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Abstract: In the present study, the potassium-solubilizing characteristics of Bacillus aryabhattai SK1-7
and its growth-promoting effect on plants were evaluated to determine the biotechnological potential
of this bacterium in alleviating soil potassium deficiency. The potassium-solubilizing activity of
SK1-7 was determined by fermentation. Additionally, the fermentation broth was determined by
flame spectrophotometry. The aluminum and silicon ion contents in SK1-7 fermentation broth were
determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) after digestion
with nitric acid hydrogen peroxide hydrofluoric acid. Scanning electron microscopy (SEM)-based
observations were performed to assess the morphological changes in potassium feldspar surfaces
digested by potassium-solubilizing bacteria. In addition, the effects of SK1-7 on plant growth and soil
physical and chemical properties were analyzed. After incubation for 7 days in a potassium-solubilizing
medium, the concentration of potassium dissolved reached 10.8 µg/mL and the percentage of potassium
released was 32.6%. The pH rapidly decreased from 7.2 to 4.321 within the first day and then further
decreased to 3.90 after 7 days. After 7 days, the concentrations of aluminum and silicon in the
fermentation broth were 1.01 and 24.19 µg/mL, respectively. The growth promotion assay results
showed that SK1-7 has good growth-promoting effects on poplar and can effectively improve the
available potassium content in poplar rhizosphere soil. The SK1-7 strain can effectively dissolve
insoluble potassium to release soluble potassium ions and clearly promotes the growth of poplar after
being applied to soil. Thus, the SK1-7 strain is a potassium-solubilizing microorganism with good
application prospects.

Keywords: Bacillus aryabhattai; potassium-solubilizing bacteria (KSB); potassium-solubilizing
characteristics; growth-promoting characteristics

1. Introduction

Potassium (K) is an essential element for plant nutrition and plays an important role in the growth
and metabolism of plants. Potassium can improve cold, drought, and stress resistance and promote
photosynthesis in plants [1–4]. The potassium content (K2O) in general crops is 0.3% to 5% (dry weight),
which is equivalent to nitrogen and higher than phosphorus content. Although the soil in China is
rich in potassium, approximately 70% of cultivated land is deficient in potassium and approximately
45% of cultivated land is severely deficient in potassium. This deficiency results from more than 90%
of the potassium in soil being in a slow-release state within silicate-rich minerals, such as potassium
feldspar and mica, which cannot be directly absorbed and utilized by plants [5]. At present, China
primarily relies on the application of chemical potash fertilizer to increase available potassium in
potassium-deficient soil, but more than 90% of potash fertilizer is associated with various problems
such as an excessive dependence on imports, high cost, short supply, and severe pollution [6].
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Microbial fertilizer is a new type of biological fertilizer, developed in the past ten years,
that has the advantages of being safe, highly sustainable, and less environmentally polluting,
leading to this approach receiving increasing attention in agricultural and forestry production [7].
Potassium-solubilizing bacteria (KSB), also known as silicate bacteria, are a type of bacteria isolated
from soil and plant rhizospheres that can dissolve aluminosilicate and apatite minerals and transform
insoluble potassium, phosphorus, silicon, and other elements in soil into soluble forms, allowing these
bacteria to be used as microbial fertilizer [8–11]. Potassium-solubilizing bacteria can not only transform
potassium from insoluble into soluble forms that can be absorbed by plants in soil but also improve
plant biomass by improving the soil’s physical and chemical properties and secreting hormones that
promote plant growth [12].

