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Abstract A pot experiment was carried out under greenhouse
conditions with canola plants growing in a mixture of quartz
(as the filling materials), glauconitic shale, and silicate dis-
solving bacteria. During a period of 180 days, pots were irri-
gated with K (+K) or without K (−K). At the end of the grow-
ing period, plants were harvested and their K uptake deter-
mined by flame photometer following dry ash extraction.
The clay-sized particles in each pot were studied by X-ray
diffractometer. Vermiculization of glauconite occurred with
both nutrient solutions. The intensity of the 14 Å peak in the
treatment with silicate dissolving bacteria and K-free nutrient
solution was higher than with the complete nutrient solution.
Under the treatment with silicate dissolving bacteria and K-
free nutrient solution the 14/10 Å peak ratio was 7.58 and it
was statistically different at 95 % level compared to the peaks
of the other treatments. Weathering of mica by K release from
mica interlayers and the formation of vermiculite were the
major process occurring in the rhizosphere. The results of
mineralogical studies are therefore in line with the findings

of greenhouse experiment both confirming that the application
of glauconite can be beneficial to plant mainly through K
release from mineral weathering even in a single growth
period.
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Introduction

The most important source of potassium in soil is aluminosil-
icates including feldspars, micas, illite, and vermiculite
(Sparks and Huang 1985). Potassium is present as soluble,
exchangeable, nonexchangeable, and structural form (Martin
and Sparks 1985). The content and type of clay minerals in
soil can affect the amount of nonexchangeable K (Jalali 2007),
which can supply 80–100 % of K to plants (Hinsinger 2002).
When the amount of exchangeable K reaches low levels be-
cause of K uptake by crops (Mclean and Watson 1985),
nonexchangeable K can be released from interlayer of mainly
mica in the clay fraction (Carey and Metherell 2003; Tributh
et al. 1987). Potassium-bearing minerals such as mica, K-feld-
spar, vermiculite, and illite serve as a great and a renewable K
reservoir (Barré et al. 2007; Steffens and Sparks 1997).

The rhizosphere is small and particular soil volume which
is characterized by fluxes and gradients of organic and inor-
ganic compounds. The chemical, physical, and biological
characteristics of rhizosphere depend on low and high molec-
ular weight substances released from roots (Mimmo et al.
2014). Low molecular weight exudates can represent an easy
accessible C source for microorganisms within the rhizo-
sphere (Pii et al. 2015a); roots also release mucilaginous ma-
terial (Khormali et al. 2015). Within the rhizosphere, there is
an intimate interaction between soil, plant roots, and
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microorganisms. Bacteria might feed on root exudates as well
as they can release organic compounds. On the other hand,
microorganisms can influence the nutrient mineralization and
nutrient speciation by modifying the rhizosphere properties
through the secretion of molecules with solubilizing, chelat-
ing, reducing, and/or oxidizing capacities.

The changes in micaceous minerals following cropping
and fertilization have been reported (e.g., Bakhshandeh et al.
2011; Hinsinger et al. 1992; Norouzi and Khademi 2010).
Hinsinger et al. (1992 and 1993) showed that in the rhizo-
sphere of rape (Brassica napus) and ryegrass (Lolium
multiflorum Lam.), trioctahedral mica (phlogopite) was the
sole source of K, with release of the interlayer K by rapid
weathering and its subsequent uptake by plants. The forma-
tion of vermiculite can be promoted by the formation of com-
plexes and production of acid compounds (Robert and
Berthelin 1986). In addition, mineralogical changes can hap-
pen because of decrease in K concentration in the soil solution
at the root surface as a result of plant uptake (Hinsinger and
Jaillard 1993). The root activity and organic matter decompo-
sition facilitated K release from trioctahedral mica (phlogo-
pite). The increased rhizosphere acidity produced vermiculite
and a minor quantity of smectite and hydroxyl-interlayered
vermiculite (HIV) (Naderizadeh et al. 2010). Khademi and
Arocena (2008) demonstrated that the addition of organic mat-
ter enhanced the formation of kaolinite from palygorskite in
the rhizosphere of alfalfa (Medicago sativa), barley (Hardeum
vulgare), and canola (B. napus).

