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Thesis Summary
Selenium (Se) is a metalloid discovered by Jacob Berzelius of Sweden in 1817.
Selenium is an essential micro nutrient for animals, humans, some lower plants and
bacteria. Selenium exists naturally in the soil and its distribution is highly variable
worldwide. For humans the estimated daily adequate requirement for Se is
approximately 60-70 µg per day. However, Se intake more than 400 µg per day can
cause Se toxicity in humans. At high concentration selenate (Se+6) and selenite (Se+4)
can cause toxicity while elemental Se0 is less toxic. Selenium deficiency is much
more common than Se toxicity worldwide. However, microorganisms can play
important role in biogeochemical cycling of Se and reduce toxic oxyanions (selenate
and selenite) into less toxic elemental Se0. Bacterial inoculation can stimulate plant
growth and enhance uptake of nutrients to produce Se-enriched plant foods
(biofortification).
Present study deals with the isolation, characterization and application of 21
Se-resistant bacterial strains (YAK1, YAK2, YAK4, YAK6, YAK7, YAP1, YAP4,
YAP6, YAP7, YAM1, YAM2, YAM3, YAM4, YAM5, YAM6, YAR2, YAR3,
YAR4, YAR5, YAR7 and YAR8) isolated from industrial and fossil fuels
contaminated sites. The major goal of this study was to check the potential of Se
resistant bacterial strains for selenite detoxification and to enhance Se uptake in plants
under Se supplemented conditions. Majority of Se resistant bacterial isolates were
gra ’s positi e rods and

ere categorized in genus Bacillus on the basis of

morphological, biochemical characterization and 16S rRNA gene sequence analysis.
Seventeen bacterial strains were identified through 16S rRNA gene sequence analysis
included

Bacillus

foraminis-YAK1,

Bacillus

thuringiensis-YAK2,

Bacillus

licheniformis-YAK4, Proteus pennri-YAK6, Bacillus endophyticus-YAK7, Bacillus
licheniformis-YAP1, Bacillus cereus-YAP6, Bacillus licheniformis-YAP7, Bacillus
endophyticus-YAM1, Bacillus pichinotyi-YAM2, Bacillus jeotgali-YAM3, Bacillus
licheniformis-YAM4, Bacillus sp.-YAR3, Bacillus flexus-YAR4, Bacillus sp.-YAR5,
Bacillus cereus-YAR-7 and Bacillus licheniformis-YAR8.
Optimum growth temperature and pH range for majority of the isolates was
37 C and pH7, respectively. However, several isolates also exhibited noteworthy
growth at temperature range between 28 C to 45 C and pH range between pH5 to
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pH9. Majority of Se resistant Bacillus strains showed resistance against various
metalloids and heavy metals such as As, Se, Pb, Zn, Co, Cd, Hg, Cu and Cr, and were
also resistant against various concentrations of commonly used antibiotics such as
erythromycin, penicillin, tetracycline, ampicillin and streptomycin. Several Se
resistant bacterial strains isolated from heavy metal contaminated sites were positive
for catalase activity, could hydrolyze starch and used citrate as a carbon source.
Isolated strains could tolerate high levels of sodium selenite (>20mg mL-1 on
L-agar) and sodium selenate (>10mM in LB medium) and exhibited remarkable
selenite reduction ability under aerobic conditions. However, none of them was able
to reduce selenate into elemental Se0. Strains YAK2 and YAK6 exhibited the highest
Se reduction potential (~100% selenite reduction to elemental Se0 within 72 h).
Strains YAP4, YAR5 and YAR7 also showed 65-75% selenite reduction after 72 h in
LB-broth medium. Transmission Electron Microscopy (TEM) analysis of the bacterial
strains with reduced biogenic red elemental Se0 revealed the presence of Se nanospheres extracellular, free as well as attached on the surface of bacterial cells. These
biogenic Se NPs were variable in size (~100-400 nm) and were predominantly
spherical in shape.
Majority of these Se resistant bacterial strains exhibited various plant growth
promoting characteristics such as ability of mixed organic acid production, ammonia
production, auxin (IAA) production, HCN production and nitrate reduction. In two
greenhouse experiments (chapter-06 and chapter 07) with Corn and Wheat plants
when inoculated with twenty four individual Se resistant bacterial strains (YAK1,
YAK2, YAK4, YAK6, YAK7, YAP1, YAP4, YAP6, YAP7, YAM1, YAM2, YAM3,
YAM4, YAM5, YAM6, YAR2, YAR3, YAR4, YAR5, YAR7, YAR8, CrK8, CrK16
and CrK19) in non seleniferous natural garden soil supplemented with and without Se
showed promising results. Inoculated plants showed better results as compared to uninoculated ones. However, sodium selenate application (3 mg Se kg-1 of soil) to Corn
plants caused toxic effects on growth (stunted growth, necrosis, leaf yellow
coloration, reduced shoot length and dry biomass). In contrast, under Se
supplementation bacterial inoculation with several individual strains alleviated the Se
toxicity in corn plants and resulted in increased plant height and dry biomass
compared with un-inoculated Se-treated plants. Majority of the sols are Se deficient
worldwide. Soil supplementation with sodium selenate (3 mg Se kg-1 of soil) proved
xvii

to be a promising approach to enhance Se levels in corn plants. Selenium
concentration promisingly increased in Se-treated corn plants (24 mg kg-1 DW)
compared to control

(1 mg kg-1 DW). Bacterial inoculation stimulated selenate

uptake in corn plants remarkably and several inoculated Se-treated plants showed
significant increase in leaf Se content (28-80 mg kg-1 DW) compared to un-inoculated
Se-treated plants (24 mg kg-1 DW).
Bacterial inoculation stimulated Wheat plant growth and resulted in increase
in product yield and nutrients uptake compared to un-inoculated control. Under Se
supplemented conditions Wheat growth improved and Se levels were increased in
stem (12-66 mg Se kg-1 DW) and kernels (34-89 mg Se kg-1 DW) of wheat plants
compared to control (<1mg Se kg-1 DW). Inoculated Se-treated plants (YAK6-Se,
YAK7-Se, YAP6-Se, YAP7-Se and YAM2-Se) showed significant increase in Se
contents in kernels compared to un-inoculated Se-treated plants. Majority of
inoculated Se-treated plants also showed an increase in uptake of several other
mineral elements such as S, Fe, Ca, Mg, and Mn in wheat plants compared to uninoculated Se-treated plants. However, the effects of Se supplementation were
additive to bacterial inoculation for improving Wheat plant growth.
Bacterial inoculation in Corn plant with majority of strains caused remarkable
increase in leaf soluble protein content compared to un-inoculated control plants
However, Se-treatment resulted in significant decrease in corn leaf protein content
compared with un-treated control. Bacterial inoculation resulted in increased leaf
soluble protein content in Se-treated plants. In Wheat plants, inoculation with some
Bacillus strains resulted in significant increase in leaf protein content while several
other strains showed either no effect or reduction in leaf protein content compared to
un-inoculated control. Leaf soluble protein content in wheat plants were unaffected by
selenate supply to soil compared to un-treated control plants.
The acid phosphatase activity significantly increased in majority of bacterial
inoculated Wheat and Corn plants compared to control. Se-treatment resulted in
significant increase in acid phosphatase activity in corn leaf tissue compared with untreated control. In contrast to corn plants when the soil was treated with 3 mg Se kg-1
of soil the leaf acid phosphatase activity significantly decreased (60%) in wheat plants
compared to un-treated control plants.
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In plant growth experiment (chapter-08) with Indian mustard (Brassica
juncea) plants grown in naturally seleniferous shale rock-derived soil. B. juncea
plants inoculated with four bacterial consortia G1, G2, G3, and G4 exhibited
enhanced growth and increased seed weight, shoot length, shoots fresh/ dry biomass
and earlier onset of reproductive phase in comparison to un-inoculated control plants.
Inoculation with consortium G2, G3 and G4 caused decrease in photosynthesis rate
and stomatal conductance compared to control plants. However, inoculation with
consortium G1, G2, G4 resulted in slight increase (non-significant) in intrinsic water
use efficiency (WUE) and remarkable increase in non-protein thiol content compared
to control. Indian mustard plants accumulated very high concentration of Se in leaves
(711 mg Se kg-1 DW), seeds (358 mg Se kg-1 DW) and pods skin (275 mg Se kg-1
DW). Such a high concentration of Se in B. juncea leaves, seeds and pods indicate the
great potential of B. juncea plant for Se phytoremediation (plant based removal of Se
from contaminated areas) as well as Se biofortifcation (Se enriched food plants for
human and livestock consumption). However, bacterial inoculation of B. juncea
plants grown in seleniferous soil resulted in decreased selenium uptake, except for
consortium G1 which caused markedly enhanced Se concentration in plants compared
to control.
Selenium hyperaccumulator plants growing in natural seleniferous soils can be
a potential source of Se supply to the plants growing in Se deficient soils. In another
greenhouse experiment (chapter 09) B. juncea plants grown in Green-grade Turface®
were supplied with Se-enriched dry plant material taken from Se hyperaccumulator
Stanleya pinnata plants. Bacterial inoculation and Selenium application as Seenriched plant material stimulated B. juncea plants growth and the plants exhibited
higher shoot FW/ DW, weight of seeds, number of leaves, shoot length, flowering
stalk length and earlier onset of reproductive phase than un inoculated and un-treated
control plants. When B. juncea plants were supplemented with Se-enriched plant
material a significant increase was observed in intrinsic water use efficiency (WUE),
photosynthesis rate in comparison to corresponding un-treated control. In contrast, all
inoculated Se-treated plants G1-Se, G2-S2, G3-Se and G4-Se showed significant
reduction in WUE compared to un-inoculated Se-treated plants.
In Turface®, when B. juncea plants were supplemented with Se-enriched plant
material (taken from S. pinnata), a significant improvement was observed in the Se
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concentration in leaves (30 mg Se kg-1 DW), flowers (16 mg Se kg-1 DW), pods
(15.28 mg Se kg-1 DW), seeds (17 mg Se kg-1 DW) and roots (54 mg Se kg-1 DW) in
comparison to un-treated control. In majority of treatments the bacterial inoculation
resulted in reduced Se accumulation in leaves, seeds and pods compared to uninoculated Se-treated plants grown in Turface® supplemented with Se-enriched plant
material. However, in inoculated Se-treated plants, a remarkable increase was
observed for some other nutrient elements concentration such as Ca and K in leaf,
pods and seeds over control plants. Se-treatment alone negatively affected the
accumulation of Fe, Zn, P, and Cu in leaves and pods.
Elemental Se is usually not be expected to be taken up and translocated in
plants. In one of the study B. juncea plants were grown in hydroponic system and
were treated with biogenic (bacteria made) elemental Se0 nano-particles (chapter 10).
The main findings from this study showed that B. juncea plants could effectively filter
out biogenic Se nanoparticles from aqueous solutions and these Se NPs could enter in
B. juncea plant roots and translocated from root system to shoot and leaves through
vascular system. Moreover, inoculation of B. juncea plants with Se resistant PGPR
strains could further enhance the uptake and accumulation of Se NPs by plants. In
B. juncaa plants treated with biogenic Se NPs, Se concentration increased in leaves
(by 3.5 fold) as well as in roots (by 153 fold) over control plants. Moreover, plant
inoculation with strain-71 further significantly enhanced Se accumulation in leaf
tissue compared with un-inoculated Se-treated plants and control. In root tissue Se
concentration increased by 153 folds, probably most of Se NPs were adsorbed to the
outside of roots and even if only adsorbed it can be worthwhile for rhizofiltration. It
was found that Se NPs treatment in B. juncea plants resulted in significantly lowered
Cu and P concentration in roots and S accumulation in leaves compared to control. In
Se NPs-treated plants if the Se concentration in leaf and root tissue increased then S
concentration in leaf and root tissue is decreased compared with control. Selenium
Bacterial inoculation and Se NPs treatment stimulated B. juncea plants growth and
resulted in increased plant DW and number of root hair compared to un-treated
control.
Selenate and selenite either enter in plants cells passively or through
transporters. Selenate is chemically similar to sulfate. To study the expression of
sulfate transporter (SULTR1;1, SULTR1;2 and SULTR2; 1) and ATP sulfurylases
xx

(APS1, APS2 and APS4) B. juncea plants were grown in Turface® watered with ¼Hoagland solution supplemented with sodium selenate (10 µM). It was noticed that B.
juncea plants accumulated very high concentration of Se in leaf tissue (921 to 1221
mg Se kg-1 DW) and inoculation with bacterial consortium (strains YAP6 and YAP7)
caused significant increase in Se and S uptake compared to control. Interestingly, it
was observed that under sulfate-sufficient conditions in the roots of inoculated Se
supplemented (10 µM) B. juncea plants the expression level of sulfate transporter
SULTR1;1 and SULTR1;2 were generally lower in comparison to un-inoculated
control plants. In contrast to sulfate transporters, the transcript levels of genes
encoding ATP sulfurylases (APS1 and APS4) were higher in the inoculated plants
than the control plants. The bacteria may also have caused the higher S and Se levels
via other mechanisms than through effects on Sultr expression, such as enhanced root
hair formation.

xxi

Chapter-01

Introduction

Chapter-01
Introduction
Human body needs more than 22 different essential mineral elements that can be
supplied through proper dietary sources (Chen et al., 2009; Broadley et al., 2010).
One group of trace elements, which constitute about 0.01% of humans body, consist
of selenium (Se), chromium (Cr), cobalt (Co), manganese (Mn), Iron (Fe), vanadium
(V), nickel (Ni), zinc (Zn), copper (Cu), and tin (Pb). In cells these trace elements
play an important role by catalyzing enzymatic biochemical reactions in biological
processes but if these trace elements are present in higher concentrations in food they
can have toxic effects also (Chen et al., 2009; Issa et al., 2009; Shukla and Gopal,
2009). Heavy metals like copper (Cu), arsenic (As), selenium (Se), mercury (Hg),
lead (Pb), cadmium(Cd), chromium (Cr) and cobalt (Co) are persistent environmental
contaminants worldwide (Harabawy and Mosleh, 2014; Lester and van Riper, 2014).
The heavy metal pollutants are introduced into the environment through various
sources e.g. effluents and

emissions from industries, metals from smelting and

mining (Ndilila et al., 2014) and vehicle exhaustion, excessive use of pesticides/
insecticides and fertilizers in agriculture, metal salts and municipal wastes. Some
toxic heavy metals contaminate freshwater habitats through wet deposition (Dore et
al., 2014) and get biomagnified in the food chain cause acute and chronic disorder in
humans and livestock. Selenium have the ability to make complexes with other toxic
elements such as As, Pb, Cd and Hg and can alleviate their toxicity (Saidi et al., 2014;
Zhang et al., 2014).
In past few decades researchers are doing efforts to increase the crop yield as
well as concentration of essential mineral micronutrients elements in crops. Almost
half of the world population is suffering from malnutrition of Se, Fe and Zn (Zhao and
McGrath, 2009). Selenium, a trace metalloid occurs naturally in earth crust (Dwivedi
et al., 2013). Selenium has evolved from its toxic properties to an essential
micronutrient in humans and livestock. It is not necessary for the growth higher plants
but recently researchers have found that Se not only promotes development and
growth but it is also helpful to increase the tolerance of plants against stressful
environment (Yao et al., 2013). An inadequate Se intake in human can be associated
with increased infertility, oxidative stress related disorder and cancer, HIV and
1
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impaired immune function (Shimada et al., 2011; Rayman, 2012; MichalskaKacymirow et al., 2014). Clinical signs for Se deficiency in animals include reduced
growth, appetite and muscles weakness (Oldfield, 1999; Fordyce, 2013). According to
UK reference nutrient intake (RNI), adequate daily Se requirements for adult human
male and female are 75 and 60 µg, respectively (Department of Health, 1991).
Selenium intake in humans is mainly determined by food composition and in UK
human population meat products, bread and cereal contribute more than 50% of total
Se required per day (Food Standards Agency, 2009). At a concentration >50 µg L-1 in
water, Se intake can significantly affect dietary Se intake in animals and humans.
USA-EPA (2012) has currently recommended this as MAC Se concentration in
drinking water and world health organization (WHO) has set a MAC of 40 µg Se L-1
for drinking water (FAO, WHO, 2002).
Selenium is derived from the Greek word selene meaning moon goddess.
Jacob Berzelius of Sweden has discovered it in 1817. Selenium is commonly found in
the materials of earth’s crust has atomic number 34 (group VIA element), atomic
mass of approximately 79, and six natural isotopes74Se, 76Se, 77Se, 78Se, 80Se and 82Se
(Dwivedi et al., 2013; Fordyce, 2013). Chemical behaviour of Se is similar to that of
sulphur (S) and Se also exists in four main oxidation states Se+6, Se+4, Se0 and Se-2
like sulphur (Fordyce, 2013; Chappell et al., 2014). Selenium is immobile under
reducing conditions and highly mobile under oxidising conditions. Environmental pH
is also an important factor and its mobility decreases with decrease in pH. Selenite
(Se+4) is more stable than selenate (Se+6) and in soil Se mainly exists as selenate,
selenite and elemental Se (Se0). Selenium is present in all natural materials on earth
such as air, water, rocks, plants and animal tissues (Fordyce, 2013).
Selenium is an important part of many organic compounds such as
selenoproteins, seleno amino acids, and acts as an antioxidant (Harabawy and Mosleh,
2014). Selenoproteins use the rare amino acid selenocysteine (Sec); play some
important functional roles in archaebacteria, eukaryotes and prokaryotes and act as the
first line of defense against oxidants

molecules, which are

related to

neurodegenerative disorders, aging and cancer (Driscoll and Copeland, 2003;
Castellano et al., 2004; Li et al., 2014). However, selenoproteins have not yet been
identified in yeast and higher plants. Some selenoenzymes play important biological
functions, e.g. three forms of iodothyroninedeiodinases and thioredoxin reductases are
important for the production of active thyroid hormones and maintain the intracellular
2
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redox state, respectively, and four types of glutathione peroxidases (GPx) act as
antioxidant enzymes (Brown and Arthur, 2001; Rayman, 2002). Selenium also
enhances natural killer cell activity and T-cell production (Rayman 2012). In
selenoproteins Se is incorporated as 21st amino acid selenocysteine (Sec), encoded by
an UGA codon (a stop codon) in selenoprotein mRNA. Cis-acting Sec insertion
sequence and many factors are required for translation of selenoproteins (Castellano
et al., 2004).
Selenium enter in soil through anthropogenic sources such as fossil fuel
combustion, disposal of sewage sludge, applications of Se containing fertilisers,
mining and metal processing (Fordyce, 2013) and natural source include sedimentary
rocks of marine origin (Tabelin et al., 2014). Selenium is widely used in many
industries and most commonly it is used as antioxidant in inks, lubricants, mineral and
vegetable oils, selenium dioxide, monoxide and disulphide are used as catalyst in
metallurgy, anti-dandruff shampoo and antifungal pharmaceuticals, respectively
(WHO, 1987; Haygrath, 1994; Fordyce, 2013). In 2010, the world industrial Se output
was estimated 3000-3500 tonnes and United States, Germany and Japan were the
largest producers (Fodyce, 2013).

