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ABSTRACT
Plant Growth Promoting Rhizobacteria Mediated Zinc
Translocation in Rice (Oryza sativa L.)
Plant growth promoting rhizobacteria (PGPR) have multiple applications in sustainable
agriculture. They possess potential to meet the nutrient requirements of crops and also
enhance their nutritional value. In this study, rice endophytic bacteria were used to
improve yield as well as quality of the rice by zinc (Zn) biofortification. The mechanisms
underlying the Zn solubilization from soil were elucidated at molecular level. Two
hundred and thirty four isolates were obtained from the roots of basmati-385 and basmati
super rice varieties growing in clay loam and saline soil at different locations of Punjab
(Pakistan). Out of 234 isolates, 27 were able to solubilize zinc (Zn) from different Zn
ores like zinc phosphate [Zn3 (PO 4)2], zinc carbonate (ZnCO3) and zinc oxide (ZnO). The
Zn solubilizing strains SH-10 and SH-17 showed maximum Zn solubilization zone of 24
mm on Zn3 (PO4 )2 and 14–15 mm on ZnO/ZnCO3 respectively. A strain Serratia
marcescens FA-4 capable to enhance Zinc content of wheat grains were selected for
further studies. In addition to solubilization of micronutrient (Zn), the strains also
solubilized phosphorous (P) and potassium (K) in vitro with a solubilization zone of 13–
46 mm and 47–55 mm respectively. The phosphate solubilization activity was found to
be 65-142 µgmL -1. The Zn solubilizing strains also produced sidrophores, glucanase,
cellulase and protease and suppressed economically important rice pathogens Pyricularia
oryzae and Fusarium moniliforme by 16–29%. The Zn solubilizing strains SH10 and SH17 were identified as Bacillus sp. and Bacillus cereus respectively by 16S rRNA gene
sequence analysis.
The underlying mechanism of PGPR mediated Zn solubilization was studied by
analyzing the transcription of pqqC gene in S. marcescens FA-4. The S .marcescens was
used due to its recognition as a model organism for studying gene expression in vivo. A
plasmid reporter system (pUC19-PpqqCgfp) was developed by tagging the pqqC
promoter with GFP. The putative promoter region of pqqC gene was identified in silico
from the full genome sequence of Serratia marcescens. The putative promoter (253bp)
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was amplified, cloned into high copy number plasmid (pGEM®T EASY) and sequenced.
The promoter region was excised from the pGEM®T EASY and cloned into pUC19-gfp
vector to develop an expression reporter system. The developed reporter system was
transformed into S. marcecsens FA-4 and transcription was analyzed in living cells (in
vivo) by monitoring the GFP activity. The activity of developed reporter system was
found to be 2-4 folds higher under different conditions of Zn, P and Fe. The Zn
homeostasis in S. marcescens FA-4 was also studied by the expression of zntA promoter
(pSB4A3-PzntAgfp reporter)
The Zn solubilizing strains were also inoculated on rice plants to assess their potential to
enhance yield and fortify rice grains under natural conditions in net house as well as field
conditions. In net house experiments, the S. marcescens FA-4 enhanced yield up to 31-34
g pot-1 and grain zinc content up to 27-28 mg kg-1 with individual strain inoculation or
combination with full and half doses of chemical Zn. Therefore S. marcescens saving 50
% chemical Zn. The Bacillus strains synergized the effect of chemical zinc on yield and
related parameters either inoculated individually or in consortium. The Bacillus strains
(SH-10 and SH-17) enhanced the grain Zn content by 31 to 32 mg Kg-1. However, their
effect on grain zinc content was statistically same as that of combine with the chemical
Zn and consortium of strains or without chemical Zn.
The Zinc solubilizing strains also showed consistency in their performance under field
conditions for the two consecutive years 2013 and 2014. A significant improved growth
of rice plants, such as plant height (102-122 cm), number of tillers per plant (8.8-17.6),
chlorophyll content (29.9-40 SPAD unit) and grain yield (2.2-4.1 tons ha-1) were
observed in the plants treated with Bacillus sp in the presence of chemical Zn fertilizer
(ZnSO4). Consortium of Bacillus sp and S. marcescens caused higher grain Zn content
(35.2-40.7 µg g-1) of the rice varieties basmati 385 and super basmati as compared to that
of un-inoculated plants. The Zn solubilizing strains also enhanced the SOD activity in
rice.
The results of the current study advocate the use of plant growth promoting rhizobacteria
(PGPR) for enhancing the yield and Zn content of rice grains.
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1 Introduction
Food security is defined as “economic as well as physical access to ample, safe and
nutritive food at all time for a healthy and active lifestyle” (Ruel, 2013). It has been
assessed that almost 795 million people are suffering from food insecurity worldwide,
particularly in developing countries (FAO, 2015). As, the world’s population is being
estimated to reach 90 million by 2050, there is great necessity to enhance food production
for assuring food security.
The cultivable food crops have high yield potential but lose production due to many
devastating factors like salinity, drought, and flooding and soil infertility. Zinc deficiency
is a major cause of infertile soil which cause yield losses up to 20% as well as production
of less nutritive food. Likewise, good nutrition plays a crucial role in the ability of a
person to lead a healthy and productive life.
Zn deficiency in food grain crop is a major cause of malnutrition leading to the inhibited
growth and inappropriate sexual development in humans. About 30% of the world’s
human inhabitant’s intake zinc deficient diets (Sharma et al., 2013). A number of
approaches are being used to enhance Zn availability in edible plant parts which majorly
comprise of nutrient management by using different fertilizers and development of Zn
efficient varieties through conventional and molecular breeding. Among nutrient
management strategies, plant growth promoting rhizobacteria (PGPR) have drawn
particular attention of the scientist to enhance crop productivity and food quality.
It has been demonstrated in several studies that PGPR are a better substitute of hazardous
chemicals used to mimic the Zn deficiency and enhance yield of field crops. They
solubilize Zn by releasing organic acids into the soil and convert the complexed Zn
compounds into simple form available for plant up-take and utilization (Hafeez et al.,
2013; Abaid-Ullah et al., 2015; Shakeel et al., 2015). Thus production of organic acids is
the major mechanism employed by PGPR in Zn solubilization.
Gluconic acid (GA) is the major organic acid produced by Zn solubilizing Gram negative
bacteria (Hafeez et al., 2013). The enzyme glucose dehydrogenase (GDH) is normally
involved in the biosynthesis of gluconic acid. It has been reported that there are two types
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of GDH (GDH-A and GDH-B) on the basis of localization in the cell (Naveed et al.,
2015).
GDH needs a cofactor pyrrolo quinoline quinone (PQQ) molecule for its catalytic activity
(Sharma et al., 2013). The synthesis of the PQQ molecule is encoded by Pqq operon
consisting of six core genes PqqA, B, C, D, E, and F. Among these genes, PqqC is an
important gene which encode oxygen-activating enzyme (Shen et al., 2012). The GDH
and PQQ are reported for its beneficial role in solubilizing the nutrients by plant growth
promoting rhizobacteria (Naveed et al., 2015). This study emphasize on the use of
indigenous PGPR capable to biofortify rice crop.

1.1 Zinc: An essential metal of life
Zinc is an “essential micronutrient” required in human, plant and microorganisms. It is
member of 300 enzymes including catalytic, co-catalytic, and structural enzymes such as
catalases, reductases, oxidases, and ligases. In a wide range, Zn is an important part of
skeletal muscles and kidney pancreas cells (Vallee and Falchuk, 1993). Zn is directly and
indirectly involved in DNA metabolism, cell maintenance, carbohydrate, lipid and
protein synthesis (Hafeez et al., 2013). Deficiency of Zn in humans may result in various
disorders like ; inappropriate growth, sexual immaturities, DNA damage, defective
immune system, inadequate brain functioning and various syndromes (Singh et al., 2005;
Cakmak, 2008; Kaur et al., 2014). The Zn deficiency syndromes are common in pregnant
(47.6%), non-pregnant (41.3%) and 5 years old children (39.2%) as described by Baloch
et al. (2015).
Zinc is also an important micronutrient for the growth and development of plants. It
plays a critical role in many developmental processes such as appearance of leaves,
number of flag leaves, spikes and productivity of plants. The physiological processes
such as photosynthesis, membrane integrity, immunity and hormonal processes
exclusively depend on Zn availability (Gurmani et al., 2012; Kumar et al., 2016;
Sunithakumari et al., 2016).
Zinc deficient plants lose their ability to cope with various biotic and abiotic stresses
(Singh et al., 2005; Kumar et al., 2016). Conclusively, the zinc deficiency in plants not
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only decreases their yield but also causes low zinc content of its edible parts (Cakmak,
2008; Sunithakumari et al., 2016).
Humans mainly obtain their food from plant sources. So, there is a strong relation
between deficiency of zinc in plant and in humans. The possible reason of Zn deficiency
in humans is low Zn content in staple food crops and imbalance diet (White and
Broadley, 2005). Millions of people from Pakistan, Asia, Southern America and Africa
are affected from malnutrition of various minerals including Zn resulting in different
metabolic disorders. In developed countries, it is found that increasing Zn content of food
can prevent the people from diarrhea and other fetal infections (Black et al., 2008).

1.2 Rice (Oryza sativa) as a staple food crop
Rice is an important staple food among all the cereal grains due to its higher nutrition
value and consumption. It is one of the best crops on earth because it offers 23% more
calories as compared to corn and wheat (Lucca et al., 2002). It has been deliberated as the
queen among other cereal crops because it is free of cholesterol, gluten and possesses
complex carbohydrates (American Rice Inc, 2004). The rice grain consist of minerals like
calcium, phosphorous and some traces of zinc (Zn), iron (Fe), manganese (Mn) and
copper (Cu) (White and Broadley, 2009). These minerals play an essential role in
regulatory functions of body. However, the concentration of these minerals, vitamins, fat
and fiber contents vary between white and brown rice. Rice grain and rice bran contains
protein which possesses higher biological value and digestibility. The protein of rice
grain possess glutelins (80%), globulins (10%), albumins (5%) and prolamins (5%)
(Balindong et al., 2016). External tissues of the rice grains are rich in albumins while
milled rice is rich in glutelin.
Rice contributes about 60% of the total food consumption in South East. In some
portions of the world, rice feeding is more as 990 g day -1 person-1 . However, in Pakistan
rice consumption is 14.5 kg per person a year (Anonymous, 2012). There are two types of
rice varieties growing in Pakistan i.e. coarse and fine. The fine basmati rice of Pakistan is
very famous among the world for its aroma, slender long grain and good cooking
qualities as compared to coarse varieties.
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1.3 Economic importance of rice
Rice is one of the economically significant cereal food crops which are grown across the
world under diverse climatic conditions (Zhao, 2006). It is cultivated on a total area of
161 million hectares with an annual yield production of 650 million tons in
approximately 114 countries ranging from Bangladesh flood plains to Nepal Himalayan
foot hills and from Indonesia rain forests to Australia desert plains (Mclean, 2002; Kumar
and Ladha, 2011). Rice is a major staple food of about one half of the world mainly for
the Asian population where it is grown on a total area of 143 million hectares with an
annual yield production of 612 million tons.
In Asia, the rice area is distributed under different ecosystems such as irrigated (56.1 %),
rain fed (26 %), flood prone (8.7 %) and upland rice area (9.2 %). Among these four rice
ecosystem, irrigated rice system is the major cropping system which supply 75% of the
world rice production (Fageria, 2007; Kumar and Ladha, 2011).
In Pakistan, rice is the 2 nd most vital food crop after wheat and grown on a total area of
2.8 million hectares with an annual yield production of 6.9 million tons (GOP, 2015).
Pakistan exports rice 1/3rd of its total production which is 11% of global rice export. It
has been ranked 4th among the largest rice exporting countries (Anonymous, 2012). Thus,
Rice is a key factor in Pakistan’s economy as it earns 2.2 billion US dollars annually and
contributes 1.3 % to gross domestic product (GDP) (GOP, 2015).

1.4 Zinc deficiency in rice
Deficiency of Zn has been documented all over the world. Heavy yield damages due to
Zn deficiency in crops have been reported in different countries such as Australia (Takkar
and Walker, 1993), China (Xie et al., 1998), Turkey (Yakan et al., 2000), Pakistan
(Hamid and Ahmad, 2001), India (Singh et al., 2005), Afghanistan, Bangladesh and Great
Britain (Alloway, 2008).
Zn is essential for the growth and yield of rice as it takes part in various physiological
processes (Hafeez et al., 2013). Zn insufficiency affects rice severely at different growth
stages leading to plant mortality and infertility. Thus, Zn deficiency is the most prevalent
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micronutrient disorder in rice leading to the production of rice grains low in zinc content
(Nanda et al., 2016; Nakandalage et al., 2016).
The symptoms associated with Zn deficiency include reduction in height, browning of
color, less numbers of tillers and infertile spikelet’s (Singh et al., 2005). The plants
capable to survive under zinc deficiency partially recover within 4-5 weeks but take long
time to mature and produce fewer grains (Singh and Prasad, 2014).
The rice varieties are inherently poor in mineral concentrations of zinc (Zn) and iron (Fe).
Moreover, a great amount of these minerals is being lost during milling processes. For
example, the concentration of Zn and Fe in brown rice ranges from 15.3 to 58.4 mg kg -1
and 6.3 to 24.4 mg kg-1 respectively (Gregorio et al., 2000; Ozturk et al., 2006;
Nakandalage et al., 2016) whereas polished rice contains Zn (10-12 mg kg-1 ) and Fe (2-3
mg kg-1) (Trijatmiko et al., 2016). The polished rice is mainly consumed throughout the
world (Barry, 2006).

1.5 Causes of zinc deficiency in rice
There are different reasons for low accumulation of Zn in rice grains. However, the major
reason of Zn deficiency in rice crop is certainly linked to its cultivation on Zn-deficient
soils particularly in Asia (Alloway, 2009). The soil sampled from fifteen countries had
shown that 50% of the cultivated soils were low in Zn and 25% were rigorously deficient
in Zn (Sillanpaa, 1990).
The green revolution has also added the micronutrient deficiencies in soils due to use of
high yielding varieties, macronutrient fertilizers (phosphorus, nitrogen and potassium)
and extensive irrigation (Biswas and Benbi, 1996; Welch and Graham, 1999; Dar, 2004).
A possible reason of micronutrient deficiency of grain might be the antagonistic
relationship between uptakes of these nutrients (Scagel et al., 2012). In spite of presence
of adequate quantity Zn in soil, it is not necessary to be available to the plants.
Zn is present in many forms for plant uptake: 1) as a free and complexed ion in soil
solution; 2) as a non-specifically adsorbed cation; 3) as an ion occluded primarily in soil
carbonates and Al oxide; 4) in organic residues and living organisms; 5) as lattice
structures of primary and secondary minerals (Sadeghzadeh, 2013). Various factors such
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as organic matter content, soil pH, high concentration of bicarbonate ions and phosphate
ions cause formation of Zn complexes in the soil leading to Zn deficiency in rice crop
(Dobermann and Fairhurst, 2000). These factors prevail more in submerged soil
conditions needed for rice growth.

1.6 Zinc status of the cultivable soils
The total Zn concentration examined in the soil ranges from 10-300 mg kg-1 (Kiekens,
1995). However, total Zn concentration is not a reliable index to reflect the available Zn
in soil solution for plant uptake. A low amount of the total Zn concentration (< 1mg kg -1)
is available in soil solution that governs Zn supply to crop plants (Kabata-Pendias and
Pendias, 1992). The optimum soil Zn concentration for various crops has been reported
which ranges from 0.5-2.0 mg kg-1 for DTPA and 0.5-3.0 mg kg-1 for Mehlich (Sims and
Johnson, 1991).
Although Zn exist in a significant amount in the soil matrix, but only a minor fraction of
that is available to plants (Fernández et al., 2015). A number of soil dynamics and
conditions may render Zn deficiency (Total and available Zn) in soils (Fig 1.1).
Weathered parent material, alkaline pH, nature of clay minerals, sandy texture,
calcareous soil, high salt concentrations, waterlogging/flooding, high magnesium and/or
bicarbonate concentrations, organic matter content, intensive cultivation, more nutrient
uptake than application and the use of high analysis fertilizers (i.e. poor in
micronutrients) are considered to be the key factors linked with Zn deficiency (Alloway,
2008, 2009). In addition to these factors, the applied phosphorus fertilizer can
significantly affect the Zn bioavailability (Prasad et al., 2016).
Commonly, the soils of arid and semi-arid regions throughout the world are categorized
as Zn deficient (Takkar and Walker, 1993) due to low Zn solubility under such conditions
(Donner et al., 2010). About 50% soils of the world and 70% of agricultural soils of
Pakistan have been reported to be Zn deficient (Fig 1.2; Hamid and Ahmad, 2001;
Alloway, 2008; Kumar et al., 2016). Soil Zn scarcity is the main reason of Zn deficiency
in plants (Cakmak, 2008).
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Fig 1.1 Soil processes affecting Zn bioavailability in soil solution (Gao et al., 2012).
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Fig 1.2 Zinc deficiency in crops around the world (Alloway, 2008).
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1.7 Zinc uptake and translocation in rice
Zinc is translocated from the rhizosphere to upper parts of rice plant by various
physiological processes. In the context of rice grain fortification, there are different
pathways and organs involved through which zinc moves and translocate towards the
grains. The zinc has to move from the soil to root, root to shoot and finally to the grains.
The rice plant prefer to uptake zinc in the form of Zn+2 as compared to Zn-DMA (Suzuki
et al., 2006, 2008). The zinc moves from the soil to plant root across the plasma
membrane. The primary zinc uptake system in plants is via metal transporters such as
zinc iron permeases (ZIP) family and some channel proteins (Palmgren et al., 2008; Lee
et al., 2010 a, b). Though, it is not yet clear to what extent specific transporters and
specific membrane channels are involved in Zn transport from soil to root cells (Fox and
Guerinot, 1998; Lee et al., 2010 a, b). The transpiration and diffusion reactions in plants
also affect Zn uptake from soil to roots.
From the rhizosphere, zinc is absorbed in the form of various complexes of Zn (II)–
mugineic acid; a family of phytosiderophores (MAs) and transported towards various
plant parts. Various Zinc transporters especially 2-deoxymugineic acid (DMA),
nicotianamine (NA), Zn-regulated transporters and Iron (Fe) regulated transporter like
protein (ZIP family) and Yellow stripe 1 like (YSL) play an important role in uptaking
and translocating the zinc to the rice parts (Higuchi et al., 2001; Suzuki et al., 2008;
Zheng et al., 2010; Bashir et al., 2012).
Among rice Zn transporters, role of ZIP gene families viz OsZIP1, OsZIP3, OsZIP4,
OsZIP5, and OsZIP8 has been well elucidated (Bashir et al., 2012, Fig 1.3).
Nitrogen also plays a significant role in uptake of zinc from soil and its distribution in
various plant tissues (Erenoglu et al., 2011). Nakandalage and cowerkers, (2016) reported
that zinc translocation in rice is influenced by climate, genotype and their interactions.
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Fig 1.3 Genes involved in Zn uptake and translocation in different rice parts (Bashir et
al., 2012).
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1.8 Strategies to enhance grain Zn content of rice
Numerous national and international schemes are addressing Zinc biofortification of
cereal crops (Fig 1.4) (White and Broadley, 2009; Bouis and Welch, 2010; Stein, 2010).
The Harvest Plus program sets the target of zinc concentration are 38 mg kg −1 dry matter
in wheat grain, 66 mg kg−1 dry matter in pearl millet, 38 mg kg−1 dry matter in maize, 56
mg kg−1 dry matter in beans, 70 mg kg−1 dry matter in sweet potatoes roots, 34 mg kg−1
dry matter in the roots of cassava and 28 μg g−1 dry matter in polished rice (Bouis and
Welch, 2010).
The major strategies to enhance grain Zn content of rice include increasing the Zn content
of soil; enhance the Zn uptake present in soil and development of rice varieties highly
responsive to the Zn through conventional breeding and genetic engineering. The rice
zinc content can also be enhanced by the supplementation of chemical zinc fertilizers and
plant growth promoting rhizobacteria (PGPR) which are further explained below.