Rhizobacteria communities have different effects on plant
growth. Some are taking advantage of root exudates as nour-
ishment without affecting plant (neutral interaction). In nega-
tive interactions, pathogenic bacteria have detrimental action
because of their attack to plants, while others have positive
effects on plant growth by colonizing the host and stimulating
plant growth. Their effect are indirect, i.e., acting as biocontrol
agents, or directly, i.e., enhancing nutrient acquisition (Pii
et al. 2015b).

Some soil microorganisms can solubilize unavailable
forms of K-bearing minerals such as micas and orthoclase
by decreasing pH, producing organic acids, and changing re-
dox potential (Badr 2006; Sheng and Huang 2002). Colombo
et al. (2013) studied the interaction of Fe minerals, plants, and
microorganisms and the factors influencing Fe availability,
such as redox processes, Fe complexation processes, and soil
pH. They demonstrated that microorganisms and plants can
bind and solubilize Fe by releasing siderophores and exudates
(e.g., phytosiderophores and flavonoids). Sheng and He
(2006) reported that solubilization of illite and feldspar by
microorganisms was due to the production of organic acids
like oxalic acid and tartaric acids and also due to production of
capsular polysaccharides help up in dissolution of minerals to
release potassium. Fang and Yan (2006) reported the positive
effect of Bacillus edaphicus on illite and feldspar weathering.

They observed that the concentration of potassium increased
by excreting polysaccharides and organic acids. Sugumaran
and Janarthanam (2007) showed that bacillus bacteria released
K and sillica from mica and orthoclase weathering.

Glauconite can be a source of K (Amorosia et al. 2007),
and it is present as sandstone in Golestan Province. Canola is
the major oil seed crop in the region and due to its high K
demand was considered as a suitable plant for this study.

The main objectives of this study were (1) to investigate the
effect of roots and silicate dissolving bacteria (SDB) on the
transformation of glauconite in the canola rhizosphere and (2)
to compare the ability of canola to extract structural K from
glauconite.

Materials and methods

Growth media and bacterial culture

A pot experiment was carried out under greenhouse condi-
tions. The experimental design was a completely randomized
2×2×2 factorial with three replicates. The treatments
consisted of nutrient solution (with or without K), with and
without SDB, and the 3 and 6-month growth periods.

Glauconitic shale was collected from Atamir formation in
Marave Tappe area of northeastern Golestan Province of Iran
as a part of the Koppet Daghmountain ranges. The glauconitic
shale was ground and sieved. The methods of Jackson (1975),
Kittrick and Hope (1963), and Mehra and Jackson (1960)
were used for removing the chemical cementing agents and
separating the clay fractions. The carbonates were removed by
1 N sodium acetate buffered at pH 5. Sodium acetate was
added until the disappearance of effervescence using 1 N
HCl (Jackson 1975).

After oxidation of organic matter by 30 % H2O2 at 80 °C,
iron oxides were removed with dithionate citrate bicarbonate
(Mehra and Jackson 1960), and the clay samples were sepa-
rated by sedimentation. To exclude the soluble and exchange-
able K, the exchangeable surface of glauconitic shale was
saturated with Ca by adding 1 N CaCl2. Saturated clays were
washed with distilled water for several times to remove the
excess CaCl2. Samples were then dried and used in the pot
experiment.