Selenium is not distributed homogenously in

different regions of the world and majority of soil types are Se deficient worldwide
(normal range is 0.01 to 2.0 mg Se kg-1 of soil), but seleniferous soils have high
concentrations (≤1200 mg Se kg-1 of soil), (Fordyce, 2005). Selenium resulted from
metal processing and fossil fuel combustion is deposited to soils generally through
rainwater and its concentration in rainwater ranges from 0.00001 to 0·001 mg Se L-1
and Se (De Gregori et al., 2002).
Higher plants have the capacity to uptake Se from soil and assimilate it (Ellis
and Salt, 2003; White et al., 2004). Selenium (selenate) can enter in plants roots
through sulphate transporters (Terry et al., 2000; White et al., 2004) as Se has
chemical similarity with sulphur (S). Sulfur is also important plant nutrient and the
most common source of S in the environment is sulfate (SO4-2). The enzymes
involved in sulfur assimilation pathways are of particular interest to improve response
against environmental stresses and to enhance nutrient content in plants (Herrmann et
al., 2014). Because of chemical similarity between Se and S, selenate is transported
over plasma membrane of root cells through the activity of sulfate transporters
(Shinmachi et al., 2010). Less is known about selenite uptake in plants, which
probably occurs through phosphate transporters (Li et al., 2008; White and Broadley,
3
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2009). Hawkesford (2003) has described the sulfate transporter gene family in plants.
Among the members identified, SULTR1;1 and SULTR1;2 are high-affinity sulfate
transporters involved in the primary uptake of sulfate from the soil solution, while
SULTR2;1 is a low affinity sulfate transporter that plays a role in xylem sulfate
loading (Shinmachi et al., 2010). The ATP-sulfurylase catalyzes the synthesis of
adenosine 5'-phosphosulfate (APS) from ATP and sulfate (the first committed step in
sulfur assimilation pathway in plants). In bacteria, fungi and mammals the ATP
sulfurylase is a multifunctional enzymes and regulated allosterically. However, in
plants ATP sulfurylase is mono functional and non-allosteric homodimer (Ravilious et
al., 2013). Various gene families encode multiple isoforms of ATP-sulfurylases in
plants (Phartiyal et al., 2006). There are four isoforms of ATP sulfurylase in
Arabidopsis thaliana (Hawkesford 2003). It is present in plastids and cytosol of
plants; however four isoforms of ATP-sulfurylases (APS1, -2, -3 and -4) are localized
in plastids (Hatzfeld et al., 2000). Their product, APS, can be further reduced to
sulfite and sulfide, which can be coupled to O-acetylserine to form cysteine. Selenate
and selenite are thought to follow the same metabolic pathway.
In natural seleniferous areas where soil have been derived from sedimentary
materials and shale in western USA, plants can be divided into three categories on the
basis of Se uptake: non-accumulators (rarely have >100 mg Se kg-1 DM), Se
indicators (accumulate ≤1000 mg Se kg-1 DM), and Se accumulators (accumulate ≤40
000 mg Se kg-1 DM), (Broadley et al., 2006). In Se accumulator plants Se is mainly
present as non-protein-amino acid e.g. Se-methyl-Sec, and in a conjugated form as γglutamyl-methylSec. However, it is also found as γ-glutamyl-selenocystathione,
selenocystathione, methyl selenol, and selenite (Pickering et al., 2000; 2003).
Selenium deficiency in food can be controlled through food fortification,
dietary diversification, agronomic biofortification (use of Se containing fertilizers)
and crop-improvement through genetic modification (White and Broadley, 2009;
Zhao and McGrath, 2009). Crops can uptake Se preferably in the form of selenate
compared to other chemical forms of Se. Plant can uptake Se immediately when
supplemented with sodium selenate (Na2SeO4) and potassium selenate (K2SeO4)
(Fordyce, 2013). Selenium applications are effective for both foliar as well as in soil
but soil applications of Se are generally recommended for those crops which are
prone to heat stress. Efficiency of Se biofortification depends on different
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environmental factors such as soil pH, cropping and climatic conditions, soil types
hence experience gained through practice of Se agronomic biofortification in Finland
and somewhere else may not be appropriate to other areas of the world (Broadley et
al., 2010).
Most of the efforts are being done to increase yield of crops but in last four
decades an increase in grain yield has resulted in decrease of mineral elements
concentrations in grains (Garvin et al., 2006). In most diets cereals are main sources
of Se (Combs, 2001). Total dietary Se intake (about 70%) is supplied by cereals and
cereal products in humans living in the low Se areas in China and approximately 40 to
54% in the low-income population in India (FAO, 2001). Different strategies can be
used to enhance Se uptake in plants in Se deficient soils. One approach is to replace
plant species and grow those plants in Se deficient soil which can uptake more Se
from soil and 2nd approach is to apply Se-rich fertilizers and foliar spray of Se
(Fordyce, 2013). Another approach is to use Se rich plants growing in seleniferous
areas and use them as Se-rich green manure in soil which releases Se slowly in soil. In
some countries Se agronomic biofortification (using Se fertilizers) is common in
practice. For improvement in low dietary Se intakes, the Finnish Ministry of
Agriculture and Forestry decided that from July 1984 onwards Se would be added
into all multi-nutrient fertilizers (Broadley et al., 2006). New Zealand, China and
some parts of Canada also allowed the fertilizers with enhanced Se to be used for food
crops and recently trials have been conducted in the UK also (Broadley et al., 2010).
Selenium concentration in vegetables, fruits, crops and animal products increased
significantly, after Se agronomic biofortification in Finland. Before Se fertilization the
average Se concentrations in all Finnish cereal grains were <10 μg kg-1 DW and were
improved to 250 µg kg-1 DW for spring wheat, 40 µg kg-1 DW for rye, 50 µg kg-1 DW
for winter wheat, 180 µg kg-1 for wheat bread, and 170 µg kg-1 for wheat flour, in the
first three growing seasons after Se fertilization (Hawkesford and Zhao, 2007). In
general, organic Se forms are more readily bioavailable than inorganic forms and
dietary intake studies have revealed that animal and human gut can more readily
absorb selenomethionine (organic form) than selenate and selenite (Lyons et al., 2007;
Rayman et al., 2008; Fordyce, 2013). Bioavailability of Se is difficult to quantify but
food stuff that contain high amount of organic Se (selenomethionine and
selenocysteine) such as Brazil nuts, muscle meat and wheat are good source of
5
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dietary available Se (Reilly, 2006; Rayman, 2012). So, detailed research on the
efficacy of Se biofortification through fertilization is necessary if agronomic Se
biofortification is to be used on a commercial scale.
Both selenate and selenite can bioaccumulate in food chain (Pierru et al.,
2007) and bacteria can reduce these toxic oxyanions into less toxic elemental Se(0)
with the formation of Se nanoparticles / nanoshperes (Lampis et al., 2014). If Se is
present in high concentration, it can replace sulphur in methionine (Met) and cysteine
(Cys), inhibits the activity of some important enzymes such as glutathione peroxidase
and can adversely affect the integrity of proteins e.g. α-keratin (Zawadzka et al.,
2006). Among bacteria Pseudomonas sp., Rhizobium sp. Aeromonas sp.,
Flavobacterium sp., Corynebacterium sp., Tetrathiobacter kashmirensis can
methylate and volatilize selenium in the atmosphere in the form of DMDSe, DMSe,
DMSeS (Rael and Frankenberger, 1996; Hunter and Kuykendall, 2007; Hunter and
Manter, 2008). Typically Se-resistant bacteria can tolerate ≤1 mM of selenate or
selenite, and can reduced these toxic oxyanions into elemental Se and excrete Se in
the form as distinct particles or nanosphere (Dungan et al., 2003). R. metallidurans
CH34 can also resist up to 16 mMselenate (Avoscan et al., 2004).
Plant growth-promoting rhizobacteria (PGPRs) can play an important role in
plant growth improvement and uptake of essential nutrients elements in plant root
tissues (Perez-Montano et al., 2014). Bacteria can facilitate the uptake of selenate into
plant root tissues and one possibility is that bacteria may enhance selenate uptake in
plants by producing serine and O-acetylserine in the rhizosphere (de Souza et al.,
1999), as inoculated plants showed ten-fold more serine and two-fold more Oacetylserine production in their rhizosphere over un-inoculated. The role of bacteria in
selenate uptake may be the production of a heat-labile proteinaceous compound (de
Souza et al., 1999).
Most of the soils in the world are Se deficient and resulted in low Se through
food chain. Therefore, to enhance Se daily intake in humans and livestock some new
strategies should be designed such as education to increase consumption of Se-rich
foods; Se fertilization of crops; food fortification; individual supplementation; Se
supplementation of livestock; and plant breeding to improve Se accumulation.
Selenium biofortification is most widely used biotechnological method to treat such
6
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unbalanced Se concentration in soils. Wheat and its products are usually a major
source of dietary Se supply, in countries where wheat is commonly consumed by
humans. The Se concentration in wheat and other cereals can be improved by
agronomic biofortification. Selenium added fertilizers are used commonly in New
Zealand and Finland (where it is currently added to NPK fertilizer at a rate of 15 mg
kg-1).
In humans almost 25 selenoproteins are identified and almost half of which are
characterised (Rayman, 2012). Selenoproteins act as antioxidants such as glutathione
peroxidase, help in transcription of mRNA, protein stability and involved in catalytic
functions in the body (Papp et al., 2007; Rayman, 2012; Fordyce, 2013). Dietary Se
intake is extremely low in some areas of China and such low Se levels in diet cause
Kashin-Beck disease and Keshan disease (a cardiomyopathy) (Fordyce, 2013). Such
low Se supply has also been linked to inflammatory response syndrome, reduced
response to viral infections, pancreatitis asthma and reduced male fertility (Rayman,
2002). For the prevention of Keshan disease the minimum dietary Se intake was
found to be approximately 17 µg day-1 (Yang and Xia, 1995) and the average
requirement is estimated approximately 45 µg day-1, for the maximum plasma
glutathione peroxidase activity (Thomson, 2004) or Se level in blood plasma should
be 100 μg L-1 (Rayman, 2000; Combs, 2001). Approximately one billion people in
world are suffering from Se deficiency (Combs, 2001). Selenium can act as a potent
anti-carcinogen. It is also hypothesized that its deficiency in most of Sub-Saharan
Africa is may be a reason for the rapid spread of AIDS/ HIV (Foster, 2003; Combs,
2005). Harabawy et al. (2014) have reported the antioxidants potential of Se when
given in combination with vitamins A, C and E against the genotoxicity and
cytotoxicity of Cu, Pb, Zn and Cd in erythrocytes of Oreochromis niloticus. However,
daily Se intake in excess can lead to selenosis which resulted in some adverse health
effects such as skin lesions, polyneuritis, loss of nails and hair and gastrointestinal
disturbances. In recent decades, dietary Se intakes have decreased remarkably in some
European countries (Rayman, 2002). In New Zealand and Australia, the
recommended dietary intake (RDI) for adult male and female are 70 and 60 µg day-1,
respectively, (National Health and Medical Research Council, 2005). The estimated
Se intakes in adults in different countries vary from 7-11 μg day-1 in the Keshan
disease area, North American adults it is 60-220 μg day-1, in European adults Se
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intakes range is 30-100 μg day-1 and several thousand μg day-1 in the selenosis area in
the Enshi county.
Selenium concentration in plants reflects the Se level in the soil and among
different plants and crops the level for Se tolerance varies, for example wheat is
more tolerant to high levels of Se in growth media than various other species,
including rice (Neal, 1995; Lyons, 2005; Fordyce, 2013). Selenium accumulator
plants (e.g. Stanleya pinnata and Astragalus bisulcatus) can accumulate >1000 mg Se
kg-1 DW and non-accumulators such as grasses and grains can usually accumulate <
50 mg Se kg-1 DW (Fordyce, 2013). Stanleya pinnata and Astragalus bisulcatus are
also known as Se indicator plants, because preferably these plants grow in
seleniferous soils. Elements that can be hyperaccumulated, cause no toxicity in
hyperaccumulators, include selenium (Se, >0.1%) cobalt (Co, >0.1%), lead (Pb,
>0.1%), cadmium (Cd, >0.01%), manganese (Mn, >1%), zinc (Zn, >1%), arsenic (As,
>0.1%), nickel (Ni, >0.1%), and copper (Cu, >0.1%), (El-Mehdawi and Pilon-Smits,
2012). Plants that can hyperaccumulate include species from four genera and three
families: the Asteraceae, Fabaceae and Brassicaceae. Many crop and vegetable
species, such as wheat (Triticum aestivum), sorghum (Sorghum bicolor), mushroom
(Boletus aereus), raya (Brassica juncea), maize (Zea mays) and berseem (Trifolium
alexandrinum) have been investigated for their uses in phytoremediation of Secontaminated soils (Dhillon et al., 2007; Falandysz, 2008). Selenium exists in
different from in plants; in non-acumulator plants (e.g. grasses) usually Se is present
as selenocystein and selenomethionine but in accumulator plants it is found as Semethylselenomethionone,

dimethylselenide

(DMSe)

and

dimethyldiselenide

(DMDSe), volatile organic Se compound (Mayland, 1994; Neal, 1995; Fordyce,
2013).
The major goal of the proposed research activities is to integrate the process of
phytoremediation in Se-laden land with the process of Se-biofortification. This
provides an environmentally-sound and sustainable development strategy that utilizes
Se-enriched agricultural products (grains, fodder, fruits, vegetables etc.) to improve
human health in the Se-deficient regions in Punjab, Pakistan and probably in other
regions of the world. In some preliminary studies conducted in Pakistan, Se contents
in soils and agricultural products are low in areas of central and south Punjab, while in
the upper Punjab, the Se concentrations are relatively high according to the WHO
classification

standards.

Using

plants
8

and

plant-associated

soil

microbes,
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Introduction

phytoremediation and biofortification provides a sustainable solution for the
management of Se-laden agricultural land. Natural Se enriched areas (seleniferous
soil) can be considered resources for the production of Se-enriched crops and plant
material. For instance, an elixir is made from high-Se tea in Enshi County in China
and high-Se wheat from South Dakota, USA attracts a premium price. Similarly highSe broccoli and high-Se garlic are also produced. Therefore the better understanding
of the role of root exudates and soil microbes as well as plant and microbial
interactions in the bioavailability and plant accumulation of Se is essential for the
enhancement of Se phytoextraction process in Se-laden agricultural lands. The Seenriched crops, fodder and vegetables from Se-laden agricultural lands can be utilized
as Se-biofortified agricultural products (or as sources of daily Se intake) for people in
the Se-deficient areas.
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Materials and methods
All solutions, buffers and media were prepared in sterilized distilled water by the
addition of specific ingredients. Before use all media, solutions and glass-ware were
autoclaved at 121 C with 15 lbs/sq. inch for 15 min.

Media / solutions
Table-2.1

Luria broth (Gerhardt et al., 1994)
g L-1
10.0
5.0
5.0

Components
Tryptone
Yeast extract
NaCl
pH adjusted to 7.0

L-agar media was prepared by adding agar (15.0 g per liter) in Luria broth (LB)
medium. L-agar media supplemented with Se by adding Na2SeO3 (sodium selenite) in
sterilized media.
Table-2.2

Nutrient broth
g L-1
5.0
3.0
5.0

Components
Peptone
Beef extract
NaCl

Dissolve the ingredients in 500 mL distilled water, adjust the pH at 7 and make the
volume to 1 liter with distilled water. To make nutrient agar (N-agar) dissolve 15g of
agar in 1 liter nutrient broth.

Gram’s staining solutions
Table-2.3

Crystal violet solution (500 mL)
500 mL-1
10.0 gm
4.0 gm
500 mL

Components
Crystal violet
Ammonium oxalate
Ethanol 20 %
Table-2.4

Iodine solution (500 mL)
500 mL-1
1.25 gm
2.50 gm
156.20 mL

Components
Iodine
Potassium iodide
Ethanol
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95% Ethanol solution (100 mL)
Components
Ethanol
H2 O

Table-2.6

100 mL
95
5

Safranine solution (500 mL)
500 mL-1
4.0 g
500 mL

Components
2.5% safranine (aq.)
Alcohol 95%
Table-2.7

Reagent for catalase test

3 % Hydrogen per oxide (H2O2) was used.
Components
Hydrogen per oxide (H2O2)
Distilled H2O
Table-2.8

100 mL-1
3
97

Reagent for cytochrome oxidase test

1% tetra-methyl-p-phenylenediamine dihydrochloride solution
Components
tetra-methyl-p-phenylenediamine
dihydrochloride
Distilled H2O

100 mL-1
1
99

Methyl red/ Voges Proskauer test (MR/VP test)
Table-2.9

Methyl red/Voges Proskauer broth (MRVP) (Gerhardt et al., 1994)
g L-1
7.0
5.0
5.0

Components
Peptone
K2HPO4
Glucose
pH adjusted to 6.9
Table-2.10

Methyl red solution
g L-1
0.1 gm
300

Components
Methyl red
95% Ethanol

0.1 gm of methyl red was dissolved in 300 mL of 95 % ethanol and made the final
volume 500 mL by adding distilled water.
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Materials and methods
Reagents for Voges Proskauer test

α-naphthol solution (Barritt's Reagent A)
g 100 mL-1
5.0
100 mL

Components
α -Naphthol
Absolute Ethanol
B-

Potassium hydroxide solution (Barritt's Reagent B)
g 100 mL-1
40.0
100 mL

Components
KOH
Distilled H2O
Table-2.12

SIM agar for motility test (Gerhardt et al., 1994)
Components
Peptone
Ferrous Ammonium sulphate
Beef extract
Sodium thiosulphate
Agar
pH adjusted to 7.3

Table-2.13

Medium for nitrate reduction test (Gerhard et al., 1994)
g L-1
5.0
3.0
1.0

Components
Peptone
Beef extract
KNO3
pH adjusted to 7
Table-2.14
A-

g L-1
30.0
0.2
3.0
0.025
10.0

Reagents for nitrate reduction test

α-Naphthylamine
[N-(1-Naphthyl)-ethylenediamine dihydrochloride]
Components
N-(1-Naphthyl)-ethylenediamine
dihydrochloride
Acetic acid 5N

B-

g 100 mL-1
0.5
100 mL

Sulfanilic acid
g 100 mL-1
1.0
100 mL

Components
Sulfanilic acid
Acetic acid 5N

5N acetic acid (1 part glacial acid and 2.5 part distilled H2O).
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Medium for pigment production test (King et al., 1954)

King's A
Components
Peptone
Glycerol
K2SO4 (anhydrous)
MgCl2 (anhydrous)
Agar
pH adjusted to 7.2 - 7.4

g L-1
20.0
10.0
10.0
3.5
12.0

Components
Peptone
Glycerol
MgSO4. 7H2O
K2HPO4
Agar
pH adjusted to 7.2 - 7.4

g L-1
20.0
10.0
1.5
1.5
12.0

King's B

Table-2.16

Medium for starch hydrolysis test (Gerhardt et al., 1994)
g L-1
10.0
5.0
5.0
2.0
20.0

Components
Tryptone
Yeast extract
NaCl
Starch
Agar
pH adjusted to 7.0
Table-2.17

Malonate agar (Gerhardt et al., 1994)
g L-1
1.0
2.0
0.6
0.4
2.0
3.0
0.25
0.025
20.0

Components
Yeast extract
(NH4)2SO4
K2HPO4
KH2PO4
NaCl
Sodium malonate
Glucose
Bromothymol blue
Agar
pH adjusted to 7.0
Table-2.18

Simmon's citrate agar (Difco, USA)
g L-1
24.2

Components
Simmon's citrate agar
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Medium for phosphate solubilization (Pikovskaya, 1948)
Components
Glucose
Ca3PO4
(NH4)2SO4
NaCl
MgSO4.7H2O
KCl
Yeast extract
MnSO4
FeSO4.7H2O
Agar
pH was adjusted at 7.0

g/L
10.0
5.0
0.5
0.2
0.1
0.2
0.5
Trace
Trace
15.0

Stock suspension of 2.5% Ca3(PO4)2 was prepared in distilled water and autoclaved.
Added 100 mL of stock suspension aseptically in to 900 mL of sterilized medium.
Table-2.20

Media for hydrogen cyanide (HCN) production (Lorck, 1948)

Add Glycine in nutrient agar.
g L-1
4.4g /L
2g/100 mL
0.5/100 mL

Components
Glycine
Na2Co3
Picric acid

Nutrient agar supplemented with Glycine was prepared and poured in autoclaved petri
plates. Whatmann filter paper No.1, soacked in 2% sodium carbonate solution made
in 0.5% Picric Acid solution.