1.8.1 Development of zinc efficient varieties
The development of zinc efficient rice varieties capable to produce grains of high zinc
content is also called genetic bio fortification. The economic analyses predict that genetic
biofortification are more enduring, cost effective and practical than other food
fortification strategies (Ma et al., 2008; Bouis and Welch, 2010; Meenakshi et al., 2010;
Stein, 2010). Genetic bio fortification involves improvement of rice varieties through
conventional breeding and genetic engineering (Fig 1.5).
The traditional breeding methods to exploit and depict the genetic difference for nutrient
content whereas new methods including marker assisted breeding and gene discovery
(Grusak, 2002). In genetic biofortification, the plant breeders screen present accessions in
the world germplasm bank while adequate genetic difference presents to breed for
specific characteristics. It is increasing the micronutrient concentration by reducing the
antagonists and increasing the synergistic substances which promote nutrient absorption
by using plant breeding approaches (Bouis, 2003).
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Fig 1.4 Cereals biofortification strategies (Shahzad et al., 2014).
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Fig 1.5 Various genetic approaches to develop bio fortified crops (Shahzad et al., 2014).
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The bio fortification of rice through traditional breeding is sustainable and low cost
strategy but it is laborious and time consuming strategy. Many breeding programs are
also hindered by the complexity and high cost of laboratory analysis (Monasterio et al.,
2007).
Advances in genetic engineering have helped to resolve such problems. Various
transgenic food crops have been developed which have improved the zinc concentration
in grains. Certain transcription factors, bZIP23 and bZIP19, regulating the Zn
translocation in food crops have been identified (Assunc et al., 2010).
Although, the development of zinc efficient genotype is good strategy to achieve the zinc
biofortification of grain crops (Bouis and Welch, 2010; Cakmak et al., 2010b) but there
exist few problems with this intervention. The common translocation pathway of zinc and
toxic metals lead to the accumulation of toxic metals in plants (Yang et al., 2009; Assunc
et al., 2010). Some of these toxic metals such as cadmium have greater bioavailability
than zinc and other heavy metals (Reeves and Chaney, 2008). Hence, there is greater risk
of metal toxicity in the grains of such transgenic crops. Moreover, genetic biofortification
strategies are useless for the Zn deficient soils.

1.8.2 Supplementation of chemical zinc
The supplementation of chemical zinc is a good strategy to enhance the zinc translocation
or fortification in rice grains. In this strategy, chemical zinc is applied to the crops for
enhancing the zinc content of grain crops. Different studies have estimated that
supplementation of chemical zinc to enhance the zinc translocation or fortification in
major grain crops are sustainable in the perspectives of economic progress and human
health (Cakmak, 2008; White and Broadley, 2009). The zinc fertilizers such as zinc
sulfate (ZnSO4) are the major source of Zn addition to the soil. These fertilizers not only
fortify the rice grains but also increase its yield (White and Broadley, 2005). As reported
by Shivay et al. (2008a), application of zinc coated urea increased the zinc content of rice
grain from 30.2 mg kg -1 to 47.7 mg kg-1. The enhancement of zinc content in grains was
also accompanied with increased grain yield.
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The grain zinc content and yield are also affected by the application method of Zn
fertilizer but the combined applications of zinc through foliar and soil increased the yield
and zinc concentration in rice grains (Cakmak, 2008; Zhao et al., 2011). The zinc
supplementation also reduces the phytic acid to zinc molar ratio which is commonly
expressed as a sign of zinc bioavailability in diets of human population (Cakmak et al.,
2010a). It is worthy noted that the regions of zinc deficient soil are also suffering from
zinc malnutrition (Prasad, 2010).
The soil solution has low water soluble zinc even in the area of zinc contamination
(Knight, et al., 1997). There are some synthetic chelators such as ethylene diamine tetra
acetate (EDTA) which chelate the zinc and increase its availability to plants (Sahi et al.,
2002; Piechalak, et al., 2003).
The rice crop also needs some macronutrients like nitrogen, phosphorous and potassium
(NPK) fertilizers for its growth, development and yield. These macronutrients play vital
role in transport of micronutrients from soil to plants by improving the root growth and
activating some proteins in the plants. On the other hand, nitrogenous fertilizers also
affect the zinc availability by changing soil pH. Nitrogen in the form of ammonium ions
(NH4)+ cause acidification which improves the zinc transport while in the form of nitrate
ions (NO3)– increase the soil pH which reduces the zinc transport from soil to plant.
Thus, zinc supplementation approach to fortify rice crop use chemical fertilizers which
are very expensive, cause environmental pollution and detoriate the soil quality (Kos and
Lestan, 2003).

1.8.3 PGPR mediated zinc fortification of rice
There is adequate amount of zinc present in most of the agriculture soil to produce
biofortified crops but if it becomes phytoavailable (Graham et al., 1999). The plant
growth promoting rhizobacteria (PGPR) include wide diversity of microorganisms which
colonize the plant roots and resides in the rhizosphere, endosphere and phyllosphere.
They increase the growth of the host plant by increasing the nutrient uptake, mobility and
nutrients acquisition in the plants. They also increase nutrient use efficiency of the
chemical fertilizers by mobilizing from soil to plant roots and then from roots to other
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parts of the plants. The mobility of these nutrients by PGPR can be helpful in the
biofortification of staple food crops (Prasanna et al., 2016).
PGPR also provide a supplement to chemical fertilizers by ensuring the availability of
nutrients to the plants either solubilizing them from soil such as Phosphorous, Potassium,
Zinc or fixing from the atmosphere such as Nitrogen (Tariq et al., 2007). The PGPR
solubilize the nutrients through exchange reactions, acidification, release of organic acids
and chelation (Chung et al., 2005; Bhattacharyya and Jha, 2012; Abaid-Ullah et al.,
2015). They secrete metabolites which play an important role in soil zinc cycle to
solubilize the zinc from one form to another. These metabolites catalyze enzymatic,
physiological and microbial biomass processes (Neumann and Romheld, 2000).
Accessibility of nutrients in the rhizosphere is controlled by mutual effects of soil
properties, plant characteristics and the interaction of plant root with microorganisms and
surrounding soil (Hafeez et al., 2006; Das et al., 2013).
The solubilized zinc in soil is taken by the rice plants and translocated to the grains. As
the Zn uptake from the soil is result of direct contact of rice roots with soluble Zn in the
soil, the PGPR can modify the absorptive properties of the roots such as increasing the
numbers of root hairs, surface area and root length which can be helpful to mobilize the
zinc from soil to plant root and then mobilize from root to shoots via beneficial effects on
plant growth, alleviation of phytotoxicity and trace element complexation (Sessitsch et
al., 2013). The zinc solubilizing bacteria Enterobacter cloacae inoculation altered the
expression of zinc regulated transporters (ZIP) family gene in root and shoot of rice
leading fortification of rice grains (Krithika and Balachandar, 2016). These finding
suggest that root-colonizing bacteria and mycorrhiza play an important role in the zinc
translocation and accumulation (Cavet et al., 2003).
Similarly, numerous studies have shown that inoculation of potent strains of zinc
mobilizing rhizobacteria improved the yield of various field crops such as wheat, maize,
barley and rice. Tariq and associates, (2007) have reported that zinc mobilizing
rhizobacteria significantly improved the zinc deficiency symptoms and increased the
grain yield (65%), the total biomass (23%), harvest index and zinc concentration in the
rice grain. Moreover, zinc mobilizing rhizobacteria increased the root volume (62%), root
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length (54%), root weight (74%), root area (75%), panicle emergence index (96%) and
shoot weight (23%) and showed high Zn mobilization efficiency as compared to the uninoculated control. The important finding is that application of biofertilizers to cereal
crops increase micronutrient mobilization to edible parts of the crop (Palmgren et al.,
2008). The Acinetobacter and Pseudomonas strains inoculation enhanced the uptake of P,
K, Ca, Zn, Fe and Mg in different crops (Khan, 2005). Cyanobacteria inoculation also
increased the plant growth by mobilizing the nutrients into plants (Maqubela et al., 2009;
Prasanna et al., 2013a, b, 2014, 2015a, b).

1.9 Mechanisms involved in PGPR mediated Zn fortification
The specific mechanisms through which PGPR mobilize zinc is not yet completely
understood. However, it is assumed that PGPR solubilize zinc by producing organic acids
(Bhattacharyya and Jha, 2012). They increase the nutrient use efficiency by changing root
morphology for nutrient uptake via production of different metabolites.
The organic acids produced by rhizobacteria include citric acid, gluconic acid, oxalic
acid, malic acid, acetic acid, succinic acid, formic acid, lactic acid and 2 -ketogluconic
acid (Chung et al., 2005; Abaid-Ullah et al., 2015). Gluconic acid is the major organic
acid produced by all Gram negative bacteria like Serratia spp, Pseudomonas spp and
Acetobacter diazotrophicus; and its role in mineral phosphate solubilization has been
well established. The gluconic acid released by rhizobacteria chelate the divalent cations
of calcium (Ca +2) and release phosphates from insoluble phosphorous compounds. The
gluconic acid can also release phosphorus by making soluble complexes of the metal ions
associated with the insoluble phosphorus. The Gram negative bacteria are more
competent in production of gluconic acid as compared to Gram positive bacteria
(Sashidhar and Podile, 2010).
A Zinc solubilizing strain Serratia marcescens FA-4 capable to biofortify wheat also
produce gluconic acid indicating its role in phosphorous and zinc solubilization (AbaidUllah et al., 2015).
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1.9.1 Biosynthesis of gluconic acid in rhizobacteria
The gluconic acid biosynthesis in Gram negative bacteria takes place through glucose
metabolism. The glucose metabolism can take place through two pathways i.e.
phosphorylative and oxidative. In phosphorylative pathway, the glucose-6-phosphate
dehydrogenase (Zwf) and glucokinase (Glk) directly transport the glucose into the
bacterial cell and change to 6-phosphogluconate (6-PGA) in the cytoplasm (Fig. 1.6). The
direct oxidative pathway involve the glucose dehydrogenase (Gcd) and gluconate
dehydrogenase (Gad) that are situated in the inner membrane and convert the glucose into
gluconic acid and 2-ketogluconate respectively in periplasmic space as introduction of
the Entner–Doudoroff pathway. The inner membrane may transport these two products to
the cytoplasm where they are transformed to 6-PGA (Cuskey and Phibbs, 1985; Fliege et
al., 1992; del Castillo et al., 2007).
The mostly Gram negative bacteria prefer oxidative pathway over phosphorylative
pathway but it varies from strain to strain. In P. fluorescens strain 52-1C, extracellular
glucose was mostly changed to gluconate and 2-ketogluconate (Fuhrer et al., 2005). But
the direct oxidative route was blocked in the Gcd-deficient Burkholderia cepacia strains
and glucose was enforced to be catabolized totally by the phosphorylative method (Berka
et al., 1984). Similarly, a gcd isogenic mutant P. putida KT2440 strain could not produce
gluconate which showed that production of 6-PGA was solitary from glucose-6phosphate (del Castillo et al., 2007). The phosphorylative route is limited and only
available in bacterial cells which grow under anaerobic environments where Gcd activity
is not expressed (Hunt and Phibbs, 1981, 1983).
Sashidhar and Podile (2010) reported that glucose dehydrogenase (GCD) is first enzyme
which catalyzes the gluconic acid production in direct oxidation pathway in various
Gram-negative bacteria. The glucose dehydrogenase may be engineered to increase its
capability to use diverse substrates, high temperature and EDTA tolerance (Sashidhar and
Podile, 2010). The gluconic acid is further converted into 2-ketogluconate by gluconate
dehydrogenase (GAD) as the result of oxidation reaction as mentioned in Fig 1.6 (del
Castillo et al., 2007, 2008).
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Numerous studies have showed that an organic acid produced by microbial populations is
the major mechanism of zinc solubilization. It has been suggested that few Gram negative
bacteria solubilize the phosphorus by production of metabolites like gluconic acid
through the direct oxidation of glucose in periplasm (Goldstein, 1994, 1995). In the same
manner, microbes also solubilize the zinc through production of gluconic acid which is
one of the possible mechanisms of zinc solubilization but an exact mechanism is still
unknown. Furthermore, gluconic acid play important role in the antagonism of
economically important pathogens by regulation of antifungal metabolites. So, glucose
dehydrogenase (GCD) and gluconate dehydrogenase (GAD) enzymes have got
significant importance in biocontrol traits of Pseudomonas spp which utilize glucose as
carbon source from the root exudates (de Werra et al., 2009). These both enzymes have
significant impact on the nutrient availability in the soil especially zinc and phosphorous
in the rhizosphere. These enzymes affect the amount of glucose and gluconic acid
production which are released into the soil and influence the availability of zinc and
phosphorous solubilization. Moreover, the pH of rhizosphere might be gradually changed
due to gluconic acid production. Hence, GCD and GAD enzymes formed by fluorescent
pseudomonads are most critical for soil fertility and activities of other rhizospheric
population.
It has also been reported that gluconic acid inhibits the production of antifungal
compounds like pyoluteorin (PLT) and 2, 4-diacetylphloroglucinol (DAPG) in P.
fluorescens CHA0 (de Werra et al., 2009).
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Fig 1.6 Periplasmic and intracellular glucose catabolism in Pseudomonads based on
studies with P. aeruginosa (Cuskey and Phibbs, 1985), P. putida (del Castillo et al.,
2007, 2008) and P. fluorescens (Fuhrer et al., 2005). Shown are membrane-bound
enzymes involved in periplasmic glucose metabolism, Gcd (glucose dehydrogenase) and
Gad (gluconate dehydrogenase), and enzymes involved in cytoplasmic glucose
metabolism, Glk (glucokinase), Zwf (glucose-6-phosphate1-dehydrogenase), GnuK
(gluconokinase), KguK (2-ketogluconate kinase), and KguD (2-ketogluconate 6phosphate reductase) (the names of the enzymes are derived from the nomenclature for P.
putida KT2440) (del Castillo et al., 2007; de Werra et al., 2009).

49

1.9.2 Genetic regulation of gluconic acid biosynthesis
The genes “gcd and gad” have been identified in P. fluorescens CHA0 which encode
glucose dehydrogenase (GCD) and gluconate dehydrogenase (GAD) enzymes. These
enzymes are involved in the production of gluconic acid and 2-ketogluconic acid (de
Werra et al., 2009). The glucose dehydrogenase (GCD) enzyme needs pyrroloquinoline
quinone (PQQ) as cofactor for the biosynthesis of gluconic acid. The PQQ is a small
redox active molecule which acts as cofactor for numerous bacterial dehydrogenases
including glucose dehydrogenase (GCD) (Ameyama et al., 1981; Duine, 1991; Sharma et
al., 2013). Besides its important function in phosphorous and zinc solubilization, PQQ is
described to be an effective growth promoting factor for plants and bacteria by
production of antioxidant properties and antimicrobial substances (Choi et al., 2008; de
Werra et al., 2009; Guo et al., 2009). So, due to these traits it induces the systemic plant
defenses (Han et al., 2008).
The PQQ biosynthetic pathway has not been yet characterized completely. The variable
Gram-negative bacteria possess different clusters of genes for PQQ biosynthesis (Fig
1.7). For example, in Rahnella aquatilis and Klebsiella pneumoniae, minimum six genes
(pqqA, B, C, D, E, F) arranged in single operon encode PQQ synthesis. In Acinetobacter
calcoaceticus, PQQ synthesis is encoded by four different genes (pqqI, II, III, IV) while
Methylobacterium extorquens needs seven genes (pqqA, B, C, D, E, F and G) for PQQ
synthesis (Goosen et al., 1987, 1989, 1992). In Pseudomonas fluorescens, PQQ operon
consists of eleven genes (pqqA, B, C, D, E, F, H, I, J, K, and pqqM).
The role of certain genes in biosynthesis of PQQ molecule has been elucidated in
different strains. The genes involved in synthesis of PQQ have been found homologous in
different bacterial strains. The five genes (pqqI, II, III, IV, V) of Acinetobacter
calcoaceticus showed homology with the genes (pqqA,B,C,D,E) of G. oxydans and
Klebsiella pneumoniae (Felder et al., 2000). However K. pneumoniae also possess an
extra gene pqqF (Meulenberg et al., 1992). Conclusively, the pqq operon consists of at
least six genes pqqA, B, C, D, E and F. PqqA gene encode 22-24 amino acids peptide
which serves as substrate for PqqE. PqqE encode S-Adenosyl-L-methionine (SAM)
reductase enzyme involved in the reductive cleavage of (SAM) to 5’-deoxyadenosine and
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methionine. The PqqB is supposed to encode a fellow of the metallo-β-lactamases protein
family, while PqqF encode peptidase protein. The proteins of PqqB and PqqF genes are
not so necessary for the production of PQQ as reported by Shen et al. (2012).
Among the whole pqq operon, the pqqC gene is of crucial importance as it is conserved
in most of the Gram negative bacteria especially Pseudomonas spp. It can be used a novel
molecular marker for the phylogenetic analysis of phosphorous solubilizing and
antagonistic bacteria (Meyer et al., 2011; Xu et al., 2014).
The pqqC gene encodes a well characterized enzyme “pyrroloquinoline quinone (Pqq)
synthase C” which catalyzes the oxidation and cyclization reaction for the synthesis of
PQQ molecule (Magnusson et al., 2004; Choi et al., 2008). Specifically, Pqq synthase C
converts PQQ precursor into PQQ cofactor, adds a closurering and oxidise the substrate
3a-(2-amino-2-carboxyethyl)–4,5-dioxo-4,5,6,7,8,9

hexahydroquinoline-7,

dicarboxylic acid (AHQQ) (Magnusson et al., 2004; Rose-Figura, 2010).

9-
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Fig 1.7 The pqq operon in different bacterial genra like Pseudomonas, Klebsiella,
Acinetobacter, Gluconobacter and Methylobacterium (Choi et al., 2008).
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1.10 Zinc homeostasis
The metal ions acquisition is essential for all microorganisms for their survival in
different environments. The microorganisms need metal ions especially Zn for various
biological processes. However, high Zn concentration is toxic to the bacterial cells (Nies,
1999). Therefore, internal free Zn concentration must be controlled and Zn homeostasis is
very important for bacteria to confirm its availability and uptake according to bacterial
physiological needs. The imbalance of metal homeostasis in bacteria is harmful
(Porcheron et al., 2013). The zinc homeostasis in prokaryotes is mostly attained by
regulating the uptake and efflux of zinc (Hantke, 2001). The ZupT (a zinc permease) and
ZnuABC (an ABC type transporter) are the zinc transporters which transport the
extracellular zinc ions into the cytoplasm while there are different zinc efflux systems in
microbes like ZraSR, Zar and ZntRA for zinc detoxification.
The two component system ZraSR consists of a sensor kinase to detect high
concentration of exogenous Zn and cause metal efflux (Ravikumar et al., 2012). The
ZraSR system has been characterized by monitoring the Zra promoter activity under
variable Zn concentrations followed by using Zra promoter as zinc binding protein (ZBP)
(Ravikumar et al., 2012). The reporter system (pzraP:gfp) developed by tagging the Zra
promoter with green fluorescent protein (GFP) revealed linear relationship between the
fluorescence and Zn concentration. Further, the zra promoter was translationally attached
to the outer membrane protein (OmpC) for sensing extracellular Zn. The fused protein
showed unstability due to Zn adsorbtion.
The zinc homeostasis is an important mechanism of high Zn tolerance in bacteria. It is
regulated by Zur which represses import system in presence of Zn by repressing the
transcription of import machinery operon in Bacillus subtilis and Escherichia coli
(Gaballa and Helmann, 1998). Other Zn transporters cation diffusion facilitators (CDF)
ZitB and YiiP catalyze metal translocation across the inner membrane and the substrate is
transported from the cytoplasm to the periplasm (Klein and Lewinson, 2011). CDF is
universal family of metal transporters found in eukaryotes and prokaryotes. Functional
analysis of ZipT and YiiP showed that these two proteins are proton linked antiporters
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which use free energy from influx to pump cytosolic Zn2+ out of cells (Wei and Fu,
2006).
The ZntR system activates the transcription of ZntA protein efflux in the existence of zinc
(Fig. 1.8: Pruteanu et al., 2007; Takahashi et al., 2015). The zntA promoter fused with
reporter (zntA:lacZ and zntA:lux) was stimulated by zinc and some other metals
(Pruteanu et al., 2007; Ivask et al., 2009). The buffering conditions determine the binding
of zinc ions per monomer with ZntR which is a dimer protein. When this zinc bound
ZntR binds with promoter, it leads to conformational changes in the DNA by making
promoter a well substrate for RNA polymerase. Resultantly, the transcription of zntA
gene is strongly activated which increase the efflux of zinc from the bacterial cell (Outten
et al., 1999). Moreover, this protein has eight transmembrane domains with a conserved
metal binding CPC motif on transmembrane domain (TMD) VI, a second metal binding
site on the cytosolic N-terminus, and an ATPase catalytic loop between TMD VI and VII
(Rensing et al., 1997). The ZntA knock out dramatically rises the bacterial cells
sensitivity to zinc and cadmium, whereas over-expression of ZntA increases the
resistance (Beard et al., 1997). Though zitB knock out alone has not influence on
bacterial cell survival under high zinc, the deletion of both zntA and zitB have made the
cells slightly more sensitive to Zn stress than only deletion of zntA (Grass et al., 2001).
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Fig 1.8 Regulation of zinc homeostasis in E.coli (Takahashi et al., 2015).
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1.11 Research objectives
 Screening of indigenous Zn solubilizing bacteria
 Biochemical and molecular characterization of zinc solubilizing bacteria
 Elucidation of molecular mechanism involved in Zn solubilization
 Effect of Zn solubilizing (ZS) bacteria on rice
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Chapter 2
Material and Methods

2 Material and methods
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Phase I: Selection of ZSB from rice
2.1 Collection of samples
The eleven locations such as Jhang, Pindi Bhatian, Toba Take Sing, Gojra, Chinot,
Faislabad, Sarghoda, Narowal, Sahiwal, Hafizabad and Islamabad of rice growing areas
were identified for rice field sampling. Among these locations, five varieties of rice i.e.
basmati-385, super basmati, shaheen basmati, basmati-515 and kainat basmati were
selected which were found to grow in saline and non-saline soils. Based on soil type,
variety and location, 3-4 fields at different distances within 1Km radius, were identified
at each location. About 4-5 plants from each field were selected randomly based on their
vigour. The whole plants were uprooted with the help of spade and special care was taken
for digging the whole roots to avoid damage. The plants were mixed to constitute a
representative sample of each location. The samples were paked in individual paper bags,
labeled properly and transported to the Applied Microbiology and Biotechnology
Laboratory, Department of Biosciences, COMSATS Institute of Information Technology,
Islamabad. The samples were stored at 4°C and processed further.

