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Abstract

Aims This study aimed to determine the capacity of Si
to mitigate Al toxicity in upland rice plants (Oryza
sativa L.) by evaluating plant growth and the Si and
Al uptake kinetics.

Methods Plants were grown for 40 days, after which the
Si and Al uptake kinetics (Cmin, Km and Imax) were
analyzed. Then, the shoots and roots were separated,
and the dry matter, root morphology and Si and Al
concentration and accumulation in the plant were
evaluated.

Results Aluminum decreased plant growth and the Si
uptake capacity by decreasing the root growth and Si
transport system efficiency in the upland rice roots (>
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Km and > Cmin). Silicon mitigated Al toxicity in the
upland rice plants by decreasing Al transport to the plant
shoots, although it did not reduce the Al uptake rate
(Imax). Si treatment increased the growth of upland rice
plant shoots grown in the presence of Al without
influencing the root growth. The alleviation of Al tox-
icity by Si is more evident in the susceptible upland rice
cultivar Maravilha.

Conclusions Silicon mitigated Al toxicity in the upland
rice plants by decreasing Al transport to the plant shoots
but did not reduce the Al uptake rate by roots.

Keywords Uptake kinetics - Root morphology - Silicon
alleviation - Silicon uptake

Abbreviations

C Cultivar

Cmin External concentration when net uptake is zero
DM  Dry matter

Km Michaelis-Menten constant

Imax  maximal transport rate

Introduction

Aluminum (Al) is toxic to plant growth and becomes a
problem in acid soils; it is also a limiting factor for
agricultural production. Al directly affects plant roots
by decreasing and/or inhibiting root cell division
(Clarkson 1965; Morimura and Matsumoto 1978), in-
terfering with mitosis (Budikova and Durcekova 2004;
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Doncheva et al. 2005; Li et al. 2008; Yi et al. 2010) and
with cell elongation, and decreasing cell wall plasticity
and elasticity (Tabuchi and Matsumoto 2001; Ma et al.
2004; Zheng and Yang 2005; Horst et al. 2007). In
addition, Al has negative effects on the plasma mem-
brane, cytoskeleton, cell nucleus and apoplast (Horst
et al. 2007; Yang et al. 2008; Khan et al. 2009; Panda
et al. 2009; Rangel et al. 2009; Yang et al. 2011) and
alters cellular calcium homeostasis (Huang et al. 1996;
Rengel and Zhang 2003).

Aluminum-induced alterations to the plant cell cause
plant roots grown under conditions of Al toxicity to
become atrophied and brittle, experience fine-scale
changes, and present increased cell wall rigidity and
thickness, and changes in membrane transport proteins
are also observed (Meharg 1993; Kochian et al. 2004;
Vitorello et al. 2005; Zobel et al. 2007; Kopittke et al.
2008). Therefore, a root developed in the presence of Al
experiences reduced growth and presents less efficient
water and nutrient uptake, especially in the deeper soil
layers (Mistro et al. 2001; Barcel6 and Poschenrieder
2002; Kochian et al. 2004; Mariano and Keltjens 2005;
Olivares et al. 2009; Silva et al. 2010; Freitas et al.
2017). Furthermore, as a secondary effect, Al induces
less chlorophyll production in the plant shoots and de-
creases the photosynthetic rate (Zhang et al. 2007; Ali
et al. 2008; Aftab et al. 2010; Shen et al. 2014). These
effects on roots impair plant shoot growth and grain
production.

Upland rice plants are moderately tolerant to Al (Ma
et al. 2002); therefore, Brazil cultivates this type of rice
in soils with low natural fertility (“Cerrado”) that have
high Al levels. Nevertheless, because the growth of
these plants may be impaired by Al toxicity (Singh
et al. 2011; Alvarez et al. 2012), mitigation techniques
are required. One method of reducing the damage
caused by Al to plants is the application of silicates; this
approach is supported by studies that have demonstrated
that silicon (Si) can alleviate the damage caused by Al
(Hammond et al. 1995; Corrales et al. 1997; Cocker
et al. 1998; Sangster and Hodson 2001; Kidd et al.
2001; Wang et al. 2004; Singh et al. 2011; Shen et al.
2014). However, the interaction between Si and Al is not
well understood, and several hypotheses regarding the
role of Si in the alleviation of Al toxicity remain
inconclusive.