Poplar (Populus spp.) is an important afforestation tree species with strong adaptability that
is easy to cultivate and has a high survival rate [13]. However, with the continuous expansion of
poplar plantation areas, many unreasonable practices are being implemented in the management
process, such as continuous cropping and excessive rotation cutting, causing a decline in forestland
quality that severely affects the healthy growth of poplar. With the decline of soil fertility in poplar
plantations, a deficient potassium supply is a prominent and universal problem [14,15]. In our previous
study, the potassium-solubilizing strain Bacillus aryabhattai SK1-7 was isolated from poplar rhizosphere
soil [16], and we found that the SK1-7 strain has a certain potassium-resolving ability; other phenotypes
of this strain, regarding the potassium-resolving process, have not been discussed in depth. However,
in this study, we measured the changes in the content of aluminum and silicon ions in the fermentation
broth and the dissolution effect on the surface morphology of potassium feldspar to gain a more
comprehensive understanding of the potassium-solubilizing characteristics of the SK1-7 strain. At the
same time, in our previous research, it was also clear that the SK1-7 strain has a certain effect on tomato
germination and growth. However, compared with tomato, the growth-promoting mechanism of
poplar is more complicated, and potassium bacteria that have the ability to promote the growth of
herbaceous plants do not necessarily have the same growth-promoting effect on woody plants. Based
on this, we inoculated the SK1-7 strain into poplar rhizosphere soil. By measuring some physiological
indicators of poplar and the changes in soil pH and available potassium, we confirmed that the SK1-7
strain has a good growth-promoting effect on poplars. In general, these studies can undoubtedly
help us to understand the potassium-releasing activity and growth-promoting ability of the SK1-7
strain more comprehensively. This lays the foundation for our subsequent in-depth research on the
growth-promoting mechanism of SK1-7 and also provides the SK1-7 strain as a biological organism.
The practical application of potash fertilizer provides a theoretical basis.

2. Materials and Methods

2.1. Strains, Plant Material, Soil Material

Bacillus aryabhattai SK1-7 was isolated from the rhizosphere of Populus alba L. and preserved at
Nanjing Forestry University. The test plant was annual Populus alba, purchased from Suqian Zhenpin
Co., Ltd. (Suqian, China). The soil was collected from the plow layer of soil (0–20 cm) in Xiashu forest
farm, Zhenjiang, China (31◦900 N, 119◦100 E), and the basic physicochemical properties of soil were as
follows: pH 7.66, organic matter of 15.8 g/kg, available N of 82.3 mg/kg, available P of 16.0 mg/kg,
and available K of 106 mg/kg.

2.2. Culture Medium of the SK1-7 Strain

Luria–Bertani (LB) medium was composed of 10.0 g of tryptone, 5.0 g of yeast extract, 10.0 g of
NaCl, and 1000 mL of deionized water (pH 7.2).

Potassium-solubilizing fermentation medium was composed of 10.0 g of sucrose, 1 g of Na2HPO4,

1 g of MgSO4·7H2O, 0.0005 g of FeCl3, 0.5 g (NH4)2SO4, 0.2 g of yeast extract, 12 g of potassium feldspar
powder, and 1000 mL of deionized water at pH 7.2.
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Potassium feldspar was purchased from Rongshide Co., Ltd. (Hefei, China), ground and sieved,
soaked in a hydrochloric acid solution for 24 h, washed with deionized water, and dried for later use.

2.3. Determination of the Amount of Dissolved Potassium and Potassium-Dissolving Rate

The tested strain was inoculated into LB broth and cultured at 30 ◦C, with shaking at 200 r/min
until the logarithmic growth stage to obtain a seed culture. Then, the seed culture was inoculated into
20 mL of potassium fermentation medium at a 5% inoculum rate, with 3 replicates performed for each
group. The same volume of LB broth was used as a blank control, and the culture was incubated at
30 ◦C for 7 days, with shaking at 200 r/min. Fermentation broth samples were collected at 0, 1, 2, 3, 4, 5,
6, and 7 days, centrifuged at 8000 r/min for 10 min, and then 5 mL of supernatant was reserved. The pH
value of the fermentation broth was measured using a pH meter (FE28, Five Easy Plus, Shanghai,
China), and the soluble potassium content was determined by flame spectrophotometry (FP6450,
Shanghai, China) [17].

Dissolved potassium amount = soluble potassium content of the test group −
soluble potassium content of the control group.

(1)

Potassium dissolution rate (%) = (soluble potassium content of the test group −
soluble potassium content of the control group)/soluble potassium content of

the test group × 100%.
(2)

2.4. Determination of Aluminium and Silicon Ion Contents in Fermentation Broth

The tested strain was inoculated into LB broth and cultured at 30 ◦C, with shaking at 200 r/min
until the logarithmic growth stage to obtain a seed culture. Then, the seed culture was inoculated
into 20 mL of potassium fermentation medium at a 5% inoculum rate, with 3 replicates performed
for each group. In addition, the same volume of LB broth was inoculated as a blank control and
cultured at 30 ◦C, with shaking at 200 r/min for 7 days. Fermentation broth samples were collected
at 1, 4, and 7 days, centrifuged at 8000 r/min for 10 min, and then 5 mL of supernatant was reserved.
Using nitric acid-hydrogen peroxide-hydrofluoric acid for digestion, the aluminum and silicon ion
contents in the culture supernatants were determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES).