Solutions for auxin estimation (Brick et al.,1991)
LB medium was prepared with and without L-tryptophan (1.0 g L-1).
Table-2.21

Salkowski’s reagent

Solution A

0.05M ferric chloride solution
10 mL-1
(w/v)
0.08125

Components
FeCl3
Solution B

Perchloric acid
100 mL-1
(v/v)
50

Components
HClO4

One mL of 0.05M FeCl3 was mixed in 50 mL of 35% perchloric acid to prepare
Salkowski reagent.
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Media for ammonia production (4% peptone water)
Table-2.22

Peptone water
100 mL-1
(v/v)
4g
100 mL

Components
Peptone
Distilled water
Table-2.23

Nessler’s reagent (for ammonia detection)
g L-1

Components
Potassium iodide

50

Dissolve 50g potassium iodide into 35 mL ammonia free distilled water and saturated
solution of mercuric chloride added until slight precipitate persistent. Added 400 mL
of potassium hydroxide solution (50%) and finally volume made to 1000 mL with
ammonia free distilled water. Put in dark for one week, filtered supernatant and stored
in plastic amber bottle.

Media for Cross Metal Resistance Profile of Bacteria
Calculated amounts of following metallic salts; Co+ (CoCl2), Cr+3 (K2CrO4),
Zn+2 (ZnSO4), Mn+2 (MnSO4), Cd+2 (CdCl2), Ni+2 (NiSO4), and Cu+2 (CuSO4) were
added into L-agar to obtain specific concentration in µg mL-1 of L-agar.
Table-2.24

10% metal stock solution

The 10% metal stock solution consists of X µg mL-1 (as shown in table
below). Took required mL of metal solution from 10% stock and dissolve it in 100
mL media to make media with working concentration of metal.
µg mL-1
26800
2400
25400
61300
32500
20200

Components
K2CrO4
Na2HAsO4
CuSO4.5H2O
CdCl2.H2O
MnSO4
Co(NO3)2
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Media for antibiotic resistance test

Calculated amounts of different antibiotics were add to L-agar
g mL-1
500
150
5.0
300
100
25

Components
Streptomycin
Erythromycin
Chloramphenicol
Ampicillin
Penicillin
Tetracycline 25

Table-2.26

Media for selenite and selenate reduction under aerobic conditions

Calculated amounts of sodium selenite and sodium selenate salts (Sigma) were
added to 20 mL of LB medium to make media supplemented with 10mM sodium
selenite or sodium selenate.
mg 20 mL-1
35
37.8

Components
Sodium selenite
Sodium selenate

Analysis of Se biogenic nanoparticles by transmission electron
microscopy (TEM)
Table-2.27

Phosphate buffer saline (PBS)

Components
NaCl
KCl
Na2HPO4
KH2PO4
Adjust pH to 7.4 and then filter-sterilize or autoclave it.
Table-2.28

g L-1
8
0.2
1.44
0.24

Fixative solution

Components
% solution
Glutaraldehyde
2.5
Formaldehyde
2
Prepare a fresh solution in the hood and using gloves and a mouth guard.
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Plant growth experiments
Table-2.29

Solution for surface sterilization of seeds

Components
g 100 mL-1
HgCl2
0.1
To make 0.1% solution dissolves 0.1 g HgCl2 in 100 mL water.
Table-2.30

300 µM sodium selenate (Na2SeO4.H2O) solution

Components
mg L-1
Na2SeO4.H2O
111
H2 O
1000 mL
One liter of 300 µM sodium selenate solution was given per pot of 8 kg soil (3 mg Se
kg-1 of soil).

Solutions for soluble protein content estimation (Lowry et al., 1951)
Table-2.31

Phosphate buffer (0.1m) pH 7.0
g L-1
13.609
17.418

Components
KH2PO4
K2HPO4
pH adjusted to 7.0
Table-2.32

Folin’s mixture

Solution A
COMPONENTS
NaOH
Na2CO3

g L-1
4.0
20.0

Components
C4H4KNaO6.4H2O

g L-1
4.0

Components
CuSO4

g L-1
1.0

Solution B

Solution C

Folin’s mixture was prepared by mixing the above three solutions i.e., A, B and C in
the ratio of 100:10:10, respectively.
Folin and Ciocalteu’s phenol reagent
Commercially prepared reagent (Merck) was used.
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Buffers/ solution’s for estimation of acid phosphatase activity (Iqbal
and Rafique, 1987)
Table-2.33

0.1M Tris HCl buffer (pH 6.5)

Components
300 mL-1
C4H11NO3 [Tris (hydroxymethyl)
6.057
aminomethane]
The pH was adjusted with concentrated HCl to 6.5 and was diluted up to 500 mL with
glass-distilled water.
Table-2.34

Citrate buffer (pH 4.9)
g L-1
42.0
376 mL

Components
C6 H8 O7. H2O (Citric acid)
NaOH (1N)
pH was adjusted to 4.9 with 1N NaOH.

Table-2.35

Disodium phenyl phosphate

Components
C6H5PO4Na2 (Di-sodium
Orthophosphate
Boiled the solution and cooled immediately.
Table-2.36

g L-1
Phenyl

Phenol standard (stock)
g L-1
1.0
1000 mL

Components
Phenol (pure crystalline)
0.1N HCl
Table2.37

Phenol solution (working)
100 mL-1
1 mL

Components
Phenol Standard (Stock)
Table2.38

0.5N sodium hydroxide solution
g L-1
20.0

Components
NaOH
Table-2.39

2.54

0.5N sodium bicarbonate solution
g L-1
42.0

Components
NaHCO3
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4-amino antipyrin
g L-1
6.0

Components
4-amino antipyrin
Table-2.41

Potassium ferricyanide
g L-1
24.0

Components
Potassium ferricyanide

Solutions for non-protein thiol (NPT) measurement
Table-2.42

1M NaOH solution containing 1 mg mL-1 NaBH4

Components
g L-1
NaOH
40
Prepare 1 litter of 1M NaOH solution and add 1 g NaBH4 in it.
Table-2.43

37% HCl solution
Components
HCl

Table-2.44

% solution
37

Ellman’s (Sigma D-8130) reagent

Components
µM
5,5-dithiobis (2-nitrobenzoic acis)
300
To make Ellman’s reagent prepare 300µM, 5,5-dithiobis (2-nitrobenzoic acids) in
100mM K/N-P buffer (pH 7.5). To make potassium phosphate or sodium phosphate
buffer, solution of K2HPO4 and KH2PO4 were mixed together to get buffer of required
pH. For NPT content estimation standard curve was prepared with GSH/Cystiene (0100 nmol/20 µL).

Solutions for metal content analysis by ICP-OES
Table-2.45

Concentrated HNO3 (trace metal grade)
Components

mL for 100
mg sample

Concentrated HNO3 (trace metal
grade

1
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Standards solution for ICP-OES
Table-2.46

STD-1 prepared in 5% HNO3 blank solution

Components
ppm
Cadmium (Cd)
2
Chromium (Cr)
2
Copper (Cu)
2
Manganese (Mn)
2
Molybdenum (Mo)
2
Nickel (Ni)
2
Zink (Zn)
2
Iron (Fe)
2
Lead (Pb)
2
Selenium (Se)
1
Arsenic (As)
1
Tungsten (W)
1
To make standard solution prepare calibration blank solution (5% HNO3). Make 1 L
blank: 50 mL HNO3 in 950 mL double distilled water. Fill volumetric 500 mL flask
(bulb with neck) with ~400 mL blank solution. Add each element to flask using 1 mL
pipette (blue tip) from “holy stocks” solutions from the Soil, Water and Plant Testing
lab, Colorado State University, USA. Most are 1,000 ppm, but some are 10,000 ppm
(so check carefully). For example: 1000 ppm  2 ppm is 500 x dilutions, so add 1
mL per 500 mL. Fill the flask up to the mark with more blank. Mix well and transfer
to standard bottle.
Table-2.47

STD-2 prepared in 5% HNO3 blank solution
Components
Sulfur (S)
Magnesium (Mg)
Calcim (Ca)
Vanadium (V)
Phosphorus (P)
Potassium (K)

ppm
10
10
10
10
10
10

Hoagland’s nutrient solution (1/2- Hoagland’s)
To make ½-strenght Hoagland’s solution prepare stock 1 (100X), stock 2
(200X) and micronutrient solution (7500X).
Table-2.48

Stock 1 (100X):
Components
NH4NO3
Ca(NO3)2
Ferric EDTA (E6760- Sigma)

20

g L-1
5.28
62.1
0.89

Chapter-02

Materials and methods

Table2.49

Stock 2 (200X)
g L-1
68.7
47.6
13.2

Components
KNO3
MgSO4.7H2O
KH2PO4

Table-2.50

Micronutrient solution (7500X)

Components
g L-1
MgCl2.6H2O
5.08
H3BO3
2.88
MnSO4.H2O
1.53
ZnSO4.7H2O
0.22
CuSO4.5H2O
0.079
MoO3
0.018
Note: dilute the micronutrient solution 37.5 X in stock 2 (add 27 mL of micronutrient
solution in 1L stock 2 solution). To make finally ½-Hoagland’s solution: add 10 mL/
L of stock 1 and 5mL/ L of stock 2 supplemented with micronutrient solution).
Table-2.51

Primers for expression analysis of sulfate transporters (SULTR1;1,

SULTR1;2, and SULTR2;1) and ATP-sulfurylases (APS1, APS2 and APS4) in B.
juncea plants.
Gene name

Forward primer 5’-3’

Reverse Primer 5’-3’

Sultr1;1

TGTTCATCACACCGCTCTTC

TGCTGCGTCAATGTCAATAAG

Sultr1;2

ATGGCTGGATGTCAAACTGC

TCAGAGGAATCACTGCGTTG

Sultr2;1

TTGGGCTACAAGAAACTCGTC

CTGAAAATCCCGAAAGAAGC

APS1

CCCTATCCTTTTGCTTCATCC

GTGCTGCTTCATCCTCCAAC

APS2

CATCAAGAGGAACATCATCAGC TTACAGGCTATCTCCTAAACAGC

APS4

GAGAAGGTGCTTGAGGATGG

TTGGAGATGGGAAGATGGAG

Actin1

AGCATGAAGATCAAGGTGGTG

CTGACTCATCGTACTCTCCCT

Buffers/ media for agarose gel electrophoresis
Table-2.52

10 X TBE (tris base boric acid EDTA)

Components
100 mL
1X TBE
99.0
Agarose
1
To make 1% agarose gel, 1 g agarose mixed in 100 mL of 1X TBE buffer.
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10 X TBE (tris base boric acid EDTA)
g L-1
55.0
108.0
9.25

Components
Boric acid
Tris base
Sodium EDTA
Table-2.54

Running buffer (0.5 X TBE)
mL L-1
50 mL
950 mL

Components
10 X TBE
Distilled water

Methods
Soil sampling
For isolation of selenium (Se) resistant bacterial strains, the soil samples were
collected from two major industrial cities Lahore and Kasur, Pakistan. Kasur
sampling site was contaminated with tannery waste from last few decades. Lahore
contaminated muddy soil samples (sediments) were collected from Rohi-Nala (sub
branch of Hidyara drain) and from the rhizosphere of plants (mostly grasses), growing
along the sides of industrial drainage. As Se is present in fossils fuels, soil samples
contaminated with automobile fuel and its byproducts were collected along Canal
Road, Lahore. Soil samples were collected with sterile spatulas in sterilized
containers. Soil samples were transported to laboratory and their pH was measured.
Isolation of selenium resistant bacteria from soil
One gram soil sample was thoroughly mixed for 15 min in 100 mL of
sterilized distilled water to make suspensions in separate glass flasks. Soil suspensions
were diluted (direct, 1/10, 1/100, 1/1000) and 50 µL of soil dilutions were plated on
Luria Bertani (L-agar) agar medium plates supplemented with sodium selenite (2mg
Na2SeO3 mL-1) and incubated at 37°C for 24-48 h. Different Se resistant bacterial
colonies were selected on the basis of red pigment (because of biogenic elemental Se)
and colony morphology. Selected colonies were further purified by streaking on Lagar plates. Purified bacterial strains were shifted on L-agar plates supplemented with
Na2SeO3 (5 mg mL-1) and incubated at 37°C for 48 h. After incubation, bacteria that
survived were further tested for resistance against higher concentration of sodium
selenite.
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Bacterial culture conditions
Se resistant bacterial isolates were maintained routinely on L-Agar medium
supplemented with Na2SeO3 (10 mg mL-1).

Morphological characterization of Se resistant bacterial strains
Colony and cell morphology of isolates were carried out on L-agar medium.
Identification and characterization of different bacterial colonies was based upon
varied appearance and morphology.
Colony and cell morphology
For colony morphology, 24 h incubated fresh bacterial cultures were used.
Size, color, shape, margins and elevation of the bacterial colonies were observed with
naked eye and magnifying glass. Cell shape and arrangement of 24 h incubated fresh
bacterial cultures were observed by light microscope at 100X under oil emersion lens.
Gram’s staining
The Gram’s stain is a frequently used differential stain for determining cell
morphology. The Gram stain is usually the first step in bacterial identification which
divides most clinically significant bacteria into two main groups as Gram-positive or
Gram-negative.
Gram staining principal is based on the ability of bacterial cell wall to retain
the crystal violet dye during treatment. Bacterial strains which retain the color of
primary dye i.e. crystal violet after washing with alcohol are gram-positive and those
which do not retain the color of primary dye but retain the color of secondary dye i.e.
safranine are considered as gram-negative. This reaction to Gram’s stain is because of
some chemical composition of the cell wall. The cell walls of gram-negative bacteria
have more lipids and a small amount of peptidoglycan whereas the cell wall of grampositive microorganisms has a higher peptidoglycan and lower lipid content. Solvent
treatment (alcohol) dehydrates the thicker gram-positive cell walls, closing the pores
as the cell wall shrinks during dehydration. As a result, the diffusion of the crystal
violet-iodine complex is blocked, and the bacteria remain stained. In contrast, the
lipids present in cell walls of gram-negative bacteria are soluble in alcohol, make the
wall permeable and increases the leaching of the primary stain (crystal violet) from
the cells when treated with solvent.
For Gram-staining a drop of sterilized distilled water was placed on a clean
glass slide. Small amount of bacterial culture (24 h fresh) was added with the help of
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a sterile loop. Bacterial culture was mixed in water and smear was spread evenly on
slide surface, air dried and heat-fixed. Smear was stained with crystal violet solution
for 60 sec, washed with sterilized distilled water and flooded with iodine solution for
45 sec. After washing again with distilled water smear was dipped in 95% alcohol to
remove extra stain. Then smear was counter-stained with safranine for 1 min and
washed with distilled water, air dried and observed under the microscope with an oil
immersion lens at 100X.
Motility test
Motility of the microorganisms was tested by using SIM agar medium. Sterile
SIM media was poured into tubes. Overnight grown fresh bacterial cultures were stab
inoculated in media tubes and incubated at 37°C for 24 h. After incubation, the tubes
were observed for growth pattern of bacteria whether it was restricted to the line of
inoculation or not. If the growth restricted to the line of inoculation the bacteria were
non motile and diffused growth in media tubes indicates that bacteria are motile.