2.2 Isolation of endophytic bacteria
The endophytic bacteria were isolated from the rice roots, leave and stem following the
modified method of Surette et al. (2003). Briefly, different parts (stem, roots and leaf) of
each plant were washed thoroughly to remove the adhering soil and other inert matter.
The roots, leaf tissues and stem of each sample were mixed thoroughly. One g of each
part was surface disinfected with bleach (commercial grade containing 5.25 % chlorine)
for 3 min, followed by dipping in solution consisting of three percent hydrogen peroxide
(H2O2) for 120-180 sec and rinsing thrice with sterilezed water (milli-Q). The sterilized
plant parts were air dried in sterile filter paper and crushed separately in sterile mortarpestle. These crushed samples were serially diluted (10-1 to 10-9) in 0.85 % saline.
Hundred microliter of each sample was spread on the LB agar (Appendix-I) and plates
were incubated for 24–36 h at 28 ± 2°C. The growth of bacterial colonies on plates was
observed after every 12 h.
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The endophytic bacterial strains were selected on the basis of difference in physical
appearance and colony morphology. The purified bacterial colonies were aseptically
inoculated with sterilized loops in test tube which containing 5mL LB broth (AppendixII). These inoculated test tubes were incubated in shaking incubator at 28 ± 2°C at 120
rpm for 24 h. The purified strains were preserved in LB slants and 20 % glycerol at 4°C
and -80°C respectively.

2.3 Screening of Zn solubilizing bacteria (ZSB)
The purified strains were screened for the Zn solubilization on Bunt and Rovira agar
(Appendix- III) amended with 0.1 % of different zinc ores like zinc phosphate [Zn3
(PO4)2], zinc sulfide (ZnS), zinc oxide (ZnO), and zinc carbonate (ZnCO 3) for testing
their zinc solubilizing potential (Bunt and Rovira, 1955). The bacterial strains were
grown in LB overnight in shaking incubator at 28 ± 2 °C at 120 rpm. Cell density of each
isolate was normalized by setting OD600 = 0.5 and five microliter spot of each isolate was
placed on the respective zinc plate. The inoculated plates were incubated at 30°C for 3–4
days and observed for the appearance of halo zone around each bacterial colony. The
diameter of halo zone was measured and used as indicator for Zn solubilization. The
experiment was repeated twice with three replications.

2.4 Accession of ZSB from Applied Microbiology and Biotechnology
Laboratory
Zinc solubilizing bacteria Serratia marcescens strain FA-4 capable to enhance Zn content
and yield of wheat grains (Abaid-Ullah et al., 2015) was also obtained from Applied
Microbiology and Biotechnology Laboratory, Biosciences Department, COMSATS
Institute of Information Technology (CIIT), Islamabad, Pakistan.

Phase II: Morphological and biochemical characterizationof zinc
solubilizing bacteria (ZSB)
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2.5 Colony morphology and Gram’s reaction
The colony morphology and Gram’s reaction of Zn solubilizing bacteria were observed
following the method of Vincent, (1970) (Appendix-IV). The pure culture of Zn
solubilizing strain was streaked on LB agar and incubated at 28 ± 2 °C for 24 h. Each
colony was observed for the morphological traits such as form, elevation and margins by
naked eye. The cell shape and Gram reaction was observed under light microscope. The
bacterial strains with maximum Zinc solubilization potential were further characterized.
Briefly, the strains were grown in LB broth for overnight and adjusted to an OD600 of 0.5
to be used in different biochemical tests.

2.6 Quantification of zinc solubilized by the bacteria from various ores
The zinc solubilizing (ZS) bacteria SH-10, SH-17 and S. marcescens FA-4 (positive
control) were inoculated in Bunt and Rovira broth medium amended with 0.1 % of
different zinc ores such as zinc phosphate, zinc oxide and zinc carbonate. The inoculated
bacteria were incubated at 28±2°C and shaken at 180-200 rpm for 48 h. The bacterial
culture was centrifuged at 7000 rpm for 15 min and cell free supernatant was collected
after passing through a 0.22 µm filter.The supernatant was analyzed on Atomic
Absorption Spectrophotometer (AAS). The amount of Zn solubilized by bacterial strains
was quantified by comparing with the un-inoculated broth which was used as control
(Saravanan et al., 2004; Abaid-Ullah et al., 2015). The experiment was conducted in three
replicates and repeated thrice.

2.7 Antibiotic resistance assay
The antibiotic resistance of Zn solubilizing strains was checked as described by (Alvarez
and Brodbelt, 1995). The bacterial strains were spreaded on LB agar by using a sterile
cotton swab. The discs of variable antibiotics were placed on each plate and incubated at
28 ± 2°C. After 24–48 h of incubation, the bacterial growth inhibition was observed on
the plates around each disc. The inhibition zone was measured and used to describe the
resistant potential of each strain following the recommendations of manufacturer. The
name of different antibiotic discs and their concentrations is shown in Table (3.5).
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2.8 Nutrients solubilizing activity
The strains were tested to solubilize the phosphorus (P) and potassium (K) from their
insoluble sources. Each bacterial strain was inoculated on Pikovskaya agar (AppendixVI) and Aleksandrov agar (Appendix-VII) for P and K solubilization respectively
(Pikovskaya, 1948; Kumar et al., 2012). The inoculated plates were placed in an
incubator at 28 ± 2°C. After 7–10 days of incubation, the plates were observed for the
halo zone formation around each bacterial colony. The nutrient solubilizing bacteria
made halo zones around their colonies on respective medium. The phosphorous
solubilizied by ZS bacteria was also quantified (Pikovskaya, 1948). Single colony of
each bacterial strain was inoculated in a 250 mL flask containing 100 mL pikovskaya’s
broth and incubated at 28±2°C with continuous shaking of 150-180 rpm for 14 days. The
culture was transferred to 50 mL falcon tube and centrifuged at 10000 rpm for 10 min.
The pellet was discarded and supernatant was preserved for phosphorus quantification.
The phosphorus solubilized by ZS bacteria was quantified on spectrophotometer by
comparing the OD430 with that of standards. Three replications were used per treatment
and experiment was conducted twice.

2.9 Production of indole acetic acid
Ability of the Zn solubilizing strains to produce Indole-3-acetic acid (IAA) was
qualitatively tested by plate assay. The strains were grown on LB agar supplemented with
100 ppm tryptophan (Shrivastava and Kumar, 2011). A sterile cork borer was used to
make a cavity of 1–2 cm in diameter and 0.5 cm in depth. The freshly grown bacteri were
inoculated in the cavity of each plate and incubated at 28 ± 2 °C. The bacterial cells were
removed from the cavities after 16 h incubation and each cavity was filled with about 200
µL of IAA reagent (0.5 M FeCl3 and 35 % HClO4 mixed in 1: 50). The cavities were
observed for change in color. The bacterial strains with pinkish cavities indicated IAA
production.

2.10 Antagonism against rice pathogens
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The Zn solubilizing strains were tested for their antagonistic potential against two
devastating rice pathogens viz Pyricularia oryzae and Fusarium moniliforme causing rice
blast and bakanae disease respectively. The antagonism was tested by co culturing the
bacteria and fungus on potato dextrose agar (Spence et al., 2014). Briefly, 6mm disc of
each fungal mycelium freshly grown not more than 7days old was inoculated at the center
of plates containing potato dextrose agar (PDA) (Appendix-VIII). A 10 µL freshly grown
culture of each bacterial strain was inoculated at equal distance from the disc of fungal
mycellium. The LB broth without bacterial cell was used as negative control. The coinoculated plates were incubated at 28 ± 2 °C. After 8–10 days of incubation, the growth
of fungal mycelium was measured from the centre of petri plate to each edge of bacterial
colony.

Percentage

fungal

inhibition

was

calculated

(Berg

et al., 2005) by measuring the mycelial growth of fungus in treatment and negative
control.
% fungal inhibition = [(C − T)/C)] × 100
C = Fungal mycelial growth in negative control
T = Fungal mycelial growth in bacterial treatment
The experiment was repeated twice with three replications.

2.11 Siderophore production
Siderophore production by the Zn solubilizing bacteria was detected semi quantitatively
by plate assay (Schwyn and Neilands, 1987). The bacterial strains were inoculated by
drop method on separate plates containing CAS agar (Appendix-IX). The plates were
wrapped with parafilm to protect from contamination and incubated at 28 ± 2°C for 3-4
days. A discolouration of medium (orange) around bacterial colonies indicated the
production of siderophores.

2.12 Detection of hydrolytic enzymes production
The production of different hydrolytic enzymes like protease, cellulase and glucanase
was detected by plate assay.
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2.12.1 Production of protease
The protease production was tested on nutrient agar mixed with skim milk (Appendix-X)
following the method of Hassan et al. (2011). The skim milk and nutrient agar media was
made and autoclaved separately. Both media were mixed in sterile reagent bottles and
poured into the petri plates. A 3µL fresh bacterial culture was spotted on the skim milk
agar plates. The plates were covered with parafilm and incubated at 28 ± 2 °C for 96 h.
Development of halo zone around the colonies indicated the protease production.

2.12.2 Production of cellulase
The cellulase production was detected on LB agar incorporated with carboxy
methylcellulase (CMC) as described by Kumar et al. (2012). The CMC agar (AppendixXI) were prepared and inoculated by fresh inoculum of each bacterial strain. The plates
were wrapped with parafilm and incubated at 28 ± 2 °C for 96 h. The plates were stained
with 0.1 % congo red for 40 min. The stain was decanted carefully and destained with
one molar sodium chloride for 6 h (Nagpure et al., 2014). The halo zones appeared on
agar plates were observed for cellulase activity.

2.12.3 Production of glucanase
The glucanase production was also measured by the method of Abraham et al. (2013).
The fresh bacterial culture was inoculated on the LB agar supplemented with laminarian
(Appendix-XII).The inoculated plates were incubated at 28 ± 2°C for 96 h. Halo zones
appeared as result of glucanase production was observed after staining the plates as
described in previous section.

2.13 Mutual antagonism of zinc solubilizing bacteria
Mutual antagonism of ZS bacteria was tested by spot and lawn method (Pingitore et al.,
2007). Each ZS bacterial strain was used as test as well as indicator strain in antagonism
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assay. The strains were inoculated in LB broth and grown for overnight. Hundred micro
liter of indicator isolate containing 10 8 CFU mL-1 were spread on LB agar plates. A 5-10
µL of test isolate containing 104 CFU mL-1 was spotted by using inoculating loop on the
LB agar plate seeded with the indicator isolate. These plates were incubated at 28 ± 2°C
and inhibition zones were observed after 24 h. Diameter of inhibition zone was measured
in mm. Experiment was conducted with three replicates and repeated thrice.

2.14 Growth of ZSB under Zn stress
The growth of Zn solubilizing bacterial strains was tested on the zinc chloride (ZnCl2 )
ore. The tolerance of zinc solubilizing endophytes was assessed on automated 96 well
plate microtiter plate readers at 37 °C with 10 s of shaking for every 20 min and reading
was taken with 20 min intervals for 24 h. This experiment was done in two steps, the
minimal broth (Appendix-V) and LB media amended with different concentration of zinc
chloride (ZnCl2 ) 1.0 mM, 1.5 mM, 2.0 mM, 2.5 mM, 3.0 mM, 3.5 mM, 4.0 mM, 5.0 mM,
8.0 mM, 10.0 mM and 20 mM.

2.15 Identification by 16S rDNA
The Zinc solubilizing bacteria SH-10 and SH-17 were identified on the basis of 16S
rRNA gene sequence analysis.

2.15.1 Extraction of genomic DNA
The genomic DNA of zinc solubilizing bacterial strains was extracted by CTAB method
with certain modification (Wilson, 1987). A 24 h old bacterial colony was picked from
agar plate and inoculated in 5 mL LB broth. The colony was grown for overnight at
30±2°C for 24 h with constant shaking at 100–120 rpm in shaking incubator. The
bacterial culture was shifted into sterilized 1.5 mL Eppendorf and centrifuged for 5 min
at 13000 rpm twice to harvest the cells. The cells pellet was dissolved in 400 µL TE
buffer (Appendix-XIII), mixed with 30 µL lyzosyme and incubated at 37°C for 30 min.
Seventy microliter of 10% SDS solution (Appendix-XIV) and 10 µL Protinase k were
added in the cell suspension and kept at 65°C for 60 min. The mixture was inverted up
and down for proper mixing followed by the addition of 100 µL 5M NaCl (Appendix-
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XV) and 100 µL CTAB solution. The mixture was incubated at 65°C for 10 min and
mixed

gently

until

appearance

of

milky

colour.

A

700

µL

of

phenol/chloroform/isoammyl alcohol (25:24:1) solution was added and mixture was
centrifuged at 13,000 rpm for 10 min. The upper transparent layer was separated into new
eppendorf. The layer was mixed with an equal volume of phenol/ chloroform/ isoammyl
alcohol (25:24:1), centrifuged at maximum for 10 min and separated again by pouring in
a new eppendorf. The aqueous layer was mixed with a 2X volume of chilled absolute
ethanol and incubated at -20°C for 30 min. The precipitated DNA was pelleted by
centrifuging it at 13,000 rpm for 10 min. The supernatant was discarded carefully and the
pellet was dried under the safety cabinet. The dried DNA pellet was suspended in 50 µL
PCR water and stored at -20°C.

2.15.2 Quantification of DNA
The genomic DNA was quantified on spectrophotometer and run on agrose gel
electrophoresis to check the quantity and quality of DNA, respectively. The extracted
DNA was run on 1.0 % agrose gel (Appendix-XVII). One kilo base pair (kb) DNA ladder
was used as marker to evaluate the size of the extracted DNA. The gel was run for 50 min
at 100 volts and 300–400 mile amperes (mA) and visualized under Bio Doc Analyse
Biometra (Gel doc). The DNA was also quantified on nano drop IMPLEN Germany.

2.15.3 Amplification of 16S rRNA gene
The 16S rRNA gene was amplified by using the universal primers P1 and P6. These
primers amplify the 1500 bp and relate to E. coli positions 8–37 and 1479–1506
respectively (Tan et al., 1997). The sequences of these primers are P1 = (5′ GAG TTT
GAT CCT GGT CAG AAC GAA CGC T-3′); P6 = (5′-TAC GGC TAC CTT GTT ACG
ACT TCA CCC C - 3′).

2.15.4 PCR reaction and cycling conditions
A 50 µL volume of PCR reaction mixture was set up by adding 1 X PCR buffer, 1.5 mM
MgCl2, 200 µM of each deoxynucleotides (dNTPs) A, C, G and T (Fermentas), 1.0–1.5 U
of Taq polymerase (Fermentas/Thermo), 10 µM of each primer and 10–15 ng DNA.
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The PCR mixture was amplified in thermocycler (Peq lab Germany). The amplifying
conditions consisted of initial denaturation at 95 °C for 5 min, 25 cycles (94 °C for 1 min
repeated denaturation, 56°C for 1 min annealing, 72°C for 1.75 min extension) followed
by final extension at 72 °C for 5 min (Tan et al., 1997; Hassan et al., 2010).

2.15.5 Purification of amplified 16S rRNA gene
The amplified 16S rRNA gene was analyzed on 1 % agarose gel containing 5 µL
ethidium bromide (20 mg mL-1) in 1 x TBE (Trisborate-EDTA) buffer (Appendix-XVI).
The gel was run for about 50 min at 100 volts and about 300 – 400 mA and compared
with 1 kb DNA ladder (Fermentas). The gels were seen under UV light and photograph
was taken using UV transilluminator gel documentation system. The amplified 16S rRNA
gene was excised from the gel and purified by Gel Extraction Kit (Qiagen) following the
recommendations of manufacturer.

2.15.6 Sequencing and BLAST analysis of 16S rRNA gene
The 16S rRNA gene was sequenced by the Macrogen Inc. (Korea). The obtained
sequence was edited and analyzed on NCBI/BLAST. The strains were identified based on
the maximum homology.

Phase III: Molecular mechanism involved in Zn solubilization
The molecular mechanism involved in PGPR mediated Zn solubilization was elucidated
by studying the expression of pqqC gene (regulating the production of gluconic acid) and
ZntA gene (incorporating the Zn tolerance ability to the Zn solubilizing bacteria).The
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expression analysis of these genes was studied in a model strain S. marcescens FA-4
(Fender et al., 2012) by developing an expression reporter system.

2.16 Expression analysis of pqqC gene in S. marcescens FA-4
The expression of pqqC gene was assessed by monitoring the pqqC promotor activity.
The pqqC promotor was cloned so as to drive expression of the GFP as the reporter, and
its activity was measured in S. marcescens using microtitre plates set up on a plate reader,
the Fluo star Omega.

2.16.1 Identification of pqqC promotor region in S. marcescens FA-4
The promoter region of pqqC gene was identified from the full genome sequence of S.
marcescens strains DB11, WW3 and VGH107 available in databases at the NCBI,
PATRIC and Sanger Institute (Fig. 2.1). The pqqC gene sequences available at the data
bases were searched with the key terms “pqqC” and “Serratia marcescens” The available
sequences of pqqC gene of S. marcescens were viewed as graphic preview and inspected
for the 200-300 bp gene regulatory sequence located upstream of the pqqC gene. Among
these sequences, a 253 bp region upstream of pqqB and pqqC conserved among all the
strains was hypothesized to include the promoter region of the pqqC gene in S.
marcescens and further experiments were conducted to test this hypothesis.

A

B
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Fig 2.1 Identification of pqqC promoter from S.marcescens whole genome sequence on
databases
(A) PATRIC database (B) Sanger Institute database (C) NCBI database

2.16.2 Designing of primers to amplify pqqC promotor
The primers were designed by retrieving the identified 253bp pqqC putative promoter
region from the different strains of S. marcescens. These sequences were aligned using
the Clustal W progma. A 25 bp consensus sequence showing homology to that of strains
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DB11, WW3 and VGH107 were selected from the beginning and end of the promoter
region as the complement to forward (pqqC-Fw) and reverse primer (pqqC-Rev). The
unique restriction sites in pqqC promoter were searched by using NEB Cutter
(http://nc2.neb.com/NEBcutter2/). The unique restriction sites found in promoter region
are given in Table 2.1. Two suitable unique restriction sites were incorporated in the
forward and reverse primers. The designed primers were synthesized by Sigma-Aldrich
(UK).

2.16.3 Purification and quantification of genomic DNA
The genomic DNA of S. marcescens (FA-4) was purified by using Genomic DNA easy
kit (Qiagen). The single colony was picked from LB agar and grown for 24 h in LB broth
by incubating at 28 ± 2 °C with continuous shaking of 120 rpm. The cells were harvested
after overnight growth and genomic DNA was purified by following the manufacturer’s
protocol. The purified DNA was quantified by NanoDrop 1000 spectrophotometer
(Thermo Scientific).

2.16.4 Amplification of pqqC promotor from S. marcescens FA-4
The putative pqqC promotor region was amplified from the genomic DNA of S.
marcescens FA-4. The PCR reaction consisting of 5-7 ng of genomic DNA, GoTaq® G2
Green Master Mix, 1-1.5 U of Taq DNA polymerase, 10µM of forward and reverse
primers was put in thermocycler (Eppendorf). The cycling conditions are described in
Table 2.2. The PCR conditions were optimized by setting up different annealing
temperatures and number of cycles.
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Table 2.1 Unique restriction sites found in putative pqqC promoter
Sr.No.