2.5. Determination of Potassium Feldspar Dissolution by Surface Morphology Analysis

The tested strain was inoculated into LB broth and cultured at 30 ◦C, with shaking at 200 r/min
until the logarithmic growth stage to obtain a seed culture. The seed culture was inoculated into 20 mL
of potassium fermentation medium at a 5% inoculum rate, with 3 replicates performed for each group.
The same volume of LB broth was inoculated into a potassium-dissolving fermentation medium as a
blank control. After cultivation at 30 ◦C, with shaking at 200 r/min for 7 days, samples were collected,
and the potassium feldspar powder in the fermentation liquor was recovered by filter paper filtration
and dried completely at 50 ◦C in an oven. Subsequently, scanning electron microscopy (SEM; Quanta
200, Hillsboro, OR, USA) was used to observe the surface morphology of the potassium feldspar.

2.6. Effect of the SK1-7 Strain on Plant Growth

One-year-old potted P. alba seedlings with consistent growth were transplanted into flowerpots
(210 × 160 mm) filled with 2500.0 g of soil, with one seedling in each pot. The tested strains were
inoculated into LB broth and cultured to the logarithmic phase at 30 ◦C, with shaking at 200 r/min. After
centrifugation, the cells were washed with sterile water 3 times and then resuspended. Then, the tested
strain was inoculated into LB broth and cultured to the logarithmic phase at 30 ◦C, with shaking at
200 r/min. After culturing, the cells were centrifuged, washed with sterile water 3 times, and then
resuspended in sterile water. Subsequently, the suspension was adjusted to a final density of 107 cfu/mL.
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Then, 50.0 mL of the bacterial suspension was poured into the soil of each pot, and the same amount of
sterile water was added as a blank control (CK). Each treatment was repeated 10 times, and the plants
were placed in a greenhouse and cultivated under natural light for 45 and 100 days.

The height and diameter of the poplar plants were measured after 100 days with a tape measure
and Vernier caliper, respectively, and the growth rate was calculated. To determine fresh weight,
the plants were removed from the pots, washed, and weighed. Then, the plants were heated at 105 ◦C
for 30 min, dried at 75 ◦C to a constant weight, and measured after 100 days to determine the dry weight.
The relative amount of chlorophyll present in the leaves was determined after 100 days by a hand-held
soil plant analysis development (SPAD) meter (SPAD-502). Root activity was determined after 100 days
using the α-naphthylamine oxidation method [18], while the total potassium content of poplar was
determined after 100 days using the H2SO4-H2O2 digestion method and flame spectrophotometry [19].

2.7. Determination of Soil pH and Available Potassium

The pH of the soil after 45 and 100 days of culture was determined using a pH meter (FE28,
Five Easy Plus, Shanghai, China), and the available potassium content in the soil was determined
using the ammonium acetate extraction-flame photometer method [20].

2.8. Statistical Analyses

One-way analysis of variance (ANOVA, Duncan) was performed using SPSS; different letters
indicate significant differences (p < 0.05).