Biochemical characterization of se resistant bacteria
Catalase test
During aerobic respiration reactive oxygen species (ROS) such as hydroxyl
radicals (OH-) and H2O2 are produced which are toxic to the cell and cause oxidative
stress in cell. Catalase enzyme is found in most bacteria (only aerobic) and can
detoxify H2O2 into water and oxygen. Put few drops of 3% H2O2 on a clean glass
slide and with the help of sterilized wooden tooth pick added overnight bacterial
culture on it. Evolution of O2 gas bubbles indicated positive catalase test.
Cytochrome oxidase test
Aerobic and anaerobic bacteria may be identified on the basis of oxidase
enzyme. Cytochromes are electron carrier (iron containg) in electron transport chain
(ETC). The presence of oxidase enzyme can be determined by tetra-methyl-pphenylenediamine dihydrochloride and in the presence of oxidase this reagent act as
an artificial substrate donates electrons an gets oxidized to a blackish compound.
Spot test was performed to test the presence of this enzyme in Se resistant
bacterial isolates. 1% tetra-methyl-p-phenylenediamine dihydrochloride solution was
absorbed onto a filter paper in a clean autoclaved petri palate. Inoculum from
overnight fresh cultures was transferred with sterilized tooth picks on filter paper. A
change in color from dark purple to blackish within 1 min indicated a positive test.
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Methyl red (MR) test
Most of the micro-organisms can utilize glucose (oxidation/fermentation) and
produce stable acids but the end product depends on the enzymatic pathway present in
the bacteria. Some bacteria maintain acidic end products and other bacteria may
convert these acidic end products to non-acidic end products, e.g. acetoin and 2-3,
butanediol, thus increasing the pH of media. The combination medium (MR/VP
broth) used for this test includes glucose, phosphate buffer and peptone. Bacteria that
are able to perform a mixed-acid fermentation of glucose produce large amounts of
stable acids and lower down the pH of the medium. The pH indicator (methyl red) is
added to a 24 h culture. If the pH is low the indicator turns the color of the medium to
red but changes its color to yellow as pH increases.
5 mL of MR/VP broth was poured in clean glass test tubes and autoclaved. All
the test tubes were inoculated with overnight grown bacterial cultures, except control.
The test tubes were incubated at 37 C for 24 h. After 24 h incubation, half of each
culture was transferred in new sterilized test tubes and added 5 to 6 drops of methyl
red solution in reaming half bacterial culture tubes and results were recorded.
Appearance of bright red color in the medium indicated positive MR result.
Voges proskauer (VP) test
This test determines the production of non-acidic end products by some
microorganisms, which are made from organic acids that form during glucose
fermentation. For these organisms the chief end products of glucose metabolism are
2,3-butanediol and acetoin. The Voges-Proskauer test detects the production of
acetoin as a fermentation product in MR/VP broth with the help of Barritt’s reagent.
Incubate for more 24 h the MR/VP broth separated during MR test. After 48
hours of incubation, add 600 l of 5% -naphthol (Barritt's Reagent A) and 200 l of
40% KOH (Barritt's Reagent B) to the cultures. After gentle shaking, test tubes were
incubated at 37°C for 15-60 min. Formation of a red color in the medium indicated a
positive reaction.
Nitrate reduction test
Some aerobic and facultative anaerobic micro-organisms could reduce nitrate
(NO3-) to nitrites (NO2-) in the presence of enzyme nitrate reductase and in the
absence of molecular oxygen. Some microorganisms can further reduced these nitrites
to ammonia (NH3) or finally to molecular nitrogen (N2). Anaerobic respiration is an
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oxidation process in these organisms whereas the cell uses nitrate to supply oxygen
that is subsequently utilized as a final hydrogen acceptor during energy formation. For
nitrate reduction test nitrate broth was used which is basically the nutrient broth
supplemented with potassium nitrate (KNO3) as the nitrate substrate and. It also
contain 0.1% agar to make it semi solid in order to inhibit the diffusion of O2 into the
media.
Five mL sterile nitrate broth was poured in test tubes. Inoculum from
overnight grown fresh bacterial culture was given in each test tube except control and
incubated at 37 C for 2 to 3 days. After incubation added 0.5 mL of 1% sulphanilic
acid (solution A) and 0.5 mL of 0.5% - naphthylamine (solution B). Production of
red color in test tubes indicated the organism reduced the nitrate to nitrite. When no
red color appeared after addition of reagents, to distinguish between the complete
reduction or the negative reaction, zinc dust was added in the culture tubes.
Appearance of red color after the addition of zinc dust showed inability of the bacteria
to reduce nitrate whereas no color change after zinc addition means that nitrate has
been reduced to compounds other than nitrite. When nitrate present in the medium
reacts with zinc dust, it reduced into nitrite and a pink color developed.
Indole test
Many microorganisms have the ability to oxidize tryptophan with the help of
enzyme tryptophanase. The ability of bacteria for utilizing tryptophan can be
determined by using SIM media that contains tryptophan. Tryptophan could break
down in to ammonia, indole and pyruvic acid. After incubation presence of indole in
media can be detected with Kovac’s reagent that consists of HCl, butanol and pdimethylaminobenzaldehyde. A cherry red color is produced between reaction of
indole and p-dimethylaminobenzaldehyde. Sterile SIM agar media was prepared in
distilled water, poured into tubes. Inoculum from overnight grown bacterial cultures
was given to media tubes and incubated at 37°C for 24h. After incubation, added few
drops of Kovac’s reagent into culture tubes and gently agitated to determine the
production of indole. Presence of cherry red color layer on top indicated positive
results.
Pigment production test
Some bacteria can produce different pigments, especially members of family
Pseudomonadaceae. To check the ability of bacteria that could produce pigments or
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not, two different media i.e., King’A and King’s B were prepared. Media were poured
in two sets of test tubes (one set for each medium) autoclaved and slants were made.
Overnight grown fresh bacteria cultures were streaked on slants and incubated at 37°C
for 24 to 48h. After 48h of incubation pigment production was observed.
Starch hydrolysis test
Starch is a polysaccharide molecule consist of amylopectin (branched glucose
polymer with phosphate group) and amylose (straight chain of 200-300 glucose units),
which is too large to pass through the bacterial cell membrane. Some bacteria can
hydrolyze these large molecules into shorter polysaccharides (dextrin) or individual
glucose molecules by extracellular enzymes amylase and oligo-1,6-glucosidase. The
smaller molecules can then enter the cells and are used for energy production through
the process of glycolysis. To test the ability of Se resistant isolates to degrade starch
L-agar medium plates were prepared and supplemented with 0.2% starch. Overnight
grown bacterial isolates were streaked on these plates and incubated at 37 °C for 48h.
After incubation plates were flooded with Gram's iodine solution for 30 sec. Presence
of clear zones surrounding the growth indicated starch hydrolysis.
Malonate utilization test
To detect the ability of bacteria to utilize malonate, L-agar medium containing
sodium malonate was prepared and autoclaved. Overnight bacterial culture was
streaked on these plates and were incubated at 37°C for 48 hours. After 48 h growth of
strains and any change in color of medium was recorded. A change in color of
medium from green to blue indicates that the organism has utilized the malonate and
produced the alkaline end product is the positive test.
Citrate utilization test
In absence of glucose and lactose some micro-organisms are capable of
utilizing citrate (first major intermediate of Kreb’s cycle) as sole carbon source for
metabolism in the presence of enzyme citrase (citrate permease), with resulting
alkalinity. Simon’s citrate agar contains sodium citrate as the sole carbon source and
the ammonium ion as the sole nitrogen source. Bacteria can break the conjugate base
salt of citrate into carbon dioxide and organic acids. The carbon dioxide can form a
basic compound, sodium carbonate by combining with the sodium, from the
conjugate base salt. Bromothymol blue (pH indicator) detects the presence of this
compound in the medium and turns from green at neutral pH (6.9) to Prussian blue in
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alkaline pH. For this test sterile Simmon’s citrate agar (Diffco U.S.A) was prepared
dispensed in test tubes and allowed to solidify as slants. Overnight grown fresh
bacterial cultures were streaked and tubes were incubated at 37°C for 24 h. Results
were recorded and change in color of media was observed.
Phosphate solubilization test
Some microorganisms produce acid phosphatase enzyme which can convert
non-soluble inorganic phosphates into soluble phosphates.

Sterile Pikovskaya

medium was prepared in distilled water and poured in autoclaved petri plates. Fresh
bacterial cultures (24 h old) were streaked on the plates and were incubated at 28 °C
for 7 to10 days. After incubation the plates were observed for clear zone formation.
Hydrogen cyanide production test
Hydrogen cyanide (HCN) activity of bacterial culture was determined as
described by Ali et al. (2009). Sterile nutrient agar medium supplemented with
glycine was prepared and poured in autoclaved petri plates. Overnight grown fresh
bacterial culture was spread on modified agar medium plates and Whatmann filter
paper No.1 was placed at the top of the plate, soaked in 2% sodium carbonate solution
made in 0.5% picric acid solution. Plates were sealed with parafilm and incubated at
28°C for 3 to 4 days. Development of the orange to red color indicated positive test.
Auxin biosynthesis test
Auxin (IAA) production by bacterial isolates was determined both in the
presence and absence of tryptophan. Luria broth medium was prepared and
autoclaved. L-Tryptophan solution (filter sterilized) was added (1.0 g L-1) to the liquid
sterile L-broth medium. Medium was poured in test tubes and inoculated with
overnight grown fresh bacterial culture. Tubes were incubated at 37°C for 48 h. Uninoculated control was kept for comparison. After incubation culture medium was
centrifuged at 10,000 rpm for 5 min. I mL of supernatant mixed with 2 mL of
Salkowski’s reagent (0.2 mL of 0.5M FeCl3 + 98.0 mL of 35% HClO4). The reaction
mixture was put in dark for 30 min and pink color development was observed. Optical
density was taken at 535 nm by spectrophotometer (Beckman D-2). Standard curve
was drawn for comparison to determine auxin production by Se resistant bacteria.
Ammonia production test
Ammonia (NH3) production ability of the bacterial strains was tested in
peptone water. Ten mL of peptone water (4%) was prepared in clean glass tubes and
autoclaved. Tubes inoculated with overnight grown fresh bacterial culture were
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incubated at 28 C for 72 h. Nessler’s reagent (0.5 mL) was added in each tube and
color change of media was observed. Appearance of brown to yellow color indicated
positive test for ammonia production (Cappuccino and Sherman, 1992).

Physiological characterization of Se resistant bacteria
pH range of Se resistant bacteria
This test was performed to check the effect of pH on the growth of isolates
because both growth and survival of microorganisms are greatly influenced by
environmental pH range. For most of the bacteria optimum pH lies between 6.5-7.5.
However, some bacteria can grow under highly alkaline pH and some other can grow
in highly acidic pH conditions.
To perform this test, pH of L-broth was adjusted to different pH levels (5, 7,
9). Medium was poured in conical flasks (250 mL) and autoclaved. Bacterial
inoculum (50 µl) was given in all the flasks from 24 h incubated fresh bacterial
cultures and incubated at 37 C (200 rpm) for 24 h. After incubation OD of the
bacterial cultures was recorded at 600 nm with spectrophotometer against blank LBbroth.
Temperature range of bacteria
Microbial growth is directly dependent on environmental temperature and any
fluctuation in temperature inhibits growth by affecting enzymatic activities. Bacteria
can grow at temperature range of -5ºC to 80ºC. However, 37 C is the most suitable
temperature for the growth of several bacteria. The effect of temperature on bacterial
growth was studied at three different temperatures i.e. 28, 37 and 45°C. Sterile Lbroth medium (pH 7.0) was prepared and poured in conical flasks (250 mL). Bacterial
inoculum (50 µl) was given from 24h incubated fresh bacterial culture and incubated
at three different temperatures 28, 37 and 45°C (at 200 rpm) for 24 h. After incubation
OD of the bacterial cultures was taken at 600 nm with spectrophotometer, against
blank LB-broth.
Growth curves
Growth of bacterial isolates (at 37°C and pH 7.0) was determined in LB-broth
media without any addition of sodium selenite. Selenium resistant isolates could
reduce water soluble and colorless sodium selenite into un-soluble red elemental Se
particles. The red color got intense with time interval and interferes with OD
measurement. That is why the growth curve of the Se resistant isolates was not
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checked in the presence of sodium selenite. To make bacterial growth curves L-broth
(pH 7.0) was prepared. Medium was poured in conical flasks (250 mL) and
autoclaved. Overnight grown bacterial culture inoculum (50 µL) was given in all the
flasks and incubated at 37°C with 200 rpm shaking speed. Absorbance of these
cultures was recorded at time zero and then after every 2 h (samples were drawn
periodically after every two hours interval; 2, 4, 6, 8, 10, 14, 16, 18, 20, 22, 24, 28,
32, 36, 48 and 72 h) till the stationary phase reached. Generation time/ growth rate of
bacterial isolates were calculated by considering two points of the log phase plot that
indicated doubling in culture turbidity (0.4 to 0.8) and taking time differences by
extrapolating to their respective time intervals (Pommerville and Alcamo , 2007).
Growth was determined by measuring OD with the help of spectrophotometer at 600
nm.
Cross metal resistance profile of bacteria
Bacterial strains were tested for their ability to resist in the presence of other
heavy metals. This is important with respect to heavy metal bioremediation as
bacteria can prove more helpful if they are able to survive and grow in the presence of
various other toxic heavy metals. Usually heavy metal polluted lands contain a variety
of metals and other environmental contaminants also.
Cross metal resistance was tested on L-agar by streak plate method. L-agar
medium plates were supplemented individually with different concentrations (1001000 g mL-1) of following metallic salts; Co+ (CoCl2), Cr+3 (K2CrO4), Zn+2 (ZnSO4),
Mn+2 (MnSO4), Cd+2 (CdCl2), Ni+2 (NiSO4), and Cu+2 (CuSO4). Plates were streaked
with individual bacterial cultures and were incubated at 37°C and results were
recorded after 48 h.
Antibiotic resistance test
The ability of bacteria to resist different antibiotics was also tested to
determine the susceptibility of bacteria to various commonly used antibiotics. To
check the antibiotic resistance of bacteria L-agar medium plates were supplemented
with various concentrations of different antibiotics such as: Ampicillin 300 g mL-1,
Streptomycin 500 g mL-1, Chloramphenicol 5 g mL-1, Tetracycline 25 g mL-1,
Penicillin 100 g mL-1, and Erythromycin 150 g mL-1.
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Plates of media containing above mentioned antibiotics were individually
prepared. Fresh bacterial cultures (24 h grown) were streaked on media plates and
incubated at 37°C for 48 h.
Selenite and selenate reduction under aerobic conditions
Selenate and selenite reduction tests were performed under aerobic conditions
following Kuroda et al. (2011). To get overnight grown fresh cultures bacterial strains
were inoculated individually in 10 mL of LB-broth medium under sterilized
conditions. OD was adjusted at 600 nm with sterilized distilled water to 0.8 for
isolates YAK2, YAP7, YAP6, YAM1, YAM2, YAR7, CrK-16, and CrK-19.
However, for isolates YAK4, YAK7, YAP1, YAP4, YAR2, YAR3, YAR4, YAR5,
YAR7 and CRK-08 the OD was adjusted to 0.3. One mL of each seed culture (adjust
O.D) was inoculated into a 50 mL serum bottle, containing 20 mL of LB medium
with10mM Na2SeO3 or Na2SeO4 (Sigma company) and incubated aerobically at 30 C
and constant shaking of 200 rpm. Control was also prepared without Se salts and
without bacteria.
One mL culture was taken out in a clean tube at different time intervals (0, 24,
48, and 72 h) and centrifuged at 10,000 rpm for 8 min. The supernatant was diluted to
100 to 200 folds with double distilled deionized water. Soluble total Se content in the
supernatant were measured directly (without acid digestion) with ICP-OES.
Transmission Electron microscopy (TEM) analysis of Se biogenic nanoparticles
For TEM analysis of Se biogenic nanoparticles/ nano-spheres method used by
Kuroda et al. (2011) was followed. Took 48 h old bacterial culture grown in LB-broth
medium supplemented with 0.25 mM sodium selenite. The culture was centrifuged at
5000 rpm for 5 min and supernatant was discarded. The cell pellet was washed 3 to 4
times with phosphate buffer saline solution (pH 7.4). Re-suspended the pellet in 1 mL
of fixative solution (2% formaldehyde and 2.5% glutaraldehyde) and kept at 4 C for 6
h and centrifuged culture at 5000 rpm for 5 min. The supernatant was discarded and
the cell pellet was washed 5 times with phosphate buffer saline (pH 7.4) and then
finally re-suspended in 1 mL of sodium phosphate buffer. Aliquots (~ 5µL) of the cell
suspension were mounted on 400 mesh Cu grids. Grids were dried overnight in
desiccator. Microscopy imaging of the whole-mount cell was performed in a
Transmission electron microscope at a 200 kV accelerating voltage.
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Plant growth experiments
Pot experiments were conducted in green house/ wire house to evaluate the
potential of Se resistant bacterial isolates for improvement in plant growth and
nutrients up take from soil under Se supplemented conditions.
Surface sterilization of seeds
The seeds were surface-sterilized with 0.1% HgCl2 solution for five min.
Discard HgCl2 solution and washed seeds with autoclaved distilled water 5 times to
remove any trace amounts of HgCl2, if present. Control seeds were washed with
autoclaved distilled water only.
Seed inoculation with bacteria
To inoculate seeds with individual bacterial cultures, purified bacterial strains
were grown overnight in LB-media at 37°C and 200 rpm shaking speed. The optical
density of the cultures was adjusted to 1 at 600 nm with sterilized glass-distilled
water. Seeds were pre-inoculated with bacterial culture by immersing them in the
bacterial suspension for 20 min and then sown in their respective pots. For control
treatment seeds were dipped in sterilized distilled water for the same duration of time.

Impact of selenium treatment and bacterial inoculation on Corn (Zea
mays L.) plant growth and Se uptake
Plant growth experiment with corn
The corn seeds (var. Desi-Baharya) were taken from Punjab Seed Corporation
Lahore, Pakistan. Experiment was conducted in wire house at the University of the
Punjab Lahore (Latitude: 31 35’ North, Longitude: 74 18’ East). The experiment
started in February 2012, when the highest temperature was 19 C and the lowest was
3 C. At the time of harvest in June 2012, highest temperature was 43 C and lowest
was 24 C. Earthen pots (13ʺ in diameter and 15ʺ in height) were filled with 10 kg of
natural garden soil, taken from the Botanical Garden of University of the Punjab,
Lahore, Pakistan. Corn seeds were inoculated with 24 individual bacterial strains
Bacillus foraminis-YAK1, Bacillus thuringiensis-YAK2, Bacillus licheniformisYAK4, Proteus pennri-YAK6, Bacillus endophyticus-YAK7, Bacillus licheniformisYAP1, Bacillus cereus-YAP6, Bacillus licheniformis-YAP7, Bacillus endophyticusYAM1, Bacillus pichinotyi-YAM2, Bacillus jeotgali-YAM3, Bacillus licheniformisYAM4, Bacillus sp.-YAR3, Bacillus flexus-YAR4, Bacillus sp.-YAR5, Bacillus
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licheniformis-YAR8,

Bacillus

pumilus-CrK08,

Cellulosimicrobium cellulans-CrK16 and Exiguobacterium-CrK19. Plant growth
experiment was designed as (i) control plants (ii) inoculated plants (iii) Se-treated
plants (iv) Se-treated inoculated plants.
Each treatment consists of three replicate and initially 12 seeds were sown in
each pot. Individual bacterial strains were used to inoculate the seeds except control.
Initially the seeds were inoculated and sown in respective pots. Then three mL of
bacterial culture (OD600 = 1) was taken and diluted to 100 mL with sterilized distilled
water and added to soil in the respective pots also. After germination the plants were
thinned to 6 plants per pot. The pots were arranged in a randomized design. The
plants were watered with 700 mL water per pot twice weekly during Feb–March and
according to requirement in the subsequent hot season. The plants were grown in a
wire house under natural daylight, temperature and humidity till maturity.
Selenium supply to corn plants and Co-Cultivation
Plants were inoculated with individual strains except control (as explained
above). After post germination corn plants were treated with Se. Sodium selenate
(Na2SeO4.10H2O, Uni-Chem®) was used as a source of Se supply to the corn plants.
The Se treatment was given in two doses. One liter of 380 µM sodium selenate
solution per pot (3 mg Se kg-1 soil) was given to the plants after twenty days post seed
germination, and the second dose of one liter of 250 µM sodium selenate solution per
pot (2 mg Se kg-1 soil) was given to the plant at the onset of reproductive phase. The
Se-treated and inoculated Se-treated plants were allowed to grow for 19 weeks till
maturity.
Plant growth parameters such as germination, shoot length and dry weight per
pot were recorded. Moreover, leaf soluble protein content and acid phosphatase
activity was also measured in five weeks old plants. At harvest element analysis for
Se and other nutrient element concentration in leaves and stem samples was done with
inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Soluble protein content estimation
Five weeks old corn plants leaf samples were used for soluble protein content
analysis. The method followed was Lowry et al. (1951). One gram frozen plant leaf
material was crushed in cold phosphate buffer (0.1 M) with the help of a Heidolph
Silent-Crusher M at 16,000 rpm in an ice bath. The ratio of plant material to buffer
was 1:4 (w/v). The samples were centrifuged at 14,000 rpm for 10 min at 4 C. The
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supernatant was used for the estimation of proteins content. Two mL of Folin's
mixture were added in 0.4mL of plant extract and test tubes were placed at room
temperature for 15 min. Then 0.2mL of Folin and Ciocalteu's phenol reagent was
added, mixed well and placed at room temperature for 45 min for the development of
color. The absorbance for soluble proteins was taken at 750 nm with help of a Cecil
Aquarius CE7200 double beam spectrophotometer. Amount of soluble proteins was
calculated using standard curve.
Acid Phosphatase Activity
After five weeks of post germination, acid phosphatase activity was estimated
in corn leaf samples. The method described by Iqbal and Rafique (1987) was used for
extraction and quantification of acid phosphatase enzyme. One gram of frozen plant
leaf was crushed in cold 0.1 M Tris HCl buffer (pH 6.5) with the help of a Heidolph
Silent-Crusher M at 16,000 rpm in an ice bath with a ratio of buffer to plant material
of 4:1 (v/w). Centrifuged for 10 min at 14000 rpm. The supernatant was used for the
estimation of acid phosphatase activity at 37°C, pH 4.9 and time duration was one
hour. For the quantitative estimation of enzyme, series of reactions i.e., control, blank,
standard and test were carried out as follow:
Control
For control 1 mL of citrate buffer (pH 4.9) and 1 mL of substrate phenyl were
mixed in labeled set of test tubes. The samples were placed at 37°C for one hour in
water bath. Then 1 mL of 0.5 N NaOH was added followed by 0.2 mL of enzyme
extract in each tube and mixed thoroughly.
Blank
For blank reaction 1 mL of distilled water, 1.2 mL of citrate buffer (pH 4.9)
and 1 mL of 0.5 N NaOH were mixed together in a test tube.
Standard
For standard reaction 1 mL of phenol standard, 1.2 mL of citrate buffer (pH
4.9) and 1 mL of 0.5 N NaOH were mixed together in a test tube.
Test
For test reaction 1 mL of substrate phenyl was mixed with 1 mL of citrate
buffer (pH 4.9). Tubes were placed in water bath at 37°C for 3 min. After incubation,
0.2 mL of enzyme extract was added and incubated again at 37°C for one hour. Then
1 mL of 0.5 N NaOH was added.
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Finally in all the test tubes (control, standard, blank and test) added 1mL of
0.5N NaHCO3, 1 mL of 4-aminoantipyrin solution and 1 mL of potassium
ferricyanide solution. The test tubes were shaken well to mix the solutions and
absorbance was determined immediately against water at 510 nm by a Cecil Aquarius
CE7200 double beam spectrophotometer. To calculate total enzyme activity following
formula was used,
Acid phosphatase (K.A units / 100 mL) =