Silicon contributes to the alleviation of Al toxicity via
reactions that occur in the soil solution as well as via
plant internal mechanisms. The mitigating effect of Si
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on Al toxicity is related to decreasing Al levels in the
soil solution via Al-Si complexing (Ma et al. 1997;
Liang et al. 2007); furthermore, Si may reduce Al tox-
icity in the plant (Hodson and Evans 1995; Corrales
et al. 1997; Cocker et al. 1998; Neumam and Nieden
2001; Kidd et al. 2001; Ryder et al. 2003; Wang et al.
2004; Liang et al. 2007) because accumulations of Al
and Si in the plant are mutually exclusive, causing the
plant to take up Si instead of Al (Hodson and Evans
1995). Thus, the Al tolerance of certain plant species
may be associated with higher Si uptake and accumula-
tion in the plant tissues, especially in upland rice plants,
which present highly efficient Si uptake and accumula-
tion (Ma and Yamaji 2006; Tokura et al. 2011).

Thus, studies evaluating Si and Al uptake kinetics are
important for understanding the interactions of these
elements in the plant and nutrient solution. The uptake
efficiency of any element is influenced by its kinetic
parameters (Barber 1984).

Therefore, the aim of this study was to evaluate the
capacity of Si to mitigate Al toxicity in upland rice
plants by evaluating the plant growth and the Si and
Al uptake kinetics.

Materials and methods

The experiment was performed in a nutrient solution in a
greenhouse at the Department of Soil and Environmen-
tal Resources of Sao Paulo State University in Botucatu,
Sdo Paulo, Brazil. The experiment was arranged in a
2 x5 factorial randomized complete block design, with
five replicates. The experiments included two upland
rice cultivars (ANa7007, which is Al tolerant, and
Maravilha, which is Al susceptible) (Freitas et al.
2016) and four Si and Al treatments (control = without
Si and Al; +Si = with Si and without Al; +Al = without
Si and with Al; and +Si + Al = with Si and Al). The Si
and Al concentrations in the solution were defined in
preliminary studies. The Si was supplied at 1.7 mmol
L', and the Al was supplied at 1.4 mmol L™". Potassi-
um silicate was used as the Si source, with the potassium
previously removed in a cationic column. The Al source
was aluminum chloride.

To obtain plants for the experiment, seeds were ger-
minated in a germination chamber, and after the emer-
gence of seedlings, those with a consistent and uniform
shape were selected. In total, eight seedlings were trans-
ferred to individual 4 L pots filled with nutrient solution.
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The nutrient solution used for plant growth contained
the following (in mmol L_l): 1.42 Ca, 1.51K, 0.33 Mg,
0.95 N-NO3, 0.41 N-NH,, 0.01 P, 0.21 S, 0.21 Cl, 0.22
Fe, 0.009 Mn, 0.008 B, 0.00076 Zn and 0.00031 Cu.
Only the Si and Al elements varied between the
treatments.

In the first seven days of growth, all nutrients were
used in the nutrient solution at half concentration to
encourage plant adaptation, and for the next 14 days,
the full nutrient concentrations were used. After this
period, the Si and Al treatments were added, and the
plants were grown for an additional 19 days.

Throughout the experiment, the nutrient solution was
aerated and the pH was monitored daily and maintained
at approximately 4.0 (£0.1), and NaOH (0.1 mol L™)
and HCI (0.1 mol L™") were used to adjust the pH. The
nutrient solution was replaced weekly while also adding
the appropriate treatments, and the amount lost to
evapotranspiration was replaced daily with
demineralized water.

After 40 days of growth, the Siand Al uptake kinetics
of the plants were analyzed according to the Claassen
and Barber (1974) method. This method allows quanti-
fication of the rate of depletion of Si and Al from
solution, characterizing the Si and Al flux through the
plant roots, since the plants adapt nutrient uptake kinet-
ics to their internal nutrient status. The method uses only
one plant or group of plants to obtain data over a range
of Si and Al concentrations in solution and measures the
concentration below which net influx of Si and Al
through roots ceases (Cmin). This method thus allows
the identification of the Imax of Si and Al, i.e., the
maximum transport rate or maximum influx rate of Si
and Al; the Michaelis-Menten constant (Km) that rep-
resents the Si and Al concentrations in solution that
produce 50% of Imax; and the Cmin, which represents
the Si and Al concentrations in solution at which net
influx is zero.

The nutrient solution for all of the treatments was
replaced by the same solution without Si and Al, and the
plants remained in this solution for 48 h to increase the
plant uptake ability of the studied elements. Then, the
nutrient solution was replaced again, and 0.11 mmol L™
Si and 0.19 mmol L' Al were added to all of the
treatments. The plants remained under these conditions
for one hour, until uptake was stabilized in the roots.
Then, the nutrient solution for all of the treatments was
replaced again with a solution identical to the previous
solution with Al and Si, and sampling was initiated.

