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Replacing biosilicon and biocarbon in soil via biochar amendment is a novel approach for soil
amelioration and pollution remediation. The unique roles of silicon (Si)-rich biochar in aluminum (Al)
phytotoxicity alleviation have not been discovered. In this study, the alleviation of Al phytotoxicity

to wheat plants (root tips cell death) by biochars fabricated from rice straw pyrolyzed at 400 and

700°C (RS400 and RS700) and the feedstock (RS100) were studied using a slurry system containing
typical acidic soils for a 15-day exposure experiment. The distributions of Al and Si in the slurry
solution, soil and plant root tissue were monitored by staining methods, chemical extractions and
SEM-EDS observations. We found that the biological sourced silicon in biochars served dual roles in Al
phytotoxicity alleviation in acidic soil slurry. On one hand, the Si particles reduced the amount of soil
exchangeable Al and prevented the migration of Al to the plant. More importantly, the Si released from
biochars synchronously absorbed by the plants and coordinated with Al to form Al-Si compounds in the
epidermis of wheat roots, which is a new mechanism for Al phytotoxicity alleviation in acidic soil slurry
by biochar amendment. In addition, the steady release of Si from the rice straw-derived biochars was a
sustainable Si source for aluminosilicate reconstruction in acidic soil.

Soil amendment by adding biochar is a novel and practical approach which may replace biosilicon and biocarbon
for soil amelioration and pollution remediation'~8. Biochar produced during the pyrolysis of biomass has received
increasing attention as a novel material for contaminated soil remediation®*?, carbon sequestration'*>¢1%, N,O
emission reduction'>', and an electron shuttle for chemical or biochemical reactions'>'*. Generally, biochar is
long-standing in soil and thus considered as a feasible material for long-term carbon fixation">*!%15, By contrast
to carbon fixation, the highly soluble ash and inorganic ions in biochar can easily leach out”!¢. An increasing
number of studies have shown that the inorganic components in biochar, e.g., Fe, P, Ca and Si, played crucial roles
in the immobilization of heavy metals'’~2. Therefore, the fate of the inorganic ions in biochar may affect the soil
pollutant removal and the long-term function of biochar in the environment!>162,

Soil acidification has received increasing attention because of its seriously adverse effects to plants and envi-
ronment. Unfortunately, the acidic soil occupies approximately 40% of the world’s arable land and is extending
everyday®'-24. Typically, desilicification is the primary reason of soil acidification. In addition, many arable lands
in the world suffer from silicon depletion and aluminum toxicity, particularly acidic soil**-?’. The application of
biochar amendment to the amelioration of acidic soil has prompted concerns***?°. Based on 103 independent sta-
tistical analysis studies, Liu ef al. have demonstrated that the crop productivity was increased by 30% with biochar
application to acidic soils (pH < 5)*. Aluminum (Al) toxicity is a main factor limiting plant productivity in acidic
soils; therefore, the Al phytotoxicity alleviation is considered as a key process for acidic soil amelioration?”*.
Recently, Chen and co-workers initially demonstrated that biochar amendments effectively reduced Al phytotox-
icity due to the biochar’s liming effect and adsorption properties* and that the surface adsorption and coprecipi-
tation of Al with silicate particles to fix Al in soil**. However, the unique roles of silicon (Si)-rich biochar in the
long-term alleviation of Al phytotoxicity have not been discovered. The existence of “Terra preta” in the Amazon
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Figure 1. Effects of acidic soil slurry (oxisol), rice straw biomass (RS100), and biochars (RS400 and RS700) on
wheat seedling growth (a), root and shoot dry weight (b), root tip cell death (c) and Al distribution on the root
tip (d). The first three numbers in the sample names represent the pyrolysis temperatures, and the last number
represents the amendment sample percentage.

and similar char-amendment soils elsewhere in the world provide important examples of the long-term acid soil
amelioration by biochar®*2 The loss of Si during soil acidification by aluminosilicate decomposition is the pri-
mary cause of Al toxicity. Rice straw contains approximately 10-20% Si, which is an ideal feedstock for the prepa-
ration of Si-rich biochars'>***4. A recent study has indicated that the Si release from rice straw-derived biochars
could be a sustainable Si source®. The transformation, morphology and dissolution of Si in rice straw-derived
biochars were highly dependent on the pyrolytic temperature®. The dissolution of Si in the biochars increased
with the increasing pyrolytic temperature (up to 700°C). Below 700 °C, Si in biochars is mainly in the amorphous
phase!>?33_ Therefore, the effects of released biosilicon from different biochars to Al toxicity alleviation in acidic
soil require further elucidation.

In this study, the alleviation of Al phytotoxicity to wheat plants (root tips cell death and root elongation) by
rice straw-derived biochars pyrolyzed at 400 and 700 °C (RS400 and RS700) was investigated using a slurry system
containing typical acidic soils (oxisol) in a 15-day exposure experiment. Meanwhile, the Al and Si distributions in
the soil, water, and plant root tips were monitored using hematoxylin and morin staining, a chemical extraction
method, and scanning electron microscopy. A novel alleviation mechanism of Al phytotoxicity by released biosil-
icon from biochar is proposed for the sustainable application of biochars.