T-C
(S-B) x W

Where K.A unit is the liberation of 1 mg of phenol in one hour.
T= Absorption of test
C= Absorption of control
S= Absorption of standard
B= Absorption of blank
W= Weight of plant material (g)
Elemental analysis of plants
After harvest, plant samples were oven dried at 50 C for 48 h. Selenium and
other macro/micro nutrient element analysis in stem and leaf samples was done as
described by Fassel (1978). Dried plant samples (0.1 g) were digested in 1 ml of
concentrated nitric acid for 2 h at 60 C and then for 6 h at 130 C. The acid digests
were diluted to 10 ml with double distilled water and analyzed for Se and other
nutrient content by inductively coupled plasma atomic emission spectroscopy (ICPAES).

Selenium biofortification of wheat (Triticum aestivum L.): Potential
use of microbes for enhanced selenate uptake in cereals
Wheat Plant Growth experiment
Wheat (Triticum aestivum L.) seeds (Variety Seher-2006) were obtained from
Punjab Seed Corporation Lahore, Pakistan. The plants were cultivated in University
of the Punjab, Pakistan (Latitude: 31 35’ North, Longitude: 74 18’ East). The
experiment started in January 2012 when the highest temperature was 19 C and the
lowest temperature was 2 C. Plants were harvested in April 2012 when maximum
temperature was 33 C and lowest temperature was 15 C. Earthen pots (12ʺ in diameter
and 14ʺ in height) were filled with 8 kg of natural garden soil taken from the
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Botanical Garden of University of the Punjab. Plant growth experiment consisted of
following four treatments. (i) Control plants (ii) Inoculated plants (iii) Se-treated
plants (iv) Inoculated Se-treated plants.
Each treatment consisted of three pots and in each pot 20 seeds were sown
initially. Wheat seeds were inoculated with 24 individual bacterial strains Bacillus
foraminis-YAK1, Bacillus thuringiensis-YAK2, Bacillus licheniformis-YAK4,
Proteus pennri-YAK6, Bacillus endophyticus-YAK7, Bacillus licheniformis-YAP1,
Bacillus cereus-YAP6, Bacillus licheniformis-YAP7, Bacillus endophyticus-YAM1,
Bacillus pichinotyi-YAM2, Bacillus jeotgali-YAM3, Bacillus licheniformis-YAM4,
Bacillus sp.-YAR3, Bacillus flexus-YAR4, Bacillus sp.-YAR5, Bacillus cereus-YAR7, Bacillus licheniformis-YAR8, Bacillus pumilus-CrK08, Cellulosimicrobium
cellulans-CrK16 and Exiguobacterium-CrK19, except control seeds. After post
germination plants were thinned out to 15 seedlings per pot and allowed to grow till
maturity. The pots were arranged in a randomized design. The plants were watered
with 600 mL water per pot twice weekly during the cold season (Jan–March) and
according to requirement in the subsequent hot season. The plants were grown in a
wire house under natural daylight, temperature and humidity till maturity.
Wheat selenium treatment and co-cultivation
Earthen pots (12ʺ in diameter and 14ʺ in height) were filled with 8 kg of
natural garden soil. Seeds were inoculated with individual bacterial strains, except
control seeds and 1 week after post germination all seedlings were treated with Se.
Sodium selenate Na2SeO4.10H2O (Uni-Chem ®) was used as a source of Se supply to
the plants. The Se treatment was given to the plant via watering with sodium selenate
(Na2SeO4) solution (300 µM). The Se treatment was given in two doses. One liter of
300 µM sodium selenate solution per pot (3 mg Se kg-1 soil) was given to the plants
after five days post seed germination, and the second dose of one liter of 300 µM
sodium selenate solution per pot (3 mg Se kg-1 soil) was given to the plant at the time
of spike formation. The plants and bacteria were co- cultivated for a period of 18
weeks before harvest. After harvest plants roots were washed with tap water to
remove soil particles and following parameters were recorded for wheat plants:
i.

Germination %

ii.

Shoot lengths (cm)

iii.

Spike length (cm)

iv.

Dry weight of plants per pot (g)
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v.

Dry weight of seeds (g)

vi.

No. of seeds

vii.

Elements concentration in stem by (mg kg-1 of DW)

viii.

Element concentration in kernel

Moreover, 8 weeks old plant leaves were used for analysis of
i.

Soluble protein content in leaves.

ii.

Acid phosphatase activity in leaves.

Natural seleniferous soils as a source for production of selenium
enriched foods and potential role of bacteria for selenium uptake in
Indian mustard plants (Brassica juncea)
Soil sampling from Natural Pine Ridge seleniferous area
Seleniferous soil samples were collected from the Pine Ridge Natural Area in
Fort Collins, CO, USA (Galeas et al. 2007; El Mehdawi et al. 2012). In Pine Ridge
soil total Se concentration was 8.2 ppm Se kg-1 of soil. The soil was collected at a
depth of 0-15 cm from four different sites in an area containing Se hyperaccumulator
species Astragalus bisulcatus. Soil samples were transferred to the Colorado State
University (CSU) green house in plastic containers. After solid debris removed the
pots were filled with 2 kg of seleniferous soil. To improve aeration, 150 g of
Greengrade-Turface® were mixed in the top 2-3 inches of each pot.
Plant growth experiment in Pine Ridge (PR) seleniferous soil
For this study, Se accumulator plant Indian mustard (B. juncea) seeds were
used. B. juncea seeds (accession No. 173874) were originally obtained from the North
Central Regional Plant Introduction Station, Ames, IA, USA. To check the seed
germination B. juncea seeds were sown in small plastic pots (5/5ʺ) filled by peat
moss. Four-day old seedlings were transferred to their respective large pots (20 cm
diameter) filled with 2 kg of natural seleniferous soil. The greenhouse temperature
range was 70-79 F/64-75 F (day/night); atmospheric pressure (17.5 PSI), humidity in
the air was 45-50 %, and the day length was 14.5-15 h. There were five treatments (all
plants grown in seleniferous soil) each consisting of five replicates:
i.

Un-inoculated control plants.

ii.

Inoculated with bacterial consortium G1 (consisted of bacterial strains
YAK-2, YAK-4, YAK-7, CrK-16 and CrK-19).
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iii.

Inoculated with consortium G2 (consisted of bacterial strains YAP-1,
YAP-6, YAP-7 and CrK-8).

iv.

Inoculated with consortium G3 (consisted of bacterial strains YAM-1,
YAM-2, YAM-4 and YAR-4).

v.

Inoculated with consortium G4 (consisted of bacterial strains YAR-3,
YAR-5, YAR-7 and YAR-8).

Plants were inoculated with four bacterial consortia G1, G2, G3 and G4 one
week after seedling transfer (when the first true leaves formed) as explained below.
To prepare fresh bacterial cultures the individual bacteria were inoculated in LB
media tubes and allowed to grow at 30 C for 24 h at 200 rpm and OD at 600 nm was
adjusted to 1 with sterile distilled water. The cultures were centrifuge at 5000 rpm for
10 min and pellet was resuspended in distilled water to get the same volume. Two mL
of culture (from all individual culture tubes) were mixed together to get mixed
bacterial cultures G1, G2, G3 and G4. With a sterile syringe mixed bacterial culture
suspensions (10 mL/ pot) were dispensed in the soil around the seedlings. Plants were
allowed to grow till maturity and watered according to the soil water requirements. At
maturity plants physical growth parameters were recorded such as fresh weight (FW)
of shoot, dry weight (DW) of shoot, number of nodes per plant, number of leaves per
plant, flowering stalk length, and dry weight (DW) seeds per plant. Moreover,
analysis was also performed for non-protein thiol (NPT) content in leaves, intrinsic
water use efficiency (WUE), stomatal conductance and photosynthesis rate. Analysis
for Se and other macro/micro nutrient element in leaf, seeds, flowers and pods
samples was done by ICP-AES as described by Fassel (1978).
Gas exchange measurements
Gas exchange measurements including stomatal conductance (gs) and CO2
fixation rate (A) were obtained using a LI-6400 portable photosynthesis system (LiCor, Inc., Lincoln, NE, USA) with a leaf chamber fluorometer cuvette. Short-term,
intrinsic water-use efficiency (WUE) was calculated from the corrected A and gs.
Measurements were taken in the greenhouse on 42 days old flowering plants. The
youngest fully expanded leaf on the main stem was used for measurements. If no
healthy main stem leaf was available, then the youngest fully expanded axial stem leaf
was analyzed. The leaf was enclosed in the leaf chamber and the measurements were
logged after stability was attained in the chamber. Measurements were taken under
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constant leaf temperature (24 C), photosynthetic photon flux density (PPFD, 600
µmol m–2 s–1), and CO2 was maintained at 400 µmol mol−1 CO2. Data collected were
pooled and mean gas exchange rates for each population calculated.
Non-protein thiol (NPT) measurement
The method of Galli et al. (1996) was followed for determination of leaf nonprotein thiol content of plants. To get leaf extract, fresh leaf samples (100 mg) were
ground with 400 µL of 1 M NaOH containing 1 mg mL-1 NaBH4. After adding 200
µL of water the samples were mixed well and incubated for 10 min. After
centrifugation (for 5 min at 11000 rpm) took 300 µL of extract and 50 µL of conc.
HCL (37%) were added in it. After mixing centrifuged again for 3 min at 11000 rpm
and 20 µL of this solution was added to 1 mL of Ellman’s (Sigma D-8130) reagent
(300 µM 5,5-dithiobis (2-nitrobenzoic acid) in 100 mM potassium phosphate buffer
(K/Na-P), (pH 7.5). The absorbance at 412 nm was measured after 15-20 min with a
Beckman Coulter DU-730 UV/V spectrophotometer. A standard curve was made with
reduced glutathione (0-100 nmol/ 20 µL).
Elemental analysis of Pine Ridge seleniferous soil
Selenium and other micro/macro elements analysis of soil samples were done
as described by Galeas et al. (2007). First the soil samples were sieved through a 1
mm mesh and then dried at 50 C for 24 hours. Dried samples (1g) were digested in 35 mL of concentrated nitric acid for 2 h at 60 C and then for 6 h at 130 C. The acid
digests are then diluted to 25 mL with distilled water and analyzed for different
elements by inductively coupled plasma optical emission spectroscopy (ICP-OES).

Selenium hyper-accumulators: Se sources for Se deficient soils and
impact of microbial inoculation on Se uptake in Indian mustard (B.
juncea)
Collection of leaves from selenium hyperaccumulator plants
Stanleya pinnata is commonly known as Princes plume. S. pinnata is a Se
hyperaccumulator plant which grows exclusively in seleniferous soils. For Se
fertilization of B. juncea plants Se-enriched plant dry material (leaves) were collected
from Se hyperaccumulator S. pinnata. These S. pinnata plants were naturally growing
in seleniferous shale rock-derived soil, Pine Ridge Natural Area (elevation 1510 m,
40_32.70N, 105_07.87W) on West side of Fort Collins, CO, USA. For Se content
analysis the leaves were oven dried for 48h at 50 C. Dry leaves were crushed with
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grinder into fine powdery dry biomass. Metal content analysis in leaves was done by
acid digestion ICP-AES as described by Fassel (1978).
Plant growth experiment in Greengrade-Turface®
For this study, Indian mustard (B. juncea) seeds were pre-germinated in plastic
pots (5/5ʺ) filled by peat moss under lab conditions, 27 C and 24 h per day fluorescent
light exposure. Four days old seedlings were transferred to their respective large pots
filled with 500 g of Greengrade-Turface® and 15 g peat moss was added in the base
of each pot to enhance aeration and water uptake. The plants were allowed to grow
under controlled conditions in green house till maturity. The greenhouse temperature
range was 70-79 F/64-75 F (day/night); atmospheric pressure (17.5 PSI), humidity in
air 45-50 %, and the day length 14.5-15 h. There were total six treatments, each
consisting of five replicates:
i.

Control (non-inoculated and non Se-treated).

ii.

Se-treated.

iii.

G1-Se (inoculated with bacterial consortium G1and Se-treated).

iv.

G2-Se (inoculated with consortium G2 and Se-treated).

v.

G3-Se (inoculated with consortium G3 and Se-treated).

vi.

G4-Se (inoculated with consortium G4 and Se-treated).

Plants were inoculated one week after seedling transfer (when the first true leaves
formed) as explained below.
Plant inoculation with bacterial consortium
Four bacterial consortia G1, G2, G3 and G4 mixed cultures of different strains
were used to inoculate the B. juncea plants. The G1 bacterial consortium consisted of
bacterial strains YAK-2, YAK-4, YAK-7, CrK-16 and CrK-19. The G2 bacterial
consortium consisted of bacterial strains YAP-1, YAP-6, YAP-7 and CrK-8. The G3
bacterial consortium consisted of bacterial strains YAM-1, YAM-2, YAM-4, and
YAR-4. Whereas the G4 microbial consortium consisted of bacterial strains YAR-3,
YAR-5, YAR-7 and YAR-8.
To prepare 24 h fresh growth of bacteria, the individual bacteria were
inoculated in LB media tubes and allowed to grow at 30 C for 24 h at 200 rpm. To
obtain equal number of bacterial cells in all individual cultures the OD (at 600 nm) of
all individual cultures was adjusted to 1 with sterilized distilled H2O. The cultures
were centrifuged at 5000 rpm for 10 min and pellet was resuspended in distilled water
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to obtain the same volume. Two mL of each culture (from all individual culture tubes)
were mixed together to get mixed bacterial cultures G1, G2, G3 and G4. With a sterile
syringe mixed bacterial culture (10 mL per pot) were dispensed off in the Turface
around the seedlings. Plants were allowed to grow till maturity and watered with ½strength Hoagland’s nutrient solution twice weekly from top. At harvest plants
physical growth parameters such as shoot length, shoot FW/ DW, number of leaves,
number of nodes and sub-nodes, length of inflorescence stalk, seeds DW, root length,
root fresh weight and root dry weight were recorded. Moreover, analysis for intrinsic
water use efficiency (WUE), photosynthesis, stomatal conductance was also
performed on 42 days old flowering plants. Analysis for Se and other macro/micro
nutrient elements in leaves, flowers, pods skin, seeds and roots samples was done by
ICP-AES as described by Fassel (1978).
Selenium supply to B. juncea plants
Se concentration in S. pinnata dry leaf material was tested by ICP-AES.
S. pinnata leaves showed 605 mg Se kg-1 dry weight. In every pot 2g dry leaf powder
of S. pinnata was added. So, final concentration of Se in each pot was 1.21 mg Se per
500 g of Turface® (or 2.42 mg Se kg-1 of Turface®). S. pinnata dry powder was
sprinkled on surface and mixed in top one inch of Turface®.

Biogenic selenium nano-particles: role of bacteria in nano-Se uptake
in Brassica juncea
Biogenic Se nanoparticles (NPs) preparation
For preparation of biogenic Se nano-particles (NPs), 20 mL of sterile Luria
broth medium (pH 7) was prepared in a 50 mL sterile screw-capped tube and
supplemented with 10 mM Sodium Selenite (Na2SeO3). Inoculated with 50 µL of
overnight incubated bacterial culture of strain YAP-6 and incubated for one week at
30 C and 200 rpm shaking speed. Red elemental Se NPs appeared in the culture
medium within 24 h. To follow the change in Se concentration in the media, 1 mL
samples were collected every 24 h and centrifuged at 10000 rpm for 10 min. The cell
free supernatant was diluted 100-200 fold with distilled water in a 15 mL screw
capped tube to make final volume up to 10 mL. Supernatant was used for Se contents
analysis by inductively coupled plasma optical emission spectroscopy (ICP-OES)
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until the Se contents in the supernatant become zero; all soluble Se changed into
insoluble red elemental Se nanoparticles/ nanospheres.
To kill and disrupt the vegetative bacterial cells, the culture media (red
elemental Se NPs + bacterial cell) was autoclaved at 15 PSI and 12 C for 20 min and
culture centrifuged at 5000 rpm for 15 min. To remove any soluble Se traces, the red
pellet (elemental Se plus dead bacterial cells) was washed 4-5 times with 10 mL of
double distilled deionized water. The pellet resuspended in double distilled deionized
water to obtain a final concentration of 0.27 mg Se mL-1.
Supply of Se NPs to plants in Hoagland nutrient solution
Plants were grown in hydroponic system and watered with ½-strength
Hoagland solution thrice weekly. For Se NPs supply to plants, 5 mL of Se NPs
solution (0.27 mg Se mL-1) was added into respective treatment in the start of plant
growth experiment. In general, the final concentration of Se NPs in each hydroponic
system was 1.35 mg Se per 250 mL of ½-strength Hoagland solution.
Plant growth in Hydroponic System
Indian mustard (B. juncea) seedlings were pre-germinated in pots filled with
peat moss until the first true leaf formation. To remove dust particles and peat moss
debris seedlings roots were repeatedly washed with tap water. Six seedlings per
treatment were transferred to respective hydroponic containers filled with 250 mL ½Hoagland solution (Hoagland and Arnon, 1938). Four testaments were used:
i.

Control (plants not treated with Se NPs and un-inoculated)

ii.

