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The state of Jharkhand is rich in mineral
minerals.In this study, the effects of long-term mica waste
Ni. Cd. Pb. Cu. and Zn) dumped near mines near agricultura
as well as their effects on soil ecosystems and human health
only deteriorate the soil quality but also results in the uptlke
was conducted to evaluate the effects of different fractions of m
and biochemical properties in mica waste contaminated soils of Ji
mine. soil samples were randomly collected at distances of < 50

Pb, Cu, /n and Cd) was higher in zone | across three zonec‘l‘hc
(PMF) and Pearson Correlation analysis were used to identify wi
PMF results, Ni, Cr, Cd, and Pb were the most promising pollutamsmd
risks than the other PTEs. Using the self-organizing map (SOM),
potential source of PTEs.Monte Carlo simulations (MCS) model
carcinogenic risk (TCR), children were more affected by Cr and
exposure pathways, The wastes from mica mines have the potential to p
the quality of the soil, and harm natural systems over time. '

On the other hand, muscovite and biotite are two fqrms of

environmental sustamablhly It is necessary to introduce lllltlil‘ltbk |
.q.nculturu such as polassmm solubilizing rhizobacteria (KSB):A‘

fertilizer preparation and evaluated their efficiency as K fertiliz

soil (Alfisol).
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Isolation and characterization of Potassium Solubilizing Bacteria from
Mica contaminated soil in Giridih District, development of biofertilizer and
its efficacy in crop production

Saibal Ghosh

SYNOPSIS

Jharkhand is rich in mineral resources, including mica and several other minerals, and heavy

metals in this mica waste hindered crop production and deteriorated soil quality. The present
investigation was conducted to evaluate the effects of long-term dumping of mica waste near mines
with agricultural fields on soil microbial and microbial eco-physiological indicators for mica-enriched
soils of Giridih district, Jharkhand state, India, as well as biochemical parameters. The present study
was conducted to examine the effect of long-term mica waste dumping near the mines with agricultural
fields, the effects on different forms of heavy metals as well as Cr, Cd, Cu, Pb, and Ni on soil microbial,
microbial eco-physiological indicators, and biochemical parameters of mica enriched soils of Giridih
district. The presence of potentially toxic elements (PTEs) in this mica waste hampered crop production,

deteriorated soil quality and causes different health issues.

Muscovite and biotite are two forms of waste mica, which is a K-bearing mineral that is a waste
product of the mica industry; although, it is not recognized that mica contributes to crop production
with K. Potassium (K) is an essential component of plant nutrients, performing biological functions to
maintain plant growth and yield. To feed the ~ 1.3 billion people, excessive application of chemical
fertilizers in India induces a negative impact on both the economy and environmental sustainability.
There is a need to introduce sustainable agents that promote evergreen agriculture, such as potassium
solubilizing rhizobacteria (KSB). A total of 30 potassium solubilizing rhizosphere bacteria (KSB)
isolates, were collected from different mica-contaminated agriculture fields from the Tisri, Gawan, and
Deori blocks of Giridih district, Jharkhand. Based on K solubilizing capacity, we selected four KSB
strains (Bacillus cereus K5B, Bacillus cereus K6, Bacillus sp.GG6 (2015) K12, and Bacillus cereus
K15) for bio-fertilizer preparation and evaluated their efficiency as K fertilizers on tomatoes grown

under Giridih soil (Alfisol).
Characterization and impacts of mica-contaminated soil on the environment

Heavy metals from the mica waste not only deteriorate the soil quality but also results in the
uptake metals in crop. The present investigation was conducted to evaluate the effects of different
fractions of metals on uptake in rice, soil microbial and biochemical properties in mica waste

contaminated soils of Jharkhand, India. From each active mine, soil samples were randomly collected
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at distances of < 50 m (zone 1), 50-100 m (zone 2), and >100 m (zone 3). Sequential metal extraction
was used to determine the fractions of different metals (nickel (Ni), cadmium (Cd), chromium (Cr) and
lead (Pb)) including water-soluble (Ws) and exchangeable metals (Ex), carbonate-bound metals (CBD),
Fe/Mn oxide (OXD) bound metals, organic bound metals (ORG), and residues (RS). The Ni, Cr, Cd
and Pb in rice grain were 0.83+£0.41, 0.41%0.19, 0.214+0.14 and 0.17+0.08 mg kg-1 respectively. From
the variable importance plot of the random forest (RF) algorithm it was observed the Ws fraction of Ni,
Cr and Cd and Ex fraction of Pb were the most important predictor for rice grain metal content. Further
the partial dependence plots (PDP) give us an insight of the role of two most important metal fractions
on rice grain metal content. The microbial and enzyme activity were significantly and negatively
correlated with Ws and Ex metal fractions, indicating that water soluble and exchangeable fractions
exert a strong inhibitory effect on the soil microbiological parameters and enzyme activities. The wastes
from mica mines have the potential to pollute the food chain, degrade the quality of the soil, and harm

natural systems over time.
Effects of mica mines and their present potentially toxic elements on soil and human health

The rapid mining activities of mica mines in Giridih district, India, have led to toxic metal
pollution of agricultural soil. This is a key concern for environmental risk and human health. 63 top soil
samples were collected at a distance of 10m (Zone 1), 50m (Zone 2), and 100m (Zone 3) from near 21
mica mines with agriculture fields. The mean concentration of total and bio-available potentially toxic
elements (PTEs - Cr, Ni, Pb, Cu, Zn, and Cd) was higher in zone 1 across three zones. The Positive
matrix factorization model (PMF) and Pearson Correlation analysis were used to identify waste mica
soils with PTEs. Based on PMF results, Ni, Cr, Cd, and Pb were the most promising pollutants and
carried higher environmental risks than the other PTEs. Using the self-organizing map (SOM), zone 1
was identified as a high-potential source of PTEs. Soil quality indexes for PTEs risk zone 1 were found
to be higher across three zones. Based on the health risk index (HI), children are more adversely affected
than adults. Monte Carlo simulations (MCS) model and sensitivity analysis of total carcinogenic risk
(TCR), children were more affected by Cr and Ni than adults through ingestion exposure pathways.
Finally, a geostatistical tool was developed to predict the spatial distribution patterns of PTEs
contributed by mica mines. In a probabilistic assessment of all populations, non-carcinogenic risks
appeared to be negligible. The fact that there is a TCR can't be ignored, and children are more likely to
develop it than adults. Mica mines with PTEs contamination were found to be the most significant
anthropogenic contributor to health risks based on source-oriented risk assessment.

Temporal dynamics of potassium release from waste mica as influenced by potassium solubilizing
bacteria

We have isolated KSB strains using Alexandrov media from waste mica mines of Giridih
district of Jharkhand, India. These isolates were evaluated for their potential to dissolve water soluble-

K from waste mica (muscovite and biotite). Identity was confirmed based on sequencing of 16S rDNA

14



region of those isolates showing promising water soluble-K dissolving capacity. Strains were found to
be different isolates of Bacillus cereus, two unconfirmed Bacillus species (strain- 6SB1 and GG6), and
one each of B. velezensis and Paraburkholderia kururiensis. Finally, the four most efficient KSBs were
selected based on their K-solubilizing capability. The KSB (B. cereus) isolate showed the highest K-
solubilising capacity in both muscovite and biotite enriched medium. Soil incubation study was
conducted using soils of Giridih (Alfisol) with three gradient concentrations of both waste mica tailings
and K-solubilising capacity of four KSB isolates (B. cereus, strain- KSB, K6, K15; and Bacillus sp.
GG6- K12) were measured at 4, 7, 14 and 21 days intervals. The K release dynamics in incubated soils
indicated that potassium was released from both types of micas to significantly higher water-soluble K
(WS-K) and exchangeable K (Ex-K) pools due to the inoculation of KSB isolates. Apart from potassium
solubilization, B. cereus strain K5B and Bacillus sp. GG6 showed capabilities to produce indole acetic
acid (IAA) and gibberellic acid (GA). These results suggested that a combination of KSB strain and
powdered mica tailings could be a suitable alternative to commercial chemical fertilizers and maintain
soil nutrient status for plant uptake.
Pot experiment

Muscovite and biotite are two forms of waste mica, a K-bearing mineral, that are waste products
of the mica industry; however, the contribution of K to crop production is not recognized. This study
aims to investigate the pattern of K release from waste micas (muscovite and biotite) inoculated with K
solubilizing bacterial (KSB) strains like Bacillus cereus K5B, Bacillus cereus K6, Bacillus sp.GG6
(2015) K12, and Bacillus cereus K15, as well as their effectiveness as K fertilizers using tomato plants
var Solanum Lycopersicum and grown under Giridih soil (Alfisol). The application of muscovite (@
200 mg kg soil + Bacillus cereus K5B) and biotite (@ 200 mg kg™ soil + Bacillus cereus K5B)
significantly increased tomato plant biomass, improving fruit quality and yield, while maintaining soil
quality and increasing soil availability of K. KSB applied with two types of mica forms on Alfisol soil
produced higher fruit yields and K utilization compared to soil fertilized with synthesized K fertilizer
and soil without K fertilizer. We observed significant similarities between releasing pattern of K forms
in muscovite and biotite during our experiments. It was observed that biomass and tomato yields are
positively correlated with K uptake by the tomato plant parts (shoot, root, and fruit) and with different
pools of K (Wa.K, Ex.K, and NEK) in the soils tested. The application of bio-intervention (KSB) on
muscovite and biotite might be an alternative and effective way to dissolve insoluble forms of K for

plants and act as a source of K-fertilizer to maintain soil K levels and crop yields.
Preface of the thesis

The purpose of this thesis is to fulfil a doctoral degree requirement in the department of Life science
and biotechnology of Jadavpur University about "Isolation and characterization of Potassium
Solubilizing Bacteria from Mica Contaminated Soil in Giridih District, development of biofertilizers

and their efficacy in crop production". Hopefully, the results will be of interest to soil scientists,
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agricultural microbiologists, and environmental scientists for improving soil, crop, and environmental
quality and maintaining soil as well as human health.

The work described in the thesis was carried out during (dated) at Life science and
biotechnology of Jadavpur University, Kolkata, and Indian Statistical Institute of Giridih district,
Jharkhand under the supervision of Dr. Pradip Bhattacharyya Associate Professor and Dr. Abhishek
Mukherjee Associate Professor, Agricultural and Ecological Research Unit, Biological Science
Division, Indian Statistical Institute of Giridih district, Jharkhand.

This detailed study provided useful information about different forms of mica (muscovite and
biotite) and their application in agriculture through biofertilizers technology using KSB isolates.
Chapter 1 predicts the introduction which provides much of the general background and overview of
the current situation of mica mines, mining activities, the presence of metal ions in mica mines and its
adverse effects on soil and human health, KSB, and its solubilization mechanisms from an unavailable

form of K to an available form of K. This chapter justifies the reason for choosing the research topic.

Chapter 2 is comprised of reviews of the literature on relevant work done in the past on the subject and
explains the research work carried out by different researchers, both national and international regarding

KSB and its mechanisms of solubilization from unavailable form.

Chapter 3 (Objective 1); Effect of metal fractions on rice grain metal uptake and biological parameters

1n mica mines waste contaminated soils.

Chapter 4 (Objective 2); Source acquainted pollution and health risk assessment of potentially toxic

elements in mine tailings contaminated soils in India employing synergistic statistical approaches.

Chapter 5 (Objective 3); Temporal dynamics of potassium release from waste mica as influenced by

potassium solubilizing bacteria.

Chapter 6 (Objective 4); Comparative analysis of potassium solubilizing bacterial (KSB) fertilizers on
the solubilization of waste micas (muscovite and biotite) and their effect on growth promotion and
nutrient acquisition by tomato (Solanum Lycopersicum L.) plant grown under Alfisol, Giridih district,

Jharkhand.

Keywords: Mica mines, Soil, and human health, PTEs, FIAM, SAMOE, PMF, SOM, GIS, KSB
biofertilizers, pot experiment.
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CHAPTER-1. INTRODUCTION

1.1. General background: Mica mines and their effects on the environment and human
health
Mining activities are one of the leading causes of heavy metal pollution in the environment. It

generates a considerable amount of waste tailings and rocks and they are deposited at the surface. In
the case of damage to the land surface, wastes such as rocks and tailings are easily unstable, thus
polluting the environment. Naked tailings are extremely vulnerable to erosion and often release toxic
metals into the soil and water (Shyamsundar et al., 2014). The direct consequences are the loss of
agricultural land, forests, or grazing land, and the loss of production; the indirect consequences are
pollution of air and water and siltation of rivers. In the long run, these will result in biodiversity loss,
amenity deterioration, and economic loss (Wong, 2003). Excessive heavy metal dispersion from mine
sites can adversely impact the environment by contaminating water and soil, causing phytotoxicity, and
rupturing soil. Agriculture soils and crops near mining areas have been contaminated with heavy metals,
which have been considered a serious environmental issue (Zhuang et al., 2009). In these contexts, mica
mines are one of the most important sources of heavy metal and metal ions. Mica deposits in India cover
a total area of about 3888 sq. km in the districts of Giridih and Koderma in Jharkhand and Munger in
Bihar (Huang et al., 2013; Nishanth and Biswas, 2008). The majority of mines in this area are still active
right now, but a few have been closed for a number of years. Mica wastes that contain heavy metals
have negatively impacted crop production and soil quality, and it is also detrimental to human health.
Improving or maintaining soil quality is necessary not only for a good environment but also for

sustainable agriculture.