Samples (10 mL each) of the solution were collected
every 30 min in the first six hours, every 60 min in the
six subsequent hours, and once in the final 24 h. Then,
four additional samples were collected every 12 h to
obtain the Cmin. Throughout the sampling period, the
pot volume was kept constant by the addition of
demineralized water. The temperature of the nutrient
solution throughout the sampling averaged 22.6 °C,
and the solution pH was monitored every 60 min and
maintained at approximately 4.0 (+0.1).

The Si and Al concentrations in the collected sam-
ples were determined by Inductively Coupled Plasma
(ICP). The Km and Imax values were estimated based
on the Si and Al concentrations in the samples and the
root dry matter values, using the software
CinéticaWin — the Windows version of Cinética 1.2
(Ruiz and Fernandes Filho 1992). In all treatments,
the Cmin values for Si and Al were obtained when the
Si and Al concentrations in the solution remained
constant (external concentration when net uptake is
zero). Thus, in all treatments, the Al Cmin was con-
sidered to be the value obtained at 24 h. The values of
Si Cmin in the control and +Si treatments were ob-
tained at 24 h, but in the treatments +Al and +Si + Al,
the Si Cmin was obtained at 48 h.

After the exhaust solution was collected, the plant
shoots and roots were separated. The length, surface
area and diameter of the roots were determined using a
scanner linked to a desktop computer running WinRhizo
3.8b software (Regent Instruments, Inc., Quebec, Can-
ada) following the methods of Tennant (1975). The root
length was also quantified separately for the fine roots
(diameter < 0.5 mm), medium roots (diameter between
0.5 to 1.00 mm) and thick roots (diameter > 1.00 mm).
Then, the shoot and root samples were dried in a forced-
air circulation oven (65 °C) to a constant weight, and the
dry matter (DM) content was determined. The samples
were ground and the Si and Al concentrations were
determined according to the method of Elliott and
Snyder (1991) as adapted by Korndorfer et al. (1999)
and Malavolta et al. (1997), respectively. The DM and
the Si and Al concentrations in both parts of the plant
were used to calculate the accumulated Si and Al quan-
tities. The whole-plant accumulated Si and Al quantities
were obtained from the sum of the root and shoot
accumulations.

The data were subjected to analysis of variance. The
treatment averages were obtained by comparing the t-
test results (LSD) at the 5% probability level.
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Results

The shoot, root and whole plant DM of the upland rice
plants were affected by the treatments and by the inter-
actions between the cultivar (C) and the Si and Al
supply (Si-Al) (Table 1). The shoot DM of the cultivar
ANa7007 (Al tolerant) was higher than that of the
cultivar Maravilha only in the treatment that received
Al and Si. For both cultivars, the Si treatments with and
without Al provided shoot DM similar to that in the
control treatment (without Si and Al); however, in the
treatment without Si, Al reduced the shoot DM by 13%

and 10% for ANa7007 and Maravilha, respectively
(Table 1).

In the isolated Si treatment, the root DM of the
cultivar ANa7007 (Al tolerant) was higher than that of
Maravilha (Al susceptible), whereas in the treatments
with Al, the root DM of ANa7007 was lower than that of
Maravilha, independent of the Si supply (Table 1). How-
ever, in both cultivars, the root DM did not increase
under the Si treatments (Table 1).

The whole-plant DM was only higher in ANa7007
than in Maravilha in the isolated Si treatment (Table 1).
However, although plant growth decreased in both

Table 1 Dry matter accumulation in the plant tissues and root system parameters of upland rice cultivars grown under different conditions of
silicon (Si) and aluminum (Al) inclusion in a nutrient solution. The results of an analysis of variance are shown

Cultivar Si and Al conditions Source of variation
Control +Si +Al +Si + Al cw Si-Al C x Si-Al

Shoot dry matter (g pot ')
Maravilha 11.1ab 11.7a 10.2b 11.3%a <0.001 <0.001 0.008
ANa7007 11.7bc 12.5ab 11.02¢ 12.6a

Root dry matter (g pot )
Maravilha 5.8a 5.6% 3.9 3.9% <0.001 <0.001 <0.001
ANa7007 5.9a 6.2a 2.9b 2.7b

Whole-plant dry matter (g pot ')
Maravilha 16.9a 17.3% 14.2b 15.2b 0.086 <0.001 0.018
ANa7007 17.6a 18.8a 13.9¢ 15.4b