3. Results

3.1. Solubilization of Potash Feldspar by the SK1-7 Strain

The SK1-7 strain was inoculated into a potassium fermentation medium, and the changes in
potassium ion concentrations in the medium were regularly evaluated. As shown in Figure 1A,
the potassium ion concentration in the fermentation broth of the inoculated SK1-7 strain rapidly
increased from 3–4 days and tended to steadily increase thereafter, reaching 33.1 µg/mL after 7 days,
compared with those in the blank control group. According to the previously described formula,
the amount of potassium dissolved by the SK1-7 strain was 10.8 µg/mL and the potassium-dissolving
rate was 32.6%. On days 1, 2, 3, 4, 5, 6, and 7, the contents of aluminum ion and silicon ion in the
fermentation broth of the inoculated SK1-7 strain were significantly different from the contents of
aluminum ion and silicon ion in the fermentation broth of the blank control group
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Figure 1. Solubilization of potassium feldspar by Bacillus aryabhattai SK1-7. CK: added with LB medium
and water. SK1-7: inoculated with strain B. aryabhatta. (A) Changes in the potassium ion concentration
in the potassium-solubilizing fermentation medium after 7 days of cultivation. (B) Changes in the
pH of the potassium-decomposing fermentation medium after 7 days of cultivation. The error bars
indicate standard errors.
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During the 7-day culture period, after inoculating the SK1-7 strain into the potassium-solubilizing
fermentation medium, the pH significantly changed with increasing culture time (Figure 1B).
After inoculation, the pH of the potassium-solubilizing fermentation medium rapidly dropped to
4.32 within 0–1 day and then remained stable at approximately 3.9–4.0 after 3 days. In contrast, the pH of
the blank control group, added with the same volume of LB broth, showed no obvious change. On days 1,
2, 3, 4, 5, 6, and 7, the pH values of the fermentation broth of the inoculated SK1-7 strain were significantly
different from that of the CK fermentation broth.

At 7 days after inoculating the potassium-solubilizing fermentation medium with the SK1-7 strain,
the concentrations of aluminum and silicon ions in the medium notably increased, increasing at 1, 4,
and 7 days and reaching 1.01 and 24.1 µg/mL at 7 days, respectively, values that were significantly
higher than those of the control group (Figure 2). At 1, 4, and 7 days, the contents of aluminum ion
and silicon ion in the fermentation broth of the inoculated SK1-7 strain were significantly different
from the contents of aluminum ion and silicon ion in the fermentation broth of the control group.
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Figure 2. The aluminum and silicon ion contents in potassium solution fermentation broth after
B. aryabhattai SK1-7 inoculation. CK: added with LB medium and water. SK1-7: inoculated with
strain B. aryabhatta. (A) Changes in the aluminium ion concentration of potassium-solubilizing
fermentation medium after 7 days of cultivation. (B) Changes in the silicon ion concentration of
potassium-solubilizing fermentation medium after 7 days of cultivation. The error bars indicate
standard errors.

3.2. Dissolution of the SK1-7 Strain on the Surface of Potash Feldspar

SEM analysis was performed to observe the changes in the surface potash feldspar after interacting
with the SK1-7 strain. As shown in Figure 3A, the surface of potash feldspar in the control group
without SK1-7 was smooth and angular, while in the group inoculated with the SK1-7 strain (Figure 3B),
the surface was severely corroded, with fuzzy angular and rough surfaces observed.Forests 2020, 11, x FOR PEER REVIEW 6 of 10 
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3.3. Effects of Applying the SK1-7 Strain to Soil on Poplar Growth, Soil pH, and Available Potassium

The results of analyses evaluating the growth-promoting effect of the SK1-7 strain on poplar are
shown in Table 1; the poplar growth indexes were notably improved compared to those in the control
group. Fresh and dry weights increased by 38.3 and 22.7%, chlorophyll contents increased by 39.8%,
root activity increased by 31.7%, and total potassium and chlorophyll content values of the plants were
increased compared with those of the control plants.

Table 1. Effect of Bacillus. aryabhattai SK1-7 at 100 days after inoculation on the growth indexes of P. alba.
Different letters above the bars indicate significant differences (p < 0.05).

Treatment Rate of Plant Height
Increase (%)

Rate of Plant
Diameter

Increase (%)

Plant Fresh
Weight (g)

Plant Dry
Weight (g)

Relative
Chlorophyll

Content

Plant Total
Potassium

(%)

Root Activity
(µg/mL·g·h)

CK 1 1.91 ± 0.82 b 4.88 ± 2.13 b 68.6 ± 10.8 b 43.5 ± 9.35 b 32.7 ± 2.41 b 0.43 ± 0.02 b 68.7 ± 2.01 b
SK17 2 21.1 ± 7.6 a 9.7 ± 3.42 a 94.9 ± 9.8 a 53.4 ± 9.69 a 45.7 ± 2.31 a 0.6 ± 0.01 a 90.6 ± 2.36 a

1 Control: added with LB medium and water. 2 SK1-7: inoculated with strain B. aryabhatta.

The available K content in poplar rhizosphere soil was higher than that of the blank control group
(Figure 4A) by 45.9% and 49.6% at 45 and 100 days after the bacterial strain treatment, respectively,
increasing from 156.8 at 45 days to 164 mg/kg at 100 days.Forests 2020, 11, x FOR PEER REVIEW 7 of 10 
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In addition, the pH of the inter-poplar root soil after inoculation of the SK1-7 strain was also
lower than that of the control group. The pH values of poplar inter-tree roots at 45 and 100 days were
7.32 and 7.41, respectively, which were lower than the control values of 0.28 and 0.24.