Quartz sand greater than 0.1 mm collected from Hamedan
Province was used as plant growth media. It was free of clay
minerals or other substances and consisted of almost pure
SiO2. Before it was used in pot experiment, it was first washed
in water three times to remove dust and trash, followed by
three times soaking in 0.5 M HCl, and finally, it was rinsed
with distilled water at least seven times until the pH became
neutral and then oven-dried. The elemental composition of
glauconitic shale and quartz sand were determined by X-ray
fluorescence.
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SDB (Bacillus spp.) used in this study were isolated from
soil samples by serial dilution plate count method using
Aleksandrov medium which is a selective medium. Agar me-
dium containing insoluble potassium-bearing mineral
(moscovite) was used for semiquantitative estimation of the
released K. The plates were incubated for 3 days, and the
isolates showing zone of solubilization on Aleksandrov agar
were further examined for quantitative estimation of K release
from broth media (supplemented with 1 % muscovite mica).
One milliliter of overnight culture of each isolate was inocu-
lated to 25 ml of Aleksandrov broth. All the inoculated flasks
were incubated for 2 weeks. The amount of released K in the
broth was estimated at 7, 15, and 20 days of incubation from
triplicate flasks at each stage in comparison with a set of un-
inoculated controls. The colonies of the best isolate were first
cultured in a nutrient broth medium and then incubated on
shaker for 48 h at 27 °C. After the medium became opaque,
they were centrifuged at 9391×g for 15 min to exclude the K
from medium and then thoroughly mixed with 9 g l−1 NaCl
solution. Finally, 1–2 ml of inocula (containing 1.0×107 cfu)
was applied to each pot.

Pot experiment and analyses

Pots were filled with a mixture of 20 g clay and 980 g of quartz
sand. For treatments with SDB, 1–2 ml of inoculated solution
was added. Four strile seeds of canola (B. napus) were put in
each pot and grown for 6 months under greenhouse condition.
All pots were irrigated with either distilled water or nutrient
solution as needed. The complete nutrient solution had the
following composition per liter: 5 ml 1 M Ca(NO3)2·4H2O;
2 ml 1MMgSO4·7H2O; 5 ml 1MKNO3; 1 ml 1MKH2PO4;
2.5 ml Fe EDDHA 6%; and 1 ml of trace elements containing
H3BO3 2.86 g l−1, MnCl2·4H2O 1.81 g l−1, ZnSO4·7H2O
0.22 g l−1, CuSO4·5H2O 0.08 g l−1, and H2MoO4·H2O
0.028 g l−1. The K-free nutrient solution was similar to the
complete nutrient one with no KNO3 and KH2PO4 but 25 ml
per liter of 0.05 M Ca(H2PO4)2·H2O (Stegner 2002).

At the end of the third months, just one plant per pot was
harvested in all pots and shoot biomass, K concentration and K
uptake were determined in all replicates. Also, the clay fraction
of the growth media surrounding the root was separated.

Plants were harvested after 6 months. Shoots were washed
and dried at 70 °C for 48 h. Roots were carefully washed to get
rid of quartz sand and clay particles and then dried at 70 °C for
48 h. Biomass was weighed and then ashed at 550 °C for 4 h.
The ashes were dissolved with 10 ml 2 N HCl, and K concen-
tration was measured by a flame photometer. Potassium up-
take in shoots and roots were calculated by multiplying the K
concentration (mg g−1) by dry mass (g pot−1). Total K uptake
by the plant was the sum of K uptake in shoots and roots.

At the end of the experiment, plants were uprooted and the
fine fraction attached to roots was the rhizosphere soil, which

was separated from quartz sand by water wash in on a 270-
mesh sieve. The separated suspension was air-dried. The min-
eralogy of the clay fraction of the rhizosphere soil was deter-
mined by X-ray diffraction (XRD) before and after plant
growth. For both K- and Mg-saturated samples, oriented
slides were prepared. The K-saturated samples were heated
at 550 °C and the Mg-saturated samples were solvated with
ethylene glycol (EG).

Oriented plates were analyzed at ambient temperature and
relative humidity with a D8 ADVANCE diffractometer (gen-
erated at 40 Kv and 30 mA), manufactured by Bruker AXS.
The net area of peak was used as an indicator to quantitatively
evaluate any mineralogical changes to glauconitic shale. It
was determined in the Mg-treated clay using Eva software
(Bruker D8 ADVANCED) following background subtraction
and noise removal.