Root length (m pot ")
Maravilha 1090a 1068"a 375b 325b <0.001 <0.001 0.002
ANa7007 1187b 1334a 360c 354¢

Root surface (cm? pot ')
Maravilha 9395a 8935%a 3916'b 3422b 0.598 <0.001 0.001
ANa7007 9799a 9706a 2872b 2947b

Root diameter (mm)
Maravilha 0.28b 0.27b 0.33%a 0.35"a <0.001 <0.001 0.008
ANa7007 0.26a 0.24a 0.27a 0.28a

Root length (<0.5 mm) (m potfl)
Maravilha 960a 909"a 278b 259b <0.001 <0.001 <0.001
ANa7007 1012b 1165a 300c 275¢

Root length (0.5-1.0 mm) (m potﬁl)
Maravilha 83a 82a 58D 50b <0.001 <0.001 <0.001
ANa7007 116a 112a 51b 53b

Root length (>1.0 mm) (m potﬁl)
Maravilha 46"a 47%a 14.0"b 16.4™b 0.013 <0.001 <0.001
ANa7007 58a 57a 9.1b 8.8b

T Significant difference between the upland rice cultivars under the same Si and Al supply condition; mean values followed by the same
letters in the rows are not significantly different at P < 0.05 according to the LSD test

M C, cultivar; Si-Al, Si and Al supply conditions; C x Si-Al, interactions of cultivar x Si and Al supply conditions
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cultivars with the addition of Al, in the treatment with
the combination of Al and Si, the whole-plant DM of
ANa7007 was higher than was observed with the Al-
only treatment.

The root morphology parameters were influenced by
the main treatment factors and the C x Si-Al interactions
(Table 1). In the Si-only treatment, the cultivar
ANa7007 (Al tolerant) showed a greater root length
and surface area than the Al-susceptible cultivar. How-
ever, the root surface area of the cultivar Maravilha (Al
susceptible) under the Al treatment was greater than that
of ANa7007 (Al tolerant). The root length and surface
area of both cultivars decreased in the presence of Al,
independent of the presence of Si (Table 1). Moreover,
Al increased the root diameter only in the cultivar
Maravilha, which is susceptible to Al toxicity.

In the Si-only treatment, the lengths of the fine and
medium roots were greater in ANa7007 than in
Maravilha, whereas no differences in the lengths of the
fine and medium roots were observed between the cul-
tivars in the Al treatments (Table 1). The root diameter
of ANa7007 was not significantly affected by Al, and
because this cultivar is Al tolerant, it exhibited shorter
thick roots than did the cultivar Maravilha in the Al
treatments (Table 1).

Silicon accumulated in the upland rice plant shoots to
higher levels in the treatments that received Si, regard-
less of the presence of Al in the solution (Table 2). In the
roots, the Si concentration and accumulation were af-
fected by the C x Si-Al interactions. In both cultivars,
the root Si concentrations were higher when Si and Al
were supplied together. In the Si and Al treatments, root
accumulation of Si was lower in ANa7007 than in
Maravilha; however, in both cultivars, root Si accumu-
lation in the presence of Al was lower than in the control
treatment. In the whole plant, Si accumulation did not
differ between the cultivars, with more Si accumulating
in the treatments that included Si, regardless of the
presence of Al in the solution.

The Al concentrations in both the shoots and roots
and Al accumulation in the roots were affected by the C
x Si-Al interactions; however, Al accumulation in the
shoots was only affected by the different Si and Al
treatments (Table 2). In the Al-only treatments, the Al-
tolerant cultivar (ANa7007) showed lower Al concen-
trations in the shoots than the susceptible cultivar
(Maravilha) but did not exhibit lower Al accumulation.
However, in both cultivars, the Al concentrations in the
shoots were only higher under treatment with Al alone,

whereas in the combined Si and Al treatments, the shoot
Al concentration decreased. Although Si decreased the
shoot Al concentrations in both cultivars, only
Maravilha exhibited decreased Al accumulation in the
shoots under the Al and Si treatments.

Independent of the Si supply, the presence of Al in
the solution caused ANa7007 (Al tolerant) to exhibit
higher root Al concentrations, although it accumulated
less Al in the roots than the susceptible cultivar because
of its lower root DM production (Tables 1 and 2).

In the whole plant, the accumulation of Al was influ-
enced by the C x Si-Al interactions (Table 2). The Al-
tolerant cultivar (ANa7007) only accumulated less Al
than the susceptible cultivar (Maravilha) under treat-
ment with Al alone, whereas supplying Si in the solution
only decreased the accumulation of Al in the susceptible
cultivar. In the Al-tolerant cultivar, the presence of Si in
the solution did not decrease the accumulation of Al in
the shoots, roots or whole plant. However, in the pres-
ence of Al, the addition of Si increased the shoot DM of
this cultivar (Tables 1 and 2).