Potentially toxic metals or elements (PTEs) are generally referred to as non-essential toxic
elements from a geochemical perspective (Mondal et al. 2017). The sorption-desorption dynamics of
such toxicants within the earth's surface heavily influence their migration. Through the application of
geostatistical methods, it is possible to better understand the mobility pattern of metals in soil systems
(Bhuyan et al. 2015; Mondal et al. 2017). Nature is omnipresent with heavy metals and their
compounds, whether it's in the soil, water, or biota. Human beings and other living organisms require
metals like Fe, Cu, Mn, and Zn which are essential for proper physiological functioning. These essential
metals, however, can also be toxic beyond a limit. Metals like Cr, Cd, As, Co and Pb do not have any
known requirements in the human body, and can cause havoc at even very low concentrations (Bruins

et al. 2000; Giri et al. 2020).
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1.2. Agricultural status in India
In an era in which the global population is growing at an alarming rate, agriculture will face

one of the greatest challenges in ensuring world food security. The study assumed the world's population
would grow from 7 billion to 8.3 billion in the year 2025, and by 2050 the world will need 70 to 100
percent (%) more food. This is one of the biggest challenges facing agrarian communities in the future,
and agriculture will be able to provide this food supply (Bahadur et al., 2016). In India, agriculture is
the backbone of the economy, two-thirds of the total population lives in rural areas, linked to their
income, and contributes 19% of GDP (Gross Domestic Product)(Srinivasarao et al., 2011). According
to the estimation by the NAAS (National Academy of Agricultural Science), India's demand for food
grains will reach around 300 million tonnes annually by 2020, with estimates increasing from 218
million tons to 82 million tons Produced in 2009-10 (Kinekar, 2011). As of the year 1952, agriculture
was responsible for 52.1% of total dependence; this was down from 72.4% in 1952, largely due to the
rapid development of industrial and service sectors. The growth of the agricultural sector has increased
in recent years, but there is no substitute for agriculture to meet the needs of the population (Kinekar,
2011). Currently, soil fertility and its assessment are areas that need immediate attention since it is now
established that the productivity of different crops in an arrest is due to soil depletion on the one hand,
and unbalanced application of plants and other nutrients on the other. As well as these challenging
circumstances, lots of effort needs to focus on the soil biological system and the agro-ecosystem as a
whole to gain a deeper understanding of the complex processes and efficient interactions between soil

and plant microorganisms that control agricultural soil.

1.3. Role of fertilizers in agriculture
On earth, the soil naturally contains many macro and micronutrients such as nitrogen (N),

phosphorous (P), potassium (K), and calcium. These nutrients play a vital role in a plant's growth. When
crops are harvested; soil nutrients are removed from the soil, and due to the short supply of essential
nutrients, plants suffer from nutrient deficiencies and stunted growth. With the imbalance of nutrient
levels, the plant cannot function properly and produced the food needed to feed the world’s population
requirements. Farmers have applied fertilizers on agricultural land to increase crop yields by providing
microelements and microelements required for plant growth and productivity. Plants need a number of
essential minerals to grow and develop healthily, but N, P, and K are the most important. In soil, there
are 13 mineral nutrients present, and they are classified into two categories (macronutrients and

micronutrients) depending on the amount required.

Mineral nutrition and fertilization are the important factors of rice cultivation strongly affecting
productivity and quality of the end product. Nitrogen was thought to be the most effective nutrient for
crop productivity and quality (Natesan and Ranganathan, 1990). Nevertheless, continuous and long-
term application of N alone reduces its efficiency for crop production. This may be explained by

unbalanced nutrient supply and availability, accelerated by the depletion and leaching of basic cations
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like K" in soils (Sparks, 2000). K is a major and essential macronutrient for plant growth and
development. Phosphorus (P) is another essential macronutrient element for plants, which is a
component that is limited in fertilizer management. Without an adequate amount of P, the crop could
not reach the top of the economic yield level. P plays a vital role in the plant system; the formation of
new cells, and DNA synthesis, promotes root development, particularly of the lateral and fibrous
rootlets, hastens leaf development, flowering, fruits, and maintaining seed quality. Rock P is the major

source of phosphatic fertilizer in agriculture.

Without the addition of fertilizers, crop yields and agricultural productivity will be significantly
reduced. So, it is needed that fertilizer replaces the nutrients that the crop removes from the soil. This
is why mineral fertilizers are used as a supplement to nutrient-rich stocks with rich minerals that can be

quickly absorbed and used by crops.
1.3.1. Potassium (K) status in Indian agriculture:

As one of the most important macronutrients, Potassium (K) is essential for plant and animal
life on Earth and is found in all living things. K is the 7" abundant element in the rocky outer part of
the Earth (lithosphere) and chemically active metal in nature. Being a chemically active metal, K is
never found in nature in its pure elemental form in the soil (Kinekar, 2011). Plants can absorb K through
the soil as water or exchangeable form, soil minerals, and synthetic and organic fertilizers. K
consumption was exceeded in India by 264 lakh tons in the following two years (2019 and 2020), and
K fertilizers (synthetic and organic) were imported worldwide to meet the agricultural demand, which
indicates the harmful application of K fertilizers (FAI, 2020). According to 72% of Indian agricultural
soil test results of K fertility status of Indian agricultural soils (representing 266 districts) is classified
as three levels low at 21%, medium at 51%, and 28% high. Soil test methods classified as low, medium,
and high concentrations of K values need further purification for soil testing/crop response relationship.
A serious attitude towards the application of K has still required for farmers. It is a need to educate
about nutritional balance and efficiency, peak higher crop yield and quality, and its importance in Indian

agriculture (Hasan, 2002).
1.3.2. Role of K in plant system:

Among the essential macronutrients, potassium (K) is 3™ most important nutrient, it is one of
the key pillars of balanced fertilizer use after nitrogen (N) and phosphorus (P). It plays a vital role in
the synthesis of proteins, cells, starch, cellulose, and vitamins. K also helps plant processes due to the
need for activation of at least 60 different types of enzymes involved in plant growth, vital for
osmoregulation, cation-ion balance, protein photosynthesis, water balance, habitat loss, disease
resistance, resistance to abiotic and biotic stresses and crop yields to improve quality and shelf life (B.

B. Basak and Biswas, 2009; Meena et al., 2015; Ramamurthy et al., 2017). K is mainly present in the
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meristematic tissues of the plant and helps the formation of the strong root. It also helps enhances
disease resistance in a plant by strengthening stalks and stems provided to the thicker cuticle and which
protects against diseases water loss and controls the turgor pressure within plants to prevent wilting and

enhances flavor, texture, and quality (Evans and Sorger, 1966).
1.3.3. Potassium forms present in the soil

Soil potassium (K) availability is influenced by the type of soil and the physicochemical
properties of the soil depending on it. In the soil, K exists in four forms: soluble or available,
exchangeable, fixed, and structural K. Compared to the total — K present in the soil, the amount of
soluble, exchangeable, and non — exchangeable —K in the soil is lower (Sparks and Huang, 1985). The
concentration of readily available soluble K in soil is usually very small (1 - 2%) compared to 90 % of
K available in the form of insoluble K minerals, such as silicates or micas. In the present study by
(Arnold, 1958; Conyers and McLean, 1969) the soil K is divided into water available (WK), NH4OAc
extractable or exchangeable K (EK), HNOs- extractable or non-exchangeable K (NEK), and structural
or mineral K forms. While all four forms of K are taken up directly by plants, the soil amounts are tiny
and the soil EK, which is replaced by NH4 from NHs OAC solution, is held by negative charges on
organic matter and clay particles and readily absorbed by the plants (Jaiswal et al., 2016). In soils, the
exchangeability of K has been well studied; however, the kinetics of exchange has received less
attention. Since kinetic reactions are thought to exist between the different phases of soil K, exchange
reactions between soil solution and EK are considered to be a major indicator of soil K availability. It
is usually assumed that the soil solution and the exchangeable phase react instantly. With the
introduction of HYV under intensive crop management, the soil has started depleting from high to
medium to low K levels, as evidenced by soil tests. Consequently, crop response has been observed
with the application of K, and K sorption capacity is an important soil feature that influences plant
response to phosphorus fertilization. Plants respond to potassic fertilizers based on the K adsorption

capacity of the soil (Debnath and Majumdar, 1998).

1.4. Forms of micas
In nature, mica (Potassium Aluminum Silicate) occurs as muscovite (granitic pegmatite), biotite

(sericite, schists), gneisses, and phlogopite (metamorphosed limestones). Raw mica is classified as flake
micas sheet and scrap mica. Scrap and flakes like mica are mainly produced in India, Korea, the United
States, and the Soviet Union. Sheet mica is produced in India, Brazil, and a few African countries
(Skulberg et al., 2018). In the world, India is blessed to have the largest accumulation of mica mines
distributed over a total area of about 3888 sq. km Koderma and Giridih districts of Jharkhand and
Munger district of Bihar (Huang et al., 2013; Nishanth and Biswas, 2008). Many mines located in this
area are still now active. But there are few which have been closed down for several years. During the

dressing of raw micas, large quantities of waste micas (~75% of total mica mines); are generated during
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the washing of raw micas after their mining which is not used in agriculture as a sole source of K though

contains a significant amount of K (8—12% K,0) and dumped near the mica-mine sides.

Mica was previously used as a filler in pharmaceuticals and cosmetics, but today is used in
paints, asphalt, cement, and electrical cables, and the use of mica has increased dramatically over the
century from 1900 to 2000). Annual world production was 26001 in 1905, 442001 in 1937, 234 000 in
1974, and 350000 in 1981. Mica dust can cause adverse effects on humans when it is inhaled during

mining activities, milling, farming, and factories that process mica products (Skulberg et al., 2018).

Raw micas are one of the huge sources of K, but in micas most of the K is present in unavailable
form and not used for plant uptake. These waste materials like muscovite and biotite can effectively be
applied as a source for K when it is altered or modified by some biological (bacteria and fungus), and

suitable chemicals (phosphoric acid and sulphuric acid) means.

1.5. Role of biofertilizers in soil fertility
The idea of biofertilizer was evolved by (Day and Dobereiner, 1976) with the discovery of

nitrogen (N) fixing organism (Azospirillum) and (Pikovskaya, 1948) with phosphate solubilizers. The
populations of biofertilizers naturally vary in soils and agroclimatic zones, and the populations may not
be sufficient for plants to benefit from biofertilizers because their efficiencies vary with strains. The
term biofertilizer encompasses a wide range of bio-inoculants, such as nitrogen fixers, phosphorus
solubilizers, potassium solubilizers, potassium mobilizers, and growth-promoting rhizospheric

microorganisms (Jayaraj et al., 2004).

The use of bio-fertilizers for long-term crops may be limited since most planted crops have
some limitations; for example, the use of bio-fertilizers in the early stage of establishing crops can be
more effective in nurseries and fields at the stage of growing plants to increase the health of planting
stock for the next successful establishment. Crop plantations have been experimentally developed to
investigate the use of bio-fertilizers (including organic manures and composts) to increase growth and
crop productivity. This performance has been showing good or better than the alternative fertilizers
such as inorganic fertilizers. Mineral solubilizers and arbuscular mycorrhizal fungi (AMF) are effective
enough for growth improvement to save 25% on P-nutrition of plantation crops like coconut, paper,
ginger, cardamom, turmeric, and cashew when grown under field conditions (Nautiyal et al., 2006).
Through the application of P-solubilizing bacteria (PSB), the nutrition of inorganic phosphorus cashew
plants has been improved with Bacillus megaterium and the continued application of AMF,

asospirillum, and phosphate solubilizers. (Sharma et al., 2006).

Bacteria and fungi in the soil play a major role in the natural phosphorus (P) and potassium (K)
cycles and the solubilizing bacteria (PSB and KSB) in the soil and rhizosphere (Diep and Hieu, 2013).

The soil-plant microorganisms have got much importance in recent decades. Microorganisms,
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especially rhizospheric microbes, are present in the soil, and they play an important role in plant growth
and development. The soil contains a large number of microorganisms, especially in the rhizosphere. It
is well known that a large number of microorganisms, such as bacteria and fungi, form an overall system
with plants. They are able to multiply very easily in a rhizome to promote the growth and yield of the

plant (Vessey, 2003).

1.6. Role of biofertilizer in plant growth-promoting hormones
Several types of microorganisms, including N-fixers, and P-solubilizers, are capable of

producing plant-growth-promoting hormones, such as auxin, cytokinin, and gibberellin, as well as
reducing several plant diseases and parasite infections, and certain types of microbial strains that are
capable of bringing about ISR (Induced Systemic Resistance) against diverse pathogens that invade the
same host species. Using PGPR strains will be an effective and economical way to protect a wide range

of disease-control plants (Bashan and De-Bashan, 2005).