Name
Restriction

of Recongnition

Restriction sites

Overhang

Sequence

Enzymes
1

EcoR1

GAATTC

G/AATTCCTTAA/G 5′ - AATT

2

Xba1

TCTAGA

T /C T A G A

5′ - CTAG

A G A T C/T
3

Pst1

CTGCAG

C T G C A/G

TGCA- 3′

G/A C G T C
4

Spe1

ACTAGT

A/CTAGTTGATC/A 5′ - CTAG

The unique restriction sites were searched from putative pqqC promoter by using NEB cutter.
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Table 2.2 Cycling conditions used for amplification of pqqC promoter
Cycle Step

Temperature ( ◦C)

Time (min)

No. cycles

Initial Denaturation

95

3.30

1

Denaturation

95

1

25-30

Annealing

50-60

1

25-30

Extension

72

1

25-30

Final extension

72

5

1

Hold

4

∞

1

(Gradient)

2.16.5 Gel electrophoresis of amplified pqqC promotor
The amplified pqqC promotor was analyzed on 1.5 % agarose gel containing 4 µL
ethidium bromide (20 mg mL-1) in 1 x TBE (Trisborate-EDTA) buffer (Appendix-XVI).
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The gel was run for 40 min at 110 volts and 300 – 350 mA and visualized under UV
light. Size of amplified pqqC promotor was compared with 100 bp DNA ladder
(Fermentas). The gel photograph was taken using UV transilluminator gel documentation
system. The specific band of pqqC promotor was extracted by using DNA Gel Extraction
Kit (Qiagen).

2.16.6 Cloning of pqqC promoter in pGEM® T easy vector
The amplified pqqC promotor was cloned into Escherichia coli Top-10 strain by using
high copy number plasmid pGEM® T easy (Promega; Fig. 2.2). The cloned plasmid was
sequenced to know the nucleotide sequence of pqqC promotor region.

2.16.7 Preparation of heat shock competent cells of E. coli Top-10
The chemically competent cells of E.coli were prepared by using the calcium chloride
(CaCl2) method. The single colony of the E. coli bacterial strain Top-10 culture plate was
grown in LB broth at 37 °C overnight in a shaking incubator at 120 rpm. One mL of
overnight E. coli bacterial culture was inoculated in 500 mL flask containing 200 mL LB
broth and shaked vigorously at 37 °C for 3-4 h until the mid-log phase growth (OD 0.5 at
600 nm wavelengths). The bacterial culture was shifted into 50 mL falcon tubes and the
cells were centrifuged at 4 °C for 15 min at 4500 rpm. The cell pellets were resuspended
in 5 mL chilled magnesium chloride (MgCl2) on ice and incubated on ice for 3 h. The
cells were then centrifuged and resuspended in 2 mL chilled CaCl 2 solution consisting of
50 mM CaCl2 and 15 % (v/v) glycerol by placing on ice. The competent cells were
divided into 100 μL aliquots in 1.5 mL Eppendorf tubes and stored at -80°C.
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Fig 2.2 Map of vector pGEM-T Easy (Promega)

2.16.8 Ligation of pqqC promoter into pGEM® T easy vector
The amplified pqqC promoter was ligated into pGEM® T easy vector by using T4 DNA
ligase enzyme (Promega). The ligation reaction was prepared in 1.5 mL sterilized
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Eppendorf tube consisting of 3:1 molar ratio of insert to pGEM® T easy vector. The
reaction was incubated at 4 °C temperature overnight.

2.16.9 Transformation of ligated DNA in E. coli strain Top-10
The competent E.coli cells were thawed on ice for 5 min and 3-5 µL of ligation mixture
were added into the competent E.coli cells. The cells and ligation mixture was mixed by
tapping the Eppendorf gently with finger. The cells were incubated for about half an hour
on ice and then subjected to heat shock at 42 °C for 60-90 sec in a dry thermoblock. The
cells were removed from the thermoblock and incubated on ice for 5-10 min to recover
from the heat shock. A 0.5 mL LB broth was added to each Eppendorf containing cells
and incubated at 37°C for 1 h with vigorous shaking. After incubation, the transformed
cells were spread on fresh LB agar plates containing 40 µL X-GAL (40 mg mL-1), 40 µL
IPTG (100mM) and 100 µg mL-1 ampicillin. The plates were properly wrapped with
parafilm and incubated at 37 °C overnight.

2.16.10 Selection and confirmation of recombinant E.coli
The true transformed bacterial colonies were selected by blue/white screening. The single
white colonies were picked from the agar plates with a sterile tooth pick and inoculated in
LB broth amended with 100 µg mL-1 ampicillin. This culture was grown at 37 °C for 1624 h in orbital shaker with continuous shaking. Plasmid DNA was extracted by using
Mini Prep kit (Qiagen) and following the manufacturer’s instructions. The clone was
confirmed by amplification of pqqC promoter from plasmid DNA by using the primers
described previously and digesting the pGEM® T easy plasmid with two restriction
enzymes i.e EcoR1 and Spe1. The pqqC promotor was identified on the basis of size by
running the products on 1.2 % agarose gel and comparing with 1kb DNA ladder (Thermo
Scientific).

2.16.11 Sequencing of pqqC promoter
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The recombinant plasmids pGEM® T were commercially sequenced by Beckman
Coulter Genomic, UK. The plasmids were sequenced by using M13F-20 and SP-6
universal primers. The resultant sequences were aligned with the subject sequence from
which primers were designed by using ApE software. The mutation free cloned
sequences were used in further experiments.

2.16.12 Development of pqqC expression reporter system
The pqqC expression system was developed by tagging the promoter with green
fluorescence protein (GFP). It consists of 253 base pair pqqC promoter immediately
upstream of the start codon and contains important portion of the cis regulatory
information necessary to provide a tentative expression pattern of the endogenous gene
under study. The GFP tagged promotor pqqC was cloned in pUC19 plasmid to develop
an expression reporter system. The architecture of reporter system is shown in Fig. 2.3.
Detail of steps involved in development of pqqC expression reporter system is described
below.

2.16.13 Excision of pqqC promoter from pGEM® T easy vector
The pqqC promoter was excised from the pGEM®T easy vector by restricting with the
restriction enzymes EcoR1 and Spe1. A 20µL restriction reaction was set up by adding
1µg of the DNA, 10 units of restriction enzyme all in a 1x commercial digestion buffer.
The reaction was incubated for 3 h at 37°C in the thermo block. The restriction digest was
run on the 1.2 % Agarose gel electrophoresis and size of pqqC promoter was assessed by
comparing with 1 kb DNA ladder (Thermo Scientific). The pqqC promoter was excised
from the gel and purified with a QIA quick Gel Extraction Kit (Qiagen) following the
manufacturer’s protocol.

2.16.14 Cloning of pqqC promoter into GFP expression vector pUC19
The pqqC promoter was further cloned into expression vector pUC19, which was
obtained from the Martin Buck lab, Division of Cell and Molecular Biology, Imperial
College London, United Kingdom (UK). The pUC19 plasmid with GFP expression
reporter was linearized with restriction by two restriction enzymes EcoR1 and Xba1. The
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pqqC promoter was ligated into linear vector (pUC19) and transformed into E.coli strain
Top 10 as described in the previous section. The recombinant E. coli was screened by
restriction analysis and cells containing required reporter system were preserved in 20 %
glycerol at -80°C.

2.16.15 Sequencing of developed pqqC expression reporter system
The developed pqqC expression reporter system was sequenced commercially by
Beckman Coulter Genomics, UK. The reporter sequence was analysed in ApE plasmid
editor software to check any undesired mutation and the orientation of pqqC promoter.
The expression reporter with correct sequence and orientation was used in further
experiments.

2.16.16 Incorporation/integration of pqqC expression reporter system in S.
marcescens FA-4
The expression reporter system was incorporated in S. marcescens FA-4 in following
steps.

2.16.17 Preperation of electrocompetent cells of S. marcescens FA-4
Electrompetent cells of S. marcescens FA-4 were prepared according to the protocol
described by Sakurai and Komatsubara (1996). The S. marcescens FA-4 was grow in LB
to an OD of 1.0 at 660 nm at 37°C. The culture was centrifuged and the resultant pellets
were washed twice in ice-cold 100 g L-1 glycerol. The 100 µL volume of these competent
cells was used in transformation experiment.

2.16.18 Transformation of S. marcescens FA-4
The developed reporter plasmid was transformed into S. marcescens by electroporation.
The transformation was optimized by using different concentrations of DNA (0.5 -1.0 µg)
and volume of competent S. marcescens cells (50-100 µL). The mixture of DNA and
cells was transferred into a 1 mm Micropulser cuvette (Bio-Rad). The mixture was
electroporated at 1800V followed by the addition of 1 mL LB broth. The transformed
cells were shifted to sterilized 1.5 mL eppendorf tube and grown at 28 ± 2 °C in a shaking
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incubator at 220 rpm for 1.5 h. The transformation was spread on LB agar supplemented
with 500 µg mL-1 ampicillin and incubated at 28 ± 2 °C for 24 h. The colonies growing on
ampicillin agar were picked and confirmed for the presence of reporter by restriction
analysis. The plasmid DNA was run on an agarose gel and bands compared to 1 kb DNA
ladder as predicted by NEB cutter (Fig. 2.3).
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Fig 2.3 Restriction analysis
(http://nc2.neb.com/NEBcutter2/)
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analyzing
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2.17 Measurement of reporter activity in S. marcescens FA-4
The activity of reporter in S. marcescens was measured on BMG FLUO star fluorometer
(Wang et al, 2013). The transformed S. marcescens cells were grown overnight. Their
OD600 was normalized to 0.2 and a 200 µL cells per well were loaded into a 96 well
microplate (Greiner Bio-One, chimney black, flat clear bottom) by a repetitive pipette in
three replicates. Different culture conditions were provided to measure the promoter’s
activity. The microplate was enclosed with a transparent lid to counteract evaporation,
wrapped with parafilm and incubated in the fluorometer (BMG FLUOstar) at 37 °C with
continuous shaking (200 rpm, linear mode) for 24 h between each cycle of repetitive
measurements. The up and down regulation of activity was observed by measuring the
fluorescence output values (485 nm for excitation, 520 ± 10 nm for emission) and cell
density at 600nm. The cells were grown for 20-22 h which permitted the accumulation of
any appropriate quorum sensing molecules synthesized by cell culture under the specified
condition. The reporter activity was expressed in terms of fluorescence per cell. The
experiment was repeated three times.

2.18 Expression analysis of ZntA promoter
The reporter plasmid consisting of ZntA promoter tagged with GFP (ZntA-rbs31gfp-t
reporter) was obtained from Martin Buck Lab (Wang et al., 2013). This construct consist
of ZntA promoter amplified from the E.coli strain MG1655. The reporter was
transformed in to S. marcescens FA-4 and ZntA activity was measured under different
concentrations of zinc and iron in plate reader (BMG Fluo star omega) as described in the
previous section.
Phase IV: Effect of Zn solubilizing (ZS) bacteria on rice plants
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The zinc solubilizing (ZS) bacteria FA-4, SH-10 and SH-17 were evaluated for their
potential to enhance the growth, yield and zinc translocation towards grain under net
house and field conditions. Two pot experiments were conducted to determine the effect
of Zn solubilizing bacteria on rice varieties basmati-385 and super basmati. The strains
were inoculated to rice plants with different doses of chemical zinc fertilizer.

2.19 Pot experiment I: Effect of Serratia marcescens FA-4 on rice plants
Effect of Zn solubilizing strain S. marcescens FA-4 was examined on the growth, yield
and Zn content of rice varieties viz basmati 385 and super basmati under net house
conditions in 2012. The soil was sterilized by repeatedly autoclaving followed by air
drying. Earthen pots (20 cm × 30 cm) were filled with this sterilized soil. The fertilizer
was applied by mixing 40 mg urea per kg of soil as source of nitrogen (N), 30 mg single
super per kg of soil as source of phosphorous (P) and 20 mg potassium sulfate per kg of
soil as source of potassium (K). Phosphorous and potassium were applied at the time of
transplantation in single dose while nitrogen was applied at transplanting, tillering and
booting growth stages in equally splitted doses. Five treatments viz. T 1 = un-inoculated
plants (Negative control), T 2 = ZnSO4 (7.5 mg kg−1 of soil), T3 = S. marcescens (FA-4),
T4 = S. marcescens (FA-4) + ½ ZnSO4 (3.75 mg kg–1 of soil), T5 = S. marcescens (FA-4)
+ ZnSO4 (7.5 mg kg−1 of soil) were used in this experiment. Each treatment consisted of
three replications laid out in completely randomized design (CRD).
Nursery of thirty days old rice seedling was obtained from NARC, Islamabad, Pakistan.
The seedlings roots were surface sterilized with bleach (commercial grade containing
5.25 % chlorine) for 3 min, followed by dipping in solution consisting of three percent
hydrogen peroxide (H2O2) for 120-180 sec and rinsing thrice with sterilezed water (milliQ). Five seedlings with surface sterilized roots were transferred to each pot aseptically.
After seedling establishment, pruning was done and three seedlings per pot were
maintained. The inoculumn of Zn solubilizing (ZS) bacteria was prepared by growing the
strains in 250 mL Erlenmeyer flask containing LB broth at 100 rpm and 28 ± 2°C for 1416 h. The LB broth containing cells was centrifuged and cell pellet was dissolved in 0.85
% saline to maintain cell population of 109 CFU mL-1) by adjusting the OD600 = 0.45.
One mL saline suspension consisting of about 10 9 CFU mL-1 of each strain was drenched
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in soil near the seedling roots. Only saline (0.85%) was used in negative control. The ZS
bacteria were inoculated in similar way after 45 days of 1st inoculation. Tube well water
was used to keep the optimum moisture level throughout the crop cycle. The leaf
chlorophyll content of rice was measured at the anthesis stage while plant heights,
number of tillers, panicle length were observed at plant maturity. Thousand grain weight
and yield was computed by harvesting the plants during month of October. For
chlorophyll measurement, three leaves of different plants per treatment were selected
randomly and chlorophyll content was measured from different places (Ranganathan et
al., 2006) with SPAD meter (Minolta, Tokyo, Japan). The height of each plant was
measured from ground level to the tip of panicle by using a rod. The numbers of tillers
were counted by uprooting each plant. Grains and straw were weighed by threshing each
plant separately.

2.19.1 Determination of Zn translocation efficiency (ZTE) of S. marcescens
FA-4
The Zn analysis of grain and straw was carried-out commercially by the Nuclear Institute
for Food and Agriculture (NIFA), Peshawar, Khyber Pakhtunkhwa (KPK), Pakistan. The
Zn translocation index (ZTI) was determined by using the following formula (Rengel and
Graham, 1996).
ZTI = Grain Zn content/ Straw Zn content
The zinc translocation efficiency (ZTE) of strains over negative control was calculated by
using the following formula.
ZTE = [(Zn translocation index of treatment- Zn translocation index of untreated plants)/
Zn translocation index of treatment x100]

2.19.2 Pot Experiment II: Effect of Bacillus spp on rice plants
The Bacillus spp was inoculated to two rice varieties as described above. The experiment
was conducted in 2013. All the conditions were same as described in previous section
except the treatments. Zinc sulphate (ZnSO 4) was used at the rate of 7.5 mg kg−1 of soil.
There were eight treatments viz. T 1 = un-inoculated plants (Negative control), T 2 =
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ZnSO4 (positive control), T 3 = Bacillus sp SH-10, T 4 = B. cereus SH-17, T 5 = Consortium
of Bacillus sp SH-10 and B. cereus SH-17, T6 = Bacillus sp SH-10 + ZnSO4, T7 = B.
cereus SH-17 + ZnSO 4, T8 = Consortium of Bacillus sp SH-10 and SH-17 + ZnSO4.

2.19.3 Determination of Zn translocation efficiency (ZTE) of Bacillus spp
Plants of four treatments viz un-inoculated plants (negative control=T 1), ZnSO4 (positive
control=T2), consortium of strains (T 5) and consortium of strains along with ZnSO 4 (T8)
were selected for determining the Zn content in straw and grains. The Zn analysis was
done at Nuclear Institute for Food and Agriculture (NIFA), Peshawar, Khyber
Pakhtunkhwa (KPK), Pakistan. Zn translocation index (ZTI) of rice grains was calculated
by using the formula as described in previous section.2.18.1

2.20 Field experiments
The field experiments were conducted on two rice varieties basmati 385 and super
basmati for two consecutive years 2013 and 2014 in the same field at National
Agricultural Research Center (NARC), Islamabad, Pakistan.

2.20.1 Site description and experimental design
The study was conducted at the research fields of National Agriculture Research Center
(NARC), Islamabad, Pakistan with latitude 33.4◦ N and longitude 73.8◦ E. The
meteorological conditions of two years are shown in Fig 2.4(a, b). The net plot size was 1
m × 3 m. The physico-chemical characteristics of soil are shown in Table 2.3. The
experiment was laid out in randomized complete block design (RCBD) with three
replications per treatment. The treatments consisted of untreated plants (negative control)
= T1, zinc sulphate (ZnSO4) = T 2, Bacillus sp SH-10 = T3, B. cereus SH-17 = T4, S.
marcescens FA-4 = T5, Consortium of Bacillus sp SH-10, B. cereus SH-17 and S.
marcescens FA-4 = T6, Bacillus sp SH-10 + ZnSO4 = T7, B. cereus SH-17+ ZnSO4 = T8,
S. marcescens FA-4+ ZnSO4 = T9, Consortium of Bacillus sp SH-10, B. cereus SH-17
and S. marcescens FA-4+ ZnSO4 = T10.
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Fig 2.4 (a) Meteorological data of NARC, Islamabad during 2013
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NOVEMBER
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Fig 2.4 (b) Meteorological data of NARC, Islamabad during 2014

NOVEMBER

83

Table 2.3 Physical and chemical properties of soil used in pot and field experiments
Parameter

Texture/Value

Texture

Clay loam

pH

7.73

Organic matter (%)

0.82

Total Nitrogen (%)

0.041

Available Phosphorus (mg kg-1)

4.8

Saturation (%)

40

EC (dSm-1)

0.31

Zinc mg kg-1

0.54

Values are mean of three replicates and the test was repeated twice
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2.20.2 Rice seedling and bacterial inoculation
Rice Seedlings were raised by sowing their seeds during 1 st week of June. Thirty five
days old seedlings were manually transplanted to the field by maintaining Row × Row
and Plant × Plant distances of 20 cm and 20 cm respectively. Field was prepared by five
ploughing followed by leveling and planking with help of tractor drawn implements. The
seedlings were transplanted in standing water of 5–7 cm and the same water level was
maintained till physiological maturity. Different blocks for each replication were made to
avoid mixing of bacterial inoculum through water seepage and each block was connected
with a separate water channel. The nitrogen, phosphorous and potassium (NPK)
fertilizers were applied at the rate of 80:60:40 kg ha -1. The whole quantity of
phosphorous and potassium were applied as basal dose at the time of transplantation
while half quantity of nitrogen was applied as basal and other half was applied in two
split doses at the tillering and panicle initiation stage. The zinc sulphate (ZnSO4) was
applied at the rate of 15 kg ha-1 in respective treatments. All the agronomic operations
were kept normal and uniform for all the treatments. The Zn solubilizing bacteria were
applied by seedling dipping and soil drenched method (Shakeel et al., 2015).

2.20.3 Assessment of agronomic traits, yield and grain Zn content
All the growth parameters were observed at maturity of the crop except leaf chlorophyll
contents which was measured at anthesis stage. Plant height was measured from base of
the plant to tip of the flag leaf with a meter rod. Number of tillers was counted from a
unit area selected randomly from each plot. The chlorophyll content was measured by
using the chlorophyll meter SPAD-52 (Minolta, Tokyo, Japan). The whole area of each
replication was harvested separately, threshed, cleaned and air-dried. Yield of each plot
was determined with the help of screw weighing balance and expressed in t ha −1 and
harvest index was computed in percentage. Grain Zinc content was analysed from NIFA,
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Peshawar and zinc translocation efficiency of bacteria over control was calculated as
described previously section 2.18.1.