Thin sections were prepared from rock samples and undis-
turbed samples after treatments using standard techniques and
examined by an Olympus BX51 polarized microscope both
under plain polarized and crossed polarized lights. Micromor-
phological descriptions were done according to Bullock et al.
(1985), Stoops (2003), and Stoops et al. (2010).

Statistical analysis

The analysis of variance was performed using SAS 9.1 soft-
ware. Mean values were compared by LSD test among differ-
ent treatments at 5 % probability levels.

Fig. 1 X-ray diffraction patterns of clay-sized glauconitic shale used in
the experiment without interaction with rhizosphere (Mg/air dried Mg
saturated and air dried, Mg Gly Mg saturated and glycerol solvated,
K/air dried K saturated and air dried, K 550 K saturated and 550 °C
heated)
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Results

The high purity of growth medium components of this study
was shown by X-ray fluorescence. The data shows that the
quartz sand did not contribute to K uptake by plants.

According to Fig. 1, chlorite, mica (glauconite), kaolinite,
and mixed layer mica-vermiculite were observed in the clay
fraction of glauconitic shale. The XRD patterns of Mg-
saturated sample before the experiment showed 11-Å peak
of low intensity, which is most probably attributed to mica-
vermiculite (Fig. 1). This peak remained in the Mg-Gly treat-
ment and shifted to 10 Å after K saturation. In our sample, first
order (001) and third order (003) peaks (10 and 3.33 Å) were
related to mica. The presence of the clear second-order peak of
5 Å is an indication of the dioctahedral mica (Fanning et al.
1989). The XRD pattern of glauconitic shale before the exper-
iment showed that the dominant minerals were mica
(glauconite) (>50 %), chlorite, and mica-vermiculite.

Thin sections prepared from Atamir formation have been
studied using polarized microscope. Glauconite appeared as
green color minerals with perfect cleavage and pleochroism
character in thin section (Fig. 2a, b); it is mainly formed from
marine diagenesis in the reducing environment. The whitish
quartz particles were the main constituents of the parent rock.

Litarenitic ferogineous feldspars and fine lime grains were the
main constituents of the Atamir formation. This glauconitic rock
consisted of 55–60 % quartz, 5–10 % feldspar, and 10–15 %
sedimentary grains. Fe oxides and carbonate were the main
cementing agents and accounted for 30–35 % of the sample.

The results showed that there were statistically significant
differences among SDB, nutrient solution (NS), and growth
period (GP) treatments in biomass production, K concentra-
tion, and K uptake. Moreover, interaction effects (NS×GP,
SDB×NS×GP) were significant for biomass, K concentra-
tion, and K uptake (Table 1).

The K content of canola seed was 12.1 g kg−1. Considering
the fact that in each pot, four seeds of canola were planted, the
amount of K originated from seeds was, therefore,
0.145 mg pot−1.

Under complete nutrient solution, a significant increase in
biomass occurred in the treatment with SDB after 6 months as
compared to the treatment without SDB (Fig. 3a).

A significant increase in the K concentration of plant oc-
curred in pots fed with a complete nutrient solution and con-
taining SDB after 3 months (Fig. 3b). With both nutrient so-
lutions, the K concentration decreased with time, suggesting
that the ability of glauconite to release K decreased with time,
especially in the K-free nutrient solution treatment. Plant

Fig. 2 Thin section images of the
glauconitic rock from Atamir
formation before the experiment
(a, PPL) (b, XPL) (PPL plain
polarized light, XPL crossed
polarized light)

Table 1 Analysis of variance for
plant biomass, K concentration,
and K uptake with or without
silicate dissolving bacteria, two
nutrient solution, and two growth
periods

Source of variation df Mean square

Plant biomass K concentration K uptake

Silicate dissolving bacteria (SDB) 1 7.73** 27.30** 199,582.33**

Nutrient solution (NS) 1 123.4** 29.04** 376,600.47**

Growth period (GP) 1 55.02** 0.06* 37,555.19**

SDB×NS 1 2.32** 6.00** 74,305.33**

SDB×GP 1 0.002n.s 0.42** 3176.92**

NS×GP 1 63.31** 0.54** 55,522.17**

SDB×NS×GP 1 0.44* 0.02n.s 9226.65**

Error 16 0.062 0.00044 177.3435

*and ** statistically significant at 0.05 and 0.01 levels of probability, respectively
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treated with SDB had greater and significant K concentration
than those without bacteria amendment (Table 1).