Se-treated (un-inoculated plants).

iii.

YAP6-Se (plants treated with Se NPs and inoculated with strain Bacillus
cereus-YAP6).

iv.

71-Se (plants treated with Se NPs and inoculated with strain Pseudomonas
moraviensis stanleyae-71).
To get fresh seed cultures for plant inoculation, individual bacterial cultures were

grown in sterilized LB media at 30 C for 24 h at 200 rpm. Optical density (at 600nm)
of the cultures was adjusted to 1 with the sterilized distilled water and 2 mL
individual bacterial culture of each strain (YAP-6 or 71) was added to 250 mL of
nutrient solution, respectively. Seedlings were allowed to grow for 3 weeks under
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laboratory conditions at room temperature 22 C and 24 h per day fluorescent light
exposure. At harvest plants growth parameters were measured e.g., number of leaves
and fresh biomass/ dry biomass of root and shoot. Elements analysis was performed
for Se, S, Cu, Mg and Fe content in shoot and root by ICP-AES. Furthermore the
effects of Se NPs were studied on root growth, anthocyanin pigment production, leaf
hair and epinasty.

Study of gene expression of sulfate transporters and ATPsulfurylases in Indian mustard
Biological and chemical materials
For bacterial inoculation two Se resistant strains Bacillus cereus-YAP6 and
Bacillus licheniformis-YAP7 were used. Effect of bacterial inoculation was tested on
Indian mustard (B. juncea) Var-2009 for selenate uptake in the plants. Moreover, the
effect of inoculation with a consortium of two Se-resistant PGPR strains (YAP6 and
YAP7) was tested on the expression of various genes encoding sulfate transporters
(SULTR1;1, SULTR1;2 and SULTR2;1) and ATP-sulfurylases (APS1, APS2 and
APS4) in the roots of Indian mustard (B. juncea) under laboratory conditions. The
plants were grown in Turface® and watered with ¼-Hoagland nutrient solution
supplemented with 10 µM sodium selenate.
Plant growth experiment
Plant growth experiment was performed under laboratory conditions. Plastic
pots (5/5ʺ) were filled with sterilized Turface®. Ten seeds of B. juncea (surface
sterilized with 0.1% mercuric chloride solution) were sown in control and inoculated
pots, respectively. Both control and inoculated plants were watered three times a week
with ¼- Hoagland solution, supplemented with 10 µM sodium selenate.
For inoculation fresh bacterial cultures were grown in sterilized LB medium at
37°C in shaking incubator at 200 rpm. Optical density (at 600nm) of individual
cultures of strain YAP-6 and YAP-7 was adjusted to 0.5 with sterilized distilled
water. To obtain mixed culture, both strains were mixed together in equal volume.
Mixed culture was centrifuged at 5000 rpm for 8 min. Bacterial pellet was
resuspended in sterilized distilled water to obtain the same volume. Two mL of mixed
culture was added to the respective pots. Three weeks old plants roots samples were
used for expression analysis of various genes encoding for sulfate transporters and
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ATP-sulfurylases. At harvest (after three weeks) analysis was performed for plant
physical growth parameters and up take of various nutrient elementals by ICP-AES.
Sample preparation for RNA extraction from roots
B. juncea plants roots were washed frequently with distilled water to remove
any trace amounts of Se. Six root samples were taken (three biological replicates, and
each biological replicate was analyzed in two technical replicates) for each gene
expression analysis. The plant root material (≤ 200 mg) weighed quickly using gloves
in the 2 mL tubes (with 2 clean steel balls inside each tube). The tubes were put in
liquid nitrogen and then transferred to the -80 C freezer for storage.
Extraction of RNA from roots with Trizol reagent (Invitrogen)
The plants root material was grounded using the Qiagen Tissue Lyser II and
after sample lysis tubes were kept inside the blocks for 10 min in the -80°C freezer.
After adding Trizol reagent (1 mL per 100 mg plant tissue) vortex the samples and
kept at room temperature for 10 min. Centrifuged at 13,000 rpm for 10 min at 4 C.
The supernatant transferred to a new 2 mL tube. 200 µL chloroform was added to 1
mL of Trizol used and vortexed the tubes for 15 sec and kept them at room
temperature for 15 min. Centrifuged at 13000 rpm for 15 min at 4°C. The colorlessupper phase collected in a new tube and 250 µL isopropanol added to 1 mL of Trizol
used. Mixed gently and kept them at room temperature for 10 min. Centrifuged the
samples at 13000 rpm for 10 min at 4°C and the supernatant discarded. The pellet
washed with RNase-free EtOH 70-75% (1 mL per mL of Trizol used). Centrifuged at
10000 rpm for 5 min at 4°C. The supernatant was discarded and the samples were
briefly centrifuged. Sucked up the remaining drops of liquid in the tubes and let the
pellets to dry for max 10 min under the hood. The pellet dissolved in 30 µL of sterile
RNase-free water. The tubes were kept inside a heat block at 55-60°C for maximum
10 min. The concentration of RNA was measured in the samples with Nano-drop
spectrophotometer. Blank prepared with RNase-free water. To check the absence of
RNA degradation 1-2 µg RNA of each sample was run in the agarose gel for 45 min.
DNase treatment and cDNA synthesis using SuperScript III
The RNA sample (2-3 µg) and RNase-free water (Volume of RNA+water
must be 6 µL) was added in 1.5 mL labeled tube. Added 1.2 µL DNase and 0.8 µL
DNase buffer and incubated at 37°C for 30 min. Added 0.8 µL of EDTA (25 mM) and
kept at 65°C for 10 min. The samples were stored in -80°C.
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After DNase treatment in the same tubes added 1 µL of dNTPs (10 mM) and
1µL oligo dT. Incubated at 65°C for 5 min then cooled on ice for 5 min. Added 10 µL
of cDNA synthesis master mix (Buffer 10X 2 µL, MgCl2 4µL, DTT 0.1 M 2 µL,
RNase out 1 µL, SuperScript III RT (200 U/µL) 1 µL). Then incubated at 50°C for 50
min and then at 85°C for 5 min. Chilled on ice and added 1 µL RNase H and incubate
at 37°C for 20 min. The cDNA samples stored at -20 C.
PCR to check the cDNA gene expression
The template cDNA was diluted three fold (3X) and only 1 µL was used from
this template cDNA. For Standard PCR protocol (total reaction mixture 25µL) the
setup on ice in small PCR tubes include: added sterile water 15 µL, 10X buffer
(without MgCl2) 2.5 µL, MgCl2 (25 mM) 1.5µL, dNTPs (2 mM each) 2.5µL, Primers
(10 pmol/µL) 1 µL + 1µL, template 1 µL, Taq polymerase (added 1 unit) 0.2 - 0.4 µL
and mixed. The PCR machine run conditions were as follow: denaturation for 5 min
at 94 C. Then for 30-cycles : denaturation for 30 sec at 95°C, annealing for 30 sec at
55°C, extension for 2 min at 72°C, and then final extension for 5 min at 72 C. Then 10
µL DNA was used from PCR product for analysis by agarose gel electrophoresis
(mixed with 2 µL of 6X loading buffer).
Gel electrophoresis
For gel electrophoresis, 1% agarose gel (made in 1X TBE) was used and 3µL
of ethidium bromide was added in 50 mL of gel. Running buffer was 1X TBE. 6X
loading buffer (5 µL) was added in PCR tubes. 10 µL of DNA samples were loaded in
each respective well and 10 µL of gene ruler (1Kb ladder) was loaded in respective
well. The gel was run at 70-100 V for 30-45 min and DNA bands were observed
under UV light.
Quantitative Real Time PCR (qRT-PCR)
SYBR green master mixture was prepare (for one reaction): 2X SYBR green 5
µL, primer Fw (10 µM) 0.5 µL, Primer Rev (10 µM) 0.5 µL, H2O 3 µL, diluted
cDNA (3X) 1 µL per well. Added 10 µL of SYBR green mixture per well for each
reaction.
For expression analysis of sulfate transporters and ATP sulfurylase genes,
different master mix was prepared, each one with a different combination of primers
(as mentioned above in primers table. Then aliquot the mix in the wells of the plate
(96 well plate for RT PCR) at the end and added 1 µL cDNA in each well. When the
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plate got ready, put the seal cover on it and shortly centrifuged the plate. qRT-PCR
was done in Light-Cycler (Roche480) machine. The Ct values are expressed relative
to normalized actin expression. The mRNA relative transcripts level (RTL) to actin
was expressed as fold change (FC) and calculated with this formula 2^(-ΔCt).
Primers
The primer sequence for genes are as follow:
Gene name

Forward primer 5’-3’

Reverse Primer 5’-3’

Sultr1;1

TGTTCATCACACCGCTCTTC

TGCTGCGTCAATGTCAATAAG

Sultr1;2

ATGGCTGGATGTCAAACTGC

TCAGAGGAATCACTGCGTTG

Sultr2;1

TTGGGCTACAAGAAACTCGTC

CTGAAAATCCCGAAAGAAGC

APS1

CCCTATCCTTTTGCTTCATCC

GTGCTGCTTCATCCTCCAAC

APS2

CATCAAGAGGAACATCATCAGC TTACAGGCTATCTCCTAAACAGC

APS4

GAGAAGGTGCTTGAGGATGG

TTGGAGATGGGAAGATGGAG

Actin1

AGCATGAAGATCAAGGTGGTG

CTGACTCATCGTACTCTCCCT

16S rRNA sequencing of bacteria
Seventeen bacterial isolates were sent to Macrogen (Korea) for 16S rRNA
gene sequence analysis. To obtain pure individual colonies of bacteria, the isolates
were streaked on L-agar plates and incubated at 37°C. 16S rRNA gene sequence
analysis was done by colony PCR with following set of universal sequencing primer,
518F (CCAGCAGCCGCGGTAATACG) and 800R (TACCAGGGTATCTAATCC).
The sequences obtained were checked with Finch TV software (Geospiza) for quality
of base calling. For phylogenetic and molecular study, the sequences were classified
using NCBI nucleotide data base. Phylogenetic trees were made using neighborjoining method in MEGA 6.0 (Tamura et al., 2011). For the reliability of constructed
trees 100 replicates of boot-strap test were used (Felsenstein, 1985). To check the
group of bacteria, all sequences were compared in single phylogenetic tree. However,
individual phylogenetic trees were also constructed for each strain by comparing with
nearest BLAST homologues and an out group sequence of closely related genus.
Statistical Analysis
SPSS v20 software was used for statistical data analysis. To compare
difference between two means t-test was used. For comparison between multiple
means ANOVA followed post hoc Duncan or Tukey (HSD) was used at 95% level of
confidence.
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Microorganisms have the ability to adapt their environment and to survive under
stressed conditions such as salinity, temperature, pressure, extreme pH, toxic organic/
inorganic compounds, antibiotics, UV radiations and heavy metal pollution etc.
Selenium (Se) is found naturally in soil. Selenium is used commonly in many
industries such as in metallurgy, paint, glass manufacturing, ink, pigments, fertilizers,
agriculture, pesticides, fungicide, and pharmaceutical catalysts. For present study Se
resistant bacteria were isolated from soil contaminated with various heavy metal,
fossil fuels and its byproducts and industrial waste from different industries. For
isolation of Se resistant bacteria soil samples were collected from two major industrial
cities Lahore and Kasur, Punjab, Pakistan (Fig-3.1, Fig-3.2). Soil samples from
Lahore city were collected from sediments of Rohi-Nala (Fig-3.3), from the
rhizosphere of plants (Fig-3.3) and along Canal bank road (Fig-3.4), soil sampling
sites were contaminated with effluents from multiple industries and fossil fuel and its
byproducts, respectively. Biochemical and physiological characterization of isolated
Se resistant strains was performed for their identification and characterization.
Soil analysis
Soil samples collected from tannery waste contaminated site from Kasur city
were slightly alkaline in nature (pH 8). Whereas soil samples collected from Lahore;
along Canal bank road (pH 5.5), industrial drainage sediments (pH 5) and rhizosphere
soil along the bank of industrial drainage (pH 5) were slightly acidic in nature. Soil
sample collected from tannery waste contaminates site in Kasur city were analyzed by
PCSIR laboratories, Lahore. Tannery waste contaminated soil showed Electrical
conductivity (EC) 15 ms/cm, pH 8, organic matter 8.1%, sulfates 3 mg kg-1,
bicarbonates 0.6 mg kg-1, sodium 1.6 mg kg-1, potassium 0.1 mg kg-1 and phosphates
21 mg kg-1 (Yasin and Faisal 2013). Industrial waste contaminated soil collected from
Lahore showed arsenic 7 mg kg-1, total chromium 6 mg kg-1, sulfate 3.1 mg kg-1 and
organic matter 5%.
Isolation of Se resistant bacteria
Four soil samples were collected under sterilized conditions and transported to
laboratory. Selenium resistant bacterial strains were isolated from these soil samples
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Fig-3.1 Soil sampling sites (arrow signs) in Lahore and Kasur, Punjab, Pakistan.

Fig-3.2 Soil sampling sites (red circles) from Lahore city for isolation of Se resistant
bacteria.
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Fig-3.3 Heavy metal contaminated soil sampling site (sub branch of Hadyra drain,
which receives domestic and industrial effluents from Lahore city).

Fig-3.4 Soil sampling site (orange circle) along Canal bank road in Lahore city,
contaminated with automobiles fuel and its byproducts.
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by serial dilution method followed by spread plate method on L-agar medium
supplemented with 2 mg mL-1 of sodium selenite. On the basis of differences in
colony morphology, twenty one bacterial strains were isolated and selected for further
biochemical and physiological characterization (Table-3.1).
From tannery contaminated soil sample, five Se resistant bacterial strains
(YAK1, YAK2, YAK4, YAK6 and YAK7) were isolated. Four strains (YAP1, YAP4,
YAP6 and YAP7) were isolated from Canal bank road soil sample. Six strains
(YAM1, YAM2, YAM3, YAM4, YAM5 and YAM6) were isolated from sediments
of industrial drainage and six strains (YAR2, YAR3, YAR4, YAR5, YAR7 and
YAR8) from rhizosphere soil collected along the bank of industrial drainage.
Moreover, bacterial strain Pseudomonas moraviensis stanleyae-71 is an
endophyte isolated from Se hyperaccumulator Stanleya pinnata and three heavy metal
resistant bacterial strains isolated by Rizvi and Faisal (2013), Bacillus pumilus-CrK08
(Genbank Acc No: GQ503326), Cellulosimicrobium cellulans-CrK16 (Genbank Acc
No: GQ503328), and Exiguobacterium sp-CrK19 (Genbank Acc No: GQ503330)
were also used in present study.
Selenium resistance capacity of bacteria
Isolated bacterial strains exhibited high resistance against selenium. Selenium
resistance ability of all isolated strains was tested up to 20 mg Na2SeO3 mL-1 of Lagar medium and 10 mM Na2SeO4 mL-1 of LB medium. All strains showed
remarkable growth at such a high concentration of Se in LB media. Moreover, strain
Pseudomonas moraviensis stanleyae-71 showed resistance against Se up to 20 mM
Na2SeO4 mL-1 of LB medium and three heavy metal resistant bacterial strains isolated
by Rizvi and Faisal (2013), Bacillus pumilus-CrK08, Cellulosimicrobium cellulansCrK16, and Exiguobacterium sp-CrK19 exhibited resistance against Se up to 20 mg
Na2SeO3 mL-1 of L-agar medium.
Optimization for temperature
For growth temperature optimization bacterial strains were cultured in LB
medium at various temperatures 28°C, 37°C and 45°C. Cultures were incubated
overnight at 150 rpm at incubating shaker and optical density (OD) of the cultures
was taken at 600 nm with spectrophotometer. All of the isolated bacteria showed the
best growth at 37°C (Fig-3.5). However, majority of the strains also showed
remarkable growth at 28°C, except strains YAK1, YAM3 and YAR7 which exhibited
lower growth than other strains. Similarly, majority of bacterial strains also showed
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better growth at 45°C, except YAK1, YAM2, YAM3 and YAR7. In general the order
for temperature for optimal growth conditions was as follow: 37> 28> 45°C.
Growth at various pHs
Environmental pH is a very import factor to control the growth rate of
microorganism. For optimum growth pH, isolated bacterial strains were cultured
overnight in LB medium at 37°C and 150 rpm at shaking incubator at various pHs 5, 7
and 9. To measure the growth, OD of the cultures was taken at 600 nm with
spectrophotometer. Several bacterial isolates exhibited the best growth at neutral pH
(pH 7), (Fig-3.6). However, at alkaline pH (pH 9) all isolates showed remarkable
growth, except strain YAM1, YAM3 and YAR4. Least growth was observed at pH 5
and only few isolates e.g. YAP4, YAP7, YAM4, YAR4, YAR3, YAR5 and YAR8
showed remarkable growth at acidic pH (pH 5).
Growth curve
To study the life cycle of strains, the bacteria were cultured in LB medium
(without sodium selenite supplementation) at 37°C, pH 7 and 200 rpm. Growth curves
were plotted by taking OD at 600 nm against specific time intervals. Cultures were
grown without sodium selenite, because all isolated bacteria can reduce sodium
selenite into insoluble red Se particles. This elemental red Se gave color to the
medium, which interrupts absorbance. After specific time interval cultures were
drawn aseptically and OD was taken at 600 nm with spectrophotometer.

Time

duration of lag phase for most of the isolates was 4-6hrs, respectively. However,
strains YAM2, YAR, YAR3, YAR4 and YRA8 showed lag phase >6hrs. For most of
the bacterial strain stationary phase reached after 32h and death phase started after
48hrs (Fig-3.7, Fig-3.8, Fig-3.9). Generation time for all isolated bacteria was also
calculated from above mentioned growth curves and cultures (Fig-3.10).
Antibiotic resistance profile
Selenium resistant bacterial isolates were also tested for susceptibility/
resistance against different commonly used antibiotics (Table-3.2). All isolates
showed resistance against Chloramphenicol (5 g ml-1). Strain YAK1, YAM3 and
YAM5 showed sensitivity to most of the antibiotics. Majority of the isolates were
resistant against Ampicillin (300 g mL-1). Almost 50% isolates showed resistance
against Streptomycin (500 g mL-1), except YAK1, YAK2, YAK6, YAK7, YAP6,
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Table3.1. Isolation of selenium resistant bacteria from various localities.

Sr.