2.21 Determination of SOD enzyme activity involved in Zn translocation
The Super oxide dismutase (SOD) activity was determined in flag leaves at the flowering
stage of rice plants. Leaves of one plant per replication were collected in pot experiment
while leaves of 3-4 plants per replication were collected in field experiment. The leaves
were mixed to make representative sample per replication and dipped in liquid nitrogen
before storing at -20°C. A 0.2 g fresh weight of frozen leaves was used for extraction of
superoxide dismutase (SOD) enzyme. The leaves were homogenized in 2.5 mL of
phosphate buffer (0.1 M, pH 6.8). The homogenate was centrifuged at 13,000 rpm for 20
min. The supernatant was used as crude enzyme extract (Asadi et al., 2012). The SOD
activity was assayed according to method described by Sharma et al. (2015) by
determining its capability to prevent the photochemical reduction of nitroblue tetrazolium
chloride (NBT). The reaction solution contained 75 µML-1 nitroblue tetrazolium (NBT),
20 µML-1 riboflavin, 100 µML-1 ethylenediamenetetraacetic acid (EDTA-Na2) and 130
mML-1 methionine. For SOD activity assayed, the reaction mixture consisting of 2.725
mL reaction solution, 0.25 mL water and 0.025 mL enzyme extract was taken in 25 mL
glass beaker. Distilled water instead of crude enzyme water was used in reaction mixture
as a control. All the reaction mixtures were placed under 4000 lux light intensity for 20
minutes. A reaction mixture was placed under dark condition and used as blank on
spectrophotometer. The enzyme activity was measured at 560 nm. One unit of SOD
activity (U) was described as the quantity of enzyme needed to cause 50% inhibition of
the NBT photoreduction rate. The SOD activity was expressed in U mg -1 fresh weight
using following formula
SOD activity = {(Ack-Ae) x V} ÷ {0.5 x Ack xWxVt}
Where
Ae = OD value on the spectrophotometer
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Ack = OD value for the control tube under light conditions (at 4000 lux for 20 minutes)
V = Total volume of the buffer solution used to extract the enzyme
W = Fresh weight of the sample
Vt = Amount of enzyme extract used in reaction solution to test SOD

2.22 Statistical analysis
The data was analysed on statistical package Genstat 9.2 (VSN International Ltd., Hemel
Hempstead, Hertfordshire, UK) by using parameter “analysis of variance” (ANOVA) and
specific experimental layout. The differences of various treatments were separated by
using the Fisher’s least significant differences test (LSD) at probability level (P ≤ 0.05) as
described by Steel and Torrie, (1980).
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Phase I: Selection of ZSB from rice
3.1 Isolation of endophytic bacteria
A total 234 isolates were obtained from 63 representative samples of rice varieties
collected from different locations of Punjab, Pakistan. All the isolates were obtained from
rice roots. Detail of samples and number of isolates obtained from each sample is given
in (Table 3.1).

3.2 Potential of rice endophytic bacteria to solubilize zinc
Out of 234, Twenty seven bacterial isolates solubilized zinc on oneor more zinc ores;
zinc phosphate, zinc oxide and zinc carbonate with a variable zinc solubilization zone of
1-24 mm (Table 3.2, Fig 3.1). Out of twenty seven, seven isolates solubilized Zn from all
tested ores, four isolates solubilized Zn from two of the tested ores and sixteen isolates
solubilized Zn from only one of the tested ore. The potential of strains to solubilize zinc
was different at different zinc ores (Fig. 3.2). The maximum solubilization zone was 24
mm and minimum was 2 mm on zinc phosphate, respectively.

3.3 Prevalence of Zn solubilizing bacteria in rice endosphere
Number of bacterial isolates in rice root endosphere was found to be variable (3–4)
isolates per sample collected from different varieties and soil (Fig.3.3). Distribution of Zn
solubilizers associated with rice root endosphere was highly variable i.e., 0–18 % per
sample depending upon the soil type and variety (Fig.3.3). Maximum Zn solubilizers
were found in non saline soil and super basmati variety.
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Table 3.1 Representative plant samples collected from different locations of Punjab

District/Tehsil

No of samples No of isolates

Jhang

6

26

Pindi bhatian

6

25

Toba take Sing 6

25

Gojra

6

21

Chinot

6

19

Faisalabad

6

24

Sargodha

6

24

Narowal

6

22

Sahiwal

6

19

Hafizabad

6

21

Islamabad

3

8

The endospheric isolates were counted based on the difference in colony colour, texture and growth rate
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Table 3.2 Zinc solubilization of the endospheric bacteria isolated from rice varieties
Strain code

Soil Type

Variety

S. marcescens

ZnO

Zn3 (PO4)2

ZnCO3

(mm)

(mm)

(mm)

34 ± 0.03a

32 ± 0.08a

38.7 ± 0.33a

FA-4*
SH-1

Non saline

Basmati 385

19.0 ± 0.57b

5.0 ± 0.57gh

12.7 ± 0.66c

SH-2

Non saline

Basmati 385

11.3 ± 0.66d

7.0 ± 0.57efg

15.3 ± 0.88b

SH-3

Non saline

Basmati 385

14.7 ± 0.88c

9.3 ± 0.88d

14.0 ± 0.57bc

SH-4

Saline

Basmati 385

10.7 ± 0.33d

2.3 ± 0.33ij

10.0 ± 0.57d

SH-5

Saline

Basmati 385

8.3 ± 0.88e

10.0 ± 0.81d

0.0 ± 0.00h

SH-6

Saline

Basmati 385

0.0 ± 0.00j

4.7 ± 0.33h

0.0 ± 0.00h

SH-7

Non saline

Basmati 515

0.0 ± 0.00j

7.0 ± 0.57efg

0.0 ± 0.00h

SH-8

Non saline

Basmati 515

7.3 ± 0.66ef

9.0 ± 0.57de

0.0 ± 0.00h

SH-9

Non saline

Basmati 515

8.7 ± 0.88e

16.3 ± 0.88c

6.3 ± 0.88ef

SH-10

Saline

Basmati 515

5.7 ± 0.05fgh

24.0 ± 0.08b

5.0 ± 0.05f

SH-11

Saline

Basmati 515

4.3 ± 0.88gh

7.0 ± 1.15efg

7.0 ± 0.57e

SH-12

Saline

Basmati 515

0.0 ± 0.00j

6.3 ± 0.88fgh

3.0 ± 0.57g

SH-13

Non saline

Super basmati

8.0 ± 1.15e

0.0 ± 0.00k

0.0 ± 0.00h
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SH-14

Non saline

Super basmati

2.3 ± 0.88i

0.0 ± 0.00k

0.0 ± 0.00h

Continued
SH-15

Non saline

Super basmati

5.3 ± 0.88gh

0.0 ± 0.00k

0.0 ± 0.00h

SH-16

Non saline

Super basmati

6.0 ± 1.15fg

0.0 ± 0.00k

0.0 ± 0.00h

SH-17

Non saline

Super basmati

14.0 ± 0.11c

0.0 ± 0.00k

15.0 ± 0.28b

SH-18

Non saline

Super basmati

4.3 ± 0.66gh

0.0 ± 0.00k

0.0 ± 0.00h

SH-19

Non saline

Super basmati

4.3 ± 0.33gh

0.0 ± 0.00k

0.0 ± 0.00h

SH-20

Saline

Super basmati

4.3 ± 0.33gh

0.0 ± 0.00k

0.0 ± 0.00h

SH-21

Saline

Super basmati

4.0 ± 1.15hi

0.0 ± 0.00k

0.0 ± 0.00h

SH-22

Non saline

Shaheen basmati

0.0 ± 0.00j

0.0 ± 0.00k

2.3 ± 0.33g

SH-23

Saline

Shaheen basmati

0.0 ± 0.00j

4.3 ± 0.33hi

0.0 ± 0.00h

SH-24

Saline

Shaheen basmati

0.0 ± 0.00j

8.3 ± 0.88def

0.0 ± 0.00h

SH-25

Saline

Shaheen basmati

0.0 ± 0.00j

9.7 ± 1.20d

0.0 ± 0.00h

SH-26

Saline

Kinat basmati

0.0 ± 0.00j

2.0 ± 0.57jk

0.0 ± 0.00h

SH-27

Saline

Kinat basmati

0.0 ± 0.00j

8.0 ± 0.57def

0.0± 0.00h

*

S. marcescens FA-4 characterized for zinc solubilization (Abaid-Ullah, 2015) was accessed from

Applied Microbiology and Biotechnology Lab.
ZnO = Zinc oxide; Zn3 (PO4)2 = Zinc phosphate; ZnCO3 = Zinc carbonate.
Values are mean of three replicates ± SE and values bearing different letters in the same column
are significantly different from each other according to the analysis of variance (p< 0.05).
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Fig 3.1 Zinc solubilizing ability of endophytic bacteria
ZnO= Zinc Oxide
Zn3 (PO4 )2= Zinc Phosphate
ZnCO3= Zinc Carbonate
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Fig 3.2 Potential of isolates to solubilize zinc from various ores.
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Fig 3.3 Prevalence of zinc solubilizing bacteria in the endosphere of different rice
varieties growing in saline and clay loam (non-saline) soil
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Phase II: Morphological and biochemical characterization of zinc
solubilizing bacteria (ZSB)
3.4 Cell and Colony Morphology of zinc solublizing bacteria (ZSB)
The zinc solubilizing bacteria were characterized on the basis of Gram’s reaction and
cell/colony morphology. Nineteen isolates were found to be Gram positive and thick rod.
Eight isolates were found to be Gram negative and thin rod shaped. Colony morphology
of all the strains is shown in Table (3.3).
The isolates SH-10 showing maximum solubilizing zone of 24 mm on zinc phosphate ore
and strain SH-17 with maximum solubilizing zone of 14 and 15 mm on zinc oxide and
zinc carbonate ore respectively (Table 3.2) were tentatively identified as Bacillus sp.
Three strains SH-10, SH-17 and S.marcescens FA-4 were selected for further studies.

3.5 Quantification of solubilized zinc
The amount of zinc solubilized by different strains from various ores is given in Fig (3.4).
The strain S. marcescens FA-4 solubilized maximum zinc from the three tested zinc ores
with an amount of 167 µg mL -1 from zinc carbonate, 127 µg mL-1 from zinc phosphate
and 95 µg mL-1 from zinc oxide. The strain SH-10 solubilized maximum zinc (98 µg mL1)

from zinc phosphate while strain SH-17 solubilized maximum zinc from zinc carbonate

and zinc oxide with an amount of 85 µg mL-1 and 65 µg mL-1 respectively. The Pearson
correlation between zone diameter (mm) and amount of zinc quantified by atomic
absorption spectrophotometre is shown in Table (3.4).

3.6 Intrinsic antibiotic resistance/sensitivity potential of ZSB
The strain SH-10 resisted most of the tested antibiotics except tetracycline (30 µg),
levofloxacin (5 µg), minocycline (30 µg) and vanlomycine (30 µg) while strain SH-17
showed resistance against all the tested antibiotics. The S. marcescens FA-4 strain also
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resisted the tested antibiotic except chloramphenicol (30 µg) and ampicillin (100 µg) as
shown in Table (3.5).
Table 3.3 Morphological traits and Gram’s reaction of zinc solubilizing bacteria

Strain

Gram’s

code

Reaction

Colony Morphology
Colour

Form

Elevation

Margin

SH-1

Positive

White

Irregular

Raised

Undulate

SH-2

Negative

Creamy white

Circular

Flat

Entire

SH-3

Positive

Creamy white

Irregular

Umbonate

Lobate

SH-4

Positive

Yellowish white

Irregular

Convex

Curled

SH-5

Positive

Creamy white

Irregular

Raised

Undulate

SH-6

Negative

White

Circular

Convex

Entire

SH-7

Negative

white

Circular

Flat

Curled

SH-8

Negative

White

Irregular

Flat

Entire

SH-9

Positive

White

Irregular

Flat

Entire

SH-10

Positive

Off White

Irregular

Umbonate

Curled

SH-11

Negative

Creamy white

Circular

Convex

Entire

SH-12

Positive

White

Rihizoid

Raised

Undulate

SH-13

Positive

White

Irregular

Convex

Curled
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Continued
SH-14

Positive

White

Irregular

Flat

Undulate

SH-15

Positive

White

Irregular

Crateriform

Filiform

SH-16

Negative

Light Yellow

Circular

Flat

Entire

SH-17

Positive

Whitish Yellow

Irregular

Flat

Curled

SH-18

Positive

White

Irregular

Umbonate

Undulate

SH-19

Positive

White

Irregular

Convex

Entire

SH-20

Positive

White

Irregular

Raised

Lobate

SH-21

Positive

White

Irregular

Convex

Lobate

SH-22

Negative

White

Circular

Flat

Entire

SH-23

Positive

White

Irregular

Raised

Undulate

SH-24

Positive

White

Filamentous

Flat

Lobate

SH-25

Negative

Dark Yellowish

Circular

Convex

Curled

SH-26

Positive

White

Filamentous

Umbonate

Curled

SH-27

Positive

White

Irregular

Raised

Curled

FA-4*

Negative

Orange red

Circular

Flat

Entire

*The traits reported were characterized by Abaid-Ullah (2015).
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ZnO
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60
40
20
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Zn3 (PO4)2

ZnCO3

a
a
b

b

a

b

c

c

c
SH-10

SH-17

FA-4

Treatments

Fig 3.4 Quantification of zinc solubilized by Zinc solubilizing bacterial strains SH-10,
SH-17 and FA-4
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Table 3.4: Pearson correlation between zinc solubilization and zinc quantification
Quantification

Solublization zone (mm) on different ores
ZnO

ZnO
Zn3 (PO4)2
ZnCO3

Zn3 (PO4)2

ZnCO3

0.97
0.98
0.99

Values are mean of three replicates and significant correlation was found at p< 0.05
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Table 3.5 Intrinsic antibiotic resistance pattern of ZSB
Antibiotic

Concentration (µg)

SH-10

SH-17

S. marcescens FA-4

Levofloxacin

5

S

R

R

Streptomycin

10

R

R

R

Piperociline

100

R

R

R

Amoxyciline

10

R

R

R

Tetracycline

30

S

R

R

Kanamycine

30

R

R

R

Vanlomycine

30

S

R

R

Minocycline

30

S

R

R

Chloramphenicol

30

I

R

S

Ampicillin

100

R

R

I

Carbenicillin

100

R

R

R

Spectinomycin

50

R

R

R

Experiment was repeated twice with 3 replications
R = Resistance; I =Intermediate: S = Susceptible
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3.7 Solubilization of nutrients and phytohormone production
The zinc solubilizing strains SH-10, SH-17 solubilized phosphorous with a solubilization
zone of 38 mm and 46 mm respectively while potassium with a solubilization zone of 47
mm and 55 mm respectively (Fig 3.5). The S.marcescens FA-4 strain did not solubilize K
but solubilized P with zone of 13.3 mm (Abaid-Ullah, 2015). The strain SH-17 also
produced iron chelating compounds, siderophores, with a zone diameter of 54 mm. Both
SH-10 and SH-17 strains were found negative in indole acetic acid (IAA) production on
plate assay test (Table 3.6) while S.marcescens FA-4 produced indole acetic acid (IAA)
and siderophores production as reported by Abaid-Ullah (2015). Quantitatively, the strain
SH-17 solubilized maximum phosphorous (142 µg mL-1) followed by strain SH-10 (119
µg mL-1) and S.marcescens FA-4 (65 µg mL-1) as shown in Table (3.6).

3.8 Suppression of fungal pathogens
The zinc solubilizing bacteria (ZSB) SH-10, SH-17 and Serratia marcescens FA-4
inhibited the economically important fungal pathogen Pyricularia oryzae and Fusarium
moniliforme causing blast and bakanae disease in rice respectively. Highest inhibition of
P. oryzae (29.7%) was caused by strain SH-17 followed by that of SH-10 (24%) and S.
marcescens FA-4 (19%). In case of F. moniliforme; highest inhibition (22%) was caused
by strain SH-17 and SH-10 (22%) followed by that of S. marcescens FA-4 (16%) as
shown in Table 3.6.

3.9 Production of hydrolytic enzymes and hydrogen cyanide (HCN)
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The zinc solubilizing bacteria also produced different hydrolytic enzymes involved in
fungal suppression. The strain SH-17 produced hydrolytic enzymes i.e. glucanase,
protease and cellulase with maximum solubilization zone diameter of 14.1 mm, 16.9 mm
and 74.5 mm respectively followed by that of strain SH-17 with solubilization zone
diameter of glucanase (4.2 mm), protease (10.9 mm) and cellulase (15.2 mm)
respectively (Fig 3.6). The strain S.marcescens FA-4 produced only protease with a
solubilization zone of 20 mm (Table 3.6). The strain SH-10 and SH-17 did not produce
HCN while S.marcescens FA-4 produced HCN as reported by Abaid-Ullah (2015).

Table 3.6 Nutrient solubilizing and biocontrol traits of zinc solubilizing bacteria (ZSB)
Traits

Strains
Bacillus sp
SH-10

Bacillus cereus
SH-17

S. marcescens
FA-4

Phosphorous (mm)

38 ± 0.57b

46 ± 0.52a

*13.3 ± 0.20c

Phosphorous (µg mL -1)

119 ± 2.08b

142 ± 1.15a

65 ± 1.73c

Potassium (mm)

47 ± 0.57b

55 ± 1.73a

0 ± 0.00c

IAA (µg mL-1)

0 ± 0.00

0 ± 0.00

*2.57 ± 0.01

% inhibition of F. moniliforme

22.0 ± 0.57a

22.3 ± 1.01a

19 ± 0.54b

% inhibition of P. oryzea

23.7 ± 0.81b

29.7 ± 0.72a

16 ± 0.25c

Glucanase

4.2 ± 0.21b

14.1 ± 0.49a

0 ± 0.00c

Protease

10.9 ± 0.79c

16.9 ± 0.60b

20 ± 0.57a

Cellulase

15.2 ± 1.36b

74.5 ± 0.56a

0 ± 0.00c

Nutrient Solubilization

Antagonism

Antifungal metabolites (mm)
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0.0 ± 0.00c

Siderphore

53.7 ± 0.85a

13 ± 0.75b

Values are mean of three replicates ± SE and values bearing different letters in the same row are
significantly different from each other according to the analysis of variance (p< 0.05). Values in mm are the
zone diameter on repective media and in µg mL-1 are the respective quantities. *The Value has already
been reported by Abaid-Ullah (2015).

PHOSPHATE

PHOSPHATE

SH-10

SH-17

POTASSIUM

POTASSIUM

SH-17

SH-10

POTASSIUM

S. marcescens-FA-4
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Fig 3.5 Phosphorous and potassium solubilization of zinc solubilizing bacteria
CELLULASE

GLUCANASE

SH-10
SH-17

PROTEASE
PROTEASE

SH-17

FA-4

SH-17

F.moniliforme

FA-4

SH-10
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Fig 3.6 Antagonism and production of antifungal metabolites by ZSB

3.10 Mutual antagonism of ZSB

All the ZSB strains showed no anatagonism with each other. The growth of zinc
solubilizing bacteria was not affected in the presence of other strains i.e SH-10, SH-17
and S.marcescens (FA-4) either used as indicator or as test strain (Fig. 3.7).

3.11 Growth of Zn solubilizing bacteria (ZSB) under Zn stress
Both the strains SH-10 and SH-17 Zn solubilizing bacteria (ZSB) showed good growth
under Zn stress which was provided by adding water soluble compound ZnCl 2. The
strains tolerated ZnCl2 up to 3mM in nutrient rich medium LB broth while up to 2.5 mM
in minimal medium. Effect of different ZnCl2 concentrations on the growth in both
medium was shown in Fig (3.8-3.9).
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FA-4

SH-10

FA-4

SH-10

SH-17
FA-4

SH-17

FA-4

SH-17

SH-10

SH-10
SH-17

Fig 3.7 Mutual antagonism of zinc solubilizing bacteria
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Fig 3.8 Growth of Zn solubilizing bacteria SH-10 under ZnCl2 stress
(A) LB medium

(B) HIM medium
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Fig 3.9 Growth of Zn solubilizing bacteria SH-17 under ZnCl2 stress
(A) LB medium

(B) HIM medium
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3.12 Molecular Identification of Zn solubilizing bacteria
The zinc solubilizing bacteria were identified by 16S rRNA gene analysis. The genomic
DNA of bacterial isolates SH-10 and SH-17 was given in Fig 3.10. The quantity of DNA
was found to be 15 and 20 ng mL -1 of strains SH-10 and SH-17 respectively. A 1500 bp
16S rRNA gene was amplified from the genomic DNA of SH-10 and SH-17 (Fig 3.11).
The 16S rRNA gene sequence obtained from Macrogen was annotated on APE plasmid
editing software. The sequence was analyzed on Basic Local Alignment Search Tool
(BLAST)

at

National

Center

for

Biotechnology

Information,

USA

(http:

//www.ncbi.nlm.nih. gov). The bacterial strain SH-10 was identified as Bacillus sp and
SH-17 as Bacillus cereus on the basis of maximum homology (Table 3.7).
The 16S rRNA sequences of Bacillus sp (SH-10) and Bacillus cereus (SH-17) strains
were submitted to National Center for Biotechnology Information (NCBI) Gene Bank
database under accession numbers KT380823 and KT380824.
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1 kb
D

Fig 3.10 Genomic DNA of Zn solubilizing bacteria

1= Ladder, 2-3= SH-10, 4-5= SH-17

Fig 3.11 16S rRNA gene amplification of Zn solubilizing bacteria
1= Ladder, 2-3= SH-10, 4= SH-17
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Table 3.7 BLAST homology of 16S rRNA gene
Strains

Organisms

Homology

Identified

SH-10

Bacillus cereus (KT861459)

100%

Bacillus sp (KT380823)

Bacillus anthracis

100%

(KT861456)

Bacillus thuringiensis

100%

(KT758736)

Bacillus pseudomycoides

100%

(KU141362)

SH-17

Bacillus sp (KU291425)

100%

Bacillus cereus (KC428750)

100%

Bacillus cereus (KT380824)
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3.13 16S rRNA sequence of Bacillus sp SH-10 (KT380823)
AGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGG
TGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACC
GGGGCTAATACCGGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCG
GCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGG
TAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCC
ACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGA
ATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAA
GGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAA
TAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGC
CAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCG
TAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGG

3.14 16S rRNA sequence of Bacillus cereus SH-17 (KT380824)
ATGCCTATACATGCAGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTT
AGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGAT
AACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGAACCGCATGGTTC
GAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATT
AGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTG
AGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGG
AGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACG
CCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGA
ACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCC
ACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTAT
CCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTG
AAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTG
CAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATAT
GGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGG
CGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGT
AAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTA

113

ACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAG
GAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCA
ACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGG
GCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGT
GTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTT
GCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGA
AAGGTGGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGG
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Phase III: Molecular mechanism involved in Zn solubilization
Gluconic acid encoded by pqq operon plays an important role in Zn solubilization.
Among this, pqqC gene encodes an enzyme for the synthesis of the PQQ molecule. This
PQQ molecule acts as a cofactor for glucose dehydrogenase involved in catalysis of steps
involved in biosynthesis of gluconic acid. The pqqC gene in response to zinc, iron and
certain physical conditions was studied to understand the molecular mechanism of Zn
solubilization in S. marcescens.