Results and Discussion

Effects of biochar amendment on plant growth and root elongation. The plant growth as well as
the weight of the root and shoot tissues of wheat seedlings exposed to oxisol slurry with and without the presence
of biomass (RS100) and biochars (RS400 and RS700) are presented in Fig. 1a,b. After the 15 d exposure exper-
iment, the root elongation of wheat was significantly inhibited by the oxisol amendment, and the weight of the
wheat root was only 100 mg/10 plants for the oxisol slurry without biochar or biomass amendment (Fig. 1b).
Crop growth restriction is a common phenomenon caused by oxisol®, which is related to the phytotoxicity of Al
released from oxisol®. After adding 1% rice straw (RS$1001), the weight of the wheat roots increased to 127 mg/10
plants, and the weight of the shoot increased from 326 mg/10 plants (oxisol) to 400 mg/10 plants (RS1001). The
increased weight of root and shoot could be attributed to the nutrition provided by the added rice straw. This
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result is consistent with the previous report revealing that rice straw can promote the crop growth®**”. When the
amount of rice straw was increased to 5%, the root and shoot length were not further increased as compared with
RS1001. When the rice straw-derived biochars were added to the oxisol slurry, the wheat growth was significantly
improved. After the addition of 1% RS400, a significant elongation of the wheat root was observed (Fig. 1a), the
root dry weight reached 156 mg/10 plants, and the shoot dry weight increased to 426 mg/10 plants, indicating a
significant growth promotion by RS4001 addition. When the addition amount of RS400 was increased to 5%, the
elongation of the wheat roots was further promoted (Fig. 1a), and the weight of the roots and shoot increased to
249mg/10 plants and 476 mg/10 plants, respectively. These observations suggested that RS400 was effective for
the alleviation of the root growth inhibition by oxisol, and the plant growth was promoted with the increase of
the biochar addition. The amendment of RS700 at 1% and 5% showed a similar trend to that of RS400, which
confirmed that biochars can be used as effective materials to ameliorate the plant root growth inhibition in acidic
soil, such as oxisol.

Alleviation effects of biochar amendment on wheat root tip cell death. The integrity of the root
tip plasma membrane after 15 d of exposure to oxisol slurry were evaluated by the Evans blue staining approach.
The death of the root cell in the wheat root tips with and without the presence of biomass and biochar is shown in
Fig. 1c. The root cell death was clearly observed in oxisol slurry, and the biomass (rice straw) amendment could
not alleviate the wheat root cell death. Al toxicity is a primary factor limiting plant growth in acidic soils, and the
root tips are the main target sites of the dissolved Al**. Delisle et al. have reported that Evans blue will display a
strong adsorption when the root tips were destroyed by Al toxicity®. Interestingly, after biochar amendment, the
root tips cell death were significantly reduced, which indicated that biochar can alleviate Al phytotoxicity to the
root tips in an acidic slurry. The distribution of Al in the wheat root tips observed by the hematoxylin staining
(Fig. 1d) confirmed that the root tips cell death were caused by the Al toxicity. As shown in Fig. 1d, when the root
tips were treated by oxisol, a light purple coloration was observed, indicating that an Al complex was formed; and
a deeper purple coloration was observed after RS1005 treatment, confirming that more Al complex was formed.
In order to confirm that the root cell death and Al distribution of wheat seedlings was representative, another
group of their staining results were provided in Figure S1. This phenomenon was correlated to the measured Al
concentrations in the root tips (Fig. 1c). Without biochar amendment, the wheat root tips contained a substantial
amount of Al, and the root tips cell growth were deformed. A previous study has reported that hematoxylin could
form a complex with Al, and the hematoxylin content increased as the Al concentration increased®. After the
biochar amendment, the Al distribution in the wheat root tips was significantly decreased. The amendment of
biomass and biochar to oxisol exhibited different effects on the alleviation of Al phytotoxicity**!. The amendment
of biomass showed only a slight effect on Al phytotoxicity alleviation, while the addition of biochar effectively
alleviated the Al phytotoxicity of oxisol.

To further understand the Al phytotoxicity alleviation by biochar, the Al migration in the system containing
the oxisol slurry and the plant was studied. The soil exchangeable Al, Al concentration in solution and Al content
in the wheat root tips were measured (Fig. 2). The soil exchangeable Al content represents the available Al that
may be toxic to the plants. The addition of rice straw and biochars reduced the soil exchangeable Al, which was
consistent with a previous study*. Notably, amendment of 5% biochar significantly reduced the soil exchangeable
Al After the addition of 5% RS400, the soil exchangeable Al concentration reduced to 61.3 mg/kg soil, which was
only 10% that of oxisol (572 mg/kg). Although the pH of R§1005, RS4001 and RS4005 treatments were all around
5.5, the exchangeable Al concentrations were 368, 530 and 61.3 mg/kg, respectively, indicating the available Al
was decreasing with the increased amount of biochar.

After applying 5% of RS700, the exchangeable Al concentration in the soil was only 1.09 mg/kg soil. Obviously,
the amendment of 5% biochar can significantly reduce the soil exchangeable Al. The changes in Al concentrations
in the slurry solution before and after biochar amendment displayed a trend different to the soil exchangeable Al
concentration. After the addition of RS1001, RS4001, RS4005 and RS7001, the Al concentration in the solution
was significantly decreased (Fig. 2b), but both RS7005 and RS1005 did not decrease the Al concentration in the
solution. Although the Al concentrations were high for the treatment of RS7005, the solution pH was increased
to 7.0, and the primary Al species was AI(OH),~, which has a low toxicity to plants®. The liming effect of biochar
could elevate the soil pH, thus alleviating the Al phytotoxicity®.

In Fig. 2, the solution pH value was significantly increased, especially after the amendment of RS700. The
solution pH was approximately 5.5 with the addition of RS400, and the Al concentration in the solution was lower
than 10 pg/L. Remarkably, the solution pH of RS1005 was also around 5.5, but the Al concentration in the solution
was increased to 41.9 ug/L. Reasonably, the lower Al concentration of RS400 was primarily due to the Al adsorp-
tion by biochar. The soil exchangeable Al and solution Al concentrations were lowered after biochar amendment,
and the liming effect and Al adsorption contributed to the Al phytotoxicity alleviation?. Previous report has
proved that the biochar was effective for Al adsorption, and the maximum adsorption capacity of RS400 reached
up to 398 pmol/g, which is about three times higher than that of the rice straw (131 pmol/g)*. The Al adsorption
amount of biochar (RS400) was also higher than that of kaolinite (about 250 pmol/g)*.