4. Discussion

Potassium-solubilizing bacteria, also known as potassium-dissolving bacteria and silicate bacteria,
can solubilize aluminosilicate minerals in soil; the solublized nutrients can be used for plant growth [10,21,22].
Elizabeth et al. (2007) showed that when potassium mineral powder and soil were used as potassium
sources, the available potassium increased by 2.7%–40.5% and 1.6%–21.6%, respectively, compared to
the control levels, and the released potassium was all derived from insoluble potassium [23]. Wu et al.
(2020) showed that the available potassium content in the supernatant of the ZMD02 strain reached
1.5 µg/mL after 7 days of fermentation [24]. In the present study, the potassium-solubilizing characteristics
of Bacillus sp. SK1-7 showed that the amount of potassium dissolved by the SK1-7 strain was 10.8 µg/mL
and the potassium-solubilizing rate was 32.6%, which were consistent with the values observed for highly
efficient potassium-solubilizing bacteria reported by most researchers.

Buragohain et al. (2018) showed that the pH value of fermentation broth was 4.62–4.86 after
7 days of cultivation with potassium-solubilizing bacteria [25]. Moreover, Wang et al. (2016) showed
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that when biotite was used as the potassium source, the pH value of Aspergillus niger dropped from
6.4 to 2.9 after inoculation with the potassium-solubilizing fungus A. niger; the reason for the decrease
in pH was the secretion of many acidic metabolites during the growth of the strain [26]. This result is
consistent with the observed change in the pH value caused by SK1-7 during potassium solubilization
fermentation in the present study, with pH showing a significant downward trend, remaining at
3.90 after 7 days of culture. These results indicate that the SK1-7 strain may have secreted organic acids
as secondary metabolites during growth, which decreased the pH of the fermentation broth. Sheng et al.
(2002) noted that organic acids, such as cell metabolites, all contain complex functional groups that can
form complexes with silicon and aluminum ions in minerals, dissolve minerals, and release potassium
and silicon plasmas [27]. Huang et al. (2012) inoculated two strains of potassium-solubilizing bacteria
into potassium-solubilizing medium and observed maximum silicon ion values of 3.39 and 3.21 mg/L
after 50 days and maximum aluminum ion values of 0.51 and 0.74 mg/L after 30 days for the two
strains [28]. Potassium feldspar (K2O·Al2O3·6SiO2) is an aluminosilicate mineral, and the SK1-7 strain
solubilized the feldspar to release soluble potassium, aluminum, and silicate within the fermentation
broth. SEM was performed to observe the changes in the potassium feldspar surface after interacting
with the SK1-7 strain. The potassium feldspar surface was seriously corroded and uneven after
interacting with SK1-7, which may also be related to the dissolution of potassium feldspar by secondary
metabolites, such as organic acids and capsular polysaccharides secreted by bacteria during growth.
The specific mechanism of potassium dissolution in the later stage requires further studies.