A) Development of pqqC expression reporter system
3.15 Amplification of pqqC promoter (PpqqC)
The genomic DNA of S. marcescens isolated by DNA easy kit (Qiagen) was found to be
50 ng µL-1 (Fig 3.12a). A 253 bp PpqqC was amplified from the genomic DNA by using
their target primers. Characteristics of the primers used in this study are given in (Table
3.8). The PCR conditions optimized for specific amplification of pqqC promoter are
shown in (Table 3.9). The PCR product was analyzed by electrophoreses on 1.2%
agarose gel (Fig 3.12b). The PpqqC promotor was excised from the gel, eluted by Gel
Extraction Kit and found to be 10 ng µL -1 as quantified on Nano Drop 1000
spectrophotometer (Thermo Scientific).

3.16 Sequencing of pqqC promoter (PpqqC)
The PpqqC was cloned into pGEM®T easy vector and transformed in E.coli Top-10. The
plasmid DNA was extracted and clones were confirmed by PCR followed by restricting
with enzymes EcoR1 and Spe1 (Fig 3.13). The clones were sequenced by Beckman
Coulter Genomics, UK, annotated on APE plasmid editor software and checked for the
incorporation of any possible mutation (Fig 3.14). The mutation free sequence was
analyzed at the Basic Local Alignment Search Tool (BLAST) with the nucleotide data
available at gene bank in National Center for Biotechnology Information (NCBI), USA
(http://www.ncbi.nlm.nih. gov).
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3.16.1 Nucleotide sequence of pqqC promoter (PpqqC)
CCCGGTTACGCTTTAAAGGTTGCGATCTTCGTCACATTTCGCCAACATTGGGC
CGGCCTAATGCGAAAATTTCTCATTGGGCTCGAACTATCACGATGCATGTAA
AGGAGCACCGCTATGACTACCTGGACTAAACCTGAGTTTGTTGACCTGCGCCT
GGGGCTGGAAGTGACGCTGTACATTTCCAACCGTTAATCGCCCGTCTGCCCG
CCTTTCGCGCGGGCATTTCTTTCCCTCTCTTTCTGGTTTAGAC

3.17 Cloning of pqqC promoter into pUC19-GFP (Expression reporter
system)
The PpqqC excised from pGM®T easy vector was ligated into pUC19-GFP and firstly
cloned into dcm dam negative E.coli strain M1086. The presence of reporter was
confirmed by the restriction analysis using enzymes EcoR1 and Hind III (Fig 3.15)
followed by the sequencing. The reporter plasmid pUC19-PpqqCgfp with the correct
sequence was finally transformed into the S. marcescens FA-4. The recombinant cells of
S. marcescens FA-4 confirmed to contain the reporter plasmids were used to measure the
activity of promoter under variable conditions.
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Table 3.8 Characteristics of the primers used to amplify pqqC promoter
Primer Name

Sequence

Length

Tm

GC
content

EcoR1-pqqC-Fw

5′-

33

66°C

42%

30

62°C

37%

AAAAGAATTCCCCGGTTACG
CTTTAAAGGTTGC-3′

Spe-pqqC-Rv

5′AAAAACTAGTGTCTAAACCA
GAAAGAGAGG-3′

The underlined sequences are the unique restriction sites
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Table 3.9 PCR profile used to amplify pqqC promoter
Cycle Step

Temperature ( ◦C)

Time (min)

No. cycles

Initial Denaturation

95

3.30

1

Denaturation

95

1

30

Annealing

52

1

30

Extension

72

1

30

Final extension

72

5

1

Hold

4

∞

1
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A

A) Genomic DNA of S. marcescens FA4.

L= 1kb Ladder, R1 -R4= DNA of S. marcescens FA4

L1

L2

B) Amplification of promoter S. marcescens FA4
L1, L2= Ladder, R1 -R6= PpqqC of S. marcescens FA-4
Fig. 3.12 Amplification of pqqC promoter from the genomic DNA of S. marcescens
FA-4
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A

2.8 kb

(A) PCR Amplification: L1, L2= Ladder, R1 -R4= PpqqC of S. marcescens FA-4 (B)
Restriction Analysis: L= Ladder, clone= Restricted with enzymes
Fig 3.13 Confirmation of PpqqC cloned into pGMT ® Easy vector
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Row 1: pqqC primer template
Row 2&3: pqq-3
Row 4&5: pqq-1
Fig 3.14 Mutational Analysis of PpqqC sequence
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A

B

Fig 3.15 Restriction of the developed reporter pUC19-PpqqC gfp (A): E.coli; 1=Ladder, 2=
pUC19-PpqqC gfp; 1000 bp confirms presence of promoter tagged with gfp, 3= pUC19-gfp
(without PpqqC); A 750 bp confirms presence of gfp (B): S. marcescens. 1= Ladder, 2= A
1000 bp confirms presence of promoter tagged with gfp
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B) Measurement of reporter activity in S. marcescens FA-4
3.18 Activity of expression reporter system (pUC19-PpqqCgfp)
The activity of pUC19-PpqqCgfp promoter as a measure of pqqC transcription in vivo
was studied through evaluation of per-cell (i.e. per OD600 nm) normalized fluorescence
output in the S.marcescens (FA-4). The developed reporter showed variable activity in
response to different conditions i.e. zinc, phosphorous, iron, nitrogen, cell density and pH
which depicted that expression of pqqC gene is highly dependent on certain conditions.
The response of the reporter to each condition is described below.
Zinc
The different Zn concentrations affected activity of pUC19-PpqqCgfp promoter. The
fluorescence output per unit cell growth (Fluo. 520 nm/OD600 nm) containing pUC19PpqqC gfp promoter over an 20 h time course for three replicates was greater at 2.0 mM
zinc chloride (ZnCl2) as compared to control (0mM ZnCl2). The activity was diminished
on chelating the Zn with N,N,N,N-Tetrakis ( 2-pyridylmethyl) ethylenediamine (TPEN);
a Zn chelator (Fig 3.16 a). The experiment was repeated thrice with three replications per
treatment. The standard error bars for three replicates are also shown. Growth of S.
marcescens FA-4 under tested conditions is also shown in Fig 3.16 b.

Flourescence per
unit cell growth
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2.0mM ZnCl2
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Fig 3.16 (a) Activity of the pUC19-PpqqC gfp reporter in S. marcescens FA-4 under Zn
concentrations. Values are mean of three replicates. Bar represents standard error.
N,N,N,N-Tetrakis ( 2-pyridylmethyl) ethylenediamine (TPEN) was used as Zn chelator.
0mM ZnCl2 + 0µM chelator
2.0mM ZnCl2 + 2.0µM chelator
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Fig 3.16 (b) Growth of S. marcescens (FA-4) under Zn concentrations. Values are mean
of three replicates. Bar represents standard error. N,N,N,N-Tetrakis ( 2-pyridylmethyl)
ethylenediamine (TPEN) was used as Zn chelator.
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Phosphorus
The reporter activity also showed dependence on phosphorous. A significant increase in
reporter activity was observed at 0.1 mM calcium phosphate (CaPO 4 ) but it was
suppressed at higher concentrations of calcium phosphate Fig (3.17 a). The growth of
S.marcescens FA-4 under different phosphate concentrations is shown in Fig 3.17 b.
Iron
Iron, being an important element for transcriptional regulation of genes, also affected the
pqqC promoter activity. The activity was increased at 100µM iron and a significant
change of about two fold was observed at an iron concentration of 200 µM. The activity
was induced at the 5th h of growth of S.marcescens FA-4 (Fig 3.18).
Cell density and pH
Cell density plays an important role in the activity of rhizospheric bacteria especially
exertion of beneficial traits on plants. The expression of pqqC gene was monitored with
different starting ODs of S.marcescens FA-4 and it was found to be independent of the
cell density (Fig 3.19). Similarly, there was no effect of pH on the activity of pqqC
promoter (Fig 3.20).
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Fig 3.17 (a) Activity of the pUC19-PpqqCgfp reporter in S. marcescens FA-4 at different
phosphorous concentrations. Values are mean of three replicates. Bar represents standard error.
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Fig 3.17 (b) Growth of S. marcescens FA-4 under different phosphorous concentrations.Values are
mean of three replicates. Bar represents standard error.

Flourescence per unit
cell growth
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Fig 3.18 (a) Activity of the pUC19-PpqqC gfp reporter in S. marcescens FA-4 under iron
concentrations. Values are mean of three replicates. Bar represents standard error.
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Fig 3.18 (b) Growth of S. marcescens FA-4 under Fe concentrations. Values are mean
of three replicates. Bar represents standard error.
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Fig 3.19 (a) Activity of the pUC19-PpqqCgfp reporter in S. marcescens FA-4 at different cell
densities. Values are mean of three replicates. Bar represents standard error.
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Fig 3.19 (b) Growth of S. marcescens FA-4 with different cell densities. Values are mean of
three replicates. Bar represents standard error.
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Fig 3.20 (a) Activity of the pUC19-PpqqC gfp reporter in S. marcescens FA-4 at different pH.
Values are mean of three replicates. Bar represents standard error.
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Fig 3.20 (b) Growth of S. marcescens FA-4 at different pH. Values are mean of three replicates.
Bar represents standard error.
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3.19 Activity of ZntA promoter to assess Zn tolerance ability of S.
marcescens FA-4
Zn solubilizing bacteria must tolerate higher zinc concentration to reside in Zn habitats
and solubilize it for the plants. ZntA plays an important role in maintaining the Zn
homeostasis by exporting the Zn from cellular compartments to the exterior environment.
The activity of pSB4A3-PzntAgfp as a depiction of ZntA transcription in vivo was
investigated in S.marcescens FA-4 under different conditions. The ZntA promoter
activity was highly dependent on zinc (Fig 3.21) and ironconcentrations (Fig 3.22) but
independent of the phosphorous (Fig 3.23), cell density (Fig 3.24) and pH (Fig 3.25). It
seems a few specific but not many of the tested environmental conditions control the
promoter. It would be important to work out which sequences in the promoter which
enable the regulation, and to identify the regulatory transcription factors responsible.
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Fig 3.21 (a) Activity of the pSB4A3-PzntAgfp reporter in S. marcescens FA-4 under Zn concentrations. Values
are mean of three replicates. Bar represents standard error. TPEN was used as Zn chelator.
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Fig 3.21 (b) Growth of S. marcescens FA-4 under Zn concentrations. Values are mean of three
replicates. Bar represents standard error. TPEN was used as Zn chelator.
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Fig 3.22 (a) Activity of the pSB4A3-PzntAgfp reporter in S. marcescens FA-4 under phosphorous
concentrations.Values are mean of three replicates. Bar represents standard error.
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Fig 3.22 (b) Growth of S. marcescens FA-4 under P concentrations. Values are mean of three
replicates. Bar represents standard error.
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Fig 3.23 (a) Activity of the pSB4A3-PzntAgfp reporter in S. marcescens FA-4 under Fe
concentrations. Values are mean of three replicates. Bar represents standard error.
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Fig 3.23 (b) Growth of S. marcescens FA-4 under Fe concentrations. Values are mean of
three replicates. Bar represents standard error.
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Fig 3.24 (a) Activity of the pSB4A3-PzntAgfp reporter in S. marcescens FA-4 at different pH.
Values are mean of three replicates. Bar represents standard error.

pH 4.0

pH 7.0

pH 10.0

3.00
2.50

OD600

2.00
1.50
1.00

0.50
0.00
0

5

10
Time (h)

15

20

Fig 3.24 (b) Growth of S. marcescens FA-4 at different pH. Values are mean of three replicates.
Bar represents standard error.
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Fig 3.25 (a) Activity of the pSB4A3-PzntAgfp reporter in S. marcescens FA-4 at different cell
densities.Values are mean of three replicates. Bar represents standard error.
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Fig 3.25 (b) Growth of S. marcescens FA-4 at different cell densities. Values are mean of
three replicates. Bar represents standard error.

Phase IV: Effect of Zn solubilizing bacteria (ZSB) on rice plants
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The Zn solubilizing strains Serratia marcescens FA-4, Bacillus sp SH-10 and Bacillus
cereus SH-17 enhanced yield, agronomic traits and grain zinc content of two rice varities
under different regimes of chemical zinc fertilizer in pot and field conditions.

Net house Experiments
3.20 Effect of ZS S. marcescens FA-4 on rice (Pot Experiment I)
3.20.1 Growth and Yield
The Zinc solubilizing strain S. marcescens FA-4 enhanced growth and yield of rice
variety basmati 385 (Table 3.10) and super basmati (Table 3.11). Maximum yield (31, 34
g pot-1), plant height (91 cm), panicle length (19.4, 26.8 cm), number of tillers (25, 29
pot-1) and chlorophyll content (31.2, 31.5) were observed in super basmati and basmati
385 respectively treated with T5 (S. marcescens FA-4 + recommended dose of chemical
Zn) followed by that of T2 (chemical zinc). The yield and growth parameters were
statistically at par when dose of chemical Zn was reduced to half along with the S.
marcescens FA-4 (T4). This indicates the potential of S. marcescens FA-4 to save the
chemical Zn up to 50%. Effect of all the treatments on various parameters was significant
on the both varieties.

3.20.2 SOD activity and Zn translocation
The S. marcescens FA-4 increased SOD activity, grain Zn content and zinc translocation
towards rice grains effectively in the presence of chemical zinc Fig 3.27, Table 3.12)
Highest SOD activity (540, 596 U g-1 FW) and zinc translocation index (1.4-1.5) was
observed in basmati 385 and super basmati respectively treated with S. marcescens FA-4
+ chemical Zn either 1/2 dose or full dose followed by that of chemical zinc with SOD
activity of 355-396 U g-1 FW and ZTI (1.3). The S. marcescens FA-4 inoculated in
absence of zinc caused a higher SOD activity (288-296 U g-1 FW) and zinc translocation
index (1.2) as compared to that of untreated plants where SOD activity was (233-247 U g1

FW) and zinc translocation index (0.9-1.1) but remained at lower as compared to other

treatments (Table 3.12, Fig 3.27). The zinc translocation efficiency (ZTE) of S.
marcescens FA-4 over negative control was found to be 27 % and 34 % (Fig 3.26 a) on
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super basmati and basmati 385 respectively while 7 % and 8 % (Fig 3.26 b) over
chemical Zinc on both varieties.
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Table 3.10 Effect of Zinc solubilizing S. marcescens FA-4 on rice variety basmati-385 (Pot Experiment I)
Plant Height

Number of
Tiller

Chlorophyll
Content

Panicle Length

Grain Yield

Biological
Yield

Treatments

(cm)

Pot-1

SPAD Unit

(cm)

Pot-1 (g)

Pot-1 (g)

Control (T1)

51.4 ± 0.58d

17.3 ± 0.33c

12.4 ± 0.15d

6.1 ± 0.28d

22.2 ± 0.32c

70.9 ± 0.30d

Chemical Zn* (T 2)

86.94 ± 0.57b

21.04 ± 0.57b

29.4 ± 0.60b

16.9 ± 0.50b

33.2 ± 0.20a

101.4± 0.60b

S. marcescens FA-4
(T3)

67.94 ± 0.49c

19.34 ± 0.66b

18.9 ± 0.14c

11.0 ± 0.57c

31.5 ± 0.35b

87.2 ± 0.60c

S. marcescens FA-4 +
Chemical Zn** (T 4)

90.84 ± 0.83a

24.34 ± 0.88a

31.1 ± 0.17a

19.1 ± 0.68a

34.0 ± 0.41a

106.6± 0.05a

S. marcescens FA-4 +
Chemical Zn*(T 5)

91.24 ± 0.52a

24.74 ± 0.66a

31.2 ± 0.33a

19.4 ± 0.52a

34.1± 0.54a

106.7± 0.66a

Values are mean of three replicates ± SE and values bearing different letters in the same column are significantly different from each other according to the
Fisher’s LSD (p< 0.05). Control = un-inoculated.
* Recommended dose of ZnSO4 (7.5 mg kg− 1 of soil).
** Half dose of ZnSO4 (3.75 mg kg− 1 of soil).
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Table 3.11 Effect of Zinc solubilizing S. marcescens FA-4 on rice variety super basmati (Pot Experiment I)

Treatments

Control (T1)
Chemical Zn* (T 2)

Plant
Height (cm)

Number of
Tiller Pot-1

Chlorophyll
Content.

Panicle Length
(cm)

Grain Yield
Pot-1 (g)

Biological
Yield Pot-1 (g)

65.4 ± 0.14d

16.7 ± 0.33d

18.7 ± 0.52c

18.7 ± 0.24d

18.9 ± 0.60d

60.2 ± 0.36d

77.7 ± 0.61b

27.0 ± 0.57b

30.3 ± 0.40a

24.5 ± 0.30b

29.1 ± 0.57b

86.6 ± 0.63b

71.1 ± 0.65c

19.3 ± 0.33c

26.2 ± 0.63b

21.1 ± 0.54c

23.4 ± 0.28c

70.3 ± 0.47c

90.7 ± 0.21a

29.0 ± 0.57a

31.2 ± 0.75a

26.6 ± 0.55a

30.8 ± 0.06ab

92.5 ± 0.11a

90.9 ± 0.17a

29.3 ± 0.33a

31.5 ± 0.17a

26.8 ± 0.48a

30.9 ± 0.88a

92.6 ± 0.52a

S. marcescens FA-4
(T3)
S. marcescens FA-4 +
Chemical Zn** (T 4)
S. marcescens FA-4 +
Chemical Zn* (T 5)

Values are mean of three replicates ± SE and values bearing different letters in the same column are significantly different from each other according to the
Fisher’s LSD (p< 0.05). Control = un-inoculated.
* Recommended dose of ZnSO4 (7.5 mg kg− 1 of soil).
** Half dose of ZnSO4 (3.75 mg kg− 1 of soil).
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Table 3.12 Effect of Zinc solubilizing S. marcescens FA-4 on zinc translocation in rice
(Pot Experiment I)
Basmati-385
Zinc
content in
grains
Treatment

Super Basmati

Zinc
translocation
index

(mg Kg-1)

Zinc
content in
grains

Zinc
translocation
index

(mg Kg-1)

16.8 ±

0.9 ±

19.9 ±

1.1 ±

0.55c

0.00d

0.54b

0.05b

25.2 ±

1.3 ±

26.4 ±

1.4 ±

0.55a

0.04b

0.60a

0.01a

S. marcescens FA-4
(T3)

21.4 ±

1.2 ±

21.7 ±

1.2 ±

0.44b

0.03c

0.66b

0.06b

S. marcescens FA-4 +
Chemical Zn** (T4)

26.7 ±

1.4 ±

27.3 ±

1.5 ±

0.51a

0.04a

0.69a

0.04a

S. marcescens FA-4 +
Chemical Zn* ( T5)

26.9 ±

1.4 ±

27.7 ±

1.5 ±

0.51a

0.04a

0.46a

0.03a

Control (T1)

Chemical Zn* (T 2)

Values are the mean of three replicates ± SE and values bearing different letters in the same column are
significantly different from each other according to the Fisher’s LSD (p< 0.05). Zinc translocation index
was calculated by dividing the grain zinc content to shoot zinc content. Control = un-inoculated.
* Recommended dose of ZnSO4 (7.5 mg kg− 1 of soil).
** Half dose of ZnSO4 (3.75 mg kg− 1 of soil).
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Fig 3.26 (a) Zinc translocation efficiency (%) of S.marcescens FA-4 in rice grain over
negative control under net house conditions. Values are mean of three replicates. Bars
represent standard error (Pot Experiment I).
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Fig 3.26 (b) Zinc translocation efficiency (%) of S. marcescens FA-4 in rice grain over
ZnSO4 under nethouse conditions. Values are mean of three replicates. Bars represent
standard error (Pot Experiment I).
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Fig 3.27 The SOD activity of rice plants treated with S. marcescens FA-4 under nethouse
conditions. Values are mean of three replicates with letters. Bars represent standard error.
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3.21 Effect of ZS Bacillus spp on rice (Pot Experiment II)
3.21.1 Growth and Yield
Zinc solubilizing (ZS) strains Bacillus sp SH-10 and B.cereus SH-17 significantly
enhanced the growth and yield of rice. In variety basmati-385, maximum yield (45.8 g
pot-1), number of tillers (31.4 pot -1), plant height (97 cm), panicle length (20.6 cm) and
chlorophyll content (34.5) were recorded in co-inoculation of the (ZS) Bacillus spp along
with the recommended dose of chemical zinc fertilizer (T8) followed by the chemical zinc
(T2). Effect of strain SH-17 + chemical zinc (T7) was statistically at par to that of
consortium+ chemical zinc (T8). Effect of all the treatments on various parameters was
significant at (p≤ 0.05) as shown in Table (3.13).
On variety basmati super, highest grain yield pot-1 (38.6 g), plant height (100.9 cm),
tillers pot-1 (33.8) and chlorophyll content (34.9) were recorded in plants inoculated with
the consortium of (ZS) Bacillus spp along with the recommended dose of chemical zinc
fertilizer (T8) followed by the strain SH-10 + chemical zinc (T6) grain yield pot-1 (32.3 g).
Effect of the treatments ZSB SH-10 + chemical zinc (T6), SH-17 + chemical zinc (T7)
and chemical zinc (T2) was found to be statistically same but different from that of other
treatments (Table 3.14).