Under K-free nutrient solution, the highest K uptake was
obtained by plants treated with SDB after 3 months (Fig. 3c).
There were statistical differences among SDB, growth period,
and nutrient solution in K uptake (Table 1). No statistically
significant differences were found in K uptake in plants treat-
ed with K-free nutrient solutions and without SDB after 3 and
6 months, and the K deficiency symptoms were observed in
these treatments.

Glauconite weathering in rhizosphere

The 14 Å peak had a greater intensity in all treatments under
either –K or+K nutrient solution than in the control pot which

is mainly related to vermiculite (Fig. 4). Decreasing the 10 Å
peak and formation of 14 Å peak indicate the transformation
of glauconite, which was affected by SDB. There were statis-
tically significant differences in the ratios of net areas of 14 to
10 Å peaks between+B and –B treatment. This ratio may
indicate the weathering of glauconite to vermiculite, and it
was about 10 times higher in K-free nutrient solutions, the
containing SDB bacteria compared to control (7.58 vs 0.72).
In pots treated with both kinds of nutrient solution, the ratio
was significantly higher with SDB than without SDB. The 11-
Å peak in X-ray patterns indicates the formation of the inter-
stratified mica-vermiculite, which was present in the source
mineral. However X-ray studies confirm the increase in the
formation of this interstratified mineral mainly due to the ef-
fect of bacteria. The ratio of 11 to 10 Å showed a significant
increase in the formation of interstratified mica-vermiculite in
the treatment with SDB bacteria compared to control (~3 vs
0.5).

X-ray diffraction of Mg-saturated and ethylene glycol-
treated glauconitic shale and its weathering products under
different treatments are illustrated in Fig. 5. The 17-Å peak
appeared while the intensity of 14 Å peak was reduced in the
ethylene glycol-treated glauconitic shale incubated with both
kinds of nutrient solutions.

XRD patterns obtained for glauconitic shale and its
weathering products after 6 months of cropping under differ-
ent treatments are compared with those of the control in Fig. 6.
Reduction of the 10 Å peak and the formation of 14 Å peak
occurred.

Fig. 3 Mean values of canola dry matter (a), K concentration (b), and K
uptake (c) in different treatments and growth periods. Means are not
significantly different when followed by the same letter (P<0.05). (+B
with bacteria, +K complete nutrient solution, −B without bacteria, −K K-
free nutrient solution, 3 3-month growth period, 6 6-month growth period)

Fig. 4 XRD patterns of Mg-saturated glauconitic shale from the
rhizosphere of canola under different treatments after 3 months of
cultivation (+B with bacteria, +K complete nutrient solution, −B
without bacteria, −K K-free nutrient solution)
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The weathering of minerals and release of K could be due
to acidic environments of the rhizosphere produced by SDB
bacteria. The pH was determined in the leachates of pots after
30, 60, and 90 days. The pH was lower in treatments contain-
ing bacteria compared to control (7.1 vs 7.5). In addition, K
concentration determined in drainage water was also about
three times higher in the treatment with bacteria compared to
control (3 vs 1 mg l−1).

Table 2 shows the chemical composition of the clay frac-
tion of glauconitic shale before any treatment and after
6 months. The amount of K decreased in all treatments. This

decrease in K2O was minimum (0.2 %) in pots fed with a
complete nutrient solution and without bacteria and maximum
(1.16 %) in pots fed with a K-free nutrient solution and con-
taining bacteria.