The Al concentration decreased by biochar amendment was confirmed by the results of the Al concentration in
the root tips. Without the addition of rice straw and biochar, the Al concentration in the root tips was 39.1 mg/kg
fresh root. With 1% RS100 amendment, the Al content in the root tips was 26.4 mg/kg fresh root, which was
lower than that of oxisol, indicating that the rice straw can alleviate Al toxicity to a certain extent. However, the Al
content in the root tips was obviously increased to 128 mg/kg fresh root with the 5% RS100 amendment. The pri-
mary reason for this result was that the high amount of RS100 promoted the dissolution of Al and then increased
the Al accumulation in the plant root. Previous studies have shown that dissolved organic matters in soil can
elevate the availability of metals*’. By contrast, the addition of biochar (RS400 and RS700) significantly lowered
the Al concentration in the root tips. For the amendment treatments of RS4001, RS4005, RS7001 and RS7005,
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Figure 2. Effects of acidic soil slurry (oxisol), rice straw biomass (RS100), and biochars (RS400 and RS700) on
the Al contents in exchangeable Al in oxisol (a), culture solution (b), the root tips (c¢) and pH change (d).

the Al concentrations in the root tips were 9.91, 8.30, 3.95 and 4.36 mg/kg fresh root, respectively. Obviously, the
addition of biochar can significantly reduce the root uptake of Al. Plant growth is the premise for its absorption
of other mineral nutrients (such as Si), then significantly reduced the Al content of root. Plant growth also helps
alleviate Al toxicity inside the plants via synthesis of Al-Si compounds in vivo, which will be elucidated below.

Effects of biochar amendment on the root cross-section structure and Al distribution.  The
effect of biochar on the cross-section structure of the wheat root is presented in Fig. 3. The root cross-section
structures of wheat exposed in the treatments of oxisol and RS1005 were damaged. Meanwhile, the root tips with-
out the meristematic zone indicated that the root tips stopped growing. After amendment of biochar (RS400 and
RS700), the root tips cells grew well with the meristematic zone. The in-situ Al distribution in the cross-section of
different root lengths with morin staining is also presented in Fig. 3.

Without biochar, as the distance increases from near the root tips to far away from the root tips, the high Al
accumulation in the root tips transfers from the epidermis to the column. Al accumulation in certain areas was
higher than in the part around the root tips, which was the evidence of cell damage. The RS1005 showed the same
trends as oxisol. After the addition of biochars (RS400 and RS700), the integrity of the root tips was recovered
and grew well. However, surprisingly, the Al concentrations on the cross-section of the root tips ranging from
0-1200 pm were significantly higher than those of the treatment without biochar amendment. Then, as the dis-
tance from the root tips increased, the Al concentrations gradually decreased. Furthermore, the Al distribution
on the cross-section of the epidermis was relatively low, while the Al accumulation in the column was relatively
high. These observations demonstrated that with biochar amendment, Al penetrates the root tips as the plant
grows, but the Al phytotoxicity was significantly alleviated. This contradictory result cannot be explained by
the short-term alleviation mechanisms, such as biochar’s liming effect and adsorption properties®. Noting that
the root tips of RS1005 by haematoxylin staining were positively identified Al (Fig. 1d), while in Fig. 3 Morin
fluorescence shows the least Al. This distinct observation is attributed to the difference of haematoxylin staining
and morin staining methods monitoring the Al distribution in the different locations of root tips cells*’. The hae-
matoxylin staining was developed to probe Al in the cell wall and vacuole of plant root tissues, while the morin
staining was used to probe Al in the cytoplasm. As the root tips of RS1005 without meristematic zone, the Al
mainly concentrated on cell wall, so the haematoxylin staining (Fig. 1d) showed high Al concentrations existed.

SCIENTIFIC REPORTS | 6:29346 | DOI: 10.1038/srep29346 4



Distance from
root tip (um): 0- 200 200-400 400-600 600-800 800-1000 1000-1200

O .' 0PN :

Epidermis
N\
A

Column

Figure 3. Effect of acidic soil slurry (oxisol), rice straw (RS100), and biochars (RS400, RS700) on the root
structure (SEM, left-hand side) and the in-situ Al distribution of the cross-section of the root tips with
different lengths (right-hand side). Note that the Al distribution on the cross-section of the epidermis was
relatively low, while the Al accumulation in the column was relatively high.

Novel alleviation mechanisms of Al phytotoxicity in oxisol by biochar. To discover alleviation
mechanisms of Al phytotoxicity from inside of the plant, the elemental mappings of the root tips cross-section
without and with biochar amendment were studied by SEM-EDS (see Figs 4 and 5). The root tip cross-section
was rich in C and O as well as other nutrition elements such as Ca, K, Na, and Mg. Among the treatments of
oxisol, R§100 and RS400, the composition of C and O showed a strong consistency, which is primarily because
the root is composed of hydrocarbons. Interestingly, after RS400 amendment, the nutrition elements including
Ca, K, Na, and Mg in the root tips increased, especially Ca. Previous studies have shown that Al can inhibit Ca
uptake in the plant roots*:. Al and Si were also determined. Among the treatments of oxisol, RS100 and RS400,
the Al and Si distribution maps exhibited a strong consistency with the amendment of RS400, i.e., colocalization
of Aland Si. In order to confirm that this phenomenon was representative, two additional groups of the elemental
mapping of the root tips (oxisol and RS400) were provide in Figure S2. Furthermore, the concentrations of Al
and Si were high in the root epidermis because of the possible formation of the alumina-silica compound by Al
and Si in the root tip epidermis. Because the rice straw biochar contained a substantial amount of Si components,
obvious Si dissolution was probable when rice straw-derived biochar was added to the soil. Recent studies have
reported that a high amount of Si was released from rice straw-derived biochar®?. In addition, the formation of
the alumina-silica compound in the solution and in the plant root tips has been reported*~*%. Exley and cow-
orkers first demonstrated that the formation of hydroxyaluminosilicate (HAS) limited the biological availability
of Al*, and the inorganic chemistry of HAS and their role in the biogeochemical cycle of Al was excellently
elucidated**8%. Similarly, the intracellular Si-Al biointeraction and nanometer-scale colocalized of Si and Al via
elemental mapping were used to illustrate the avoidance of Al toxicity in freshwater snails®.

