of the increase in the Cd concentration, whereas the
apoplastic uptake of Cd by the Massai grass exposed to the lower Cd
concentration ranged from 58.5 (0.1 mmol L−1) to 67.8%
(1.9 mmol L−1) as the S concentration was increased (Fig. 3).

The reduced slope of the linear component in intact roots of the
plants supplied with the higher S concentration in relation to the lower
S concentration (Fig. 2C and D) was therefore probably the result of
reduced Cd binding to cell wall constituents (e.g., cellulose, hemi-
cellulose, and proteins) due the lower deposition of suberin between the
epidermis and the cortex (apoplastic via) (Hart et al., 1998). Costa and
Morel (1993) verified that the exchangeable fraction represented about
5% of the total absorbed Cd in the roots of Lupinus albus due to the
presence of anionic charges on the cell wall (carboxylic groups). The
cell wall, the intercellular spaces and the outer surface of the plasma-
lema delimit the apparent free space (AFS), where the element can
enter by mass flow, diffusion, ion exchange and Donnan equilibrium
(Marschner, 1995). However, the elements can also leave the AFS, since
this process is reversible. Thus, physical interactions (e.g., electrostatic
forces) such as cation exchange capacity (CEC) of carboxylic groups
may influence the apoplastic uptake of Cd (Redjala et al., 2009). Al-
though CEC is not an essential step in the passage of ions across the
plasma membrane to the cytoplasm, it has an indirect effect, which is
the increase of the cations concentration in the apoplast (Marschner,
1995). There is a rapid Cd accumulation in the apoplasm which is freely
accessible to the outer solution when the Cd concentration in the nu-
trient solution is high (Redjala et al., 2010). The relative contribution of
the apoplastic via increased when the Massai grass was cultivated with
the higher concentration of S (Fig. 3), what suggest that S changes the
composition of the cell wall and, consequently, the CEC of the roots of
the Massai grass exposed to Cd. Retention of Cd in roots is a factor that
contributing to low Cd accumulation in shoots (Harris and Taylor,
2004), but in other study (Rabêlo et al., unpublished dates) we verified
that the Cd accumulation in shoots of Massai grass was very high what
suggest that Cd2+ and Cd-chelates to reach the xylem via an extra-
cellular, apoplasmic pathway in regions of the root lacking a Casparian
band in this plant. In this sense, it is possible that the Cd uptake through
PCs-Cd in the AFS has contributed to higher Cd apoplastic uptake in
plants cultivated with the higher concentration of S, since plants
properly supplied with S present high synthesis of PCs when exposed to
Cd (Bashir et al., 2015). Mendoza-Cózatl et al. (2008) described that the
PCs are involved in the transport of Cd from roots to shoots in Brassica
napus plants.

Based on the conditions presented here, we observed that irre-
spective of the toxicity caused by the higher supply of S to the plants

exposed to the higher concentration of Cd, the contribution of the
apoplastic pathway in the Cd uptake by the Massai grass is a little
higher (Fig. 3) under higher concentrations of S in the root tissue
(Table 5) in relation to the lower concentration, and that part of the Cd
absorbed via apoplast by these plants is accumulated in symplast
(Fig. 3), which suggests that the Cd not binding to the cell wall of the
apoplast may enters the cells through transporters of the ZIP family
located in the root apoplast (Guerinot, 2000; Lux et al., 2011). After the
entering the cells, the Cd is complexed to S-containing molecules, such
as Cd-PCs, Cd-PCs-sulfide and/or Cd-sulfide (Van Belleghem et al.,
2007). Thus, analyzing the values in absolute terms (Cd concentration x
mass production), we note that the greater S supply to the plants ex-
posed to the Cd concentration of 0.1 mmol L−1 increased the amount of
Cd absorbed by 129% in relation to the plants grown under lower S
supply, indicating that regardless of the predominant mechanism in the
Cd uptake (symplastic or apoplastic), the S supply is essential for the
phytoextraction process, possibly due to the greater synthesis of PCs
(Rabêlo et al., 2017a). To exemplify, Larsson et al. (2002) described
that the Cd uptake by wild Arabdopsis thaliana plants was approxi-
mately 40% higher in relation to the uptake by plants containing the
mutant cad1-3 (lower activity of the PC synthase enzyme, which con-
trols the synthesis of PCs).

5. Conclusions

The exposure of Massai grass to high concentrations of Cd for longer
periods indicated that this forage grass does not feature efficient de-
toxification mechanisms to be used in phytoextraction processes in
environments with Cd concentrations greater than 0.1 mmol L−1.
However, the Massai grass grown under adequate supply of S showed
tolerance to Cd (0.1 mmol L−1), and thus we recommend sulfate fer-
tilization for forage grasses used in the Cd extraction process.

Properly S supply decreased the contribution of symplastic and in-
creased the contribution of apoplastic uptake of Cd by the Massai grass
exposed to the lower concentration of Cd. On the other hand, part of the
Cd absorbed via apoplast was accumulated in symplast at the end of the
growth of the Massai grass. Therefore, the influence exerted by the Cd
transition (symplast-apoplast-symplast) upon the tolerance of plants
cultivated under an adequate supply of S should be better investigated.
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