3.21.2 SOD activity and Zin translocation
The Bacillus spp enhanced SOD activity and zinc translocation towards rice grains in
both rice varieties. In variety basmati 385, highest SOD activity (655-744 U g-1 FW) and
zinc translocation index (1.3-1.6) was observed on inoculation with the consortium of
strains either in the presence or absence of chemical zinc (T5, T8) followed by that of
chemical zinc (T2) with SOD activity of 625 U g-1 FW and zinc translocation index (1.3).
A similar trend was observed in variety basmati super (Table 3.15, Fig 3.29). The zinc
translocation efficiency of Bacillus strains over negative control was found to be highest
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(35.3 % on super basmati and 43.8 % on basmati 385) upon their inoculation without
chemical zinc. Their translocation efficiency was reduced upon inoculation with chemical
zinc (Fig 3.28 a,b). The ZS Bacillus strains inoculation in consortium resulted 17.6 % and
18.8 % translocation efficiency over chemical zinc in super basmati and basmati 385
varieties respectively (Fig 3.28 a,b).
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Table 3.13 Effect of Bacillus strains on growth and yield of basmati-385 under net house conditions (Pot Experiment II)

Treatments

Plant height
(cm)

Number of
Tiller Pot-1

Chlorophyll
content

Panicle
Length (cm)

Grain Yield
Pot-1 (g)

Biological
Yield Pot-1 (g)

Control (T1)

52. 7 ± 0.52e

18.7 ± 0.96c

13.7 ± 1.58e

7.4 ± 0.34d

23.3 ± 0.43c

72.2 ± 0.34e

Chemical Zn* (T2)

88.2 ± 0.50b

22.4 ± 0.31bc

30.7 ± 0.55b

18.2 ± 1.40ab

34.5 ± 0.28b

102.6 ± 0.68bc

Bacillus sp SH-10 (T3)

69.2 ± 1.15c

20.8 ± 1.4bc

20.2 ± 0.57d

12.3 ± 1.79c

32.8 ± 0.76bc

88.5 ± 0.76d

B. cereus SH-17 (T4)

61.1 ± 1.65d

19.4 ± 0.52c

19.1 ± 0.37d

8.7 ± 0.75d

30.0 ± 0.38bc

85.5± 0.94de

Consortium (T5)

71.1 ± 0.58c

21.8 ± 0.34bc

24.7 ± 0.50c

17.2 ± 0.83b

33.2 ± 0.28bc

92.6 ± 0.34cd

Bacillus sp SH-10+
Chemical Zn* (T6)
B. cereus SH-17+
Chemical Zn* (T7)
Consortium+ Chemical
Zn* (T8)

92.5 ± 0.56ab

25.8 ± 0.69b

32.5 ± 1.32ab

20.4 ± 0.40a

32.0 ± 0.25bc

108.0 ± 0.94b

92.1 ± 0.94ab

24.8 ± 0.64b

31.3 ± 0.98b

18.8 ± 0.52ab

35.4 ± 0.50ab

103.9 ± 1.13bc

97.1 ± 0.13a

31.4 ± 0.80a

34.5 ± 0.62a

20.6 ± 0.80a

45.8 ± 0.21a

129.7 ± 0.55a

Values are the mean of three replicates ± SE and values bearing different letters in the same column are significantly different from each other according to the
Fisher’s LSD (p< 0.05).
Control = un-inoculated.
Consortium = ZS Bacillus sp SH-10 + B. cereus SH-17.
* Recommended dose of ZnSO4 (7.5 mg kg− 1 of soil).
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Table 3.14. Effect of Bacillus strains on growth and yield of super basmati under net house conditions (Pot Experiment II)

Treatments

Plant Height
(cm)

Number of
Tiller Pot-1

Chlorophyll
Content

Panicle
Length(NS) (cm)

Grain Yield
Pot-1 (g)

Biological
Yield Pot-1 (g)

Control (T1)

66.8 ± 0.98e

18.2 ± 0.83d

20.1 ± 0.56e

20.1 ± 0.17

20.3 ± 0.89d

61.6 ± 1.72f

Chemical Zn* (T2)

79.1 ± 0.86c

28.5 ± 0.50b

31.7 ± 0.54abc

25.9 ± 0.06

30.4 ± 0.40b

88.2 ± 0.61c

Bacillus sp SH-10 (T3)

72.5 ± 0.33de

21.3 ± 0.50d

27.6 ± 0.60cd

22.4 ± 0.21

24.8 ± 0.40c

71.7 ± 0.57e

B. cereus SH-17 (T4)

71.2 ± 0.55de

20.1 ± 0.98d

26.2 ± 0.18d

21.3 ± 0.59

24.6 ± 0.60c

71.6 ± 1.05e

Consortium (T5)
Bacillus sp SH-10+
Chemical Zn* (T6)
B. cereus SH-17+
Chemical Zn* (T7)
Consortium+
Chemical Zn* (T8)

76.7 ± 0.40cd

25.2 ± 0.20c

30.0 ± 0.17bcd

24.7 ± 0.37

26.4 ± 0.40c

79.3 ± 1.21d

92.3 ± 0.86b

30.6 ± 0.40ab

32.9 ± 0.75ab

28.2 ± 0.52

32.3 ± 0.70b

94.0 ± 1.14b

81.8 ± 0.83c

29.9 ± 0.90b

32.2 ± 0.70ab

26.5 ± 0.65

31.9 ± 0.32b

91.3 ± 0.62bc

100.9 ± 0.26a

33.8 ± 0.84a

34.9 ± 0.40a

29.7 ± 0.39

38.6 ± 0.42a

105.4 ± 0.29a

Values are mean of three replicates ± SE and values bearing different letters in the same column are significantly different from each other according to the
Fisher’s LSD (p< 0.05). NS= Non significant; Control = un-inoculated; Consortium = ZS Bacillus sp SH-10 + B. cereus SH-17.
* Recommended dose of ZnSO4 (7.5 mg kg− 1 of soil).
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Table 3.15 Effect of Bacillus spp on zinc translocation in rice

Basmati-385

Super Basmati

Treatments

Zinc content
in Grains
(mg kg-1)

Zinc
translocation
Index

Zinc content
in Grains
(mg kg-1)

Zinc
translocation
Index

Control (T1)

17.7 ± 2.40b

0.9 ± 0.14c

22.3 ± 1.20b

1.1 ± 0.08c

Chemical Zn* (T2)

27.3 ± 0.33a

1.3 ± 0.06ab

31.7 ± 0.33a

1.4 ± 0.03b

Consortium (T5)

30.7 ± 0.88a

1.6 ± 0.08a

32.3 ± 0.88a

1.7 ± 0.05a

Consortium+ Chemical
Zn* (T8)

30.0 ± 0.57a

1.3 ± 0.05bc

30.7 ± 0.88a

1.4 ± 0.06b

Values are mean of three replicates ± SE and values bearing different letters in the same column are
significantly different from each other according to the Fisher’s LSD (p< 0.05). Zinc translocation index
was calculated by dividing the grain zinc content to shoot zinc content. Control = un-inoculated;
Consortium = ZS Bacillus sp SH-10 + B. cereus SH-17.
* Recommended dose of ZnSO4 (7.5 mg kg− 1 of soil).
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Fig 3.28 (a) Effect of Bacillus spp on Zinc translocation efficiency over negative control
under net house conditions. Values are mean of three replicates. Bars represent standard
error (Pot Experiment II).
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Fig 3.28 (b) Effect of Bacillus spp on Zinc translocation efficiency over ZnSO4 under net
house conditions. Values are mean of three replicates. Bars represent standard error (Pot
Experiment II).
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Fig 3.29 The SOD activity of rice plants treated with Bacillus spp under nethouse
conditions. Values are mean of three replicates with letters. Bars represent standard error.

3.22 Field experiments
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The zinc solubilizing bacteria enhanced yield, yield related components and zinc content
of both rice varieties basmati 385 and basmati super in two consecutive years 2013 and
2014 field experiments.

3.22.1 Basmati-385
The zinc solubilizing bacteria (ZSB) significantly enhanced the growth and yield of the
rice variety basmati-385. Maximum grain yield was observed in the plants treated with
the zinc solubilizing bacteria either in consortium (3.8 tons ha-1) or individually (3.5,3.6
tons ha-1) along with the chemical Zn (T7 -T10) followed by that of chemical Zn (3.5 tons
ha-1). A similar trend was observed in yield related components such as plant height,
number of tillers, chlorophyll content, panicle length, biological yield and harvest index
as shown in Table (3.16). There was no significant effect of year on all the parameters
(Table 3.16).

3.22.2 Super basmati
The zinc solubilizing bacteria (ZSB) also enhanced plant height, number of tillers,
chlorophyll content, panicle length and grain yield of variety super basmati as shown in
Table (3.17). Maximum increase in yield and related components was recorded in the
plants treated with a combination of chemical Zn and strains either consortium or
individualThe consortium of strains yielded 3.6 tons ha-1 rice grains upon inoculation in
the presence of zinc (T10) while yielded 3.2 tons ha-1 upon inoculation without zinc (T7T9) The strains also caused high grain yield upon individual inoculation along with
chemical zinc (3.4 tons ha-1 grain yield) or without chemical zinc (3.1 tons ha -1 grain
yield). Effect of year on all parameters was non significant (Table 3.17).

3.22.3 Effect of ZSB on SOD activity and Zn translocation in rice
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The ZSB also enhanced SOD activity and zinc translocation towards rice grains under
field conditions. Highest SOD activity (479-568 U g-1 FW) and zinc translocation index
(1.6-1.8) was detected on basmati 385 and super basmati respectively. The plants
inoculated with consortium of strains without chemical zinc (T6) followed by that of
consortium inoculated in presence of chemical zinc (T10) or chemical zinc (T2) with SOD
activity of (400-525 U g-1 FW) and zinc translocation index of 1.2-1.4. (Fig 3.31, Table
3.18). The zinc translocation efficiency of Bacillus sp over negative control and chemical
zinc was found 19.7 %-44.5 % in different varieties (Fig 3.30 a, b).
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Table 3.16 Effect of ZSB on yield and yield components of basmati-385 (Field Experiment)
Plant height
(cm)

Number of
Tillers Plant-1

Chlorophyll
content

Panicle Length
(cm)

Grain Yield
(tons ha-1)

Biological
Yield
(tons ha-1)

Control (T1)

105.0 ± 0.77e

8.0 ± 0.22f

28.4 ± 1.08e

21.0 ± 1.21b

3.1 ± 0.08f

10.7 ± 0.5b

Chemical Zn* (T2)

112.3 ± 0.73c

9.6 ± 0.44abcde

31.2 ± 0.85bcd

22.3 ± 0.49ab

3.5 ± 0.05bc

11.1 ± 0.51ab

Bacillus sp SH-10 (T3)

106.6 ± 0.98de

8.8 ± 0.40def

29.0 ± 0.77e

21.4 ± 0.86b

3.3 ± 0.06de

11.1 ± 0.49ab

B. cereus SH-17 (T4)
S. marcescens
FA-4 (T5)
Consortium (T6)
Bacillus sp
SH-10+ Chemical Zn* (T7)
B. cereus
SH-17+ Chemical Zn* (T8)
S.marcescens
FA-4+ Chemical Zn* (T9)
Consortium+ Chemical
Zn* (T10)
Years

105.7 ± 1.02e

8.9 ± 0.60cdef

29.3 ± 0.67de

21.1 ± 1.33b

3.2 ± 0.09ef

10.8 ± 0.43b

108.2 ± 0.85d

8.6 ± 0.59ef

29.1 ± 0.96de

21.2 ± 0.76b

3.3 ± 0.03de

11.1 ± 0.60ab

111.4 ± 0.67c

9.2 ± 0.51bcde

29.8 ± 0.61cde

21.3 ± 0.91b

3.4 ± 0.04cd

11.1 ± 0.78ab

116.8 ± 0.98ab

10.0 ± 0.99abc

32.4 ± 0.93ab

22.3 ± 0.27ab

3.6 ± 0.03b

11.7 ± 0.39ab

115.6 ± 1.32b

10.2 ± 0.47ab

31.9 ± 1.32abc

22.2 ± 0.50ab

3.5 ± 0.14b

11.7 ± 0.55ab

116.8 ± 0.99ab

9.9 ± 0.49abcd

32.2 ± 1.66ab

22.1 ± 0.44ab

3.6 ± 0.05b

11.7 ± 0.53ab

118.1 ± 0.66a

10.4 ± 0.69a

33.5 ± 0.89a

23.5 ± 0.55a

3.8 ± 0.04a

12.0 ± 0.76a

Year 2013

111.8 ± 3.07x

9.3 ± 0.70x

30.6 ± 1.30x

22.1 ± 0.79x

3.4 ± 0.15x

11.5 ± 0.63x

Year 2014

111.5 ± 2.77x

9.4 ± 0.67x

30.7 ± 1.43x

21.6 ± 0.92x

3.4 ± 0.11x

11.1 ± 0.51x

Treatments
Strains

Values are mean of three replicates ± SE and values bearing different letters in the same column (a-h for treatments, x-z for year) are significantly different from
each other according to the Fisher’s LSD ( p<0.05). Control = un-inoculated; Consortium = ZS Bacillus sp SH-10+B. cereus SH-17+S. marcescens FA-4
* = ZnSO4 recommended dose was applied at the rate of 15kg ha-1.
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Table 3.17 Effect of ZSB on yield and yield components of super basmati (Field Experiment)
Plant height
(cm)

Number of
Tillers Plant-1

Chloro-phyll
content

Panicle Length
(cm)

Grain Yield
(tons ha-1)

Biological
Yield (tons ha 1)

Control (T1)

99.8 ± 1.00f

9.4 ± 0.21c

28.8 ± 1.32f

19.0 ± 1.21e

2.9 ± 0.08f

10.5 ± 0.52b

Chemical Zn* (T2)

109.6 ± 2.32c

10.5 ± 0.54abc

32.3 ± 1.26bcd

20.2 ± 0.76abcde

3.3 ± 0.05bc

10.8 ± 0.51ab

Bacillus sp SH-10 (T3)

103.5 ± 1.01de

9.8 ± 0.40bc

30.3 ± 0.69ef

19.3 ± 0.43cde

3.1 ± 0.06de

10.9 ± 0.49ab

B. cereus SH-17 (T4)

102.9 ± 2.58e

9.7 ± 0.63bc

30.6 ± 0.69def

19.2 ± 0.41de

3.0 ± 0.09ef

10.6 ± 0.43b

S. marcescens FA-4 (T5)

102.1 ± 0.68e

9.9 ± 0.52bc

30.4 ± 0.75def

19.3 ± 0.38cde

3.1 ± 0.03de

10.9 ± 0.60ab

Consortium (T6)
Bacillus sp SH-10 +
Chemical Zn* (T7)
B. cereus SH-17+
Chemical Zn* (T8)
S. marcescens FA-4+
Chemical Zn* (T9)
Consortium+ Chemical
Zn* (T10)
Years

105.3 ± 1.01d

10.3 ± 0.87abc

31.4 ± 0.70cde

19.5 ± 0.56bcde

3.2 ± 0.04cd

10.9 ± 0.78ab

112.7 ± 1.70b

10.6 ± 0.80ab

33.6 ± 0.90ab

20.6 ± 0.80abc

3.4 ± 0.03b

11.5 ± 0.39ab

112.0 ± 1.47b

10.7 ± 0.45ab

33.3 ± 1.00abc

20.5 ± 0.49abcd

3.3 ± 0.14bc

11.5 ± 0.55ab

109.4 ± 1.62c

10.5 ± 0.51abc

33.7 ± 1.08ab

20.7 ± 0.44ab

3.4 ± 0.05b

11.5 ± 0.53ab

115.2 ± 0.76a

11.2 ± 0.63a

34.6 ± 0.83a

21.1 ± 0.43a

3.6 ± 0.04a

11.8 ± 0.76a

Year 2013

106.5 ± 3.36y

10.3 ± 0.65x

31.7 ± 1.45x

20.1 ± 0.78x

3.2 ± 0.15x

11.3 ± 0.63x

Year 2014

108.0 ± 3.04x

10.2 ± 0.59x

32.1 ± 1.27x

19.8 ± 0.66x

3.2 ± 0.11x

10.9 ± 0.51x

Treatments
Strains

Values are mean of three replicates ± SE and values bearing different letters in the same column (a-h for treatments, x-z for year) are significantly different from
each other according to the Fisher’s LSD ( p<0.05). Control = un-inoculated; Consortium = ZS Bacillus sp SH-10+B. cereus SH-17+S. marcescens FA-4.
* = ZnSO4 recommended dose was applied at the rate of 15kg ha-1.

Table 3.18 Effect of zinc solubilizing bacteria on zinc content of rice (Field Experiment)
Basmati-385

Super Basmati

Zinc content
in Grains (mg
kg-1)

Zinc
Translocation
Index

Zinc content
Zinc
in Grains (mg Translocation
kg-1)
Index

Control (T1)

15.7 ± 0.52c

0.9 ± 0.07c

20.1 ± 0.38c

1.1 ± 0.05c

Chemical Zn* (T2)

25.4 ± 0.43b

1.2 ± 0.03b

29.4 ± 0.67ab

1.4 ± 0.04b

Consortium (T6)

28.8 ± 0.49a

1.6 ± 0.08a

30.1 ± 0.65a

1.8 ± 0.08a

Consortium +
Chemical Zn* (T10)

28.1 ± 0.17a

1.3 ± 0.01b

28.4 ± 0.31b

1.4 ± 0.03b

Year- 2013

24.1 ± 3.16x

1.3 ± 0.17x

26.6 ± 2.47x

1.4 ± 0.15x

Year -2014

24.9 ± 3.16y

1.3 ± 0.17x

27.4 ± 2.47x

1.4 ± 0.15x

Treatments

Years

Values are mean of three replicates ± SE and values bearing different letters in the same column (a-c for
treatments, x-y for year) are significantly different from each other according to the Fisher’s LSD (
p<0.05). Zinc translocation index was calculated by dividing the grain zinc content to shoot zinc content.
Control = un-inoculated; Consortium = ZS Bacillus sp SH-10+B. cereus SH-17+S. marcescens FA-4.