Previous studies have shown that potassium-solubilizing bacteria can solubilize silicate minerals
such as mica and feldspar in soil into ionic states that can be absorbed by plants, while the strains
simultaneously secrete plant hormones during growth, which promotes the growth and development
of plants [29]. In addition, the main growing season of poplars is spring, and if SK1-7 is inoculated on
poplars before spring, the growth-promoting effect of the SK1-7 strain on poplars can be observed
more directly. In Ju’s study (2016), after inoculating poplar with the potassium-solubilizing bacterium
JW-7, the height, ground diameter, and fresh and dry weights of poplar seedlings increased by 37.64%,
19.44%, 65.82%, and 110.71%, respectively [30]. In the present study, the physiological and biochemical
indexes of poplar inoculated with the SK1-7 strain significantly improved compared with those of
the control. Studies have shown that potassium can not only promote the synthesis of chlorophyll in
plant cells and improve the structure of chloroplasts but also promote the photosynthesis of plants
under conditions of lower CO2 concentration, enabling plants to use solar energy more effectively.
In this study, compared with the control, the chlorophyll content of plants inoculated with SK1-7
increased significantly. The results of pot experiments performed by Wan et al. [31] (2016) showed
that the available potassium content in tobacco rhizosphere soil increased by 4.72% after inoculation
with potassium-solubilizing bacteria. In this experiment, after inoculation with the SK1-7 strain,
the available potassium content in poplar rhizosphere soil was significantly higher than that of
the control. In Zhu’s research (2018), different potassium-solubilizing bacteria were applied to the
rhizosphere soil of Xinjiang jujube; the pH value of the rhizosphere soil began to decrease gradually
at 60 and 90 days after application of bacteria [32]. Moreover, the pH value of rhizosphere soil after
inoculation was lower than that of the blank control. These results were consistent with previous
findings on the potassium-solubilizing characteristics of the SK1-7 strain, indicating that the acidic
substances secreted by the SK1-7 strain during growth and development led to a decrease in the
pH value of the rhizosphere soil, resulting in a decrease in overall soil pH. Subsequently, mineral
potassium was transformed into available potassium, which can be directly absorbed and utilized
by plants, promoting the growth of poplar. Organic acids secreted by the strain during growth and
metabolism cause the soil pH value to decrease, thus dissolving insoluble potassium in the soil and
increasing chlorophyll content and plant total potassium content, which may be only a part of the
mechanism of promoting growth by the SK1-7 strain; it may be that the SK1-7 strain secretes other
secondary metabolites during the growth of plant rhizosphere soil, thus promoting the growth of
poplar. The mechanism of promoting growth is a complex and comprehensive effect; for instance, K is
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an activator of more than 60 enzymes such as synthetase and dehydrogenase, and it is involved in the
synthesis and transport of various substances such as protein, starch, and sugar. Therefore, inoculating
potassium-solubilizing bacteria SK1-7 in poplar rhizosphere soil can dissolve insoluble potassium in
soil and increase the content of available potassium that can be directly absorbed by plants; this result
can improve various physiological indexes of poplar. The growth-promoting mechanism of PGPR on
plants is complex and comprehensive; we will further integrate the fermentation process of the SK1-7
strain with various research methods, such as molecular technology and the mechanism related to
potassium solubilization and growth promotion, and conduct a comprehensive study on the potassium
solubilization and growth promotion characteristics and mechanism of the SK1-7 strain.

5. Conclusions

The results of the present study show that B. aryabhattai SK1-7 can solubilize insoluble potassium
in soil into available potassium and increase plant K concentration and growth. The mechanism of
potassium solubilization by SK1-7 is not clear and requires further study. Furthermore, the fermentation
process for SK1-7 and its use for bacterial fertilization and other aspects also need further research to
provide theoretical support for the development and application of this strain as a biological potassium
fertilizer in forest management.

Author Contributions: Y.C. performed the majority of the experiments and data analysis and drafted the link
content of the manuscript in the manuscript. J.Y. participated in the planning of research work, interpretation
of data, and supervision of manuscript writing. Q.K. was involved in the planning and execution of the
research, analysis, and interpretation of the data. All authors have read and agreed to the published version of
the manuscript.

Funding: Funding for this study was provided by the Forestry Industry Public Welfare Project of the State Forestry
Administration of China (201304404).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, M.; Zheng, Q.; Shen, Q.; Guo, S. The Critical role of potassium in plant stress response. Int. J. Mol. Sci.
2013, 14, 7370–7390. [CrossRef] [PubMed]

2. Leigh, R.A.; Jones, R.G. A hypothesis relating critical potassium concentrations for growth to the distribution
and functions of this ion in the plant-cell. New Phytol. 1984. [CrossRef]

3. Marschner, H. Long-Distance Transport in the Xylem and Phloem and Its Regulation. In Mineral Nutrition of
Higher Plants, 2nd ed.; Academic Press: London, UK, 1995; pp. 79–115.

4. Schachtman, D.P.; Shin, R. Nutrient sensing and signaling: NPKS. Annu. Rev. Plant Biol. 2007, 58, 47–69.
[CrossRef] [PubMed]

5. Liu, J.N.; Cao, S.Y.; Chang, L.J.; Huang, J.D.; Zhao, X. Summarization of research status of potash feldspar in
China. J. Bohai Univ. Nat. Sci. Ed. 2019, 40, 315–320.