Bacterial

Nature of sample

Source/ pollutant

pH

Locality

No.

isolates

1

YAK1

Soil

Tannery waste

8

Kasur

2

YAK2

Soil

Tannery waste

8

Kasur

3

YAK4

Soil

Tannery waste

8

Kasur

4

YAK6

Soil

Tannery waste

8

Kasur

5

YAK7

Soil

Tannery waste

8

Kasur

6

YAP1

Soil

Fossils fuel and byproducts

5.5

Lahore

7

YAP4

Soil

Fossils fuel and byproducts

5.5

Lahore

8

YAP6

Soil

Fossils fuel and byproducts

5.5

Lahore

9

YAP7

Soil

Fossils fuel and byproducts

5.5

Lahore

10

YAM1

Muddy soil/

Waste from multiple

5

Lahore

sediments

industries

Muddy soil/

Waste from multiple

5

Lahore

sediments

industries

Muddy soil/

Waste from multiple

5

Lahore

sediments

industries

Muddy soil/

Waste from multiple

5

Lahore

sediments

industries

Muddy soil/

Waste from multiple

5

Lahore

sediments

industries

Muddy soil/

Waste from multiple

5

Lahore

sediments

industries

11

12

13

14

15

YAM2

YAM3

YAM4

YAM5

YAM6

16

YAR2

Rhizospheric soil

Industrial drainage waste

5

Lahore

17

YAR3

Rhizospheric soil

Industrial drainage waste

5

Lahore

18

YAR4

Rhizospheric soil

Industrial drainage waste

5

Lahore

19

YAR5

Rhizospheric soil

Industrial drainage waste

5

Lahore

20

YAR7

Rhizospheric soil

Industrial drainage waste

5

Lahore

21

YAR8

Rhizospheric soil

Industrial drainage waste

5

Lahore
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Optimum growth temperature

Optical density (OD) at 600 nm

2.5

2

1.5

28 C

37 C
1

45 C

0.5

0

Bacterial isolates
Fig-3.5 Determination of optimum growth temperature for Se resistant bacterial isolates overnight incubated in LB medium at 150
rpm. All isolates showed maximum growth at 37°C. Most of the isolates also showed remarkable growth at lower temperature (28 C)
as well as at higher temperature (45 C).
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Optimum pH

Optical density (OD) at 600 nm

2.5

2

1.5

pH 5
pH 7
1

pH 9

0.5

0

Bacterial isolates
Fig-3.6 Determination of optimum growth pH range for Se resistant bacterial isolates, overnight incubated in LB medium at 37°C and
150 rpm. All isolates showed maximum growth at pH 7. Most of the isolates also showed remarkable growth at pH 5 as well as at pH
9.
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Fig-3.7 Growth curves of bacterial isolates grown in LB medium at 37°C, pH 7 and 150
rpm shaking speed.
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Fig-3.8 Growth curves of different bacterial isolates grown in LB medium at 37°C and
pH 7.
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Fig-3.9 Growth curves of different bacterial isolates in LB medium at 37°C and pH 7.
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Fig-3.10 Generation time (doubling time) of bacterial isolates.
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YAM1, YAM2, YAM3, YAM5, YAR4 and YAR7. Similarly, most of the isolates
showed resistance against Erythromycin (150 g mL-1), Penicillin (100 g mL-1) and
Tetracycline (25 g mL-1), except YAK1, YAK7, YAM3 and YAM5 (Table 3.2).
Cross metal resistance profile of bacteria
Bacteria have the ability to adapt the polluted environment. All Se resistant
bacterial strains showed resistance against various heavy metals (Table-3.3). All isolates
exhibited highest resistant against As (1000 µg mL-1) and Mn (250-1000 µg mL-1).
Majority of bacteria showed remarkable resistance against Cr (100-250 µg mL-1), Cu and
Zn (50-100 µg mL-1), except YAK1 which was sensitive to Cu ≤50 µg mL-1. Strain
YAK1, YAM2, YAM3 and YAR7 showed sensitivity against Zn ≤50 µg mL-1. The least
resistance observed against Co and Cd. Most of the bacteria were sensitive to Cd at ≤50
µg mL-1, except YAK4 and YAP6. Many strains were sensitive to Co ≤50 µg mL-1,
except YAK2, YAK4, YAK6, YAP1, YAM1, YAM2, YAM3, YAM4, YAM4, YAR4,
YAR5, YAR7 and YAR8 which showed resistance against Co (50-100 µg mL-1). In
general, heavy metal resistance profile of all Se resistant strains was as follow:
As>Mn>Cr>Cu>Zn>Co>Cd.
Characterization of Se resistant isolates
These

isolated

bacterial

strains

were

characterized

biochemically and

morphologically (Table-3.4, Fig-3.12). All isolates exhibited catalase activity. Majority
of the strains showed oxidase positive (oxidase reagent get blackish), and only two strains
YAK7 and YAM5 showed oxidase negative. Some bacteria can use citrate as carbon
source. Majority of Se resistant bacterial isolates were able to utilize citrate as carbon
source, except YAK7, YAP1, YAP6, YAM2, YAM3, YAM4, YAM5, YAR3, YAR5,
YAR7 and YAR8 (Fig-3.11). For production indole test, none of the isolates showed
tryptophanase activity. Most of the strains were able to hydrolyzed starch, except strain
YAM2. The isolates showed the ability to produce mixed organic acids, end products
from glucose fermentation, when methyl red indicator added into culture (MR test) it
turned red because of acidic end products. When Barritt’s reagent added in to 48h old
MR/ VP broth none of the isolates showed the ability to convert acidic products in to
non-acidic end products (e.g. acetoin).

Some isolates were motile (YAK2, YAK4,

YAP1, YAP6, YAM4, YAM6, YAR2, YAR3, YAR5 and YAR8) while others were
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unable to move. None of the isolates were able to produce pigment when streaked on
King’A and King’s B medium. Majority of the isolates showed malonate utilization
ability, except YAK1, YAK2, YAK7, YAP6, YAM1, YAM2, YAM3, YAM5 and
YAR8. Most of the isolates were able to reduce nitrate, except strains YAK1, YAK7,
YAM1, YAM5 and YAR4 which were unable to reduce nitrate. Microorganisms have the
ability to covert non soluble inorganic phosphorous compounds into soluble compound.
In contrast, here none of the isolates exhibited phosphate solubilization activity. Majority
of the isolates exhibited hydrogen cyanide (HCN) production ability, except YAM5 and
YAR8. All isolates showed the capacity of ammonia production and nitrate reduction
except YAK1, which showed negative ability for nitrate reduction (Fig-3.11). The
majority of isolates showed auxin (IAA) production when grown in nutrient media
supplemented with L-tryptophane. Strain YAP1 and CrK16 showed the lowest auxin
contents compared to other isolates (Fig-3.11, Fig-3.12). In general, auxin production by
isolates was L-tryptophane dependent.
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Table-3.2. Antibiotic resistance profile of Se resistant bacteria.
Strains

Ampicillin
(300 g mL )
-1

Streptomycin

Erythromycin

Penicillin

(500 g mL )

(150 g mL )

(100 g mL )

-1

-1

-1

Tetracycline

Chlorm-

(25 g mL )

phenicol

-1

(5 g mL-1)
YAK1

S

S

S

S

S

R

YAK2

R

S

R

R

R

R

YAK4

R

R

S

R

R

R

YAK6

R

S

R

R

R

R

YAK7

R

S

S

R

S

R

YAP1

R

R

S

R

R

R

YAP4

R

R

R

R

R

R

YAP6

R

S

S

R

R

R

YAP7

R

R

S

R

R

R

YAM1

R

S

R

R

S

R

YAM2

S

S

R

R

S

R

YAM3

S

S

S

S

S

R

YAM4

R

R

R

R

R

R

YAM5

S

S

S

S

S

R

YAM6

R

R

R

R

R

R

YAR2

R

R

R

R

R

R

YAR3

R

R

R

R

S

R

YAR4

R

S

S

R

R

R

YAR5

R

R

R

R

R

R

YAR7

S

S

R

S

R

R

YAR8

R

R

S

R

R

R

S = Sensitive
R = Resistant
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Table-3.3 Determination of cross metal resistance (µg mL-1) of selenium resistance
bacterial isolates.
Strain

Cr

As

Cu

Cd

Zn

Mn

Co

Order of metal resistance

YAK1

100

1000

S

S

S

500

S

As>Mn>Cr

YAK2

100

1000

100

250

100

1000 100

As, Mn>Cd>Cu, Cr, Co, Zn

YAK4

100

1000

100

100

100

500

100

As>Mn>Cr, Cu, Zn, Cd, Co

YAK6

100

1000

50

S

100

500

50

As>Mn>Cr, Zn>Co, Cu

YAK7

250

1000

100

S

100

500

S

As>Mn>Cr>Cu, Zn

YAP1

100

1000

100

S

100

1000 50

As, Mn>Cr, Cu, Zn>Co

YAP4

250

1000

100

S

100

1000 S

As, Mn>Cr>Cu, Zn

YAP6

250

1000

100

250

100

1000 S

As, Mn>Cr, Cd>Cu, Zn

YAP7

100

1000

100

S

100

1000 S

As, Mn>Cr, Cu, Zn

YAM1

250

1000

100

S

100

250

50

As>Mn, Cr>Cu>Co

YAM2

100

1000

100

S

S

500

50

As>Mn>Cr, Cu>Co

YAM3

100

1000

50

S

S

250

50

As>Mn>Cr>Cu, Co

YAM4

250

1000

100

S

100

1000 100

As, Mn>Cr>Cu, Co, Zn

YAM5

100

1000

50

S

S

250

As>Mn>Cr>Cu,Co

YAM6

100

1000

100

S

100

1000 S

As, Mn>Cr, Cu, Zn

YAR2

250

1000

100

S

100

1000 S

As, Mn>Cr>Cu, Zn

YAR3

250

1000

100

S

100

1000 S

As, Mn>Cr>Cu, Zn

YAR4

100

1000

100

S

50

1000 50

As, Mn>Cr, Cu>Zn, Co

YAR5

250

1000

100

S

100

1000 50

As, Mn>Cr>Cu, Zn>Co

YAR7

250

1000

50

S

S

250

As>Mn, Cr>Cu, Co

YAR8

100

1000

100

S

100

1000 100

S= sensitive to metal at ≤50 µg mL-1

62

50

50

As, Mn>Cr, Cu, Zn, Co

Chapter-03

Isolation and characterization of bacteria

Table-3.4 Biochemical characteristics of Se resistant bacterial isolates.
Characterization
Strains

Gram’s
stain

Cell
shape

Catalase
test

oxidase

Citrate
utilization
test

Indole
test

Motility
test

Pigment
production

Starch
hydrolysis
test

MR
test

VP
test

Malonate
utilization
test

Nitrate
reduction
test

Ammonia
production

Phosphate
solubilization

HCN
production

YAK1

+ve

Rods

+ve

+ve

+ve

-ve

-ve

-ve

+ve

+ve

-ve

-ve

-ve

+ve

-ve

+ve

YAK2

+ve

Rods

+ve

+ve

+ve

-ve

+ve

-ve

+ve

+ve

-ve

-ve

+ve

+ve

-ve

+ve

YAK4

+ve

Rods

+ve

+ve

+ve

-ve

+ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAK6

-ve

Rods

+ve

+ve

+ve

-ve

-ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAK7

+ve

Rods

+ve

-ve

-ve

-ve

-ve

-ve

+ve

+ve

-ve

-ve

-ve

+ve

-ve

+ve

YAP1

+ve

Rods

+ve

+ve

-ve

-ve

+ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAP4

+ve

Rods

+ve

+ve

+ve

-ve

-ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAP6

+ve

Rods

+ve

+ve

-ve

-ve

+ve

-ve

+ve

+ve

-ve

-ve

+ve

+ve

-ve

+ve

YAP7

+ve

Rods

+ve

+ve

+ve

-ve

-ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAM1

+ve

Rods

+ve

+ve

+ve

-ve

-ve

-ve

+ve

+ve

-ve

-ve

-ve

+ve

-ve

+ve

YAM2

+ve

Rods

+ve

+ve

-ve

-ve

-ve

-ve

- ve

+ve

-ve

-ve

+ve

+ve

-ve

+ve

YAM3

+ve

Rods

+ve

+ve

-ve

-ve

-ve

-ve

+ve

+ve

-ve

-ve

+ve

+ve

-ve

+ve

YAM4

+ve

Rods

+ve

+ve

-ve

-ve

+ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAM5

+ve

Rods

+ve

-ve

-ve

-ve

-ve

-ve

+ve

+ve

-ve

-ve

-ve

+ve

-ve

+ve

YAM6

+ve

Rods

+ve

+ve

+ve

-ve

+ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAR2

+ve

Rods

+ve

+ve

+ve

-ve

+ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAR3

+ve

Rods

+ve

+ve

-ve

-ve

+ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAR4

+ve

Rods

+ve

+ve

+ve

-ve

-ve

-ve

+ve

+ve

-ve

+ve

-ve

+ve

-ve

+ve

YAR5

+ve

Rods

+ve

+ve

-ve

-ve

+ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

-ve

YAR7

+ve

Rods

+ve

+ve

-ve

-ve

-ve

-ve

+ve

+ve

-ve

+ve

+ve

+ve

-ve

+ve

YAR8

+ve

Rods

+ve

+ve

-ve

-ve

+ve

-ve

+ve

+ve

-ve

-ve

+ve

+ve

-ve

-ve

+ve = positive

-ve = negative
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Fig-3.11 Auxin content (µg mL-1) produced by different isolates when grown in nutrient media supplemented with L-tryptophane.
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Fig-3.12 Biochemical characterization of isolated strains. Ammonia production test (A),
citrate utilization test (B), auxin (IAA) production (C) and nitrate reduction test (D).
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Fig-3.12 (continue) Biochemical Analysis of isolated strains. Starch hydrolysis test (E),
MR test (F) and HCN production (G).
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Discussion
Selenium is a metalloid (Sun et al., 2014) and is an essential trace element for
animals, humans and for some bacteria. Selenium has toxic as well as beneficial
characteristics and the range between its toxic and essential concentrations is very
narrow. Natural activities (volcanic activity) and anthropogenic activities such as
combustion of fossils fuel, mining, domestic sewage, industrial effluents and agricultural
fertilizer put in Se in higher levels in the environment (Lenz and Lensa, 2009).
Microorganisms have the ability to adapt heavy metal contaminated environments.
Members of bacterial genera Bacillus and Pseudomonas are well known for tolerance
against various metals and metalloids (Stolz et al., 2006). Selenium resistant bacterial
strains used in this study were isolated from industrial waste/ effluents and fossils fuel
contaminated soil samples. Selenium is utilized in various industries (pesticides, glass,
paint, fertilizers, copiers etc.) and is also present in fossil fuels. The soil samples were
contaminated by industrial effluents and fossil fuels, and therefore it was hypothesized
that bacteria from these soil samples may be resistant to high selenium concentrations
(can potentially be used for Se bioremediation and phytoremediation).
Soil contaminated with industrial waste has different composition of various
elements and pH compared with natural soil. The pH of the soil sample collected from
Lahore, contaminated with industrial drainage waste, was acidic (pH 5) than the natural
control soil (pH 6.5) and pH of the tannery waste contaminated soil sample collected
from Kasur city, was neutral to basic (pH 8.0) in comparison to natural control soil (pH
6.4). In total twenty one bacterial strains (YAK1, YAK2, YAK4, YAK6, YAK7, YAP1,
YAP4, YAP6, YAP7, YAM1, YAM2, YAM3, YAM4, YAM5, YAM6, YAR2, YAR3,
YAR4, YAR5, YAR7 and YAR8) were isolated from all these contaminated soil
samples. All of the strains were gram’s positive except strain YAK6 which was gram’s
negative. Other investigators also isolated metal resistant bacteria from industrial
effluents (Rajkumar et al., 2012; Yamina et al., 2012).
Isolated strains could resist high levels of Se in the L-agar medium (≥20 mg
sodium selenite mL-1) and grew well in the presence or absence of Se in both liquid and
solid LB media. Bacterial isolates with ability to resist high concentrations of Se can be
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potentially used for bioremediation of Se contaminated sites. Other researchers have also
reported tolerance against higher levels of Se in bacterial genera such as Bacillus sp. and
Pseudomonas (Garbisu et al., 1999; Hunter and Mater, 2011; Acuña et al, 2013). The
optimum growth temperature for all isolates was 37 C, but most of the isolates also
showed remarkable growth at lower temperature (28 C) as well as higher temperature
(45°C). It was found that all of the bacteria isolated from tannery waste contaminated soil
(pH 8), showed remarkable growth only at neutral pH or alkaline pH (pH9). None of the
strains (isolated from tannery waste contaminated soil) showed remarkable growth at
acidic pH (pH5). This probably indicates that soil microorganisms in tannery waste
contaminated site were probably adapted to alkaline conditions in the environment,
because that site was getting contaminated with tannery waste since from the last few
decades. Similarly, bacterial strains isolated from fuel contaminated soil (pH 5.5) have
also showed optimum growth pH either neutral or slightly alkaline but some of them
(YAP4, and YAP7) showed remarkable growth at acidic pH also (pH 5). However, the
pH of the soil/ sediments samples, taken from industrial drainage contaminated soil, was
also lower (pH 5). In general, majority of isolate showed better growth at neural or
slightly alkaline pH but some isolates such as YAM4, YAR2, YAR3, YAR5 and YAR8
also showed remarkable growth at acidic pH (pH 5). As environmental temperature and
pH are two very important factors which can directly influence the growth rate and
metabolism of microbial community in soil. So, Se resistant bacterial isolates with an
ability to grow in wide range of temperature and environmental pH can be potentially
useful for Se bioremediation in region with variable environmental temperature and pH
conditions. Selenium resistant isolates could reduce the toxic form of Se (selenite) in
nontoxic chemical forms (elemental Se0). Majority of the non-extremophile bacteria grow
at a broader external environment pH range (5.5 to 9) and maintain their cytoplasmic pH
at a narrow range lies between (7.4 to 7.8) (Padan et al., 1981; Booth, 1985).
Heavy metal polluted sites are usually contaminated with higher levels of various
elements, which are usually not present in normal soil at such higher levels.
Microorganisms can detoxify the toxic chemicals forms of different heavy metals to less
toxic forms and ideal strains for bioremediation are those which can grow in diverse
environmental conditions. It was found that the selected isolates were not only resistant to
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higher levels of Se, but they also exhibited resistance against other heavy metals such as
Cr, Mn, Cu, Cd, Zn, Co and As (metalloids) etc. All isolates showed the highest
resistance against As (up to 1000 µg mL-1), Mn (up to 500-1000 µg mL-1), Cr (up to 100250 µg mL-1) and Cu (up to 100 µg mL-1). Other researchers have also reported bacterial
strains resistant to multiple heavy metals isolated from industrially polluted sites (Lima
de Silva et al., 2012; Yamina et al., 2012; Koc et al., 2013; Manoj et al., 2013; Pandey et
al., 2013). Osman et al. (2010) isolated metal resistant Halomonas which showed
resistance against multiple heavy metals such as cadmium, copper zinc, cobalt, and
chromate. The capacity of isolates to have resistance against other heavy metals can be
additionally beneficial and could help the bacterial strains to grow in environment
polluted with multiple heavy metals.
Microorganisms have the ability to adapt their environment and if the application
of as antibiotics is extensive and for longer time periods then after some time period, the
microbes become resistant against variously commonly used antibiotics. It was found that
most of the strains isolated form industrial drain contaminated soil and tannery
contaminated soil were resistant against various concentrations of commonly used
antibiotics such as erythromycin (150 g mL-1), penicillin (100 g mL-1) and tetracycline
(25 g mL-1), ampicillin (300 g mL-1), streptomycin (500 g mL-1). Bacteria also have
the ability to acquire antibiotic resistant genes from other bacteria in the environment.
Recently, wide spread antibiotics resistance was also discovered in bacteria found in
underground caves, which are supposed to be geologically isolated from the surface of
earth around 4 billion years before (Brad-Spellberg et al., 2013). Koc et al (2013) have
also reported Raoultella planticola strain which exhibited resistance against multiple
antibiotics.
During heavy metal stress and other environmental stresses reactive oxygen
species (ROS) such as OH-1 ions and H2O2 produced which are toxic for the cells. It was
found that Se resistant bacterial strains isolated from heavy metal contaminated sites
showed positive catalase activity. Catalase enzyme breaks down this toxic H2O2 into H2O
and O2. Catalase enzymes produced by bacteria can scavenge reactive oxygen species to
reduce their toxicity in the cell (Guy et al., 2013). Bacteria can hydrolyze starch with
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varies amylases and all of the Se resistance isolates showed the ability to hydrolyzed
starch, except strain YAM2. Other studies also reported the starch hydrolysis ability of
Bacillus sp. (Avdiiuk et al., 2013; Ibrahim et al., 2013). Amylases are important enzymes
which are used to make dextrins in baking and distilling (De Souza and Magalhaes,
2010), in starch industry and as additives in detergents to remove starch spots (Ibrahim et
al., 2013). Bacteria can use citrate as a carbon source and majority of the strains exhibited
citrate utilization ability positive. Speranza et al (2014) also reported bacterial isolates
that showed CO2 production from citrate.
In modern agricultural practices plant growth promoting rhizobacteria (PGPRs)
are now used to detoxify metals in soil and to enhance plant growth and crop yield.
Majority of Se resistant bacterial isolates could produce some plants growth promoting
substances such as organic mixed acids, HCN, ammonia and auxins (phytohormone). So,
Se resistant bacterial strains having capacity of producing plant growth promoting
substances can be used to enhance crop growth and yield under environmental stressed
conditions.
Conclusion
In conclusion, majority of Se resistant bacteria were gram’s positive rods with
ability to resist high concentration of sodium selenite (< 20 mg mL-1 of L-agar). These
strains can reduce selenite into red elemental Se0 and exhibited resistance against
multiple heavy metals and antibiotics. Selenium resistant strains showed remarkable
growth at temperature range between 28 to 30 C and pH range 5 to 9. Bacterial strains
with such characteristics can be used for bioremediation of Se contaminated sites and
potentially for other heavy metals in an environment with diverse conditions.
Additionally, plant growth promoting characteristics of these strains could also be helpful
to stimulate plant growth and enhance product yield under heavy metal stressed
conditions.
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Phylogenetic Analysis of Se resistant bacteria through 16S rRNA sequencing