Plant growth-promoting hormones (PGPRs); also known as phytohormones in the rhizosphere,
are produced by microbial communities in situ and are derived from root exudates and microorganisms.
(Arshad and Frankenberger, 1991) reported inoculation with Azospirillum strains shows better growth
and higher dry yields in maize and is mainly responsible for the production of N fixation and plant
growth regulators. PGPR or phytohormones accelerated plant growth as well as the production of dry
matter. PGPR microorganisms produced IAA (indole-3-acetic acid) as the main hormone (Fallik et al.,
1989). Compared to other growth-promoting hormones, few researchers found biologically significant
levels were different forms of IAA like indole-3- methanol (Crozier et al., 1988), cytokinins, and indole
— 3- butyric acid (IBA) (Crozier et al., 1988), cytokinins and indole — 3- butyric acid (IBA) (Fallik et
al., 1989), abscissic acid (ABA) (Kolb and Martin, 1985), uncharacterized indole compounds
(Hartmann et al., 1983), several gibberellins (Bottini et al., 2004). Few growths promoting strains such
as P. aeroginosa, P. cepacia, P. putida, and P. fluorescens genera showed on winter wheat increased
the plant height, root and shoot mass, and several tillers (Freitas and Germida, 1990). (Radwan et al.,
2005) found the increased growth and indole production contents by A. lipoferum Brl7 and
Azospirillum brasilense Cd inoculants due to moderate aeration. In recent years, more attention has
been paid to exploring early root colonizers who have benefited from plant growth, either directly or
indirectly. Advantageous root associating soil commonly known as rhizobacteria are generally referred
to as PGPR. PGPR belongs to some genera like Azotobacter, Bradyrizobium, Azospirillum, Rhizobium,
Bacillus, Pseudomonas, Erwinia, Serratia, and Pseudomonads. Among them, Pseudomonads found are
the early root colonizers and helps considerably to plant production and protection. PGPR inoculants
used as a broad-spectrum disease control are a cost-effective and environmentally friendly way to
protect the plant. Using microorganisms in agriculture can reduce the use of chemical fertilizer and

yield environmentally friendly crops (Glick, 1995; Requena et al., 1997).
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1.7. Role of KSB as a plant growth promoter
Farmers are applying chemical fertilizers in uncontrolled and unbalanced ways for increasing

crop production. They are not enlightened about the amount of fertilizer required for plants to vary
different crops. There is a huge gap between farmers and researchers. So, most of the farmers only use
traditional chemical fertilizers like urea as a source of nitrogen (N), and DI-ammonium phosphate
(DAP) as a source of phosphorus, and few farmers are using MOP (muriate of potash) as a source of
potassium (K) for crop production. Due to the lack of use of K fertilizers, water-soluble or available
forms of K level decrease in soil due to huge utilization by the crop (Meena et al., 2015; Zhang and

Kong, 2014).

Some selected bacteria can release K from the insoluble minerals such as micas or feldspar,
known as KSB. Researchers have discovered that KSB can provide beneficial effects on growth by
suppressing pathogens and improving soil nutrients and structures. The K-solubilizing bacteria can
soluble and release K from silicate minerals and secrete bio-available minerals to enhance plant growth.
These bacteria are widely used in biological leaching and biological potassium fertilizers (Meena et al.,
2015). Few special groups of bacteria are present in rhizospheric soil, colonized the rhizosphere is
considered PGPR bacterial species helps the plant growth, plants health, and nutrient uptake, especially
under unbalanced nutrition conditions. Some of these PGPR bacteria are capable dissolve K from K-
bearing minerals or raw micas by extracting organic acids that could either directly decompose or
chelate silicon ions to convert unavailable or no exchangeable K into water-soluble K that could be

directly available by plants (Bennett, 1998; Friedrich et al., 1991; Journal et al., 2017; Xiao et al., 2017).

Rhizospheric bacteria assist in soil secretion of soluble compounds, decomposition, and
solubilization of soil organic matter and K, accumulation, storage of nutrients, mobilization, and
mineralization of nutrients (Zeng et al., 2012). Those bacteria also help in soil nitrogen fixation,
phosphate solubilization, nitrification and de-nitrification, sulphate reduction, and potassium
solubilization (Diep and Hieu, 2013; Zeng et al., 2012). The usefulness of these microbial organisms in
available content K deficient in soils can reduce the risk of environmental pollution hazards (Liu et al.,
2012; Requena et al., 1997). KSB had been widely used, as a K-biofertilizer in India and China where
soil, where soluble K was deficient in the soil KSB inoculation, has found dozens of examples of
improved plant growth. Inoculation with KSB has been reported that KSB has beneficial effects on the
growth of cotton, rape, jiggery, peanuts, tea, maize, wheat, and sudhan grass (Xiao et al., 2017). (B B
Basak and Biswas, 2009; Singh et al., 2010) also reported that co-inoculation of mize, wheat, and
sudhan grass with KSB strains resulted in huge K mobilization from waste mica, which in turn served
as a source for plant growth. The mobilization of potassium from relatively hard K minerals like micas
(Mons’ hardness index > 3) was too difficult than soft layered formation potassium bearing minerals
(Mons’ hardness index < 3). Thus, there have been several reports about KSB regarding the availability

of solid K- minerals and soil nutrients and their effects on plant growth (Xiafang and Weiyi, 2002).
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Farmers are exposed to the negative environmental impact of excessive use of chemical
fertilizers and also increase crop production costs, hence the urgent need to use environmentally friendly
and cost-effective agricultural technology to increase crop production. Thus, the use of KSBs is
considered to be a sound alternative strategy to improve the productivity of agricultural soils. This novel
strategy is also claimed to demonstrate the ability to restore productivity in degraded, marginal
productive, and disproportionate agricultural soils. However, the use of KSBs is limited due to a lack

of knowledge among farmers and practitioners (Maurya et al., 2014; Meena et al., 2015).

Bacillus mucilaginosus (Sugumaran and Janarthanam, 2007; Zarjani et al., 2013; Zhao et al.,
2008), Bacillus edaphicus (Sheng, 2005), Burkholderia, Acidothiobacillus ferrooxidans, Bacillus
mucilaginosus, Bacillus edaphicus (Sheng and He, 2006) Bacillus circulans, and Paenibacillus sp (Liu
et al., 2012; Parmar and Sindhu, 2013), Pseudomonas frequentans and Clasdosporuim (de la Torre et
al., 1992), and Paenibacillus giucanolyticus (Sangeeth et al., 2012) bacterial isolates a wide range of
rhizospheric microorganisms and reported as potassium solubilizers or KSB. These KSB strains have
the capability to soluble K from K-bearing mines or minerals. Few researchers reported Bacillus
mucilaginosus and Bacillus edaphicus KSB isolates have activity in mobilizing and solubilizing K from
minerals and have wide range of applications in mining, bio-fertilizers, crop yield, and metallurgy (Li

et al., 2006; Lian et al., 2002; Liu et al., 2012; Zhang and Kong, 2014; Zhao et al., 2008).

1.8. Selection of tomato plant (Solanum Lycopersicum L.)
Tomatoes (Solanum Lycopersicum L.) are the World’s most important and popular horticultural

crops worldwide and they have been widely used as a model plant for several fields of plant research.
On a global basis, 20 million metric tons of tomatoes are produced every year. The United States, Italy,
Spain, and the U.A.R are the top producers of this crop (Monteiro et al., 2012; Salunkhe et al., 1974).
Tomatoes, along with other foods, have been recommended as a world-balanced healthy diet. The
growing population of the world, including tomatoes, needs stable fruit yields (Daoud et al., 2020). It
is also one of the most important protective vegetables or fruits in India and it is produced on 1204
thousand hectares of land and has a productivity of 19, 042 million tons and 21.2 metric ha™! (NHB,
2014) respectively. In India the most tomato producing as Bihar, Karnataka, Uttar Pradesh, Orissa,
Andhra Pradesh, Maharashtra, Madhya Pradesh, and West Bengal (Nagoni et al., 2017). Tomatoes and
their by-products are a huge source of lycopene in the human diet and contain a significant amount of
various antioxidant compounds like phenolics, flavonoids, ascorbic acid, and vitamins C and E. The
results of epidemiological studies have shown that regular consumption of tomatoes and tomato-based
products can help prevent a variety of cancers, especially prostate cancer, heart disease or
cardiovascular problems, and metastatic activity, gene function regulation, cell-cell communication,
cell cycle arrest, apoptosis, quenching of singlet oxygen and reduction of free radicals, carcinogen
metabolism and metabolic pathways involving phase I and phase II drug-metabolizing enzymes (Kanr

et al., 2008; Kerkhofs et al., 2005; Toor et al., 2006, 2005; Toor and Savage, 2005). Tomatoes also have
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B-carotene which is also an antioxidant, is also an important carotenoid in tomatoes which provides to
maintain healthy skin and tissue lining and it also plays a wide role as a provitamin a carotenoid, because

hypovitaminosis (Meena et al., 2017).

According to some factors like fertilization, nutrient supply has significant effects on the
balanced values and quality of tomatoes. K (potassium) and Ca (Calcium) ions are essential nutrients
for the growth and quality of tomato fruit (Hernandez-Pérez et al., 2020; Sonntag et al., 2019; Weinert
et al., 2021). Several researchers have found positive correlations between K-fertilization and
environmental stress tolerance like drought, salinity, and cold, as well as resistance to pests
and pathogens (Sonntag et al., 2019; Weinert et al., 2021). K also helps maintain fruit size, acidity,
soluble solids, the content of sugars, and texture, among others. K forms as K,O is the nutrient most
absorbed by the tomato plant and also helps many physiological processes, such as photosynthesis,

enzymatic activation, and synthesis of proteins (Neto et al., 2016; Sonntag et al., 2019).
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Fig. 1.1. Rhizospheric phenomena between Soil-Microorganism-Plant (SMP) as affected by potassium
solubilizing microorganism (KSMs). Sources:(Singh et al., 2016)

Several workers studied the effect of different mines and mining activities on soil
microorganisms (Ma et al., 2015; Zhang et al., 2018), the effects of mica mines and available heavy
metals in soil, and their effect on microbiological and biochemical indicators of soil quality did not
study still now. There is evidence that heavy metal uptake by plants is positively related to the

bioavailable concentration of heavy metals in soil.

Although a study published recently (Giri et al. 2021; Giri and Singh, 2022) found the adverse
effects of heavy metals and fluoride contamination in groundwater in mica mining areas of Jharkhand

states, India; and its effects on human health. The effects of mica mines and mining activities on the
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soil and the presence of heavy metals in the soil and their effect on human health have not yet been

investigated.

Current trends in agriculture mainly focus on reducing the use of toxic chemical pesticides and
inorganic fertilizers, and finding alternatives to improve crops in sustainable agriculture. Farmers and
researchers are preferred biological fertilizers over chemical fertilizers. A biological approach is not
only eco-friendly and economical; it also contributes to soil quality and to preserving natural soil plants
and microbial diversity. Environmentally beneficial microbial strains can be used as organic fertilizers
as a tool for sustainable agriculture and an alternative to chemical fertilizers and pesticides (Meena et

al., 2015; Zhang and Kong, 2014).

Objectives

1) Effect of metal fractions on rice grain metal uptake and biological parameters in mica mines
waste contaminated soils.

2) Source acquainted pollution and health risk assessment of potentially toxic elements in mine
tailings contaminated soils in India employing synergistic statistical approaches.

3) Temporal dynamics of potassium release from waste mica as influenced by potassium
solubilizing bacteria.

4) Comparative analysis of potassium solubilizing bacterial (KSB) fertilizers on the solubilization
of waste micas (muscovite and biotite) and their effect on growth promotion and nutrient

acquisition by tomato (Solanum Lycopersicum L.) plant grown under Alfisol.
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CHAPTER - 2. REVIEW OF LITERATURE

2.1. Background knowledge of Mica mines
In Jharkhand and Bihar, Giridih and Koderma districts contain the world's largest mica deposits

in an area of about 3888 sq.km (Huang et al. 2013; Nishanth et al. 2008). About 75% of the total mica
mine waste is dumped near the mines during the dressing of raw micas. Mining is one of the leading
sources of heavy metal pollution in the environment, and it generates substantial amounts of waste
tailings and rocks that are deposited on the surface. Whenever the land surface is damaged, wastes such
as rocks and tailings become unstable and pollute the environment. A naked tailings pile is extremely
vulnerable to erosion and releases toxic metals into the soil and water (Shyamsundar et al., 2014). Direct
consequences include the loss of agricultural land, forests, and grazing land, as well as the loss of
production; indirect consequences include air- and water-pollution, as well as river silting. This will
lead to biodiversity loss, amenity degradation, and economic loss in the long run (Wong, 2003). Since
mica wastes are generally fine, loose, and homogeneous, have low bulk density and moisture-holding
capacity, and are devoid of nutrients, they not only hinder plant colonization but also pollute the
surrounding environment during strong winds and heavy runoff. Mica wastes containing heavy metals
have negatively affected crop production and soil quality, as well as human health. Mica wastes
containing heavy metals have negatively affected crop production and soil quality, as well as human
health. The quality of soil plays an important role in the sustainability of agriculture as well as the

preservation of the environment.

2.2. Impact of waste micas on environment
Having heavy metals present in this mica waste hampered crop production and

deteriorated soil quality, which may eventually result in the loss of biodiversity, economic
opportunities, and resources. Soil quality enhancement or maintenance is essential not only to a healthy
environment but also to sustainable agricultural practices. The total metal element in the soil is an
effective indicator of soil pollution; they do not provide adequate information about the potential
environmental impact. A number of studies have demonstrated that heavy metal uptake by plants is
positively related to the bioavailable concentration of soil heavy metals (Monterroso et al., 2014; Xiao
et al., 2017). For the testing of heavy metal bioavailability, DTPA, EDTA, NaNO3, and CaCl; have all
been used as extractants because of their simplicity and ease of operation (Xiao et al., 2017). In spite of
this, the bioavailable fraction of heavy metals reported by (Prasad, 2004) studies varies due to the
slightly different extraction procedures used, which are operational in nature. In this context, sequential
chemical extraction methods are more popular methods to use quantification of different forms of metal

in soil (Beckett, 1989). The sequential chemical extraction technique breaks down metals into different
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solubility and mobility forms and can be used to predict the conversion of metals into different forms

of metals in soils and the availability of metals in microorganisms (Bhattacharyya et al., 2008).

Several workers studied the effect of different mines and mining activities on soil
microorganisms (Ma et al., 2015; Zhang et al., 2018), the effects of mica mines and available heavy
metals in soil and their effect on microbiological and biochemical indicators of soil quality did not study
still now. There is evidence that heavy metal uptake by plants is positively related to the bioavailable

concentration of heavy metals in soil.

2.3. Impact of waste micas on human health
Mica mines and its potentially toxic metals or elements (PTEs) are generally referred to as non-

essential toxic elements from a geochemical perspective (Mondal et al. 2017). The sorption-desorption
dynamics of such toxicants within the earth's surface heavily influence their migration. The total metal
element in the soil is an effective indicator of soil pollution; they do not provide adequate information
about the potential environmental impact. According to Dai et al. (2004), many countries use the total
metal content of soil samples as a measure of soil contamination to determine heavy metal
concentrations in soils. However, this method does not provide information on the ability of the
elements to be absorbed by plants, and it cannot predict the transfer of toxic elements through the food
chain (Morel 1996). Diethylenetriaminepentaacetic acid (DTPA) is widely used as a method for

evaluating the bioavailability of non-essential trace metals (Lebourg et al. 1996).