In both cultivars, Si was taken up from the solution at
a higher rate in the treatments without Al, and after 10—
12 h, the Si uptake rate remained constant, with Si
concentrations below 20 umol L' being observed in
the solution (Fig. 1a and b). By contrast, in the treat-
ments with Al, although the rate of Si uptake was
reduced, after 10 h, the concentration in the solution
was higher than 60 pmol L™

The kinetic parameters of Si uptake were affected by
the C x Si-Al interactions (Table 3). In the control and
combined Si-Al treatments, ANa7007 exhibited higher
Si Imax values than Maravilha. For both cultivars, the Si
Imax in the control treatment was 1.5 times higher on
average than in the Si-only treatment and 2.2 times
higher than in the treatments with Al.

In the presence of Al, the Si Km and Cmin values
differed between the cultivars, with higher values being
observed in ANa7007 under the Al-only treatment and
in Maravilha under combined Si and Al treatment
(Table 3).

The rate of Al uptake from the solution was low in
the first 10 h and then remained relatively stable (Fig. 1).
The kinetic parameters of Al uptake were affected by the
C x Si-Al interactions (Table 3). The cultivar Maravilha
(Al susceptible) exhibited a higher Al Imax than
ANa7007 in the treatments without Al during the initial
plant growth stage. However, in the Al-susceptible cul-
tivar, Al Imax was lower in the control treatment and in
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Table 2 Concentration and accumulation of silicon (Si) and aluminum (Al) in plant tissues and whole plants of upland rice cultivars grown
under different conditions of silicon (Si) and aluminum (Al) inclusion in a nutrient solution. The results of an analysis of variance are shown

Cultivar Si and Al conditions Source of variation
Control +Si +Al +Si + Al c® Si-Al C x Si-Al

Shoot Si concentration (g kg ')
Maravilha 8.9b 36.9a 9.3b 38.1a 0.862 <0.001 0.996
ANa7007 8.9b 37.0a 9.0b 37.7a

Root Si concentration (g kg ™)
Maravilha 47" 5.0' 43b 6.2% 0.017 <0.001 0.008
ANa7007 4.0b 4.2b 5.0a 5.3a

Shoot Si accumulation (mg pot 1)
Maravilha 102b 435a 94b 444a 0.041 <0.001 0.537
ANa7007 112b 472a 101b 493a

Root Si accumulation (mg pot ')
Maravilha 29a 28ab 17¢c 25" <0.001 <0.001 0.008
ANa7007 26a 27a 15b 15b

Whole-plant Si accum. (mg pot ')
Maravilha 132b 462a 112b 469a 0.076 <0.001 0.603
ANa7007 138b 499a 116b 508a

Shoot Al concentration (g kg ")
Maravilha 0.06¢ 0.08¢c 0.41%a 0.29b 0.013 <0.001 0.024
ANa7007 0.07¢ 0.05¢ 0.34a 0.28b

Root Al concentration (g kg ")
Maravilha 0.26b 0.28b 2.06"a 1.92%a 0.002 <0.001 0.006
ANa7007 0.28b 0.25b 2.28a 2.43a

Shoot Al accumulation (mg pot ')
Maravilha 0.72¢ 0.98¢ 4.22a 3.46b 0.812 <0.001 0.214
ANa7007 0.97b 0.67b 3.86a 3.74a

Root Al accumulation (mg pot ")
Maravilha 1.70b 1.58b 8.21"a 7.86"a 0.001 <0.001 0.003
ANa7007 1.84b 1.62b 6.61a 6.85a

Whole-plant Al accum. (mg pot ')
Maravilha 2.42c 2.56¢ 12.44%a 11.33b 0.003 <0.001 0.002
ANa7007 2.81b 2.30b 10.48a 10.59a

T Significant difference between the upland rice cultivars under the same Si and Al supply condition; mean values followed by the same
letters in the rows are not significantly different at P < 0.05 according to the LSD test

M ¢, cultivar; Si-Al, Si and Al supply conditions; C x Si-Al, interactions of cultivar x Si and Al supply conditions

the treatments with Al than in the Si-only treatment,
regardless of the presence of Si in the combined Si-Al
treatment. In the Al-tolerant cultivar, the Al Imax was
only reduced in the control treatment.