6. Huang, G.Q.; Wu, L.; Li, Y.X.; Zhang, W.; Zhnag, F.S. Development situation and suggestions on nitrogen
fertilizer industry in China. Xiandai Huagong Mod. Chem. Ind. 2013, 33, 5–9.

7. Zhang, S.N.; Huang, H.G.; Yuan, L.M.; Yan, D.R.; Feng, F.Y. Application progress of microbial fertilizer in
forestry. J. Inn. Mong. For. Ence Technol. 2017, 43, 52–55.

8. Bahadur, I.; Maurya, R.; Roy, P.; Kumar, A. Potassium-Solubilizing Bacteria (KSB): A Microbial Tool for
K-Solubility, Cycling, and Availability to Plants. In Plant Growth Promoting Rhizobacteria for Agricultural
Sustainability; Springer: Singapore, 2019; pp. 257–265.

9. Jiang, J.H.; Peng, X.W.; Yan, Z.X.; He, B.W.; Zhu, C.X.; Guo, H.; Genhg, B. Isolation and identification of
potassium-solubilizing bacteria from rhizosphere soil of apple tree. Chin. J. Agrometeorol. 2017, 38, 738–748.

10. Ahmad, M.; Nadeem, S.M.; Naveed, M.; Zahir, Z.A. Potassium-Solubilizing Bacteria and Their Application in
Agriculture; Springer: Berlin/Heidelberg, Germany, 2016; Volume 6, pp. 293–313.

11. Zhang, C.; Kong, F. Isolation and identification of potassium-solubilizing bacteria from tobacco rhizospheric
soil and their effect on tobacco plants. Appl. Soil Ecol. 2014, 82, 18–25. [CrossRef]

http://dx.doi.org/10.3390/ijms14047370
http://www.ncbi.nlm.nih.gov/pubmed/23549270
http://dx.doi.org/10.1111/j.1469-8137.1984.tb04103.x
http://dx.doi.org/10.1146/annurev.arplant.58.032806.103750
http://www.ncbi.nlm.nih.gov/pubmed/17067284
http://dx.doi.org/10.1016/j.apsoil.2014.05.002


Forests 2020, 11, 1348 9 of 9

12. Bakhshandeh, E.; Pirdashti, H.; Lendeh, K.S. Phosphate and potassium-solubilizing bacteria effect on the
growth of rice. Ecol. Eng. 2017, 103, 164–169. [CrossRef]

13. Zhang, D.X. Cutting seedling technology of Xinjiang poplar. Mod. Agric. Sci. Technol. 2015, 19, 176–177.
14. Lei, Y.U. Effects of Nitrogen, Phosphorus and potassium fertilizer on the internal cold-resistance index of

poplars. Inn. Mong. For. Investig. Des. 2016, 39, 125–127.
15. Liu, J.J.; Fang, S.-Z. Effects of biological mulching on dynamics of potassium content in rhizospheric soil of

poplar plantation in southern upland area. Guizhou For. Sci. Technol. 2015, 43, 1–5.
16. Beibei, X. Screening and identification of highefficiency potassium-solubilizing bacteria and their

growth-promoting effects on plants. J. Henan Agric. Sci. 2020, 2, 81–88.
17. Wang, K.-L.; Han, X.-Z.; Zhang, X.-L.; Zhang, Y.-C. Study on screening of silicate bacteria and potassium

extraction. Ind. Miner. Process. 2005, 34, 25–27.
18. Zhong, X.-H.; Huang, N.-R. Rice grain chalkiness is negatively correlated with root activity during grain

filling. Rice Sci. 2005, 34, 25–27.
19. Malik, M.A.; Khan, K.S.; Marschner, P.; Ali, S. Microbial biomass, nutrient availability and nutrient uptake

by wheat in two soils with organic amendments. J. Soil Sci. Plant Nutr. 2013, 13, 955–966. [CrossRef]
20. Cai, Y.H.; Fan, H.M.; Zhang, Z.X.; Liu, X.X.; Hong, M.A.; Wei, C.Y. Evaluation of uncertainty of determination

of exchangeable potassium in soil by flame photometry. Hlongjiang Agric. Sci. 2016, 10, 43–45.
21. Liu, W.X.; Yang, Q.Y.; Xu, X.S.; Wu, X.H. Research progress of silicate bacteria fertilizer. Tianjin Agric. Sci.