Nature is omnipresent with heavy metals and their compounds, whether it's in the soil, water,
or biota. Human beings and other living organisms require metals like Fe, Cu, Mn, and Zn which are
essential for proper physiological functioning. These essential metals, however, can also be toxic
beyond a limit. Metals like Cr, Cd, As, Co, and Pb do not have any known requirements in the human
body, and can cause havoc at even very low concentrations (Bruins et al. 2000; Giri et al. 2020). The
United States Environmental Protection Agency has listed some metals such as Cd, Cr, As, Hg, Pb, Cu,
Zn, and Ni as priority control pollutants (USEPA 1997, 2001) because of their potential toxicity. Metals
enter the body through many routes including ingestion, inhalation, and dermal contact. Ingestion is the
most common route, particularly when drinking water and eating foods (Weissmannova et al. 2017). A
systematic assessment of the health risks associated with continuous exposure to toxic metals is a
requirement for the populations exposed to toxic metals through groundwater and mines contaminated
soils. According to Man et al. (2013), assessment of health risk involves calculating the probability of
adverse health effects based on exposure routes, risk sources, and risk receptors. In contrast, uncertainty
is intrinsically linked to the assessment of risk, where 'uncertainty' is explained by a lack of knowledge
pertaining to the actual value of a variable. (Giri et al. 2020) As a result of the uncertainties,
deterministic risk assessments may underestimate or overestimate the risks and should therefore be

approached differently (Koupaie et al. 2015). As a result, PRA (probability risk assessment) attempts
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to characterize the uncertainty and illustrate it through the range and distribution of exposure parameters
or variables (Mallongi et al. 2022). According to USEPA, Monte Carlo Simulations can be used for
probability risk assessment, which calculates the frequency of occurrences based on probability

distributions for each exposure parameter (Giri et al. 2020; Mallongi et al. 2022).

A study published recently (Giri et al. 2021; Giri and Singh, 2022) found the adverse effects of
heavy metals and fluoride contamination in groundwater in mica mining areas of Jharkhand states,
India; and its effects on human health. The effects of mica mines and mining activities on the soil and

the presence of heavy metals in the soil and their effect on human health have not yet been investigated.

2.4. General information on fertilizers
A massive application of chemical fertilizers on Indian soil is negatively affecting the economy

and the environment, causing a growing need to return to nature and promote sustainable agriculture
(Meena et al., 2015). Agricultural fertilizers with low nutrient efficiency are becoming more expensive,
so alternative methods of beneficial and environmentally friendly fertilizers are needed. As part of the
soil-plant-microorganism (bacteria and fungi) system, cast soil stores large amounts of nutrients and
provides energy for living things (Meena et al., 2016). Due to higher classifications of mineral and
biological deposits, pesticides and chemical fertilizers that are hazardous to the environment continue
to be used to increase crop production. The current need for alternative and environmentally friendly
technologies to enhance organic farming methods includes Plant Growth Promoting Microorganisms
(PGPM) and Integrated Pest Management (IPM) (Kumar et al., 2016). In a feasible agricultural
ecosystem, rhizospheric microorganisms such as rhizobacteria or fungi are an integral part of
decomposing organic matter, converting nutrients, and fostering soil fertility under organic nutrient
cycling. Moreover, it controls the flow of nutrients by synthesising them, producing biomass, and
binding them organically or biologically. Various chemical transformations of soil are mediated by soil
living microorganisms, which influence micro- and micronutrient availability. The use of PGMs

organisms helps to increase crop yields as well conventional plant protection (Meena et al., 2016).

Azospirillum, Bacillus subtilis, B. mucilaginosus, B. edaphicus, B. circulans, Paenibacillus
spp., Acidithiobacillus  ferrooxidans, —Pseudomonas, Burkholderia, potassium solubilizers,
phosphorous, and zinc solubilizing microorganisms are called SMAT microbes, produced
phytohormones, helping plant growth promotion. These microorganisms are also environmentally
friendly and maintain an environmental ecosystem. In the earth-crust rhizosphere is a vital part of the

soil, which is controlled by plant roots mean.

Potassium ions are essential for plant growth and development; they are involved in immune
system function, signalling pathways, and resistance to biotic and abiotic stresses like apoptosis,
salinity, drought, and oxidative stress. In addition to improving cell quality, enzyme activation, and

photosynthesis, they also help maintain soil potassium levels that have fallen due to erosion, runoff,
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crop removal, and leaching (Raghavendra et al., 2016; Velazquez et al., 2016; Zahedi, 2016). The
current situation of K exhaustion in the soil is gradually increasing due to unavailable form of K present

in the soil.

Increasing prices of chemically synthesized potassium fertilizers are a serious problem. Farmers
cannot afford to purchase the K they need to grow plants, and this has negative effects on their
mechanical stability, nutrition, and pathogen resistance (Jaiswal et al., 2016). Additionally, nutritional
imbalances in developing countries and crises in some countries need to be resolved by increasing
global production of K fertilizer, and scientists are concerned about soil fertility since India is not self-
sufficient in K fertilizer production, and the entire amount of potassic fertilizer required (5 million
tonnes) needs to be imported. In order to increase crop yields and enhance soil fertility, it is essential to
maintain stable crop-nutrient relationships. Therefore, native sources of K minerals can be considered

as alternative sources of cost-effective fertilizers (Saha et al., 2016).

The Earth's crust is one of the largest sources of stored K, with around 98% of the K found in
silicate minerals (micas), feldspar, rocks, and orthoclase that are not soluble in water. K concentration
in soil exceeds 20,000 ppm, which is initially unavailable to plants. Only 1-2% of the total potassium
content is gradually available to plants (Jha and Subramanian, 2016; Rawat et al., 2016; Sharma et al.,
2016). In soil, K is present in four forms such as solution or water-soluble K, exchangeable K,
unavailable or non-exchangeable K, and minerals or structural K. Some rhizospheric microorganisms
such as bacteria (Pseudomonas, Burkholderia, Acidothiobacillus ferrooxidans, Bacillus mucilaginosus,
Bacillus edaphicus, B. circulans, Paenibacillus sp., B. cereus, B. subtilis, B. coagulans, B.
amyloliquefaciens, B. megaterium, Enterobacter hormaechei, Flectobacillus spp., and Paenibacillus
spp.) fungal strains (4. terreus, A. fumigatus, and Aspergillus niger), and yeast (Torulaspora globosa)
are capable of K release from K-bearing minerals (feldspar) using extracting organic acids in soils for
plant uptake (Liu et al., 2012; Meena et al., 2015; Parmar and Sindhu, 2013; Sheng, 2005; Yadav and
Sidhu, 2016).

Potassium solubilizing microorganisms (KSMs) are one of the most promising microorganisms
for sustainable agriculture because they promote plant growth. PGP is a complex process that is rarely
responsible for a single process because most PGPMs affect plant growth through multiple
processes. Almost any rhizospheric microbial agent must interact not only with the plant but also with
other organisms in the vicinity of the microenvironment. The potassium solubilizing microorganisms
have the capabilities production of plant growth promoting hormones such as IAA production, GA3
production, HCN, antifungal activity, siderophore production, Ammonia, and K solubilization (Kumar
et al., 2016). Pseudomonas spp. and Bacillus spp. are the most dominant PGPB of rhizospheric soils,
also known as K solubilizing microorganisms. Inoculation of KSMs seems to be committed to

promoting plants growth under 2.3 to 3.5 dSm™ salinity concentrations with low availability of
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phosphorus and potassium. They also protect the plants from injury by salinity stress like lipid
peroxidation and increasing plant growth-related physiology. These KSMs help to reduce lipid
peroxidation and increase plant cell membrane stability for plant survival under the stress of salt (Jha
and Subramanian, 2016). K solubilizers provide an immune boost on plants to fight against pathogens
and different environmental stress conditions. The indigenous microbes proved their effectiveness; such
microbes suit the environmental conditions in the cropping system for which they are intended. KSMs
is one of the best sustainable technologies for agriculture and crop productions, solubilize fixed K to
available K for plant uptake. Thus, the biological formulas of potassium-soluble microorganisms as
bio-fertilizers suggest an environmentally sustainable approach and also meet the potassium

requirements for crop production (Jaiswal et al., 2016).

This review chapter contains broad information of current research work presented in the work
topic title is “Isolation and characterization of Potassium Solubilizing Bacteria from Mica contaminated
soil in Giridih District, development of biofertilizer, and its efficacy in crop production” and

subheadings are described below.
2.4.1. Role of potassium in living organisms

K" ions were recognized as an essential nutrient in animals and plants even before the twentieth
century. It contributes to nerve and muscle function, heart health, bone health, kidney function, and
blood pressure regulation in animals, and it regulates many physiological functions in plants, including
plant growth, strength, photosynthesis, immunity to pests and diseases, as well as controlling water
conditions and increasing drought tolerance in plants (Zhang and Kong, 2014; Zo6rb and Peiter, 2013).
In the cells, K" cation is accountable for protein synthesis, enzyme activation, osmoregulation, ion
homeostasis, and manages membrane potential and balance of charge in both plant and animal cells
(Fig. 2.4.1) (Marschner, 2011). Generally, cultivated plants absorb potassium by roots as soon as
nitrogen (N), although bananas, cotton, and some other species require more potassium than nitrogen.
As potassium dissolves in clay solution and mixes with clay and organic colloids, but it can also be part

of more complex chemical compounds (Meena et al., 2016; Sheng et al., 2003; Zandonadi et al., 2010).
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Potassium: A universal molecule playing diverse roles in animals and plants
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Fig: 2.4.1. Illustration of the role of K ions in plants and animals, and it is responsible at a cellular and
physiological level. K is a vital nutrient, osmoticum, and signalling molecule in animals and plants
(Pandey and Mahiwal, 2015).

K is the one of the most abundant cations in plant cells, the constant concentration of (80-100
mM) is maintained in the cytoplasm (Dreyer and Uozumi, 2011). K is highly mobile in the plant at all
levels, such as tissues, xylem, phloem, cells, and tissues, and is absorbed by the roots and converted
into K" ions. In contrast with potassium, magnesium and calcium have important structural functions,
but only limited mobility in plants. Potassium is vital for regulating water status in plants. K is essential
for photosynthesis and meristematic growth, as well as for fruit development and preservation in
carbohydrate metabolism (Meena et al., 2016).

The K* cation plays a critical role in photosynthesis, involved in enzyme activation and in the
production of ATP (adenosine triphosphate), which probably controls the amount of photosynthesis
more effectively than stomatal activity. A primary high-energy product is ATP, which is produced when
solar energy is combined with CO, and water to form sugar; at the point of ATP production, the balance
of electrical charge is maintained by the K* cation. When plants have a deficiency of K, the rate of
photosynthesis are slowdown and the flow of ATP production decrease, and all processes dependent on
ATP synthesis. In addition, the respiration by plant is increased, which gives to moderate growth and
development (Moran, 2007; Sharma et al., 2016). ATP also helps as an energy source for the plant
transport system. When K ions present an inadequate amount, the ATP production also diereses; as a
result, the transport system breaks down. This creates photosynthesis in the leaves and reduces the rate
of photosynthesis. The general development of energy storage organs such as grains, fruits is considered
(Ben-zioni et al., 1970; Sharma et al., 2016).

The production of the crop is significantly affected by biotic stresses and abiotic tresses. It is

reported that the highest potential loss weeds production up to 32%, in addition, 18% animal pest, 15%
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bacteria and fungi, and 3% viruses. In most cases, potassium deficient plants are more affected by

infection compared to those that supply adequate amounts of K ions (Oerke and Dehne, 2004). (Sarwar,

2012) reported that the absence of K supply, the rate of “rice borer infestation” was highest, but K

decreased rapidly as the density increased (Holzmueller et al., 2007) had found a similar result with a

fungal spp. (Discula destructiva Redlin) infection in Cornaceae (Cornus florida L.) flowering plant. It

also reported that potassium reached fertilizer showed significantly reduce stem rot and AgSS

(aggregate sheath spot) disease and found negative correlations between disease inflexibility and

potassium percentage (Williams and Smith, 2001). K fertilizer significantly reduces fungal infections

(70%), bacteria (69%), mites and insects (63%), viruses (41%), and nematodes (19%) (Sharma et al.,

2016). The uses of K* cation to reduce biotic stress can express as below (Fig. 2.4.2). In addition to K

can control biological stress the effectiveness of plants during abiotic stresses (drought). The uses of K*

cation plays in abiotic stress reduction are expressed (Fig. 2.4.3).
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Fig: 2.4.2. The role of K under biotic stress, Sources; (Sharma et al., 2016; Wang et al., 2013)
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In order to achieve the potential of the plant, it is necessary to have an insufficient amount of
K, along with several factors like grain size and quality, oil content, dry matter, sugar and carbohydrate
content, fruit ripening and quality, starch content, and tuber size. The different efficacy of potash in
plants is related to physiological conditions and divergent stresses. These functions include diversified
and efficient nitrogen and drought tolerance, water use, frost resistance, and pest and disease resistance.
Hence, it is not surprising that the lack of K available to plants in the soil results in poor and low-quality
crop yields; that damaged during major growing seasons. So, a sufficient amount of K is vital for which
it provides some “insurance” against an unfavourable situation in challenging growing seasons (Meena
et al., 2016).
2.5. Worldwide potassium demand

It was only in the nineteenth century that K fertilizer was used in agriculture following Justus
v. Liebig's discovery that plants need K in distinct quantities and proportions for growth, as well as
other vital nutrients such as nitrogen (N), phosphorus (P), and potassium (K) to increase biomass. The
key sources of K are soil clay minerals, rocks, micas, and feldspar, in ocean water, rock salt deposits in
ocean water, and crystalline minerals in long dry seas (Prakash and Verma, 2016). In the last 40 years,

global K utilization has increased 2.5 times. In the year 1960 to 2000, the global utilizes of K fertilizer
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increased by 9 to 22 metric tons, and 16% of fertilizer use was accounted for total fertilizer. The potash
consumption of the developed countries has increased 1.25 times in the past 40 years. Since 1960, the
demand for potash has increased 22 times from 0.5 metric tons to 11.3 metric tons in developing
countries, and production has increased up to 37 metric tons. Since 1960, the demand for potash has
increased 22 times from 0.5 metric tons to 11.3 metric tons in developing countries, and production has
increased up to 37 metric tons (Meena et al., 2016). The worldwide consumption of potash in different

countries represents following the (Fig. 2.5).