Based on the spectral scan shown in Fig. 5, the root tip epidermis was rich in C, O, Ca, Si, and Al in which the
C, O, and Ca in this area are uniformly distributed, and the distribution of Al and Si was consistent. Therefore,
this result confirmed the formation of the Al-Si compound in the root tips. The Al-Si compound is an important
part of the soil. Previous reports have shown that volcano ash contained substantial amounts of Si, and the ash
deposition process easily formed the Al silicate compound with Al thus reducing the Al toxicity to plants*.
Jugdaohsingh et al. reported that small colloidal silica particles avidly binds Al, in the form of aluminosilicates,
thus reducing its availability*é. Hodson et al. have observed through X-ray microanalysis that Al and Si coexist
in the Norway spruce root epidermal cells, and this may be the mechanism by which Si alleviates Al toxicity to
sorghum roots®»,

After the 15 d cultivation experiment in this study, the presence of oxisol significantly inhibited the growth
of the wheat roots. A substantial number of wheat root tip cells died in the oxisol treatment, and the root cell
stopped differentiating, which are common symptoms consistent with Al toxicity to plants®*>*. Using Evans blue
and hematoxylin staining, the area of root cell death and Al distribution were highly consistent, which confirmed
that Al toxicity was the factor for the inhibition of root growth. Note that the addition of rice straw (RS100) and
biochars (RS400 and RS700) showed substantial differences in Al toxicity alleviation in wheat roots. With RS100
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Figure 4. Effect of acidic soil slurry (oxisol), rice straw (RS100), and biochars (RS400) on the elemental
mapping of the root tips. The elemental mapping was derived from the line scan of SEM-EDS.

amendment, Al toxicity in wheat roots was not significantly alleviated, and the toxicity effect was even aggravated
when the added amount of RS100 increased. This result may be attributed to the release of the dissolved organic
matter from the RS100 amendment, thus enhancing the migration of Al to the roots. The enhanced mobility of
the contaminants by dissolved soil organic matter has been widely reported®. Therefore, the traditional method
of returning rice straw to the field for soil nutrients can increase the risk of Al transfer to plants.

After the addition of biochars, the root inhibition by oxisol was alleviated. However, the morin staining and
the SEM-EDS characterization found that Al was accumulated in the root tips after the RS400 amendment. A
further observation showed that the Al and Si colocalized at a specific site in the root tissue. To support the role
of dissolved biosilicon from rice straw-derived biochar in the alleviation of Al phytotoxicity, the soil soluble Si
contents were determined after the addition of RS100, RS400 and RS700 to the oxisol slurry (Fig. 6). The soil
soluble Si content was significantly increased by RS7005, RS4005 and RS7001, which suggested that the rice
straw biochars functioned as a carbon-rich and a Si-rich material. The Si contents of rice straw-derived biochars
increased with the pyrolytic temperatures and the speciation of Si in biochars was dominated by amorphous Si
at the pyrolytic temperature less than 700 °C?-*, Furthermore, higher temperature would also remove organic
(carbon) matter and make Si more available/labile. The soluble Si content in the slurry increased in the order of
RS700 > RS400 > RS100, and a similar trend was observed for the soil available Si. The content of the available Si
dominated the Si availability to plants. Without the RS100 and biochars amendment, the Si content in the root
tips was only 33.6 mg/g fresh root. After the addition of 1% RS100, RS400 and RS700, the Si contents in the root
tips were 105, 144 and 125 mg/g fresh root, respectively. When the addition amount of biomass and biochars
increased to 5%, the Si contents in the root tips reached up to 63.1, 263 and 698 mg/g fresh root with the amend-
ment of RS100, RS400 and RS700, respectively. The biochar amendment significantly increased the soil soluble
Si and available Si, thus enhancing the absorption of Si by the wheat root. The Si and Al can produce a stable
complex in the plant root tips, thus alleviating Al toxicity®>*%. The effects of other environmental factors, such as
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Figure 5. SEM-EDS of the elemental distribution of the cross-section of the root tips exposed to oxisol
slurry in the presence of biochars (R$400 and RS700).
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Figure 6. Effect of acidic soil slurry (oxisol), rice straw (RS100), and biochars (RS400 and RS700) on soil
soluble Si (a), soil available Si (b), Si in the slurry solution (c) and wheat root tips (d).
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Figure 7. Alleviation mechanisms of Al phytotoxicity using biochar amendment with short-term effects
and long-term effects.

dissolved organic carbon, the other elements (e.g., Fe, P, and Ca) and the Si cycle in the ecosystem, on Al phyto-
toxicity alleviation via biochar amendment should be investigated in the future.