In the control treatment, the Al Km and Cmin values
were lower in ANa7007 than in Maravilha. Under treat-
ment with Si or Al alone or with the combination of Si
and Al, the Km values did not differ markedly between
the cultivars, and in the Al-tolerant cultivar, the Al Km
was lower in the control treatment than in the Si-only or
combined Si and Al treatments. In the susceptible

@ Springer

cultivar Maravilha, the Cmin was lower in the Si-only
treatment and higher in the Al-only and combined Si-Al
treatments; however, both cultivars showed increased
Al Cmin in the treatments that included Al during the
initial growth stage.

Discussion

The higher shoot DM production observed in the Si-Al
treatment compared with the treatment with Al alone
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Fig. 1 Siand Al depletion in nutrient solution by upland rice cultivars ANa7007 (a and ¢) and Maravilha (b and d) grown under different
conditions of silicon (Si) and aluminum (Al) inclusion in a nutrient solution

(without Si) and the similar DM production between the
Si-Al and control treatments indicate that Si mitigated
Al toxicity and increased and/or maintained shoot DM
production. Regarding root DM, the higher value re-
corded in the Al-susceptible cultivar than in the Al-
tolerant cultivar occurred due to greater root damage in
the Al-susceptible cultivar, which presented thicker,
heavier roots (Table 1) because Al toxicity induces an
increase in root thickness (Zobel et al. 2007). In general,
Si promoted increased growth only in the shoots of the
plants, especially under Al stress conditions, resulting in
higher whole-plant DM production. Other studies (e.g.,
in peanut (Shen et al. 2014) and rice plants (Singh et al.
2011)) also demonstrated that for plants grown in the
presence of Al, Si increases the shoot growth.

The decrease in the DM shoot and root production
in the Al treatments, in addition to being directly
influenced by the Al toxic activity, can also suffer

from the influence of interactions of Al and P in the
nutrient solution and inside the plant, decreasing the
use of this nutrient by the plant (Gaume et al. 2001;
Liao et al. 2006).

The greater root length and surface area observed
in the Si-only treatment of the Al-tolerant cultivar
occurred because there is an increase in root produc-
tion (root DM) (Table 1). On the other hand, the root
surface area of the Al-susceptible cultivar was greater
than that of the Al-tolerant cultivar because the roots
of the susceptible cultivar, Maravilha, increased in
diameter under Al toxicity, whereas this did not occur
in the Al-tolerant cultivar (Table 1).

The decreases in the root length and surface area of
both cultivars in the presence of Al demonstrate that Si
did not decrease the stress caused by Al in the roots,
where the primary toxic action of Al occurs (Zhang et al.
2007). Furthermore, Al increased root diameter only in
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Table 3 Kinetic parameters of silicon (Si) and aluminum (Al) uptake by upland rice cultivars grown under different conditions of silicon
(Si) and aluminum (Al) inclusion in a nutrient solution. The results of an analysis of variance are shown

Cultivar Si and Al conditions Source of variation

Control +Si +Al +Si + Al c® Si-Al C x Si-Al
Si - Imax (umol cm > h ™' 107%)
Maravilha 13.7%a 10.9b 7.1¢ 467d <0.001 <0.001 0.019
ANa7007 18.1a 10.7b 8.8bc 8.2¢
Si- Km (umol L)
Maravilha 40c¢ 39¢ 53" 63%a 0.143 <0.001 <0.001
ANa7007 37c 40c 58a 52b
Si - Cmin (umol L")
Maravilha 5.2¢ 49¢ 24.6'b 41.8% 0.002 <0.001 <0.001
ANa7007 3.4d 5.8¢ 34.9a 25.7b
Al - Imax (umol cm ™ h™" 107%)
Maravilha 3.0™b 3.9%a 2.8b 2.6b 0.040 0.007 0.002
ANa7007 1.5b 2.8a 3.0a 3.2a
Al - Km (umol LY
Maravilha 188"a 189a 192a 189a 0.180 0.021 0.017
ANa7007 180b 192a 186ab 192a
Al - Cmin (pmol LY
Maravilha 1817b 176%c 189Ta 186a 0.344 <0.001 0.002
ANa7007 176¢ 182b 184ab 187a

T Significant difference between the upland rice cultivars under the same Si and Al supply condition; mean values followed by the same
letters in the rows are not significantly different at P < 0.05 according to the LSD test

M ¢, cultivar; Si-Al, Si and Al supply conditions; C x Si-Al, interactions of cultivar x Si and Al supply conditions

the cultivar Maravilha, demonstrating that upland rice
cultivars that are tolerant to Al (such as ANa7007)
continue to produce fine roots even under conditions
of Al toxicity. Although Si did not mitigate the toxic
effects of Al on root growth in the upland rice plants in
this study, research has shown that Si may increase root
growth under conditions of Al toxicity in rice plants
(Rahman et al. 1998; Giongo and Bohnen 2011; Singh
etal. 2011) and corn (Wang et al. 2004), and it may even
decrease the root diameter of peanut plants grown under
Al stress (Shen et al. 2014).