Fig.2.5. The worldwide consumption of potash fertilizers in different countries in year 2000, sources;
(Prakash and Verma, 2016).

In global agriculture, KCl or potassium chloride is the key used ore. (Prud’Homme, 1997)
reported that KCI accounted for 96% of world potash production with the remaining 4% coming from
potassium sources such as potassium sulphate, potassium magnesium salts, and potassium nitrate.

About 28% of the potash produced in 2012 came from Canada, compared to Russia (17%),
Belarus (15%), China (8%), Germany (10%), Israel (7%) and Jordan and Chile (3%) respectively
(Prakash and Verma, 2016).

2.6. Status of potassium (K) in Indian agricultural soil

India produced 230 million tons of food grains during 2007-08, using 23 million metric tons of
NPK, and it was estimated that by 2025, the growing population will need about 45 million metric tons
of nutrients (Srinivasarao et al., 2011). It is estimated that India removes over 10 metric tons of N, P,
and K every year, and fertilizer application continues to increase. This lack of nutrient removal will
result in reduced soil fertility and a negative nutrient balance. The authors (Hasan, 2002; Ramamurthy
and Bajaj, 1969) reported that there are about 11 million soil test data in 371 districts, which is split into
Low (76 districts), Medium (190 districts), and High (105 districts) with percentage-wise contributions
of 21% Low, 51% Medium, and 28% High. To all low and medium K soils, apply 72% K fertilizer,
ensuring optimum yield and balanced soil fertility. Addition, removal, and balance are used to provide
a state-based picture of nutrition. A state-based picture of nutrition is provided by addition, removal,

and balance (Table 2.6.1).
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Table 2.6. A state-based picture of nutrition is provided by addition, removal, and balance in Key states of India (‘000 t).

N P,05 K,O N+P,05 + K,;O
State Add Rem Bal Add Rem Bal Add Rem Bal Add Rem Bal
A.P. 1,256 477 779 576 497 79 191 817 -625 2,024 1,791 233
Assam 38 257 -219 15 74 -59 18 294 =277 71 625 -554
Bihar 618 481 137 101 102 -1 54 492 -438 774 1,075 -301
Chhattisgar 67 156 -89 68 68 -0 13 137 -124 148 360 -212
h
Gujarat 691 340 351 268 121 147 61 426 -365 1,020 887 123
Haryana 597 362 235 201 145 56 5 490 -485 803 998 -195
H.P. 29 43 -14 5 8 -3 4 25 221 39 76 -37
Jharkhand 40 165 -125 15 60 -45 5 20 -15 60 245 -185
Karnataka 681 473 209 374 239 135 216 604 -388 1,272 1,315 -43
Kerala 87 149 -62 44 53 -9 87 176 -89 219 377 -158
M.P. 519 696 -177 344 431 -87 24 849 -825 888 1,976 -1,088
Maharashtr | 923 1,559 -636 450 608 -158 197 2,096 -1899 1,571 4,262 -2,692
a
NE States 19 96 =71 5 17 -12 3 84 -81 41 198 -157
Orissa 196 227 -31 56 104 -48 40 282 -242 291 614 -323
Punjab 1,081 589 492 275 279 -4 19 764 -745 3,276 3,580 -304
Rajasthan 547 835 -288 147 235 -88 7 1,068 -1061 1,375 1,631 -256
Tamil Nadu | 484 405 79 145 111 34 162 398 -236 791 914 -123
U.P. 2,387 1,497 889 776 305 471 114 1,777 -1664 3,276 3,580 -304
‘W.Bengal 562 764 -202 297 241 56 226 801 -575 1,085 1,806 =721
All India 10,923 9,613 1,310 4,188 3702 486 1,454 11,657 -10,203 16,564 24,971 -8,406

Add = Additions, Rem = Crop uptake, Bal = Balances. Modified by (Tandon, 2007).

Different types of soils available in Indian agro-ecological zones include medium and deep black soils,
alluvial soil, red and lateritic soils. Potassium or K status varies with soil type, parent material, texture,

and management method. Generally, deep black type soil has smectite as the governing clay mineral,
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and soils with high CEC levels show high exchangeable K and moderate to high non-exchangeable K
levels (Bakken et al., 1997; Srinivasarao et al., 2011).

As mica is the dominant mineral in the earth's crust, alluvial soils have medium exchangeable
K levels and high non-interchangeable K levels, while red and lateritic soils have kaolinite as the
dominant mineral and have a lighter soil texture, resulting in less EK and higher NEK levels. The soils
EK have low to high concentration status, and K deficiencies are readily apparent in coarse-textured

alluvial soils, shallow soils, and red and lateritic soils.

In comparing vertisols, inceptisols and alfisols, vertisols have a higher EK value due to their
clay content, and main K depends on the cropping system. Below is a table of K availability under
different cropping systems in Indian agriculture (Table. 2.6.2).

Table.2.6.2. Availability of K under different crop system in Indian agriculture, adopted (Sharma et al.,

2016)
Cropping system Potassium availability (kg ha—)
Rice-based system 138.8-95.1
Groundnut-based system 129.2-188.8
Soybean-based system 322.2-407.5
Cotton-based system 76.7-272.2
Rabi sorghum system 365.4-500.4
Pearl millet-based system 85.1-163.1
Finger millet-based system 53
Maize-based system 55.6-109.4

2.7. Potassium (K) dynamics and availability in soils
This vertical distribution and the different forms of K in the soil may provide useful information

about which fertilizers should be considered for long-lasting nutrient availability and efficient crop
production, but determining the soil's capacity to supply K from removable or exchangeable and fixed
or non-exchangeable forms is difficult due to the reversible transformations that occur between the two
forms of K (Sharma et al., 1992). The underlying K status of a soil depends largely on the rate and
amount of non-exchangeable K (NEK) release (Deshmukh and Rangacharya, 1992). Crop removal of
K exceeds annual additions without any appreciable change in the available K status of soils. This
suggests that part of the NEK or lattice K becomes available to plants. The release of NEK occurs when
the levels of EK and water-soluble K decrease by crop removal and leaching (Talukdar et al., 1992).
In addition to the release of K ions, soil mineral compositions also influence the availability of
K to plants. It involves the uptake of K* ions in interlayers of silicates like lattice or illite and
vermiculite. Degree of K solubilization depends on the formation of clay minerals and the concentration

of their charge, the amount of moisture, the competing ions, and the pH of the soils (Meena et al., 2016;
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Sparks, 1987). Furthermore, soil wetting and drying also influence the stability of K; the process of
stabilization is relatively quick; on the other hand, the release of stable K is very slow due to the strong
bond between potassium and clay minerals present in soil. The soil potassium releases are highly
dependent on the K-density of the soil solution (Oborn et al., 2005; Schiavon et al., 2010).

The concentration of H' ions in soil solution through soil pH seems to play an influential role
in the release of K from soil minerals. Optimizing soil pH can be a way to increase K release. For
optimized K fertilizer management practices, it is imperative to understand the factors that control K
release from soil NEK pools. This includes the effect of potassium fertilization on the physical
properties of the soil. Recent studies have raised the consciousness of the influence of K on soil structure
and its water absorption capacity. (Holthusen et al., 2010) reported that; the application of K mineral
fertilizers enhances the water holding capacity of the soil and also improves the structural stability of
sandy soils. Excessive water preservation plays an important role in producing soil productivity in
water-restricted areas. Consequently, more information is required to recognize the physical properties
of soil and the effect of K fertilization on soil water holding capacity (Zahedi, 2016). Fig. 2.7, represent

the potassium cycle in the soil-plant and animal system.

Non-exchangeable-
K(NEK)

Fig: 2.7. K cycle in plant-soil-animal system, sources; (Syers, 1998).
2.8. Need for fertilizers in soil

Fertilizer uses in Indian agriculture are quite widespread. The uses of imbalanced
macronutrients like NPK in agriculture have become very obvious. Fertilizer application efficiency
increases to 3 kg/ha. It’s universally acknowledged that the application of chemical fertilizers is an
integral part of the development of agriculture at a higher level. Research by the Food and
Agriculture Organization of the United Nations (FAO) has shown that there is a close relationship
between fertilizer consumption levels and average crop yields. The benefits of using nutrients or
inorganic fertilizers are immediately available to plants, and the exact amount of any specific ingredient
can be measured before feeding the plants. However, commercial fertilizers, especially nitrogen, are
casily leaked through rain or irrigation (Meena et al., 2016).

2.8.1. About potassic fertilizers
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Potassium is very commonly found in aggregate form as a naturally occurring mineral.
Common soils such as granite and ginseng are found in about 3% K. Potassium has been considered a
key plant nutrient for many years. Mineral deposits were not discovered until the eighteenth century
and were used as fertilizer. The first product used as fertilizer was wood ash and the use of wood ash
has existed for many centuries. The content of K in potassic fertilizer is normally known as K-oxide,
K,O also called potash. These fertilizers are produced from ores and minerals. In commercial fertilizers,
potassium salts are usually soluble in chlorides and sulfates, so they can be readily absorbed by plants
(http://ecoursesonline.iasri.res.in). In 2010-11, potassium fertilizer consumption reached its peak from

100-2000 tons per hectare in 1990-61 to 0.09 kg to 3514000 tons in 2010-15, respectively, at 11.1 and

18.0 kg per hectare (Ramamurthy et al., 2017). There are some countries that use K-fertilizers that
contain 60% to 62% K20 - of all the K-fertilizers, Polyhalite (KCl) is the most abundant mineral in
commercial deposits. KCl and NaCl (halite) produce common ores called sylvanite (Garrett, 1996). (4
KCIl. 4MgS0O4.11 H»0) known as kainite ores which are much less common and carnallite
(KCl*MgCl,*6H,0) is present with halite (Eatock, 1985). Another key source of potash is bedded
marine evaporate deposits and surface/subsurface K-rich brine. The main ore is a mixture of polyhalite
(KC1), sylvanite, and rock salt (NaCl), and India mainly has resources such as gluconate, sylvite, and
polyhalite. In addition, there is no commercial utilization here, and the total requirement of potassic
fertilizer for direct application as well as production of complex fertilizers is met through import
(Prakash and Verma, 2016).
2.8.2. Fertilizers and its impact on Environmental pollution

As fertilizers are necessary for agriculture to yield high yields, differences in the quantity, type,
and timing of fertilizer applications, as well as a lack of knowledge in the sector adversely affect the
health and environment of animals. As a result of proper fertilization, some problems arise, such as soil
salinization, heavy metal accumulation, unbalanced nutrition, negative charges to microbial activity,
erosion and nitrate accumulation in water, and the release of gaseous nitrogen and sulfur compounds

into the air (https://agris.fao.org/agris-search/search.do?recordID=TR2015300055).

Most fertilizers are safer than harmful pesticides; they show toxic properties in living systems,
but not all fertilizers applied to the soil are fully utilized by plants. About 50 percent of the fertilizer
applied to the plants is left as a residue. Inorganic fertilizers are usually not toxic or harmful to humans
and other life forms, but they have disturbed the ecological balance; nutrients are escaping from
agriculture or other fields and are found in excessive quantities in lakes, rivers, and coastal waters, and
water algae blooms are high, reducing other aquatic plants in the water. Environmental pollution is
caused by the fact that not all fertilizer applied to the crop is taken up by the crop and is not removed
from the soil at harvest. This can result in the death of many aquatic inhabitants (Meena et al., 2016).
In modern agriculture, fertilizer is essential for maintaining soil fertility, increasing yields, and
improving crop quality, but a significant portion has been reduced, increasing agricultural costs, wasting

energy, and polluting the environment (Chen et al., 2018).
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2.8.3. K availability in soil

In the earth's crust, potassium ranks as the seventh most abundant macro element after N, P,
and K, and the concentrations of K nutrients vary widely between 0.04 percent and 3.0 percent (Sparks
and Huang, 1985). Most of the potassium reserves in soil are held in organic matter and clay minerals
by negative charges, so the binding of K can be strong or weak depending on the conditions in the lattice
clay. In the exchangeable form (loosely bound) K* ions can be taken up by plants; however, in the non-
exchangeable form (strongly bound) ions cannot be taken up by plants. In sandy soils, there are only a
few limited amounts of exchangeable K and clay minerals themselves contain K depending on the type
of soil clay and the amount of soil organic matter.
2.8.4. Different types of K and availability in soil

K is present in soils in four forms, (1) K in primary minerals or crystal structures; (2) Non-
exchangeable-K or secondary minerals; (3) Exchangeable-K or colloidal surfaces; (4) K+ ions present
in soil solution and water soluble-K; the concentration of solution-K, exchangeable-K, and non-
exchangeable-K levels lower comprise the total-K concentration (Sparks and Huang, 1985). In the order
of soil K availability of plants and microbes, the forms of soil K are solution > exchangeable > fixed
(non-exchangeable) > mineral (Jaiswal et al., 2016; Sparks, 2000). The solution-K is a form of
potassium that is directly absorbed by microbes and plants and is the most common form of leaching
form into the soil (Jaiswal et al., 2016). (Saha et al., 2016) reviewed that K content covers about 2.5%
of the soils and the actual K content in the soil ranges from 0.04% to 3.0%. About 98% of the total-K
is found in NEK or unavailable forms in the different soil types (Fig.2.8.4). Most of the K minerals are
insoluble. In soil, micas and feldspars are min minerals that are mostly K containing and common key
material for most soils (Meena et al., 2016). Minerals and NEK are seen as important buffer processes
for soil solution. The exchangeable form Potassium is the second most abundant plant nutrient and also

an irreplaceable resource.
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Fig.2.8.4. Represent, K in the soil and its various forms in the soil system, sources (Saha et al., 2016).