Environmental implications.  Siand Al are the second and third most abundant elements of the Earth’s
crust after oxygen. In general, they are stable in the soil in the form of aluminosilicate mineral. In acidic environ-
ments, the primary process is desilicification (Fig. 7). In fact, Al accumulation and the leaching loss of Si during
soil acidification processes occur simultaneously, which leads to many arable lands in the world suffer from Si
depletion and Al toxicity. Therefore, amendment of Si could be a potential way to reconstruct aluminosilicate
compound with Al thus to alleviate Al phytotoxicity and further fundamentally solve the problem of soil acid-
ification. The current study showed that the biosilicon of rice straw biochars serves a dual role for Al phytotox-
icity alleviation in acidic soil slurry by reducing the solution Al concentration because of Si particles within the
biochar and promoting the formation of the Al-Si compound in the plant root tissue (Fig. 7). Reduction of the
soil exchangeable Al concentration by adsorption of biochar is a short-term alleviation mechanism for Al phyto-
toxicity, while the novel alleviation mechanism via the formation of Al-Si compounds in the epidermis of wheat
roots should be a long-term effect (Fig. 7). Furthermore, the high amount and slow release of biosilicon from rice
straw biochars could be a potentially sustainable Si source for aluminosilicate reconstruction in acidic soil and
plant tissue. These findings prompt further studies regarding the potential of high-Si biochar amendment for the
resistance to chemical weathering and for ameliorating soil acidification and Al phytotoxicity. This process may be
part of the reason for the formation of the Terra Preta soils in the Amazon over the 2500-year period.

Materials and Methods

Preparation of biochars. Rice straw (RS) was collected as precursory biomass material because returning
the straw to the field is a common practice in China. The biochars were prepared by charring RS at varying tem-
peratures; details on sample preparations are reported elsewhere?. Biochars produced at 400, and 700 °C are here
labeled respectively as RS400, and RS700. The biomass dried at 100 °C (RS100) was used a precursory feedstock.
The biomass and biochars were passed through a 0.154 mm sieve prior to use. Samples were analyzed for their
elements (Na, K, Ca, Mg and Si), Fourier transform infrared spectroscopy, scanning electron microscopy spectra
and X-ray Diffraction in our previous report!®?>33,

Plant growth and cultivation in oxisol slurry.  For high sensitivity of wheat to Al toxicity, the wheat of
Yangmai 12 was used in the experiment. The germination and plant growth were treated according to a previous
report?. After approximately 4 days of culturing in hydroponic solution without Al or oxisol soil, the plants having
aroot of approximately 5 cm were selected for the exposure experiment. The experiment was evaluated through a
soil slurry system, which was conducted in a 500 mL polypropylene cup that contained 500 mL distilled—deionized
water and 10 g oxisol. Thirty plants (10 plants in triplicate) were prepared for each treatment and the plants were
randomly assigned to each treatment group.

To determine the effects of rice straw (RS100) and biochars (RS400 and RS700) on plant growth, the addi-
tion of 1% and 5% rice straw or biochars to the oxisol was performed. In most field studies, biochar amendment
dosages about 0-2.7% (0-10t/ha) and 2.7-8.1% (10-30t/ha) were selected®®. Thus the representative biochar
concentrations (1% and 5%) in this study was reasonable to explain the benefits of biochar. Correspondingly,
the exposure experiment system in which rice straw and biochar samples were amended are hereafter referred
to as RS1001 and RS1005, RS4001 and RS4005, RS7001 and RS7005, respectively. The soil slurry without rice
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straw and biochars is referred as oxisol. A basal ratio of N:P:K of approximately 150:40:47 mg/kg of oxisol in
the forms of CO(NH,), and KH,PO, was initially supplied. After 15 d of cultivation, the wheat seedlings were
harvested for measurement of the root and shoot weight, as well as the cell death of the root tips. Cell death was
measured spectrophotometrically as the uptake of Evans blue to monitor the loss of plasma membrane integrity*.
The experiments were replicated 10 times for each treatment to make the cell death results more representative.
The supernatant of the slurry was filtered through a 0.22 pm pore-size Millipore filter for Al and Si determination.
The supernatant concentrations of Al and Si were determined by a Perkin Elmer Analyst 700 atomic adsorption
spectrometer equipped with a HGA-800 graphite furnace (PE700, USA). The wavelengths used for Si and Al
were 251.6 nm and 309.3 nm, respectively, and the individual standard material used for Si and Al was Na,SiO;
and AICl;. Finally, the residual solid was vacuum-dried and passed through a 0.154 mm sieve before its use in
the exchangeable Al, soluble Si and available Si determination. The data obtained was statistically analysed by the
SPSS software, version 19 (SPSS Inc., Chicago, USA). Data of root and shoot weight, Al and Si concentrations
were analyzed using a one-way analysis of variance (ANOVA) with least significant difference (LSD) post hoc test.
The error bars are standard deviation, and the figures were labeled with statistical significance signs (e.g., a,b,c) in
the bars after the statistical tests.

Distributions of Al and Si in a cross-sectional sample of root tips. After 15 d of cultivation, the
wheat roots were washed with distilled—deionized water to remove surface impurities. Then, the root tips
(approximately 1 cm) of ten plants from each treatment was cut with a knife, placed in a centrifuge tube with
distilled water and washed again. Simultaneously, the agar solution was prepared by the addition of 3.00 g agar
in 100 mL distilled water. After mixing and heating in the microwave until completely dissolved, the solution
was cooled to 60-70°C and poured into a petri dish. Then, the prewashed root tips was carefully transferred
with tweezers to the agar dish and completely submerged by agar. After the agar solidified, the agar with the root
tips was then sliced with a vibrating slicer (Leica-VT1000s). The slice was 200 pm thick. Then, the sample was
freeze-dried for scanning electron microscopy-energy dispersive spectrometry (SEM-EDS, FEI Quanta 3D FEG)
characterization to monitor the distribution of Al and Si. Meanwhile, the Al distributions of the cross-section in
the wheat root tips by morin staining were determined by a modified method®. The root tip cross-sectional slices
were placed in 5 mmol/L ammonium acetate buffer solution (pH 5.0) and washed for 10 min, then the root tissue
was transferred to the solution containing 5 mmol/L ammonium acetate buffer and 100 pmol/L morin (pH 5.0)
for staining for 1h. After rinsing with 5mmol/L ammonium acetate buffer solution (pH 5.0) for 10 min, the Al
distribution on the root tip cross-sectional slices was observed using a laser scanning confocal microscope (LSM
710, Zeiss) with an excitation wavelength of 420 nm and an emission wavelength of 510 nm. The Al and Si distri-
butions by SEM-EDS and the Al distribution by morin staining of cross-section of the root tips were replicated
10 times for each treatment.