2003, 9, 39–42.
22. Saha, M.; Maurya, B.R.; Meena, V.S.; Bahadur, I.; Kumar, A. Identification and characterization of potassium

solubilizing bacteria (KSB) from Indo-Gangetic Plains of India. Biocatal. Agric. Biotechnol. 2016, 7, 202–209.
[CrossRef]

23. Elizabeth, P.; Miguel, S.; Maria, M.B.; Yarzábal, L.A. Isolation and characterization of mineral
phosphate-solubilizing bacteria naturally colonizing a limonitic crust the south-eastern venezuelan region.
Soil Biol. Biochem. 2007, 39, 2905–2914.

24. Wu, J.; Guo, C.B.; Jia, Z.; Hao, H.H.; Xu, X.J.; Yang, L.J.; Sun, H.Z. Potassium dissolving activity and growth
characteristics of silicate bacteria ZMD02. J. Anhui Agric. Sci. 2020, 48, 170–171, 175.

25. Buragohain, S.; Nath, D.J.; Devi, Y.B.; Bhattacharyya, B.; Dutta, S. Molecular characterization of potassium
solubilizing bacteria from crop rhizosphere of the north eastern region of India. Curr. Ence 2018, 114, 2543–2548.
[CrossRef]

26. Dong, C.L.; Wang, B.L. Biotite weathering by Aspergillus niger and its potential utilisation. J. Soil Sediments
2016, 16, 1901–1910.

27. Sheng, X.F.; Huang, W.Y. Mechanism of potassium release from feldspar affected by the strain NBT of silicate
bacterium. Acta Pedol. Sin. 2002, 39, 863–871.

28. Huang, Z.; Ma, G.; He, L. Effects of ammonium sulfate on the metabolism and K-feldspar weathering of two
potassium-bearing mineral-solubilizing bacteria. Acta Microbiol. Sin. 2012, 52, 206–213.

29. Balasubramanian, B.; Ponnusamy, P.; Angusamy, B. Potassium solubilization, plant growth promoting substances
by potassium solubilizing bacteria (KSB) from southern Indian Tea plantation soil. Biocatal. Agric. Biotechnol. 2017,
12, 116–124.

30. Wei, J. Study on Isolation and Identification of High Efficient Potassium Bacteria from Poplar Rhizospheric Soil;
Nanjing Forestry University: Nanjing, China, 2016.

31. Wan, B.; Ye, L.; Yue, W.U.; Liu, S.; Wang, G.; Zhang, D.; Jiang, Y. Screening, Identification of phosphate-and
potassium-solubilizing PGPR and its promoting effect on tobacco. J. Henan Agric. Sci. 2016, 45, 46–51.

32. Zhu, S.L.; Liu, S.L.; Li, J.; Yang, Y.; Yang, W.Y.; Li, J.G. Effect of plant rhizosphere-promoting bacterial fertilizer
on potassium decomposition of rhizosphere soil of Xinjiang Jujube and its correlation with organic acids.
Jiangsu Agric. Sci. 2018, 19, 125–128.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ecoleng.2017.03.008
http://dx.doi.org/10.4067/S0718-95162013005000075
http://dx.doi.org/10.1016/j.bcab.2016.06.007
http://dx.doi.org/10.18520/cs/v114/i12/2543-2548
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Strains, Plant Material, Soil Material 
	Culture Medium of the SK1-7 Strain 
	Determination of the Amount of Dissolved Potassium and Potassium-Dissolving Rate 
	Determination of Aluminium and Silicon Ion Contents in Fermentation Broth 
	Determination of Potassium Feldspar Dissolution by Surface Morphology Analysis 
	Effect of the SK1-7 Strain on Plant Growth 
	Determination of Soil pH and Available Potassium 
	Statistical Analyses 

	Results 
	Solubilization of Potash Feldspar by the SK1-7 Strain 
	Dissolution of the SK1-7 Strain on the Surface of Potash Feldspar 
	Effects of Applying the SK1-7 Strain to Soil on Poplar Growth, Soil pH, and Available Potassium 

	Discussion 
	Conclusions 
	References