Removed in Harvested
Produce

2.9. Estimation and Standardization of K supply to Crops
It is well established that essential fertilizers in agriculture provide an adequate amount of

soluble potassium to the crop, however, implementation rates and timing are not always based on
potassium requirements, and this can cause an excess or deficiency of potassium depending on the crop

and soil (Oborn et al., 2005; Zahedi, 2016).
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2.9.1. Analysis of potassium (K) present in soil

To recommend specific fertilizers, it is essential to observe the soil storage as well as to
determine exchangeable potassium (EK) by using neutral ammonium acetate (IM NH4OAc),
ammonium chloride (NH4Cl), ammonium fluoride (NH4F) or Mehlich-3, as well as calcium chloride
(CaCly). That provide the basis for the most commonly used soil tests for K and most K fertilizer
suggestion globally (Barbagelata and Mallarino, 2013; McMaster and Wilhelm, 1997). (Luebs et al.,
1956) reported that the preparation method involved soil samples being dried at a maximum of 40°C
and crushing and passing in a 2 mm sieve and homogeneous mixture to estimate the K content.
Traditional extraction methods for K have been pointed out that drying both the air and oven of sample
soils can positively affect the concentration of extractable K, but few studies have shown that the
concentration increases after soil is dried (Z6rb and Peiter, 2013).(Hanway and Scott, 1959) showed
that soils in high EK tend to illite or fix K, and low EK tends to K release after drying.

(Zahedi, 2016) reviewed and (Haby et al., 1990) reported that EK testing determined that the
effect of drying the sample depends on the balance between the time of sampling and the deviation from
the density of K minerals. Illite is another source that seems to release K after drying by stabilizing at a
humidity level of more than 4% is related to vermiculite and montmorillonite, including stable K in
selected Kentucky lands (Dowdy and Hutcheson Jr, 1963; Zoérb and Peiter, 2013). In a greenhouse, pot,
and field experiments, another potassium extraction method; is known as a wet-extraction method by
natural NH4OAc extraction of the wet soil. It proposed to establish a better relationship between crop
and K-uptake by methods extracting from air-dried soil (Luebs et al., 1956; Zahedi, 2016; Zorb and
Peiter, 2013).

It was shown in a recent study by (Barbagelata and Mallarino, 2013) that the method of K
extraction by moisture extraction was more effective in predicting crop response to fertilization than
the standard method of dry extraction. According to (Mengel and Kirkby, 2012), a few laboratories
have selectively applied wet extraction because of inadequate methods such as sieving moist soil. These
extraction methods could provide adequate information to recommend fertilizers in light-textured soils
without 2:1 clay mineral. In soils containing 2: 1 clay minerals, non-convertible K (NEK) pools
typically contribute more than 50% to K cropping (Mengel and Busch, 1982; Zorb and Peiter, 2013). It
is most challenging to quantify K for plants available in soils and released from NEK or fixed K
reserves, since different forms of K in soil need to be in equilibrium for plants to grow, and there are
no routine methods for determining K in soils for plants. In addition, different types of methods are
used to estimate the potentially or slowly soluble K in soils like K extraction by 1M nitric acid (HNO3)
with boiling for 10 min (soil and acid ratio = 1:10) (Reitemeier et al., 1948), extraction and claimed by
IM hydrochloric acid (HCI) (Egnér et al., 1960), electro-ultra-filtration (EUF) by (Nemeth, 1980),
exchange resins by (Goulding and Loveland, 1986), sodium tetra-phenyl-boron; NaTPB by Jackson’s
(Andrist-Rangel et al., 2006), and field balances by (Oborn et al., 2005). Natural acid extraction

methods, however, remove only a proportion of the K reserves present in the NEK pool. (Qgaard and
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Krogstad, 2005) showed that the survey in the grassland compared various methods to evaluate plant
availability of soluble K and resulted that K-uptake had better predictions than other acid extraction
methods, boiling at 0.5M HNOj3 in lightly textured soils. Furthermore, it was also reported that boiled
in 1M HNO; is usually available for harvest (Zahedi, 2016; Zorb and Peiter, 2013).

2.9.2. Methods used for potassium solubilizing bacteria and inoculation preparation

Potassium-solubilizing bacterial isolates were cultured by Tryptone Yeast medium (TYMs)
(Vincent, 1970), Modified Aleksandrov medium (MAMSs) containing (per liter) 5 g glucose, 0.005 g
MgSO4 7H,0, 0.1 g FeCls, 2.0 g CaCOs, 3.0 waste mica (muscovite and biotite) as a potassium mineral
(2.0 g used in original media), 2.0 g calcium phosphate (Bajpai, 2015; Hu et al., 2006a; Meena et al.,
2013, 2015), sucrose-minimal salts medium (SMSMs) (Xiafang and Weiyi, 2002a), and Nutrient broth
medium (NBMs) containing beef extract 3.0 g; peptone 5.0 g; agar 15.0 g; distilled water 1000 ml; pH
6.6-7.0. (Basak and Biswas, 2009; Soils et al., 2010) respectively; and incubated by BOD orbital shaker
at 150 rpm for 48 h to & 7 days at 28 + 2°C, days of incubation is varied growth of different bacterial
strains. The bacterial cultured cells in broth were collected by ~ 2822xg for 15 min at 4°C, and the
suspension cell was washed with pre autoclaved sterile distilled water. The pelleted KSB cells were re-
suspended sterile de-ionized water after that the cells were modified to about 10% cells ml! growth,
based on optical density (OD) 620 nm = 0.008 by spectrophotometer (Bhuvaneswari et al., 1980;
Zahedi, 2016).
2.10. Type of environmental factors affecting K solubilization in soil

A number of environmental factors affect the mobilization of potassium in soil, including
physicochemical properties (soil pH, temperature, exo-polysaccharide, and potassium-bearing
minerals), soil aeration, soil texture, soil depth, and liming (Dotaniya et al., 2016; Jaiswal et al., 2016;
Meena et al., 2016; Xiafang and Weiyi, 2002b). Microorganisms like rhizospheric bacteria, mycorrhizal
fungi, the composition of plant factors, fertilizer, and management practices affect K solubilization and
the ability of bacteria to move it. (Jaiswal et al., 2016) reviewed that, few researchers found the
efficiency of dissolving potassium bearing minerals by bacteria depends on the characteristics of used
minerals (IAKHONTOVA et al., 1987). Some research showed that, variation of extra extracellular
polysaccharides found to significantly increase potassium bearing minerals solubility (Welch et al.,
1999). The release of K content 35.2 mg/L from KSB strains in 7 days after incubation at 28 + 2°C at
pH (range from 6.5 to 8.0). (Meena et al., 2015) further states that KSB can dissolve potassium in
muscovite and biotite. In muscovite, K solubilization ranged from 2.86 to 12.86, 6.30 to 11.40, and 9.26
to 16.20 mg/mL at 7, 14, and 21 days after incubation (DAI). In biotite, range from 8.88 to 13.31, 13.25
to 21.60, and 30.34 to 49.73mg/mL at 7, 14, and 21 DAI. (Sheng et al., 2002) showed release of K
content (35.2 mg/L) from KSB strains in 7 days at 28 C at a pH range from 6.5 to 8.0.

A study by (Lian et al., 2008a) found that potassium solubilization was directly related to pH

when Aspergillus fumigates (a thermophile fungus) and potassium minerals were mixed directly, and
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that potassium solubilization percentages decreased with increasing volumetric labelling (Lopes-Assad
et al., 2010; Renseigné et al., 2006; Ryan et al., 2009). As a result, KSB strains will be very effective
for high yields in agriculture under adverse environmental conditions. KSB is an environmentally
friendly, affordable, and socially acceptable technology.

2.10.1. Soil factor

The following available soil factors are responsible for the availability and uptake of K

1. Texture of soil:

The soil texture affects the estimation of both readily available K (water-soluble K) and fixed-
K (NEK), and topsoil (fine-textured) and coarse-textured soils have mainly significant amounts of both
types of K. The presence of K-bearing clay fractions in the significant K fractions of soils will also
affect K status, more so in illite dominant or alluvial soils than in smectite dominant black soils and
kaolinite dominant red soils, since the amount of available K will vary with clay type (Dotaniya et al.,
2016).

2. Depth of soil:

Soil depth is also the vital environmental factor determines the availability of K and K
concentration present in the soil. Maximum density of Indian soil; as the depth increases in the form of
NEK or WK, it decreases. In India, the Indo Gangetic plain shows more plant uptake able K on top of
the surface soil compare to the sub-surface soil, and two types of K forms in Vertisols decrease with
depth increasing. (Rosolem et al., 2010) reported a significant amount of K leaching is observed in
sandy soils depth 0 to 20 cm when K fertilizer is applied to maintain balance. (Calonego et al., 2005;
Rosolem et al., 2007) showed; those organic skeletons that are not bound to K and free of the point
mineralization of organic matter and washed directly into the soil system by precipitation.

3. Parent materials:

The parent materials in the soil help develop, type, and amount of minerals in the clay, soil
drainage, topography, and duration of soil formation, and soils with a high density of K minerals
naturally contain more K than soils with a limited amount of K minerals (Dotaniya et al., 2016).

4. Soil pH, CEC (Cation exchange capacity), and liming:

Soil pH is an essential element for maintaining the soil nutrient cycle; it also affects the
availability of nutrients in the soil by plant, biochemical and chemical processes. It regulates the
nutritional properties of plants and affects the density of plants in crops. In acidic soils present positive
cations (H" and Al;"; and Ca," and Mg,") are adversely affected by positive charge carriers K (Dotaniya
et al., 2016). As the pH of the soil decreases, the availability of K decreases. The reasons for the weak
root growth of the plant due to the presentation of Al* and Mn" cations are toxicity in the soil acidity
and root growth, which prevent K uptake. When confined elements are incorporate into acidic soils, the
concentration of exchangeable K increases due to an increase in CEC. Once more, the higher amounts
of Ca® and Mg" cations decrease the saturation of K on cation exchange sites when increasing

competition with cations such as Mg" and Ca*. CEC reflects the ability of the K holding with other
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cations like Mg", Ca’, and Mn" deposited in the soil for crop uptake. The available forms of K present
in the soil as K+ cation form slowly down by colloids (negatively charged) like primarily clay minerals
and organic matter, and it builds CEC of the soil. Naturally, soil with higher CEC has higher storage
capacity the ability to K give to the plants (Yadav and Sidhu, 2016). The capacity of CEC in the soil is
increased by liming of acid, which in turn increases the absorption of K colloids by soil and decreases
the K level in the solution. High Ca" cation concentration decreases the uptake of K from the solution
soil (Dotaniya et al., 2016).

5. Soil moisture, temperature, and aeration:

Soil moisture helps several functions such as flow of K to the plant root from soil and K
diffusion to the roots absorbed by plants roots. With adequate humidity or moisture, disperse occurs
more quickly. In addition, it helps reduces drought stress and K availability in soil for root uptake able.
Unavailable forms of K make available K faster at higher temperatures because warmer temperatures
accelerate the release of K; from K-bearing minerals. Plant physiologically active activities such as
roots, plant function, and growth of physiological processes depend on an increase in soil temperature,
and improvement of physiological activity leads to higher adaptations of K. The soil needs air to supply
oxygen to the soil, the roots need oxygen for respiration, and the plants need it to grow (Yadav and
Sidhu, 2016).

2.11. Effects of environmentally friendly biochar on K dynamics and crop uptake

Biochar has been suggested as a possible way to increase soil fertility with potassium (K).
However, understanding the effects of biochar in soil dynamics of K is remains limited. It has been
proposed as a possible way for increasing soil fertility because of the nutrient and water-holding
capacity of the soil and the increase in pH in improved acid soils (Atkinson et al., 2010; Lehmann et
al., 2011). A contributing factor to the beneficial effects of biochar may be the presence of nutrients;
unlike other components that may be retained as insufficient (e.g., N) or relatively dissolved forms (e.g.,
M) during pyrolysis, conserved potassium will be converted into highly soluble salts (Wang et al.,
2018).

According to Angst & Sohi, (2013), biochar has been proposed as an alternative to conventional
K fertilizers, with the rapid release of biochar K making it unlikely to be available after the first year.
As reported by (Li et al., 2009), prior experimental results of releasing nutrients were limited since
biochar was not mixed with soils or microbes, and the ability of the combined K and crop reactions also
depends on the dynamic balance of the soil, which can be affected by soil type, texture, and core K-
supply capacity.

Biochar increases the abundance and activity of microbes, which can influence nutrient cycling.
Few K-solubilizing bacteria (KSB) such as Bacillus edaphicus and Bacillus mucilaginosus, emit
organic acids or organic anions from K-bearing minerals; that is capable of dissolving kinetic silicon
ions or rock K (feldspar and micas)(Wang et al., 2018). Using corn stover biochar (0.6%) as incubation

medium, (Liu et al., 2017) showed that Bacillus mucilaginosus growth was stimulated by fivefold, and
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an estimated eighty percent of K-solubilization increased. However, there is no in-situ evidence to
support the hypothesis that biochar will help bacteria dissolve K-bearing minerals, and more research

is needed to clarify the effects of biochar (Wang et al., 2018).