Al determination. Al concentrations in the root tips, soil exchangeable Al and Al distribution of wheat
root by qualitative staining were determined. (i) Al in the root tips was determined using a modified method®*.
After 15 d of cultivation, the wheat root tips (1 cm) were cut with a knife, then washed with 0.5 mmol/L CaCl,
(pH 4.5) three times. The root tip was transferred into 1.5mL centrifuge tubes containing 1 mL of 2 mol/L HCI
and extracted for 24 h. Then, the supernatant was filtered through a 0.22 um pore-size Millipore filter for Al deter-
mination. (ii) Soil exchangeable Al was determined by the KCl extraction method*. The concentration of KCl was
1 mol/L, and the soil-to-liquid ratio was 1:10. After mixing the soil and the KCI solution, the mixture was agitated
on a reciprocating shaker at 120 rpm for 30 minutes. After the 30-minute centrifugation, the supernatant was
filtered through a 0.22 um pore-size Millipore filter for Al determination. The sample was extracted twice. Then
the supernatant Al after extracted from root tips and soil were determined by a Perkin Elmer Analyst 700 atomic
adsorption spectrometer equipped with a HGA-800 graphite furnace (PE700, USA). The wavelengths used for
Al was 309.3 nm, the individual standard material used for Al was AICl,, the analytical blanks was 0.2% HCI, and
each analytical was triplicated. (iii) Al distribution in the wheat root was determined by qualitative staining®’.
After cultivation for 15d, the root tissue was washed for 30 minutes in distilled water to remove the residual nutri-
ent, and then the 1-cm root tip was cut and stained in 0.2% hematoxylin and 0.02% KI solution for 30 minutes.
Then, the root tissues were washed with distilled water for 30 minutes to remove the residual hematoxylin. The
stained root tips were directly photographed using a microscope (Eclipse E600, Melville, NY, USA).

Si determination. The Siin the root tips (1 cm) was determined after cultivation for 15d. The root tip was
washed three times with 0.5 mmol/L CaCl, (pH 4.5) and extracted for 24 h in the 1 mol/L HCl and 2.3 mol/L HF
(1:2, V/V) solution. The supernatant was filtered through a 0.22 um pore-size Millipore filter for Si determination.
The total Si concentration was determined using atomic adsorption spectrometer. Meanwhile, the soil soluble
Si and soil available Si were measured according to the reported method?. Briefly, the soluble Si was extracted
using 0.02 mol/L CaCl, and the available Si was extracted using the 1 mol/L HAc-NaAc (pH = 4.0) buffer method.
After extraction, the supernatant concentration of Si was determined by the Perkin Elmer Analyst 700 atomic
adsorption spectrometer equipped with a HGA-800 graphite furnace. The wavelengths used for Si was 251.6 nm,
the individual standard material used for Si was Na,SiO3, the analytical blanks was 0.2% HCI, and each analytical
was triplicated.

References
1. Lehmann, J. A handful of carbon. Nature 447, 143-144 (2007).
2. Chen, B., Zhou, D. & Zhu, L. Transitional adsorption and partition of nonpolar and polar aromatic contaminants by biochars of pine
needles with different pyrolytic temperatures. Environ. Sci. Technol. 42, 5137-5143 (2008).
3. Marris, E. Putting the carbon back: Black is the new green. Nature 442, 624-626 (2006).

SCIENTIFIC REPORTS | 6:29346 | DOI: 10.1038/srep29346 9



www.nature.com/scientificreports/

1521

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.
. Guo, J. et al. Significant acidification in major chinese croplands. Science 327, 1008-1010 (2010).
"
25.
26.
27.
28.

29.

30.
. Downie, A. et al. Terra Preta Australis: Reassessing the carbon storage capacity of temperate soils. Agric. Ecosyst. Environ. 140,

32.
33.

34.
35.

36.
37.
38.

39.
. Uchimiya, M. & Bannon, D. Solubility of lead and copper in biochar-amended small arms range soils: Influence of soil organic

41.

42.
43.

44.

45.

46.

47.

. Qian, L., Chen, B. & Hu, D. Effective alleviation of aluminum phytotoxicity by manure-derived biochar. Environ. Sci. Technol. 47,

2737-2745 (2013).

. Woolf, D. et al. Sustainable biochar to mitigate global climate change. Nature Commun. 1, 56 (2010).
. Mao, J. et al. Abundant and stable char residues in soils: implications for soil fertility and carbon sequestration. Environ. Sci. Technol.

46, 9571-9576 (2012).

. Silber, A., Levkovitch, I. & Graber, E. pH-dependent mineral release and surface properties of cornstraw biochar: Agronomic

implications. Environ. Sci. Technol. 44, 9318-9323 (2010).

. Yao, E. et al. Simulated geochemical weathering of a mineral ash-rich biochar in a modified soxhlet reactor. Chemosphere 80,

724-732 (2010).

. Xiao, X., Chen, Z. & Chen, B. H/C Atomic ratio as a smart linkage between pyrolytic temperatures, aromatic clusters and sorption

properties of biochars derived from diverse precursory materials. Scientific Reports, 6, 22644 (2016).

Singh, B. P. & Cowie, A. L. Long-term influence of biochar on native organic carbon mineralisation in a low-carbon clayey soil.
Scientific Reports 4, 3687 (2014).

Quin, P. et al. Lowering N,O emissions from soils using eucalypt biochar: the importance of redox reactions. Scientific Reports 5,
16773 (2015).