The results demonstrate that the cultivar ANa7007
produced greater quantities of fine roots when grown in
the presence of Si without Al. Si is known to have a
more pronounced effect on plants under stress (Ma and
Takahashi 2002), and it primarily accumulates in the
plant shoots, where it exerts its effect (Ma and Yamaji
2006). Moreover, the effects of Si on root growth are
poorly understood; however, our results indicate that
even in the absence of abiotic stress, Si may have a
beneficial influence on the root growth of upland rice
plants. The results also demonstrate that in the cultivar
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Maravilha (Al susceptible), the Al supply promoted
greater damage to the root system, thereby causing an
increase in the length of thick roots. Thicker roots show
a reduced capacity for water and nutrient uptake from
the soil compared with medium and fine roots (Taiz and
Zeiger 2013).

The finding of greater Si accumulation in the shoots
even in the treatments that received Al indicates that Al
did not decrease the transport of Si to plant shoots. In the
whole plant, the observation that more Si accumulated
in the treatments that included Si, regardless of the
presence of Al, demonstrates that Al did not alter the
uptake of Si or significantly affect the quantity of Si that
accumulated in the shoots and the whole plant (Table 2).

The finding that the decrease in the shoot Al concen-
tration was mediated by Si demonstrates that the pres-
ence of Si in the solution decreased Al translocation to
the shoots, which contributed to the increase in plant
shoot DM compared with that in the Al treatment
(Table 1). According to Cocker et al. (1998) and
Vazquez et al. (1999), the Si added to the solution may
interact with Al, make it non-toxic to the plant and



Plant Soil (2017) 420:263-275

271

decrease Al translocation to the shoot, thereby alleviat-
ing its toxicity in the plant shoots, which was confirmed
in our study.

The increased concentration of Al in the roots of
tolerant cultivars (e.g., ANa7007) is a strategy ex-
hibited by the plant to inactivate or store the Al in
a non-toxic form in the roots and to translocate less
Al to the shoots, thereby decreasing the Al toxicity
to the plant (Kochian 1995; Matsumoto 2000;
Barceldo and Poschenrieder 2002; Ma and
Furukawa 2003). The presence of Si in the solution
did not reduce the root Al concentration and accu-
mulation in the treatments in which Al was present,
and similar results were observed for the root DM
(Tables 1 and 2).

In the whole plant, the Si decreased Al accumulation
only in the susceptible cultivar, indicating that the Si-
induced mitigation of Al toxicity was more evident in
the Al-susceptible cultivar and that the main effect of Si
was related to a reduction of Al transport and shoot
accumulation (Singh et al. 2011; Shen et al. 2014).

The higher Si uptake observed in the treatments
without Al demonstrates a lower capacity for Si uptake
in the plants grown under Al toxicity.

Our findings indicate that Al decreased Si uptake by
negatively affecting root morphology and physiology
(Tables 1 and 3). Aluminum toxicity alters the plasma
membrane permeability (Kochian 1995; Ahn et al.
2001; Yamamoto et al. 2001), thereby modifying the
fluidity of lipids because of the electrostatic connection,
which is induced by Al in the polar regions of phospha-
tidylcholine (Rengel 1996; Justino et al. 2006). Because
Al toxicity affects the root growth, it also affects the
nutrient uptake. These effects were also observed in
sorghum plants in which Al modified the kinetic con-
stants of root P uptake, thereby decreasing the uptake of
P (Pereira et al. 2008).

The reduced Imax values caused by Al must be
related to damage to the Si transporters and less
activity of the genes responsible for Si signaling
(Lsil) (Ma et al. 2004, 2006, 2007) because these
genes act in the root exodermis and endoderm, where
Al produces the most damage. Because rice is a Si-
accumulating plant, Si plays an important role in its
growth (Ma and Takahashi 2002). Thus, the higher Si
Imax value in the control plants indicates that plants
grown without Si that were subsequently supplied
with this element (Table 3) increase their Imax to
maintain their internal balance of Si.