2.12. Function of K in plant system
While potassium (K) has many functions in plant growth, such as promoting smooth cell

division and growth, providing an immune system (increasing disease resistance and drought tolerance),
and controlling the transport system (opening and closing of stomata required for osmoregulation), it
does not fit the chemical structure of the plant. In addition, potassium is important for photosynthesis,
carbohydrate metabolism, and the synthesis of proteins and amino acids. K also facilitates transport
during plant development (ontogeny), and one of its most important effects is to boost plant oil
production; a decrease in K uptake may cause plant growth problems; a leaf deficiency can produce
chlorosis along the leaf margins and can turn yellow and die. There are many reasons why this problem
occurs, including inadequate soil K supply, inadequate application of mineral K fertilizers and bio
fertilizers, leaching losses, nitrate and phosphorus deficiencies, and complete removal of plant straw
(Das and Sen, 1981; Meena et al., 2016; Zahedi, 2016). (Lack and Evans, 2021) reported that in plants,
cations K+ are highly water-soluble, highly mobile, and transported through the xylem and through
membranes; potassium transport across membranes may be mediated by secondary transporters or
electrochemical gradients.

(Jaiswal et al., 2016) reviewed, the dynamics of K in the plant allow affecting most of the
features of plant growth. In order to increase crop yields, K stimulates several basic physiological
processes including increasing root growth, increasing enzyme activity, decreasing water loss, reducing
wilting, helping photosynthesis, maintaining food quality, maintaining turgor, enhancing transport,
preventing energy loss, maintaining grain quality, cellulose building, providing immunity and helping
retard crop diseases, and reducing lodging. (Wang and Wu, 2015) reported several studies have shown
that supplying adequate amounts of K to plants through the application of potassium-soluble
microorganisms or natural resources can increase tolerance to various environmental stresses like salt,
drought, cold, high light, and pathogens (Fig. 2.12.). A study conducted by (Shabala and Cuin, 2008)
showed irrigated land suffers from abiotic stress (salinity) as salt pressure exerts osmotic stress on plant
cells, as well as reducing plant stem cell K-up. The excessive expression of the K transporter LNHX?2
(Tomato Na* / H" Exchanger 2) increased salt tolerance in transgenic tomatoes (Huertas et al., 2013).
(Xiafang and Weiyi, 2002a) found K application in agriculture, a form of biofertilizer frequently

improves crop effectiveness in saline soils.
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Fig.2.12. Application of (KSM) increases plant tolerance to various environmental stresses, adopted by
(Jaiswal et al., 2016).

According to (Egamberdiveya, 2006), KSB (aerobic bacterium) strains are a heterotrophic
bacterium that gain their energy and carbon from dead organic matter. In addition, gram-positive KSB
bacteria may produce an effective stimulates that stimulates plant growth and inhibits root pathogens.
A Gram-positive KSB bacterium may produce an effective stimulating substance that stimulates the
growth of plants and inhibits the actions of root pathogens. As mentioned by (Maurya et al., 2014),
KSB has important characteristics similar to those of dissolved K from K minerals rock such as micas,
illite, and orthoclases, because they are formed by the excretion of various organic. In addition, KSB
increases soil K availability and mineral contents in plants.

2.13. K solubilizing rhizospheric microorganisms (KSRMs)

A study by (Gundala et al., 2013) reported that different groups of micro-flora in soil are
involved in the process of solubilizing fixed K forms into soluble or available forms so that they are
easily absorbed by plants, and that KSRM strains are capable of absorbing K from K bearing rocks and
minerals increasing plant growth and crop yield, and are economically sustainable and environmentally
friendly. (Muentz, 1890) reported the first evidence that rock potassium is dissolved by microorganisms,
and PGPMs have been shown to play a crucial role in the natural cycle of K. The found rooks can be
considered as a primitive ecosystem that provides minerals and nutrients to plants by utilizing microbial
mineral-induction skills that are controlled through mineral-rich and simple conditions; These microbes
are known as pioneer microbes that release inorganic compounds such as nutrients and minerals needed
by other organisms (plants). As per Banfield (Banfield et al., 1999), the found rooks are primate
ecosystems that provide plants with essential minerals through effective microbial mineral-induction
due to their extraordinary adaptability as well as their control of several mineral-rich and simple gene
regulation. These microbes are pioneer microbes that release compounds such as nutrients and minerals
needed by other organisms. A wide range of rhizospheric microorganisms that are involved in K

solubilizing mechanism and transform its insoluble and fixed K forms into available forms that can be
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easily absorbed by plant roots (Yasin et al., 2016). (Jaiswal et al., 2016; Meena et al., 2016; Yasin et
al., 2016) reviewed that, a wide range of KSRMSs, namely, Bacillus mucilaginosus, B. edaphicus, B.
circulans, Paenibacillus spp. Acidithiobacillus ferrooxidans, Pseudomonas, and Burkholderia
Enterobacter hormaechei, B. mucilaginosus, Paenibacillus mucilaginosus, Sphingomonas spp.,
Arthrobacter spp., and Paenibacillus glucanolyticus have been found to K release in an available form
from potassium bearing minerals in soils. KSRMs and KSMs were described by (Sindhu et al., 2010)
as bacteria and fungi that aid plant growth by dissolving insoluble K forms; these bacteria and fungi are
widespread and vary greatly from soil to soil, and they are vital to the efficient dissolution of bound soil
minerals. (Sheng et al., 2002) showed a variety of rhizospheric soil microorganisms have to dissolve
silicate minerals. KSRMs can soluble; K, silicon, and aluminium in soil from fixed K-bearing minerals
by producing organic acids; that are directly soluble rock or chelated silicon to drive K into the solution
(Jaiswal et al., 2016; Sheng and He, 2006). Table.2.10. summarizes the list of KSRMs microorganisms

in K bearing mineral leaching and solubilization.

Table.2.12. List of potential K solubilizing rhizospheric microorganisms (KSRMs), sources

(Raghavendra et al., 2016).

Potassium-solubilizing microorganisms References

Penicillium frequentans, Cladosporium spp. (de la Torre et al., 1992)

Paenibacillus mucilaginosus (Liu et al., 2012) and (Hu et al., 2006b)

Aspergillus niger, Penicillium spp. (Sperber, 1958)

B. megaterium, Pseudomonas spp., B. subtilis (Taha et al., 1969)

B. megaterium, E. freundii (Taha et al., 1969)

Arthrobacter spp., Bacillus spp., B. firmus (Bajpai and Rao, 1971)

Aspergillus fumigatus, Aspergillus candidus (Banik and Dey, 1982)

Pseudomonas aeruginosa (Sheng et al., 2003) and (Badr et al., 2006)

B. mucilaginosus (Vandevivere et al., 1994), (Welch and Ullman, 1999),
(Sheng and He, 2006), and (Zakaria, 2009)

Pseudomonas spp. (Krishnamurthy, 1989)

Pseudomonas spp., Burkholderia spp., Acidothiobacillicus ferrooxidans, (Sheng et al., 2002)

Bacillus mucilaginosus, Bacillus edaphicus, and

Bacillus megaterium

Bacillus edaphicus (Sheng and He, 2006)

A. fumigatus (Teng and Lian, 2007)

Bacillus globisporus (Sheng et al., 2008)

Pseudomonas, Burkholderia, Acidithiobacillus ferrooxidans, Bacillus (Sheng, 2005), (Lian et al., 2002), (Li et al., 2006), and (Liu
mucilaginosus, Bacillus edaphicus, B. circulans and etal., 2012)

Paenibacillus spp.

Pseudomonas chlororaphis and Bacillus megaterium (Yuetal., 2012)
Bacillus altitudinis (Huang et al., 2013)
Bacillus spp. (Gundala et al., 2013)
Buttiauxella izardii, Enterobacter cancerogenus, Burkholderia ubonensis, (Ruangsanka, 2014)

E. hormaechei, and Burkholderia pyrrocinia
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Klebsiella variicola, Enterobacter cloacae, E. asburiae, (Zhang and Kong, 2014)
E. aerogenes, Pantoea agglomerans, Agrobacterium
tumefaciens, Microbacterium foliorum, Myroides

odoratimimus, and Burkholderia cepacia

(Meena et al., 2015) reported, scientists from India and China have discovered that near-natural pH
gives the best chemical state for dissolving K minerals (micas) to be dissolved by certain bacteria,
available to absorb plant roots makes. (Muentz, 1890) was first reported that the rock K solubilization
by microorganism. Various types of K-solubilizing bacteria (KSB) have been screened from different
agricultural locations and found to capable solubilize fixed K and silicates from unavailable forms of
these K bearing minerals and thus play an vital role in nutrient cycle (Table.2.12.a) (Yasin et al., 2016).
Table.2.12.a. Isolated sources of KSRMs from K-bearing minerals and rhizospheric soils of various

plants, sources; (Yasin et al., 2016).

Isolation source Reference

Wheat (Parmar and Sindhu, 2013)
Valencia orange (Shaaban et al., 2012)

Rice (Kannan and Raj, 1998)

Tea (Bagyalakshmi et al., 2012)
Potato (Abdel-Salam and Shams, 2012)
Black pepper (Sangeeth et al., 2012)

Chili, sorghum, bajra, and maize (Archana et al., 2013)

Common bean (Kumar et al., 2015)

Feldspar (Sheng et al., 2008)
Potato-soybean cropping sequence (Biswas, 2011)

Iranian soils (Keshavarz Zarjani et al., 2013)
Ceramic industry soil (K.B. Prajapati and Modi, 2012)
Soil, rock, and mineral (Sugumaran and Janarthanam, 2007)
Soil of Tianmu Mountain, Zhejiang province (China) (Hu et al., 2006a)

Ha Tien Mountain, Vietnam (Diep and Hieu, 2013)

Tobacco rhizosphere (Zhang and Kong, 2014)

Mica core of Andhra Pradesh (Gundala et al., 2013)
Bio-fertilizers (Zakaria, 2009)

Tomato, banana, groundnut, cotton, and soybean (Archana et al., 2012)

2.13.1. K solubilizing bacterial strains (KSB):

A wide range of K-solubilizing bacterial strains was reported as K-solubilizers (Table.2.10),
and these strains can be soluble from K-rich minerals. B. edaphicus and B. mucilaginosus bacterial
strains showed a higher capacity for solubilizing and mobilizing K from insoluble or fixed minerals.
KSB strains have vast applications in microbial K fertilizer, metallurgy, and mining (Meena et al.,

2016).
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2.13.2. K solubilizing fungi (KSF):

KSF, also known as arbuscular mycorrhiza fungi (AMF), increases the mineral solubility of K
through the release of organic acid anions (oxalate, citrate, and malate) and protons (H" and CO,). It
also increases N, P, Ca, and Fe in the plants' fruit and leaves (Yousefi et al., 2011). (Wu et al., 2005)
reported G. intraradices and G. mosseae where two AMF strains was inoclulant in soil on the basis of
weight and showed higher K uptake by crop (maize). After 90 days of growth, the plant height and root
length, plant dry weight, P and K content, and AM colonization were higher compared to control plant
(Alves et al., 2010). (Clark et al., 1999) found, concentration of K uptake as compared to Ca and Mg
was significantly in AM controlled grasses grown in acid soils. According to (Alves et al., 2010),
UFSC-Pt186 and UFSC-Pt22 AMF isolates (ectomycorrhizal fungi) help to the growing increase of the
Eucalyptus dunnii seedlings by as sources of P and K. There are several types of KSF, such as
Aspergillus niger and Aspergillus terreus, which were isolated from different K-rich soils. Based on
their morphological and colony characteristics, the highest available K in the liquid was found to be
mica and feldspar (Meena et al., 2016; K B Prajapati and Modi, 2012). AMF and KSB interactions have
subsequent effects on plant growth, and PGPR/KSB interaction influences AMF symbiosis, and their
activities demonstrate significant results in K adsorption by plants (Table.2.12.b).

Table.2.12.b. Response interaction between PGPR and AMF on plant tissue potassium (K)

concentration, sources, (Priyadharsini and Muthukumar, 2016).

Host plant PGPR AMF Tissue K Response
Acacia senegal P. fluorescens Natural species Shoot Increase
Allium cepa A. brasilense, A. chorococcum, Burkholderia R. clarus, Rhizophagus | Shoot Increase
cepacian fasciculatus
Calendula A. chroococcum, P. fluorescens, Azospirillum Efficient Leaf/ root Increase
officinalis lipoferum indigenous
Capsicum chinense A. chroococcum, A. brasilense Commercial Shoot Increase
inoculums
Carica papaya Bacillus consortium F. mosseae Stem/ Increase/
leaves decrease
G. manihotis
Casuarina Paenibacillus polymyxa Funneliformis Shoot/ root Increase
equisetifolia geosporum

49



Coleus forskohlii P. fluorescens Scutellospora Shoot Increase
spp.

Dendrocalamus strictus P. polymyxa, A. brasilense Glomus aggregatum Shoot/ Increase

rhizome/ root

Glycyrrhiza glabra B. coagulans G. aggregatum Root Increase

Helianthus annuus P. fluorescens strains C. etunicatum, Shoot Increase
R. intraradices

Lycopersicon esculentum A. brasilense, A. chorococcum, Burkholderia R. clarus Shoot Increase

cepacian

R. fasciculatus

Medicago sativa P. aeruginosa, B. cepacia, Hafnia alvei, Consortium of Shoot Increase

L. var. Valenciana Enterobacter cloacae Glomus spp.

Musa acuminata Bacillus strains G. manihotis Shoot Increase

Colla AAA cv.