Cayuela, M. L. et al. Biochar and denitrification in soils: When, how much and why does biochar reduce N,O emissions? Scientific
Reports 3, 1732 (2013).

Yu, L. et al. Biochar as an electron shuttle for reductive dechlorination of pentachlorophenol by Geobacter sulfurreducens. Scientific
Reports 5, 16221 (2015).

Chen, S. et al. Promoting interspecies electron transfer with biochar. Scientific Reports 4, 5019 (2014).

Guo, J. & Chen, B. Insights on the molecular mechanism for the recalcitrance of biochars: Interactive effects of carbon and silicon
components. Environ. Sci. Technol. 48,9103-9112 (2014).

Qian, L. & Chen B. Interactions of aluminum with biochars and oxidized biochars: Implications for the biochar aging process. J.
Agric. Food Chem. 62, 373-380 (2014).

Cao, X., Ma, L., Gao, B. & Harris, W. Dairy-manure derived biochar effectively sorbs lead and atrazine. Environ. Sci. Technol. 43,
3285-3291 (2009).

Chen, B., Chen, Z. & Ly, S. A novel magnetic biochar efficiently sorbs organic pollutants and phosphate. Bioresour. Technol. 102,
716-723 (2011).

Li, F et al. Effects of mineral additives on biochar formation: Carbon retention, stability, and properties. Environ. Sci. Technol. 48,
11211-11217 (2014).

Xu, Y. & Chen, B. Organic carbon and inorganic silicon speciation in rice-bran-derived biochars affect its capacity to adsorb
cadmium in solution. J. Soil. Sedi. 15, 60-70 (2015).

Vonuexkull, H. & Mutert, E. Global extent, development and economic-impact of acid soils. Plant Soil 171, 1-15 (1995).

Zhang, F, Chen, X. & Vitousek, P. An experiment for the world. Nature 497, 33-35 (2013).

Yang, Y. et al. Significant soil acidification across northern China’s grasslands during 1980s-2000s. Global Change Biol. 18,
2292-2300 (2012).

Lou, G. & Huang, P. Hydroxy-aluminosilicate interlayers in montmorillonite-implications for acidic environments. Nature 335,
625-627 (1988).

Cronan, C. & Schofield, C. Aluminum leaching response to acid precipitation-effects on high-elevation watersheds in the northeast.
Science 204, 304-306 (1979).

Ehrlich, H., Demadis, K., Pokrovsky, O. & Koutsoukos, P. Modern views on desilicification: Biosilica and abiotic silica dissolution in
natural and artificial environments. Chem. Rev. 110, 4656-4689 (2010).

Liu, X. et al. Biochar’s effect on crop productivity and the dependence on experimental conditions-A meta-analysis of literature data.
Plant Soil 373, 583-594 (2013).

Qian, L. & Chen, B. Dual role of biochars as adsorbents for aluminum: The effects of oxygen-containing organic components and
the scattering of silicate particles. Environ. Sci. Technol. 47, 8759-8768 (2013).

Foy, C., Chaney, R. & White, M. Physiology of metal toxicity in plants. Annu Rev. Plant Phys. 29, 511-566 (1978).

137-147 (2011).

Glaser, B. & Birk, J. State of the scientific knowledge on properties and genesis of Anthropogenic Dark Earths in Central Amazonia
(terra preta de indio). Geochim. Cosmochim. Acta. 82, 39-51 (2012).

Xiao, X., Chen, B. & Zhu, L. Transformation, morphology and dissolution of silicon and carbon in rice straw-derived biochars under
different pyrolytic temperatures. Environ. Sci. Technol. 48, 3411-3419 (2014).

Liu, H. et al. The effects of leaching methods on the combustion characteristics of rice straw. Biomass Bioenerg. 49, 22-27 (2013).
Van Zwieten, L. et al. Effects of biochar from slow pyrolysis of paper mill waste on agronomic performance and soil fertility. Plant
Soil 327, 235-246 (2010).

Lehmann, J. et al. Nutrient availability and leaching in an archaeological anthrosol and a ferralsol of the central Amazon basin:
fertilizer, manure and charcoal amendments. Plant Soil 249, 343-357 (2003).

Haynes, R. & Mokolobate, M. Amelioration of Al toxicity and P deficiency in acid soils by additions of organic residues: A critical
review of the phenomenon and the mechanisms involved. Nutr. Cycl. Agroecosys. 59, 47-63 (2001).

Delisle, G., Champoux, M. & Houde, M. Characterization of oxalate oxidase and cell death in Al-sensitive and tolerant wheat roots.
Plant Cell Physiol. 42, 324-333 (2001).

Radmer, L. et al. Aluminum resistance mechanisms in oat (Avena sativa L.). Plant Soil 351, 121-134 (2012).

carbon and pH. J. Agric. Food Chem. 61,7679-7688 (2013).

Yuan, J., Xu, R., Qian, W. & Wang, R. Comparison of the ameliorating effects on an acidic ultisol between four crop straws and their
biochars. J. Soil. Sedi. 11, 741-750 (2011).

Rao, F. et al. Stability of kaolinite dispersions in the presence of sodium and aluminum ions. Appl. Clay Sci. 51, 38-42 (2011).
Huang, C., Yamaji, N., Chen, Z. & Ma, J. A tonoplast-localized half-size abc transporter is required for internal detoxification of
aluminum in rice. Plant J. 69, 857-867 (2012).

Rengel, Z. & Zhang, W. Role of dynamics of intracellular calcium in aluminium-toxicity syndrome. New Phytol. 159, 295-314
(2003).

Yagasaki, Y., Mulder, J. & Okazaki, M. Comparing the activity of aluminum in two B horizons developed from volcanic ash deposits
in Japan, dominated by short-range ordered aluminosilicates and crystalline clay minerals, respectively. Geochim. Cosmochim Acta.
70, 147-163 (2006).