Discussion

The XRF elemental analysis of quartz sand indicated that the
interlayer K of glauconitic shale was the sole K source for
plants growing in the K-free nutrient solution. Glauconitic
shale is a dioctahedral mica rich in Fe with the substitution
in both tetrahedral and octahedral layers. Glauconite can be
considered as Fe-rich variety of illite. According to the Tifac
(2001), Neyzar and Atamir formations are potential sources of
K (2–3 % K2O). According to the XRD patterns, the transfor-
mation of mica to vermiculite and formation of interstratified
mica-vermiculite were observed. The higher leaching condi-
tions and Al activity and the lower pH values are necessary to
remove K from mica interlayers and form vermiculte
(Khormali et al. 2012). Vermiculite probably contributed to
the 14 Å peaks more than smectite, since the abundance of
smectite was lower with than without bacteria. The more acid-
ic environment in the presence of bacteria could be responsi-
ble for the formation of vermiculite rather than smectite.
Hinsinger et al. (1993) showed that 1.5-mm roots of ryegrass
increased the release of K from phlogopite with transforma-
tion to vermiculite after 4 years. Bakhshandeh et al. (2011)
reported that the root and SDB activities released structural
Mg from palygorskite. Therefore, both plant roots and micro-
organisms of the rhizosphere soil have an important role in K
releasing and mineral weathering.

The acidic environment produced by microorganisms and
by root exudates caused the K release from micaceous min-
erals as already demonstrated by several authors (Mengel and
Uhlenbecker 1993; Moritsuka et al. 2004). Because nutrient
solubility is governed by soil pH, the acidification of the rhi-
zosphere through the release of organic acids and protons
plays an important role in weathering (Mimmo et al. 2014).
On the other hand, the concentration of nutrients is affected by
their complexation with organic compounds, and this may
release nutrients from mineral weathering (Terzano et al.
2014). Calvaruso et al. (2006) suggested that the weathering
of minerals depended on the bacterial strain and multiple-
strain inoculation can be less effective than a single strain
inoculation. The interlayer K can be released through cation
exchange (Ca2+, Mg2+, and Na+) (Moritsuka et al. 2004) or by
H+ releases by plasmalema H+ pump (Mengel and Schubert
1985) in the rhizosphere. The K concentration gradient due to
plant uptake may also release K from the nonexchangeable K.
Springob and Richter (1998) demonstrated that the release of
interlayer K in Luvisols occurred when the K concentration in
soil solution was below 3.5 μM, and they suggested that the

Fig. 6 XRD patterns of Mg-saturated glauconitic shale from the
rhizosphere of canola under different treatments after 6 months of
cultivation (+B with bacteria, +K complete nutrient solution, −B
without bacteria, −K K-free nutrient solution)

Fig. 5 XRD patterns of Mg-saturated (Mg) and ethylene glycol-solvated
(Mg-Eg) glauconitic shale and its likely weathering products after
3 months of cultivation (+B with bacteria, −B without bacteria)
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exudation of organic acids is not the main cause for making
nonexchangable K available to plants. In addition, plant roots
can also affect mineral weathering due to physical and/or bio-
chemical process. Plant roots induce the formation of

macropores and fragment minerals and thus increase the reac-
tive surface of minerals.

The role of SDB to increase the K andMg uptake by plants
was reported by Rogers and Bennett (2004). Styriakova et al.