* = ZnSO4 recommended dose was applied at the rate of 15kg ha-1.
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Fig 3.30 (a) Zinc translocation efficiency (%) of ZSB over negative control under field
conditions. Values are mean of three replicates. Bars represent standard error.
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Fig 3.30 (b) Zinc translocation efficiency (%) of ZSB over ZnSO4 under field conditions.
Values are mean of three replicates. Bars represent standard error.
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Fig 3.31 The SOD activity of rice plants treated with zinc solubilizing bacteria under
field conditions. Values are mean of three replicates with letters. Bars represent standard
errors.
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4 Discussion
Zinc is an important nutrient whose deficiency affects human health as well as crop
production. Many people especially resident of developing countries are suffering from
zinc deficiency (Black et al., 2008; Cakmak et al., 2010b; Parsad, 2013). Biofortification
of cereal crops is an important strategy to mimic the zinc deficiency in humans. Among
cereals, rice is an ideal candidate crop for Zn biofortification as it is being used as a staple
food in most of the world. Among various rice biofortification strategies, use of plant
growth promoting rhizobacteria (PGPR) could be an ideal approach due to their cost
benefit and ecofriendly nature. They are good alternative to chemical supplements and
help in the translocation of nutrients from roots to shoot and shoot to grains. PGPR are
found ubiquoteously in the rhizosphere, endosphere and phylosphere of numerous crops
grown in diverse range of climatic conditions and promote their growth. Now a days,
PGPR have been commercialized in agro industry for their used as bio inoculants in
different agricultural practices.
A part from enhancing growth and yield of crops, PGPR have potential application in
biofortification of cereals crops (Sharma et al., 2013; Wang et al., 2014; Abaid-Ullah et
al., 2015). Based on these facts, use of plant associated bacteria for the fortification of
rice grains could be an encouraging approach to mimic zinc deficiency in human, which
is a global problem.
In this study, endophytic isolates were obtained from different rice varieties and
distribution of Zn solubilizers was found to be highly variable depending upon the rice
varieties, plant parts and type of soil. All the isolates were found in root endosphere.
Highest numbers of Zn solubilizers were obtained from the super basmati and non- saline
soil while low number of isolates was found in basmati kainat. However, no significant
difference was observed in the number of isolates associated with the rice plants growing
in saline soil.
Variations in the distribution of Zn solubilizing strains in root endosphere of different
rice varieties depicts the influence of plant genotype on the composition of rhizospheric
microbial community (Schreiter et al., 2014; Sugiyama and Yazaki, 2014; Belimov et al.,
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2015). Prevalance of variable isolates in saline and non saline soil is due to the
nutrietional status of each soil type which is major factor influencing the rhizospheric
microbiome.
Significant difference in the quantity and type of microbial population inhabiting the
various plant parts broadly categorized as the endosphere and rhizosphere of variable
plant genetic resources have been reported in numerous studies (Beneduzi et al., 2013;
Lagos et al., 2014; Ling et al., 2014).
As reported by Hameed et al. (2015), the diversity of rice endophytic bacteria, their
occurance and plant growth promoting traits were influenced by many factors especially
host’s genotype and soil characteristics. The plants of variable genotypes secrete root
exudates, a major source of nutrition, which not only influence the distribution of
microflora in different plant parts but also affect their activity through interfering with
their secondary metabolism.
Many bacterial strains exhibiting PGP traits have been isolated from the rice plants
growing worldwide (de Souza et al., 2013) but very less attention has been given towards
the zinc solubilizing strains residing in rice endosphere. However, the importance of Zn
solubilizing community in rice rhizosphere becomes more crucial as rice is grown in
submerged to flooded conditions; where the Zn availability is further limited due to many
factors (Lefevre et al., 2014).
In our findings, the prevelance of zinc solubilizing bacteria in rice endosphere was found
to be low as compared to the total isolates (Fig 3.3). Less population in endosphere has
already been reported (Abaid-Ullah et al., 2015) but the factors responsible for their low
distribution is at large unexplored. The distribution and association of endophytic bacteria
with rice plant highly depends upon the climatic conditions, soil type, growth stage as
well as tissue type (Bertani et al., 2016).
Majority of the Zn solubilizing isolates were found to be Gram positive and thick rod.
However, the colony morphology was found to be highly diverse. These morphological
characteristics lead to the tentative identification of Zn solubilizers as Bacillus sp.
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Bacillus spp are the most ubiquitous endophytic bacteria capable to penetrate and survive
within root cells.
It is wise to supplement the qualitative screening methods with the quantitative
measurements of zinc solubilization to get highly reliable inferences. Hence, the Zn
solubilizing strains showing maximum Zn solubilization potential qualitatively were also
assessed quantitatively. A significant correlation was found between the zinc
solubilization zone and quantity of the zinc solubilized by the zinc solubilizing bacteria
(Table 3.4).
A strain capable to be used as bioinoculant for a specific crop must be able to survive and
resist the variable environmental conditions prevailing during the life cycle of crop
starting from germination to maturity. The ability of bacteria to compete with the biotic
and abiotic factors is highly correlated with their intrinsic potential to resist multiple
antibiotics. Zinc solubilizing bacteria screened in this study resisted numerous antibiotics
which advocate their use as potential bioinoculant. The Bacillus sp can tolerate the
extremely adverse environment by forming special structures such as endospores and
changing their structural composition like fatty acid patterns (Checinska et al., 2015;
Diomande et al., 2015).
Rice also require major nutrients viz Nitrogen (N), phosphorous (P) and potassium (K)
for its various physiological processes to produce healthy and heavy grains (Liebisch et
al., 2013; Saleque et al., 2013; Wang et al., 2013; Damon et al., 2014; Zorb et al., 2014).
These nutrients are either present in soil or incorporated artificially. The plant can utilize
N, P, K in a specific form. A good bioinoculant should be able to convert the unavailable
forms of N, P, K into the available ones. The Zn solubilizing strains also showed the
phosphorous and potassium solubilizing activities (Table 3.6).
The solubilized macro and micro nutrients play an important role in their mutual uptake
from soil by the plants (Bouain et al., 2014). They undergo through highly complex
processes occurring in soil and reveal an active equilibrium between their soluble and
insoluble forms. The soil pH mainly influences this equilibrium which could be changed
through the soil microbiome activities. Secretion of acids is the major activity of soil

8

microflora which solubilizes the nutrients and facilitates their absorption by the plants
(Saravanan et al., 2004). Among micronutrients, application of zinc significantly
increased the macronutrients (P, K) uptake in rice by influencing the soil properties
(Pooniya et al., 2012). Moreover, all the three elements (zinc, potassium and
phosphorous) are released from their insoluble forms by the mechanism of acidification.
Exhibition of multiple plant growth promoting traits by a single strain make it an ideal
candidate for the development of bioformulation suitable for certain crop. The zinc
solubilizing strains also suppressed the most economically important rice pathogens viz
P. oryzae and F. moniliforme causing blast and bakanae diseases of rice respectively by
producing siderophores and hydrolytic enzymes (Table 3.6). Siderophores are the iron
chelating compounds which suppress the pathogens by depriving them from nutrition
through developing an iron availability competition (Aznar and Dellagi, 2015). The
hydrolytic enzymes such as protease, glucanase and cellulase, paralyze the pathogen by
dissolving their cell wall (Nagpure et al., 2014). The Zn solubilizing rhizobacteria
showed multiple plant growth promoting characteristics in vitro which were comparable
with the earlier reports (El-Sayed et al., 2014). These findings further make the Zn
solubilizers as worthy bioinoculants for the rice crop as they can enhance yield by
providing nutrients and suppressing the pathogens.
A linkage between the Zn solubilization and pathogen suppression abilities of certain
bacterial strains has been reported. The Gluconacetobacter diazotrophicus showed higher
antagonistic activity in the presence of solubilized Zn in its culture filtrate (Saravanan et
al., 2007). The oxidation of iron (Fe+3) limits the availability of zinc in soil (Gao et al.,
2012). On the other hand, microbial siderophores play a crucial role in pathogen
suppression by chelating the iron. Thus siderophore production could be a part of PGPR’s
zinc solubilization mechanism.
Identification of PGPR strain is necessary to further use it in crop production practices.
Molecular identification is considered as reliable method which is quick as well as
inexpensive in current days. Hence, the Zn solubilizing strains were identified as Bacillus
sp and Bacillus cereus by 16S rRNA gene analysis. The zinc solubilizing bacteria belong
to various taxas but endophytic strains are ubiquitously Bacillus spp (He et al., 2011;
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Abaid-Ullah et al., 2015). Although, the B. cereus is an opportunistic human pathogens
but certain strains inhabiting plant rhizoplane posses PGPR characteristics and are being
used as bio-inoculant (Niu et al., 2011; Chun-Juan et al., 2012; Ramesh et al., 2014;
Chowdhury et al., 2015).
Nutrient solubilizing ability of the bacteria is associated with the secretion of certain
organic acids like gluconic acids, malic acid, lactic acid and oxalic acid etc (Estrada et
al., 2013; Zhang and Kong, 2014; Abaid-Ullah et al., 2015) but the exact mechanism is at
large unexplained. Hence, unrevealing the molecular mechanism adopted by
rhizobacteria to solubilize nutrients is essential to understand their behavior in
rhizosphere under the influence of prevailing environment and formulate them as suitable
bio inoculum. However, the studies to explore such mechanisms are lacking and need
attention of the scientists. In this study, the transcription of pqqC gene was first time
investigated in vivo with the help of the pUC-19 pqqC gfp reporter. Effect of different
nutritional conditions zinc, phosphorous, iron, nitrogen and physical conditions such as
cell density; pH was studied on the transcription of pqqC. The study of pqqC expression
was important in order to understand the gluconic acid mediated zinc solubilization,
confirm the proposed role of pqqC in production of gluconic acid and determine if
differential regulation of pqqC occurs in response to zinc, phosphorous and iron
concentrations. The in vivo transcriptional analysis was carried out in Serratia
marcescens because this strain has homology in physiology and genetic regulation to that
of model strain E.coli.
GFP reporter based transcriptome analysis has revolutionised the microbiology
(Southward and Surette, 2002) due to its verstality and other several advantages over
other traditional methods like qPCR, β-galactosidase assay and microarray (Southward
and Surette, 2002; Waite et al., 2017).
The principle advantage of reporter fusion assay is the determination of gene activity in a
certain cell population growing at different stages i.e log phase to stationary phase,
thereby, knowing the promoter activity in growth depending manner which is laborious
in the other methods. For example, β-galactosidase assay need expensive chemicals to be
used as an exogenous substrates like ONPG (ortho-Nitrophenyl-β-galactoside).

10

Moreover, LacZ provides typically end point measurements unlike the GFP fusion
promoter which gives time course measurement of promoter activity alongwith the
growth patteren of host cells.
The real time PCR analysis needs the cell lyses at multiple times which is definitely
laborious and time consuming. In GFP, a rapid analysis of large number of samples can
be done easily in less time by setting up the experiments in microtiter plate. This
advantage could be specifically employed in pqqC regulation where it is necessary to
check its response in presence of various concentrations by observing promoter activity at
hourly difference leading to analysis of huge number of samples.
The information obtained during this study thus far regarding pqqC promoter activities in
response to different conditions confirms that transcription programmes in S. marcescens
could be studied sensitively and reproducibly with the use of promoter-GFP fusion
reporters. An additional advantage of this approach is that is enables temporal resolution
of promoter activity. Subtle phenotypic differences, that may be undetectable where
alternative methodologies demand the selection of sparse and arbitrary time points, have
proven more evident over a continuous time course.
In this regard, the study of pqqC regulation in response to the tested conditions has
uncovered two original observations for more detailed studies i.e. up regulation of pqqC
transcription in response to increasing concentrations of Zn, P, Fe and independent
regulation of pH and cell density. The effect of Zn and P on up regulation of pqqC is
capable of being understood that higher gluconic acid is produced under higher
concentrations of these elements leading to enhance the Zn and P solubilizing potential of
rhizobacteria. The effect of Fe on pqqC transcription reveals its role in Zn solubilization.
PGPR produce siderophores which are secondary metabolites and produced under stress
(Abaid-Ullah et al., 2015; Shakeel et al., 2015). The plants also produce
phytosiderophores under Zn deficiency [Deoxy-mugineic acid (DMA), Nicotianamine
(NA)]. These siderophores chelate iron thereby increasing Fe concentration in the
rhizosphere. These conditions act as switch to up regulate the pqqC transcription
resulting in higher gluconic acid production and more Zn solubilization as well as
translocation to the plants.
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Zinc, being a key component of numerous cell structures, plays an important role in the
living systems by catalyzing the activity of numerous enzymes (Binet and Poole, 2000).
However, its concentration above a certain limit is toxic (Binet and Poole, 2000) for the
cell. As ZSB are living cells and have to inhabitat a Zn hypertonic environment for their
proper functioning. It is very important for a ZSB to carefully control the Zn balance by
either excluding the excessive amount or by sequestering the excessive Zn.
ZSB maintain this intracellular homeostasis by ZntR system which responds to Zn and
activates the ZntA gene which is zinc transporters and exports the Zn outside the cell
membrane and thus might help in detoxification of Zn (Porcheron et al., 2013).
The activity of pSB4A3-PzntAgfp, investigated in S.marcescens FA-4, depicted the ZntA
transcription in vivo under different conditions. The activity of ZntA promoter was
upregulated under Zn and iron concentration which depicted that zinc and iron are toxic
to microbes above critical concentration and ZntA gene might be sensing the Zn and Fe
concentration and exported these metals outside cells by utilizing ATPase pathway.
These findings showed that ZntA promoter activity was highly dependent on zinc which
was regulated by ZntR system. Our study also correlates with earlier studies when the
PzntA promoter fused to the gfp reporter by using the E. coli native metal exporting
ATPase pathway for Zn2+. It senses the zinc concentration inside cell and might be
helpful in exporting outside cell (Binet and Poole, 2000; Wang et al., 2013). Intersingly,
the ZntA promoter activity was not regulated under phosphorous, cell density and pH
which showed that only specific but not many of the tested environmental conditions to
control the promoter.
The strains showing numerous plant growth promoting activities in laboratory conditions
should be capable to reproduce their effect in planta. To test this hypothesis, zinc
solubilizing bacteria were applied to rice plants of varieties super basmati and basmati
385 under net house as well as field conditions. The co-inoculation of strains significantly
enhanced the growth and yield either inoculated in the presence or absence of chemical
zinc as reported earlier (Estrada et al., 2013; Ji et al., 2014).
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The Zn solubilizers also increased the grain zinc content which depicted their possible
role in Zn translocation from root to grains. The Zn translocation potential of PGPRs has
already been documented (Wang et al., 2014; Vaid et al., 2014; Sharma et al., 2014) but
the exact mechanism involved is yet unknown. The Zn translocation ability of
rhizobacteria might be associated with solubilization and mineralization of soil zinc as
well as induction of the genes involved in Zn uptake. Many Zinc transporter proteins
belonging to ZIP family are involved in transport of Zinc from root to shoot and shoot to
grains. The expression of ZIPs was significantly up-regulated in plants treated with zinc
solubilizing bacteria (Krithika and Balachandar, 2016).
In present study, Zn translocation towards rice grains was not significantly increased
upon their inoculation in the presence of chemical zinc. This may be due to the inherent
Zn uptake potential of the rice varieties.
Among various physiological factors associated with zinc translocation ability of a plant;
superoxide dismutase (SOD) enzyme plays an important role in Zn translocation towards
the grains. Therefore, in the present study SOD activity was examined to investigate
whether plant practiced any change in zinc uptake arrangements in contrast to control or
not. A significant positive correlation was found between the SOD activity and Zn
translocation towards rice. The S. marcescens along with half and full dose of zinc
sulphate showed highest zinc translocation efficiency in both rice varities under nethouse
conditions which also resulted a fold increase in the SOD activity. Simililarly, the
consortium of Bacillus spp revealed high zinc translocation efficiency and SOD activity
in both rice varities. A similar trend was observed on inoculating the consortium of
Bacillus sp and S. marcescens to rice. Similar association between the SOD activity and
zinc translocation has already been reported. Sharma et al., 2015 also finds the similar
results about zinc solubilizing bacteria increase the zinc translocation from rice root to
shoot and shoot to grain which resulting improved the SOD activity from 2 to 4 fold over
the untreated plants. Mathpal et al., 2015 also obtained the similar results in rice.
Hacisalihoglu et al. (2003) demonstrated that SOD activity has been used as a marker for
improved zinc uptake by the plant. The SOD activity also increased in wheat plants with
increasing zinc levels (Bharti et al., 2014).
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Indigenous rhizobacteria have potential to regulate the growth, increase yield and
enhance the nutrient content of the edible parts of plants but their performance varies
under green house and field conditions. In this study, a consistency was observed in the
performance of Zn solubilizing Bacillus sp under field conditions over a period of two
consecutive years. These findings supported our hypothesis that indigenous strains
screened as growth enhancer and grain Zn bio fortifier under greenhouse conditions could
produce similar effects under field conditions. Although PGPR mediated growth
promotion of rice crop has been reported in many studies (Shakeel et al., 2015; Shrestha
et al., 2016); to our knowledge, very limited information is available regarding
biofortification potential of PGPR as well as their synergistic effect on chemical
fertilizer. The indigenous Bacillus sp capable to enhance rice grain yield and zinc content
in pot also increased the yield, yield related parameters and Zn content of rice grains for
consecutive two years. The genus Bacillus is widely studied due to its numerous/multiple
characteristics of growth promotion, and metal biosorption (Ma et al., 2015; Singh et al.,
2016). In this study, the enhanced Zn content of rice grains may be reflective of Bacillusmediated translocation of Zn to the plant from soil.
Bacillus sp are rod shaped bacteria existing ubiquitously in diverse soil habitats. They
have differential advantages over other genera due to their adaptation potential of
extreme environments. As soil is a complex habitat varying in its composition from sandy
to clay loam and harboring variable salt concentrations, so Bacillus sp can adopt this
complex habitat and exert beneficial effects on the plants. There are many reports
describing the growth promotion of economically important crops by Bacillus sp
(Armada et al., 2015; Toyota, 2015; Acikgoz et al., 2016; Singh et al., 2016).
The differential increase in magnitude of yield, yield related attributes and grain Zn
content by the application of Zn solubilizing rhizobacteria along with chemical Zn
indicate the role of Zn mobilizing bacteria in facilitating the rice plants to uptake Zn. This
effect may be due to the multiple growths promotion traits of Bacillus sp such as Psolubilization and IAA production (Shakeel et al., 2015; Shim et al., 2015). The Zn
solubilizing Bacillus sp enhanced plant height of both varieties. A positive effect of
PGPR as well as chemical Zn on plant height has been reported in various studies
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(Prasanna et al., 2015; Shivay et al., 2015). However, this is first report that PGPR
augment the effect of chemical zinc.
A positive interaction between Zn and P has been found in earlier studies of
(Subramanian et al., 2008). P-availability and IAA production stimulate root growth
resulting a substantial increase in surface area (Niu et al., 2015; Yang et al., 2015). This
increased root length and surface area facilitate the plants to uptake more Zn. A decline in
growth related traits, yield and grain Zn content upon skipping the Zn solubilizers from
chemical Zinc treatment may be due to the decreased root length and surface area.
Zn solubilizing rhizobacteria also enhanced the chlorophyll content and panicle length.
These findings advocate their role in Zn uptake as chlorophyll content is severely reduced
under Zn deficiency conditions. The increased chlorophyll content of plants treated with
Zn solubilizers can be ascribed to enhanced Zn nutrition as Zn stimulates the
development of photosynthetic pigments and chlorophyll synthesis is disrupted under Zn
deficiency (Fu et al., 2015). As Zn deficient plants exhibit chlorotic streaks on the leaves.
So, chlorophyll measurement is quite appropriate to justify the beneficial role of Zn
solubilizing Bacillus sp in promoting Zn nutritional status of the host plant. Moreover,
these findings are justified by the earlier reports in which AMF transported Zn to the host
plant (Pellegrino et al., 2015). An increase in panicle length of rice varieties treated with
Zn solubilizing bacteria also strengthened their role in Zn uptake as panicle length
transport the photosynthesis material to wards rice grains resulting high yield (Fageria
and Moreira, 2015). A directly proportion between zinc supply and panicle length has
been reported (Shivay et al., 2015). A similar trend was observed in number of tillers as
well. Application of chemical Zn along with consortium of Zn solubilizers also increased
the yield and grain Zn concentrations of rice plants.
The pronounced effect of PGPR along with chemical Zinc on growth attributes, yield and
grain Zn content advocate the Bacillus sp’s role in enhancing Zn availability to the plants
as these parameters are reduced in rice under low soil Zn availability.

Conclusion and future recommendation
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The ZSB exploitation is a potential factor for achieving the nutritional security by
enhancing the yield and grain Zn content of rice. The prevelance of zinc solubilizing
bacteria in endosphere of different rice varities was highly variable. The Bacillus sp (SH10), Bacillus cereus (SH-17) and S. marcescens (FA-4) strains are best zinc solubilizers
and an ideal candidate for rice production and biofortification. These zinc solubilizing
strains could save zinc fertilizer upto fifty percent. Differential expression of pqqC
promotor under variable Zn, P and Fe concentration depict its role in nutrient
solubilization by PGPR. Its role can be further elucidated by developing pqqC knockout
in S. marcescens and studying the expression of PqqC promoter in mutant and wild type.
Moreover, siderophore producer (Sid+) and siderophore deficient (Sid-) strains should be
evaluated for rice biofortification. The zinc solubilizing bacteria maintain cellular
homeostasis under high zinc concentration through activation of ZntR system.
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