Both cultivars experienced increased Si Km and
Cmin values in the presence of Al, demonstrating that
Al in the solution decreased the affinity of the Si trans-
porter system in the roots (Km) as well as the plant Si
uptake capacity, since in the presence of Al in the
solution, the plants ceased the Si uptake despite high
Si availability in the solution (>Cmin) (Table 3). This
result was likely caused by Al-induced structural dam-
age to the roots (Kochian et al. 2004). Moreover, these
findings demonstrate that for a plant to maintain Si
uptake in the presence of Al, the Si availability in the
solution must be approximately 6.6 times higher than in
the absence of Al, since in the treatments without Al
(control and +Si), the Cmin of both cultivars averaged
4.8, whereas in the treatments with Al (+Al and +Si +
Al) the Cmin values averaged 31.8 (Table 3). The Al-
induced structural damage to the roots also negatively
affects water and nutrient uptake by the plants (Mistro
et al. 2001; Mendonga et al. 2003), as observed in this
study, in which Al increased the Si Cmin, thereby re-
ducing the plants Si uptake capacity.

The finding that the Al-tolerant cultivar showed low-
er Si Km and Cmin values in the treatments involving Si
than in the Al-only treatments indicates that in this
cultivar, the supply of Si in the solution alleviated Al
toxicity in the roots, maintained a higher Si transporter
affinity and supported the Si uptake capacity.

Aluminum uptake was irregular in both cultivars
(Fig. Ic and d), indicating that during growth, the upland
rice plants utilize protection mechanisms to prevent the
uptake of Al from the nutrient solution (Kochian et al.
2005). The rate of Al uptake from the solution was low
in the first 10 h and then remained relatively constant;
therefore, the rate of Al depletion from the solution was
always lower in the treatments with Al because these
treatments promoted restricted root growth.

Our results indicate that in both cultivars, the supply
of Si did not reduce the Al uptake rate (Imax) in the
plants, although Si mediated a significant reduction of
Al transport to the plant shoots in the Al-susceptible
cultivar (Maravilha), thereby promoting lower Al accu-
mulation in the shoots and the whole plant (Tables 2 and
3). In the literature, two hypotheses have been postulat-
ed regarding the mediation of Al toxicity by Si. The first
is related to interactions that occur inside the plant
(Hodson and Evans 1995; Corrales et al. 1997; Cocker
etal. 1998; Neumam and Nieden 2001; Kidd et al. 2001;
Liang et al. 2007), such as that shown in this work. The
second hypothesis is related to interactions between Si
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and Al in the soil solution (Ma et al. 1997) and the
complexing of Al into non-toxic forms, which was not
observed in this study because the Al-tolerant cultivar
accumulated the same quantities of Al in the treatments
with and without Si (Table 2).

The lower values of Al Km and Cmin observed in the
cultivar ANa7007 than in the cultivar Maravilha in the
control treatment show that although the Al-tolerant
cultivar may exhibit a higher efficiency of Al trans-
porters in its roots (lower Km and Cmin), it has a low
Al Imax, indicating that the Al transport system in the
roots is efficient but that the Al uptake rate is low due to
the lower number of specific transporters for Al uptake
in the roots (Table 3), resulting in a slight Al depletion in
the nutrient solution (Fig. 1). In rice plants, these Al
transporters in the root system have been identified (e.g.,
Nratl - Nramp aluminum transporter), and it has been
observed that in root tips of Al-tolerant rice accessions,
the level of Nratl expression and the levels of Al in the
cell sap were higher, whereas the Al levels in the cell
wall were lower (Li et al. 2014) as well as the reports of
Simdes et al. (2012) and Xia et al. (2010). Negishi et al.
(2012) reported that the expression level of PM Al
transporter (PALT1) and the vacuolar Al transporter
(VALT) regulate Al tolerance and sensitivity in
Arabidopsis. Those findings obtained led to the sugges-
tion that Nratl plays a role in partitioning Al between
the rice root cell wall and symplasm as an Al resistance
mechanism (Li et al. 2014).

The reduced Al Cmin in the Al treatments indicates
that this ion toxicity reduced the root growth and also
reduced the root uptake surface area, which also re-
duced the capacity of the plants to take up Al from the
solution.

Conclusions

Aluminum decreased plant growth and the Si uptake
capacity by decreasing the root growth and Si transport
system efficiency in the upland rice roots (> Km and >
Cmin). The addition of Si mitigated the Al toxicity in
upland rice plants by decreasing the Al transport to the
plant shoots, although it did not reduce the Al uptake
rate (Imax). The addition of Si increased the growth of
the upland rice plant shoots grown in the presence of Al
but did not influence the root growth. The alleviation of
Al toxicity by Si was more evident in the susceptible
cultivar Maravilha.
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