Fig. 7 a, b Thin section images of glauconitic shale at the end of experiment (a, PPL) (b, XPL). c, d Cross section of canola roots in growth media (c,
PPL) (d, XPL) (PPL plain polarized light, XPL crossed polarized light)

Table 2 XRF elemental analyses
of the clay fraction before and
after the different treatments

(%) Clay before treat +B+K +B−K −B+K −B−K

SiO2 48.86 52.41 50.57 51.48 47.75

Al2O3 15.67 17.35 15.68 16.93 15.96

Fe2O3 12.85 9.75 12.96 10.51 14.65

CaO 1.24 0.77 0.87 0.89 0.96

Na2O 1.49 1.35 1.29 1.24 1.02

K2O 4.85 4.05 3.69 4.65 4.15

MgO 2.24 2.54 2.13 2.39 2.45

TiO2 1.321 0.989 1.212 0.968 1.452

MnO 0.035 0.032 0.031 0.038 0.043

P2O5 0.214 0.241 0.321 0.265 0.361

SO3 0.296 0.198 0.307 0.325 0.215

LOI (1050 °C, 1 h) 10.45 10.07 10.45 9.94 10.63

Total 99.51 99.75 99.51 99.26 99.64
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(2003) suggested that SDB also increased the rate of mineral
transformation under laboratory condition through several
mechanisms. For example, bacteria can accelerate the disso-
lution of silicate by producing organic ligands, such as acetate,
citrate, and oxalate (Badr et al. 2006; Sheng et al. 2003).

The release of the interlayer K by glauconite decreased
with time, probably due to shoots and roots aging, depletion
of interlayer K, and physical restrictions of root growth in a
small pot.

The rate of glauconite weathering in pots containing SDB
was significantly higher than that without bacteria, probably
because SDB together with plant activity significantly influ-
enced the rhizosphere pH (Bakhshandeh et al. 2011). The pH
of the rhizosphere was more acidic than the drained extracts,
and this provide high weathering environment (Khademi and
Arocena 2008). The colonization of the mineral surfaces and
production of strong organic acids and siderophores are pro-
cesses used by bacteria to obtain mineral nutrients (Bennett
et al. 2001; Rogers and Bennett 2004). The production of CO2

and organic acids as a result of organic matter decomposition
by microorganism can also increase rhizosphere acidity. The
main mechanisms in the dissolution of silicates by SDB bac-
teria are exudation of excess proton and organic ligands
(Barker et al. 1998; Vandevivere et al. 1994). Khayamim
et al. (2010) demonstrated that the vermiculization process
can be promoted by proton-exchange process. Marie-Pierre
et al. (2009) demonstrated that biological activity can signifi-
cantly influence the dissolution of Ca-bearing minerals such
as labradorite and apatite and the dissolution of these minerals
can occur under low Ca concentration. Balland-Bolou-Bi and
Poszwa (2012) reported that proton-promoted and ligand-
promoted were the two main biogeochemical mechanisms
involved in bacteria-mineral interactions under aerobic
conditions.

Thin section images of the glauconitic shale showed
weathering and transformation of this mineral as demonstrated
by the subhedral structure of this mineral and the decrease of
the optical property in both plain and cross polarized lights.

The K concentration and vermiculization in the treatment
with SDB and complete nutrient solution was much higher
than the other treatments, and probably, it was due to syner-
gistic effect of plant roots with SDB. Synergistic effect could
exist among exudates and also between exudates and nutrient,
and this might affect nutrient mobilization (Terzano et al.
2014), for example, under acidic condition, the synergistic
effect among organic acid was observed for Mn, while in
alkaline condition, it was observed for Si (Terzano et al.
2015).

In conclusion, the main processes responsible for the ob-
served effects were the following: (1) Root activity could frac-
ture minerals, and the increased reactive surface increased the
bacterial weathering (Barker et al. 1998) (Fig. 7c, d); (2) the
root development was stimulated due to the production of

growth phytohormones by bacteria with also effects on root
physiology (Gamalero et al. 2002). Pii et al. (2015b) demon-
strated that the alteration of root physiology may be due to
biotic and/or abiotic stresses (e.g., nutrient deficiencies and/or
toxicities); (3) the root exudates could indirectly affect the
production of the weathering metabolites by bacteria
(Grayston et al. 1996).

Further investigations are needed to understand the chang-
es in pH of canola rhizosphere and to determine how SDB
induce the transformation of minerals in the rhizosphere soil
and which organic acid has the major role in the weathering of
these minerals.
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