“Grande

Naine”

Ocimum B. subtilis R. intraradices Leaves Increase

basilicum

Solanum viarum B. coagulans, Trichoderma harzianum G. aggregatum Leaves/ root Increase

Sphaeranthus amaranthoides| B. subtilis, Trichoderma viride Glomus Leaf Increase
walkeri

Triticum aestivum Pseudomonas spp. Indigenous AMF Grains Increase/
consortium decrease

Vetiveria zizanioides Stenotrophomonas maltophilia, Agrobacterium Commercial Shoot Increase

tumefaciens, Azospirillum spp., B. subtilis inoculums
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2.13.3. Application of Earthworms’ Gut Microflora (EGM) in mineralization of presenting soil K-minerals

In the ecosystem, earthworms are known as engineers, assisting a vast range of geochemical
processes and nutrient cycling in the soil ecosystem. Its activities may increase the rate of silicate
mineral weathering; Earthworms' gut microbes are mainly one of the main drivers of degradation of
minerals mediated by earthworms, but the diversities of the gut micro-flora that were relevant to mineral
weathering are unclear (Liu et al., 2011). (Raghavendra et al., 2016) reviewed earthworms are to be the
key component of producing vermicompost. Their intestinal flora contributes to the depletion of
complex polysaccharides and the mineralization of soil minerals, and earthworms are ecological

engineers, contributing to ecosystem nutrition cycling and geochemical processes.

Based on the 16S rRNA gene sequence of clones obtained from the soil that the earthworm was
fed for 10 days, the phylogenetic tree discovered that the library contains homologous similarity
matches to 26.86 % Verrucomicrobia, 24.30 % Bacteroidetes, 12.8 % Proteobacteria (including 0.26
% Alphaproteobacteria, 0.77 %, Betaproteobacteria, 7.42 % Gammaproteobacteria, and 4.35 %
Deltaproteobacteria) and 2.05 % Firmicutes and 0.52% Actinobacteria are two unidentified species by
OTUs (Operation taxonomic unit). Results obtained from the phylogenetic tree and homologues
sequence indicate the presence of species such as Acidobacteria, Acidobacteriales (Acidobacteriaceae),
Verrucomicrobia (Opitutae group), Bacteroidetes, Sphingobacteria (Sphingobacteriales), and
Proteobacteria, Gammaproteobacteria, Legionellales, Coxiellaceae (Aquicella spp.). These specific
groups of organisms, as already mentioned, need to be further evaluated for the mineral weathering in
general and the solubilization, especially for the efficacy of the bacteria that produce sidorphora (Liu et

al., 2011; Raghavendra et al., 2016).

2.14. Mechanism of K-solubilization by soil rhizospheric microorganism (KSRMs)
K-solubilization by a few prime rhizospheric microorganisms by producing a few organic acids

provides K nutrients like nitrogen and phosphorus, which increase plant growth and crop production. It
was noted by (Meena et al., 2015) that the primary pH of control (uninoculated) with waste mica added
broth was 7.6, which did not affect much during the incubation period; however, pH was slightly altered
during the hydrolysis of H" ions by K-solubilizing bacteria (KSB) during incubation. As incubation
periods increased, such as 14 and 21 days, all rhizobacterial isolates significantly reduced the pH value
of the KSB inoculated broth supplemented with waste mica. Decreased pH may be due to the production
of a variety of organic and inorganic acids by K-solubilizers.

The release of K from the K bearing minerals was influenced by various factors like pH, oxygen
(0»), and KSB strains (Sheng et al., 2002), and the efficacy of K-solubilization by different KSB strains
were observed to vary according to the characteristics of aerobic conditions and K-bearing minerals

(Uroz et al., 2007). (Sheng and He, 2006) found B. edaphicus KSB strain in liquid media with insoluble
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K sources, and the amount of K solubilization was higher than that of illite compared to feldspar. (Sheng
and He, 2006) observed the concentration of K nutrient absorbed and accumulated from waste mineral
sources in KSR microorganisms is even greater. Silicate bacteria like KSB have been observed to
dissolve from soluble minerals such as aluminium (Al), potassium (K), and silica (SiO>). Soil H" ions
are directly related to the release of K from K riched minerals. The content of K solubilization was
increased by 84.8 to 127.9% in solubilizer inoculated compared to the control treatment. Illite or fixed
K by B. edaphicus in broth culture compared to K-feldspar. The increasing the level of K solution from
bacterial inoculant with insoluble K was recorded as 4.90 mg / L at pH 6.5 to 8.0 by KSB (Badr, 2006).
(Sugumaran and Janarthanam, 2007) reported K solubilized at 4.29 mg/L in media supplemented with
waste micas (muscovite) as a sole source of soluble K by KSB (B. mucilaginosus). The changes of pH
affected by K-release by KSB strains, properties of mineral, and aerobic conditions (Lian et al., 2008a).
According to (Uroz et al., 2009), he flow of K solubilizing mechanism by that the fixed K and non-
exchangeable K, or structurally unavailable K form compounds are synthesized and dissolved in various
forms of organic acids that occur during acidolysis and complex exchange reactions. Insoluble K
sources such as waste micas (muscovite and biotite, feldspar) are converted soluble or available forms
of K by KSB producing organic and inorganic acid, and the net result of increasing K availability to the
plants (Meena et al., 2016). (Xiafang and Weiyi, 2002b) reported the production of carbolic acids such
as oxalic acid, citric acid, and tartaric acid was associated with the solubilization of the feldspar by KSB
like B. edaphicus and B. mucilaginosus. Very few researchers have isolated diverse fungi from the
rhizosphere; that have been able to release K-bearing minerals (mica), metals, and silicate ions from
rocks and soils (Burford et al., 2003). (Gadd, 1999) observed, isolates of this fungus produced various
types of organic acids like oxalic and citric acid, which helps soluble or decompose silicates and remove
metal ions from soils and rocks. (Groudev, 1987) also found that production of exopolysaccharides
(EPS) or slime by microorganisms helps to the process of K releasing from silicates. (Liu et al., 2006)
showed EPS strongly adsorbed bind organic acids attached to the surface of a mineral, creating a region
of high concentration of organic acids near the mineral. It suggested that EPS synthesized silica and
affected the equilibrium between the mineral and liquid phases, which caused the silica and K
solubilization reaction. (Adeleke et al., 2010) reported redoxolysis / reduction, acidolysis, complication,
and metal accumulation are four key mechanisms of fungal leaching. The processes of fungus leaching
are mostly directly or indirectly related to the ability of fungi to produce various organic acids and
ligands (Burgstaller and Schinner, 1993). (Veresoglou et al., 2011; Yousefi et al., 2011) reported that
examined the various effects of Arbuscular Mycorrhizal fungi (AM) on the K-bearing minerals. The
release of protons, H*, or CO; and organic acids (oxalate, malate, and citrate) by the AM fungus makes
the solubility of K-carrying minerals available, and it helps to increase other protons like N, K, Ca, and
Fe in plants. Ectomycorrhiza (EMC) fungi can soluble and K uptake under various conditions such as
micas, silicate, vermiculate minerals, and natural E-horizon in soil (Dominguez-Nuiiez et al., 2016).

Some KSRMs such as B. megaterium and Arthrobacter spp. can produce mono-hydroxamate
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(siderophore), which could play an important role in the solubilization mechanisms of K rich content
like Si, K, and Fe from the liquid medium with acid leaching soils and micas (Saha et al., 2016).

Few methods are used for KSRMs to solubilization of K from K-rich mineral sources by (a)
lowering the concentration of pH, (b) increasing the chelation of K-bound cations, and (c¢) increasing
the acidolysis of the surrounding area of the KSRMs (Fig. 2.12)(Meena et al., 2016).

Soluble K, gluconic, oxalic acids (keto-gluconic and succinic citric) is among various organic acids by
KRSMs and directly involved solubilizing mechanisms (Table.2.13).
Table.2.13. Represent various production of organic acids by various KSRMs strains; that influence in

solubilization of fixed K to soluble K, sources (Ahmad et al., 2016; Dotaniya et al., 2016).

Organism Predominant acid produced
Penicillium frequentans, Clasdosporium spp. Oxalic, citric, gluconic
Paenibacillus mucilaginosus Tartaric, citric, oxalic

Aspergillus niger, Penicillium spp. Citric, glycolic, sucinnic

B. megaterium, Pseudomonas spp. Lactic, malic, oxalic, lactic

B. megaterium, E. freundii Citric, gluconic

Arthrobacter, Bacillus spp. Lactic, citric

A. fumigatus, A. candidus Oxalic, tartaric, citric, oxalic

P. aeruginosa Acetate, citrate, oxalate

B. mucilaginosus Oxalate, citrate

Pseudomonas spp. Tartaric, citric

Sphingomona, Burkholderia Acidification, complexation

B. circulans GY92 Lipo-chitooligosaccharides production
B. mucilaginosus Mica through organic acids

B. edaphicus Tartaric acid, oxalic acid

B. edaphicus Production of organic acids
Pseudomonas spp. Excretion of organic acids

B. mucilaginosus Illite solubilization by producing IAA
B. mucilaginosus Organic acids

B. glathei Siderophores, organic ligands

B. mucilaginosus Acidification

P. glucanolyticus Organic acids

P. mucilaginosus Tartaric, citric, oxalic acids

E. hormaechei Organic acids

(Archana et al., 2013) showed that the high-performance liquid chromatography and enzymatic
methods were used to determine the content of the organic acid produced by KSRMs. The mechanism
of dissolution by acidification does not appear to be the sole process. Since in some cases, there is the
ability to lower the pH concentration. That is not related to the capability of the minerals to dissolve
(Meena et al., 2016; Zhang and Kong, 2014).

Table.2.14. Direct and indirect mechanisms of K solubilizing bacterial strain (KSB) and their K-
Solubilizing capability of waste micas (Muscovite and Biotite) on modified Aleksandrow

medium, sources (Meena et al., 2016).

53



K-assimilation from Lowering pH through organic acid
liguid(Indirect dissolution)

Antibiotic production production Chelation of cation

Starch Hydrolysis

B
.

Potassium (K) solubilization ]
ot
Siderophores ] *

[ Ammonia production [

Production GA3 production Cytokine

Plant growth promoting hormones IAA
Ethylene Abscise acid

WISTUBYDARY 19301(]

[ Indirect Direct Mechanism ]

According to (Xiafang and Weiyi, 2002b) the chelating capability of the various organic acids is very
crucial for plants; and it has been shown that a medium with 0.05 M EDTA has similar dissolving

efficacy compared to the Penicillium bilaii inoculant.

2.15. Morphological and biochemical characteristics of KSRMs
K-solubilization microorganism like KSB isolates and their cell morph metrics were

determined by using optical microscope after staining methods such as gram staining, endospore
staining and capsule staining (K B Prajapati and Modi, 2012). Physiological tests, such as Voges-
proskauer (VP), Voges-Methyl red (MR), Catalase test, Ornithine utilization, Lysine utilization, H»S
production, Nitrate reduction, Phenylalanine, organic acid utilization, anaerobic growth, acid
production from carbohydrates were estimated by using this method (Cappuccino and Sherman, 2011;
Chen et al., 2008). The substrate utilization patterns such as salt tolerance and temperature, pH, and salt

(Subhashini and Kumar, 2004).

2.16. Molecular mechanisms and transport of K* ions in KSRMS
As soil rhizospheric microorganisms such as KSB form extruded polymers such as

polysaccharides and primarily proteins, these terms form biofilms (synthesize expolymers) that create
a controllable micro-organization surface of microbial cells for weathering. Biofilms on micas
(aluminosilicate) enhance the water resident mineral climate compared to bear rocks (surface of
mineral), and extracellular polysaccharide (EPS) coatings on mineral grains contribute to maintaining
spread pathways as they reduce the possibility of water in soil (Shrivastava et al., 2016). Microbes and
plants require potassium (K) to maintain their waste pressure and stimulation of K gaining is the fastest
way to respond to osmotic up shock in KSRMs. Potassium is present in almost all intracellular cations,
and it plays an important role in bacterial osmoadaptation, pH control, gene expression, and enzyme
activation.

The Trk, Kdp, and Kup K+ transporters play an important role in K uptake in plants; bacteria,

fungi, and archaea are all capable of uptaking K* via Trk and TrkH or TrkG are transmembrane proteins
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made by Trk. The cytoplasmic-membrane surface protein like TrkA binds to NAD binding protein,
required for the system activation (Meena et al., 2016; Sleator and Hill, 2002). (Dominguez-Ferreras et
al., 2009) demonstrated that Escherichia coli and some bacteria harbor Kdp, which is an inducible
system specific for K+, and the expression of Kdp is significantly controlled at the transcriptional level
by KdpE and KdpD regulators. (Epstein and Kim, 1971) reported Bacillus subtilis had a Ktr gene that
plays a role in K uptake. Bacterial KUP (TrkD) K" transporters are homologous to genes from HAK,
KUP, or KT; Escherichia coli has a Km of 0.37 mM for K" and shows a similar affinity to those of Rb*
and Cs’. Among mycorrhizal fungi, K+ transport and its transporters are found in four families: Trk,
Ktr, and HKT; with the exception of PAT ATPases, which were tested in very few studies, the strength
and capability of reduction was different in the other three systems and a recent study has identified 62
K+ asset methods for fungal species with available genome sequences, which are mostly non-
mycorrhizal species (Dominguez-Nuifiez et al., 2016).

The production of phosphate (P) and potassium (K) by organic acids and their various forms is
believed to be a key factor in the production of rhizospheric microorganisms (PSB and KSB). This
hypothesis has been supported by the cloning of two genes (pqq and gab Y) that are involved in the
production of gluconic acids. Bacillus spp., Arthrobacter spp., Aspergillus spp., Penicillium spp., and
Pseudomonas spp. are some of the principal bacterial strains that produce gluconic