Jugdaohsingh, R., Brown, A., Dietzel, M. & Powell, J. High-aluminum-affinity silica is a nanoparticle that seeds secondary
aluminosilicate formation. Plos One 8, €84397 (2013).

Exley, C., Schnedier, C. & Doucet, J. The reaction of aluminium with silicic acid in acidic solution: an important mechanism in
controlling the biological availalability of aluminium. Coord. Chem. Rev. 228, 127-135 (2002).

SCIENTIFIC REPORTS | 6:29346 | DOI: 10.1038/srep29346 10



www.nature.com/scientificreports/

48. Exley, C. Reflections upon and recent insight into the mechanism of formation of hydroxyaluminosilicates and the therapeutic
potential of silicic acid. Coord. Chem. Rev. 256, 82-88 (2012).

49. Birchall, J. D., Exley, C., Chappell, J. S. & Phillips, M. J. Acute toxicity of aluminium to fish eliminated in silicon-rich acid waters.
Nature 338, 146-148 (1989).

50. Exley, C. A biogeochemical cycle for aluminium. J. Inorg. Biochem. 97, 1-7 (2003).

51. White, K. N. et al. Avoidance of aluminum toxicity in freshwater snails involves intracellular silicon-alumium biointeraction.
Environ. Sci. Technol. 42,2189-2194 (2008).

52. Hodson, M. & Wilkins, D. Localization of aluminum in the roots of Norway spruce (Picea abies L. Karst) inoculated with Paxillus
involutus Fr. New Phytol. 118, 273-278 (1991).

53. Hodson, M. & Sangster, A. The interaction between silicon and aluminum in Sorghum bicolor (L.) Moench-growth analysis and
X-ray-microanalysis. Ann. Bot. 72, 389-400 (1993).

54. Wang, Y., Stass, A. & Horst, W. Apoplastic binding of aluminum is involved in silicon-induced amelioration of aluminum toxicity in
maize. Plant Physiol. 136, 3762-3770 (2004).

55. Tice, K., Parker, D. & Demason, D. Operationally defined apoplastic and symplastic aluminum fractions in root tips of aluminum-
intoxicated wheat. Plant physiol. 100, 309-318 (1992).

56. Osawa, H. & Matsumoto, H. Possible involvement of protein phosphorylation in aluminum-responsive malate efflux from wheat
root apex. Plant Physiol. 126, 411-420 (2001).

57. Polle, E., Konzak, C. & Kittrick, J. Visual detection of aluminum tolerance levels in wheat by hematoxylin staining of seedling roots.
Crop Sci. 18, 823-827 (1978).

Acknowledgements

This project was supported by the National Science Foundation for Distinguished Young Scholars of China (Grant
21425730), the National Natural Science Foundation of China (Grants 21507138 and 21277120), and the National
High-Tech Research and Development Program of China (Grant 2012AA06A203).

Author Contributions
B.C. obtained funding and support the research. L.Q. conducted the experiments. L.Q. and B.C. analyzed the data
and prepared the manuscript. L.Q., B.C. and M.C. discussed the results and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Qian, L. et al. Novel Alleviation Mechanisms of Aluminum Phytotoxicity via Released
Biosilicon from Rice Straw-Derived Biochars. Sci. Rep. 6, 29346; doi: 10.1038/srep29346 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:29346 | DOI: 10.1038/srep29346 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Novel Alleviation Mechanisms of Aluminum Phytotoxicity via Released Biosilicon from Rice Straw-Derived Biochars

	Results and Discussion

	Effects of biochar amendment on plant growth and root elongation. 
	Alleviation effects of biochar amendment on wheat root tip cell death. 
	Effects of biochar amendment on the root cross-section structure and Al distribution. 
	Novel alleviation mechanisms of Al phytotoxicity in oxisol by biochar. 
	Environmental implications. 

	Materials and Methods

	Preparation of biochars. 
	Plant growth and cultivation in oxisol slurry. 
	Distributions of Al and Si in a cross-sectional sample of root tips. 
	Al determination. 
	Si determination. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Effects of acidic soil slurry (oxisol), rice straw biomass (RS100), and biochars (RS400 and RS700) on wheat seedling growth (a), root and shoot dry weight (b), root tip cell death (c) and Al distribution on the root tip (d).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Effects of acidic soil slurry (oxisol), rice straw biomass (RS100), and biochars (RS400 and RS700) on the Al contents in exchangeable Al in oxisol (a), culture solution (b), the root tips (c) and pH change (d).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effect of acidic soil slurry (oxisol), rice straw (RS100), and biochars (RS400, RS700) on the root structure (SEM, left-hand side) and the in-situ Al distribution of the cross-section of the root tips with different lengths (right-hand si
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Effect of acidic soil slurry (oxisol), rice straw (RS100), and biochars (RS400) on the elemental mapping of the root tips.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ SEM-EDS of the elemental distribution of the cross-section of the root tips exposed to oxisol slurry in the presence of biochars (RS400 and RS700).
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Effect of acidic soil slurry (oxisol), rice straw (RS100), and biochars (RS400 and RS700) on soil soluble Si (a), soil available Si (b), Si in the slurry solution (c) and wheat root tips (d).
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Alleviation mechanisms of Al phytotoxicity using biochar amendment with short-term effects and long-term effects.



 
    
       
          application/pdf
          
             
                Novel Alleviation Mechanisms of Aluminum Phytotoxicity via Released Biosilicon from Rice Straw-Derived Biochars
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29346
            
         
          
             
                Linbo Qian
                Baoliang Chen
                Mengfang Chen
            
         
          doi:10.1038/srep29346
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29346
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29346
            
         
      
       
          
          
          
             
                doi:10.1038/srep29346
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29346
            
         
          
          
      
       
       
          True
      
   