Bacterial strains that exhibited high resistance against selenium (sodium selenite)
were selected for identification through molecular approaches such as 16S rRNA gene
sequences analysis and phylogenic analysis. In comparison to phenotypic
characterization of bacteria, molecular analysis gives more insight to classify the
organisms phylogenetically into various taxa. 16S rRNA gene analysis is most
extensively used for classification of bacteria into various taxa because it has both
variable and conserved regions, which are helpful to compare closely related and
distantly related organisms.
For 16S rRNA gene sequence analysis, seventeen bacterial isolates YAK1,
YAK2, YAK4, YAK6, YAK7, YAP1, YAP6, YAP7, YAM1, YAM2, YAM3,
YAM4, YAR3, YAR4, YAR5, YAR7 and YAR8 were sent to Macrogen (Korea). To
obtain pure individual colonies of bacteria the isolates were streaked on L-agar
medium plates and incubated overnight at 37°C. Partial 16S rRNA gene sequence
analysis was done by colony PCR with following primer sets, 518F (forward primer)
and 800R (reverse primers). The sequences obtained were checked with Finch TV
software and sequenced were classified using NCBI nucleotide data base. Multiplesequence alignments were carried out with Clustal W and phylogenetic trees were
constructed using neighbor-joining method in MEGA 6.0 (Tamura et al., 2011). For
the reliability of constructed trees 100 replicates of boot-strap test were used
(Felsenstein, 1985). To check the group of various bacteria, all sequences were
compared in phylogenetic tree. However by using an out-group sequence of closely
related genus, sequence of each bacterial strain was compared in a separate
phylogenetic tree also.
Table 4.1 represents the GenBank accession numbers of the selected isolate as
well as their nearest BLAST homologues (NCBI). BLAST analysis showed that all
the Se resistant bacterial strains belong to genus Bacillus, except the isolate YAP-6
which showed homology to genus Proteus. Bacterial strains YAK1, YAK2, YAK4
and YAK7 which were isolated from tannery contaminated soil were gram’s positive
rods exhibited 99% homology to Bacillus foraminis, Bacillus thuringiensis serovar
finitimus, Bacillus licheniformis and Bacillus endophyticus, respectively. The
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bacterial isolate YAP-6 showed 99% similarity to Proteus penneri, which was only
gram’s negative bacterium that showed resistant against Se. Strains YAP1, YAP6 and
YAP7 were isolated from fossil fuel contaminated soil showed 99% similarity to
Bacillus licheniformis, Bacillus cereus and Bacillus licheniformis, respectively.
StrainsYAM1, YAM2, and YAM4 were isolated from sediments of an industrial
drainage showed 99% similarity to their BLAST homologues Bacillus endophyticus,
Bacillus pichinotyi and Bacillus licheniformis, respectively. Whereas isolate YAM3
exhibited 98% homology to Bacillus jeotgali. Strain YAR-3 and YAR-5 were found
related to genus Bacillus but both of these isolates exhibited <98% similarity to genus
Bacillus up to species level. However, strains YAR4, YAR7, YAR8 were 99% similar
to Bacillus flexus, Bacillus cereus and Bacillus licheniformis, respectively.
Neighbor-joining (NJ) phylogenetic trees of Se resistant bacterial isolates were
constructed by comparison of 16S rRNA gene sequence with top 7-10 nearest
homologues from BLAST (homology >95%). Bacterial isolates which exhibited
homology to genus Bacillus, the individual phylogenetic trees were constructed by
neighbor joining method and the nearest genus Alkalibacillus sp. was used as an out
group. Isolates YAK1, YAK2, YAK4 and YAK7 belong to genus Bacillus, and were
placed next to Bacillus foraminis, Bacillus thuringiensis, Bacillus licheniformis and
Bacillus endophyticus, respectively, in their respective phylogenetic tree (Fig-4.1,
Fig-4,2, Fig-4.3, Fig-4.5). While isolate YAK6 was found to be placed next to
Proteus penneri in phylogenetic tree and the nearest genus Aranicola sp. was used as
an out group (Fig-4.4).
In NJ phylogenetic tree strains YAP1, YAP6 and YAP7 were place next to
Bacillus licheniformis, Bacillus cereus and Bacillus licheniformis, respective, using
Alkalibacillus sp. as an out group (Fig-4.6, Fig-4.7, Fig-4.8).
Bacterial strains YAM1, YAM2, YAM3 and YAM4 isolated from sediments
of Rohi Nala industrial drainage were placed next to Bacillus endophyticus, Bacillus
pichinotyi, Bacillus jeotgali and Bacillus licheniformis, respectively. Closely related
genus Alkalibacillus sp. was used as an out group (Fig-4.9, Fig-4.10, Fig-4.11, Fig4.12). Isolates YAR3 and YAR5 were found to be placed next to Bacillus sonorensis
and Bacillus licheniformis in their NJ phylogenetic tree but similarity to these BLAST
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Table-4.1 GenBank accession numbers of the Se resistant bacterial isolates and their
% homology with nearest BLAST (NCBI) homologues.
Sr. No.

Strain Code

Accession

Nearest BLAST

No.

Homologues

% homology

1

YAK1

JX203248

Bacillus foraminis

99

2

YAK2

JX203249

Bacillus thuringiensis

99

serovar finitimus
3

YAK4

JX203250

Bacillus licheniformis

99

4

YAK6

JX203251

Proteus penneri

99

5

YAK7

JX203252

Bacillus endophyticus

99

6

YAP1

JX203253

Bacillus licheniformis

99

7

YAP6

JX203254

Bacillus cereus

99

8

YAP7

JX203255

Bacillus licheniformis

99

9

YAM1

JX203256

Bacillus endophyticus

99

10

YAM2

JX203257

Bacillus pichinotyi

99

11

YAM3

JX203258

Bacillus jeotgali

98

12

YAM4

JX203259

Bacillus licheniformis

99

13

YAR3

KJ641618

Bacillus sp.

96

14

YAR4

KJ641619

Bacillus flexus

99

15

YAR5

KJ641620

Bacillus sp.

97

16

YAR7

KJ641621

Bacillus cereus

99

17

YAR8

KJ641622

Bacillus licheniformis

99
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Fig-4.1 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAK1 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAK-1
clustered together with Bacillus foraminis 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.2 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAK2 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAK-2
clustered together with Bacillus thuringiensis serovar fenitimus 16S rRNA gene
sequences (▲). Alkalibacillus filiformis 16S rRNA gene sequence was used as an outgroup (■).
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Fig-4.3 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAK4 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAK-4
clustered together with Bacillus licheniformis 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.4 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAK6 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAK-6
clustered together with Proteus penneri 16S rRNA gene sequences (▲). Aranicola
sp.16S rRNA gene sequence was used as an out-group (■).
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Fig-4.5 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAK7 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAK-7
clustered together with Bacillus endophyticus 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.6 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAP1 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAP-1
clustered together with Bacillus licheniformis 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).
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Fig-4.7 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAP6 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAP-6
clustered together with Bacillus cereus 16S rRNA gene sequences (▲). Alkalibacillus
filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.8 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAP7 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAP-7
clustered together with Bacillus licheniformis 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).
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Fig-4.9 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAM1 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAM-1
clustered together with Bacillus endophyticus 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.10 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAM2 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAM-2
clustered together with Bacillus pichinotyi 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).
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Fig-4.11 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAM3 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAM-3
clustered together with Bacillus jeotgali 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.12. Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAM4 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAM-4
clustered together with Bacillus licheniformis 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).
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Fig-4.13 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAR3 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAR-3
clustered together with Bacillus sp. 16S rRNA gene sequences (▲). Alkalibacillus
filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.14 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAR4 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAR-4
clustered together with Bacillus flexus 16S rRNA gene sequences (▲). Alkalibacillus
filiformis 16S rRNA gene sequence was used as an out-group (■).
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Fig-4.15 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAR5 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAR-5
clustered together with Bacillus sp. 16S rRNA gene sequences (▲). Alkalibacillus
filiformis 16S rRNA gene sequence was used as an out-group (■).

Fig-4.16 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAR7 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAR-7
clustered together with Bacillus cereus. 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).
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Fig-4.17 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
bacterial isolate YAR8 and its nearest homologues from NCBI nucleotide data base.
Tree was constructed using MEGA 6 (boot-strap 100 replicates). Strain YAR-8
clustered together with Bacillus licheniformis 16S rRNA gene sequences (▲).
Alkalibacillus filiformis 16S rRNA gene sequence was used as an out-group (■).
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homologues was <98% (Fig-4.13, Fig-4.15). Similarly strains YAR4, YAR7 and
YAR8 were placed close to Bacillus flexus, Bacillus cereus and Bacillus
licheniformis, respectively, in NJ phylogenetic tree and closely related genus
Alkalibacillus sp. was used as an out group (Fig-4.14, Fig-4.16, Fig-4.17).
Discussion
All bacterial isolates which showed high level resistance against Se were
characterized morphologically and biochemically (chepter-3) and were further
identified through 16S rRNA gene sequence analysis. For phylogenetic and molecular
evolutionary analysis neighbor-joining (NJ) phylogenetic trees were constructed in
comparison with BLAST (NCBI) homologues (>95 % homology). For phylogenetic
analysis 16S rRNA gene was used because it has evolutionary conserved regions and
a plethora of 16S sequences is available in online data bases. For analysis of
homology among different members of the Bacillus group, molecular techniques such
as 16S-23S rRNA spacer regions or 16S rRNA or 23S rRNA sequence analysis is
used (Daffonchio et al. 2000; Bavykin et al 2004). The gene sequence analysis of 16S
rRNA genes (rDNA) is best available molecular methods to establish phylogenetic
relatedness among similar species (Mehling et al., 1995 and Kreuze et al., 1999).
Selenium is ubiquitous in nature and its concentration is highly variable
in various regions of the world. Selenium resistant bacterial communities are naturally
present in soil. Although, Se is an essential mineral element but higher concentrations
of Se in soil, water and food can be toxic for plants, animals and bacteria. On the basis
of traditional classification, majority of Se resistant bacterial isolates were gram’s
positive rods, except strain YAK-6 which was gram’s negative.
All gram’s positive Se resistant bacterial isolates belongs to
phylum Fermicutes, class Bacilli, order Bacillales and family Bacillaceae and were
categorized in genus Bacillus on the basis of cell morphology (rods), gram’s
positivity, biochemical characterization and 16S rRNA gene sequence analysis. I6S
rDNA sequence of representatives of Bacillus sp. was retrieved from GenBank and
majority of bacterial isolates showed 99% sequence similarity to genus Bacillus up to
species level (Table-4.1), except isolate YAR3 and YAR5 which exhibited 96% and
97% sequence similarity, respectively, towards validly describes species of the genus
Bacillus. Therefore classified as Bacillus sp. and the low sequence similarity of these
two isolates (YAR3 and YAR5) suggests that these two isolates belong to genus
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Bacillus and may be novel species; phylogenetic analysis further supports this idea.
However, isolate YAK6 which was gram’s negative bacterial strain showed 99%
homology to Proteus penneri.
When all Se resistant isolates were compared together in a single NJ
phylogenetic tree (Fig-4.18) the strains Proteus penneri-YAK6 (gram’s negative)
made a distinct clad in comparison to other Se resistant gram’s positive Bacillus
strains. Among seventeen Se resistant strains, five strains exhibited 99% homology
with Bacillus licheniformis and were grouped together in NJ phylogenetic tree (Fig4.18). Strains YAR3 and YAR5 which showed <98% similarity to genus Bacillus
grouped together in a subgroup and were more similar to Bacillus licheniformis than
other Bacillus strains.
Similarly strains Bacillus foraminis-YAK1 and Bacillus jeotgali-YAM3
were present in the same subgroup. Strain Bacillus pichinotyi-YAM2 had made a
separate branch. However in comparison to other Bacillus strains it was closely
related with strains Bacillus foraminis-YAK1 and Bacillus jeotgali-YAM3. Strains
YAK7 and YAM1 both showed 99% homology to Bacillus endophyticus and were
grouped together in the same subgroup. Bacillus cereus is ubiquitous in nature and
primarily present in soil. However, it can be present as contaminant in dairy food
products and gut microflora. Gram’s positive spore former bacteria Bacillus
thuringiensis, Bacillus cereus and Bacillus anthracis are included in the Bacillus
cereus group (Rasko et al., 2005) and form a highly homogenous subdivision of genus
Bacillus. Phylogenetic tree (Fig-4.18) further supports this idea. As strains YAP6 and
YAR7 showed similarity to Bacillus cereus and grouped together in a subgroup were
also closely related to strains Bacillus thuringiensis-YAK2. Genetic studies have
revealed that Bacillus cereus and Bacillus thuringiensis are highly identical and
Bacillus anthracis, Bacillus cereus and Bacillus thuringiensis are member of the same
species, Bacillus cereus sensu lato (Daffonchio et al., 2000; Chen and Tsen 2002;
Rasko et al., 2005).
Strain Bacillus flexus-YAR4 has made a separate sub branch and it was
most closely related with Bacillus thuringiensis serovar finitimus-YAK2 (Fig-4.18).
Moreover, boot-strap analysis with 100 replicates was used as a measure of reliability
of constructed trees. Other researcher has also reported Se resistant bacteria from
genus Bacillus (Tejo Prakash, 2009; Dhanjal and Cameotra, 2010).
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Conclusion
In conclusion, Se resistant was more common in Gram’s +Ve bacteria belonged to
genus Bacillus and majority of the isolated strains showed 99 % homology with
Bacillus licheniformis compared to other reported Bacillus strains.

Fig-4.18 Phylogenetic analysis. Neighbor-joining tree of 16S rRNA gene sequence of
all bacterial isolate. Tree was constructed using MEGA 6 (boot-strap 100 replicates).
All strains which showed homology to genus Bacillus were clustered together under
Bacillus sp. (●). Isolate Proteus penneri-YAK6 have made a distinct phylogenetic
clad than all other Bacillus strains.
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Chepter-05
Selenium reduction potential of bacteria
In soil, selenium (Se) mainly exists as selantes, selenites, selenides and elemental Se0.
Selenite (Se+4) is more stable than the higher redox state selenate (Se+6). Although, Se
is essential trace element for bacteria, humans and animals, but if it is present in high
concentration in soil, it can be toxic for living organisms. Both selenites (Se+4) and
selenates (Se+6) are toxic and water soluble forms of Se, whereas elemental Se0 is
less-toxic and insoluble. Microorganisms have the ability to reduce these toxic forms
of Se into non-toxic elemental Se0. Selenium reducing bacteria are ubiquitous, occur
in various aquatic and terrestrial environments and can reduce selenates and selenites
into red elemental biogenic nanoparticles (nano-spheres) of Se (Lampis, et al., 2014).
Bacteria from genus Bacillus can form extracellular, stable and uniform nano-spheres
of Se (diameter~300 nm) which exhibit monoclinic crystalline structure (Prasad et al
2013). Nanoparticles (NPs) are very small aggregates of atoms or molecules with at
least one dimension comprised between 1-100 nm. NPs have very large surface area
and they interact with other natural molecules differently compared to a molecules
made up of same chemical elements at micro scale. Nanoparticles can be synthesized
by both physical and chemical methods but use of biological methods for NPs
synthesis by plants and microorganisms are comparatively considered more ecofriendly.
Selenium reduction under aerobic conditions
Selenium resistant bacterial isolates Bacillus thuringiensis-YAK2, Bacillus
licheniformis-YAK4, Bacillus endophyticus-YAK7, Bacillus licheniformis-YAP1,
Bacillus cereus-YAP6, Bacillus licheniformis-YAP7, Bacillus endophyticus-YAM1,
Bacillus pichinotyi-YAM2, Bacillus licheniformis-YAM4, Bacillus sp-YAR3,
Bacillus flexus-YAR4, Bacillus sp-YAR5, Bacillus cereus-YAR-7, Bacillus
licheniformis-YAR8, Bacillus pumilus-CrK08, Cellulosimicrobium cellulans-CrK16
and Exiguobacterium-CrK19 were tested for their ability to reduce toxic forms of Se
(selenite/ salenate) into less toxic elemental Se0, under aerobic conditions. Bacterial
isolates (mentioned above) exhibited high resistance against Se (≥ 20 mg Na2SeO3
mL-1 of L-agar media) and showed substantial growth when LB medium was
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supplemented with 10 mM Na2SeO3. Although all bacterial isolates exhibited
substantial growth when grown in LB medium supplemented with 10 mM sodium
selenate (Na2SeO4) but none of them was able to reduce selenate into red elemental
Se0 under aerobic conditions. All of the bacterial isolates were able to reduced water
soluble selenite (Na2SeO3) into un-soluble red elemental Se0 under aerobic conditions,
at tem erat re 0

and

. After overnight incubation of cell culture, significant

amount of red color developed in the medium due to reduction of selenite (SeO32-)
into red elemental Se0 which indicated cell viability and adequate metabolic activity in
Se oxyanions treated cells. Although all Bacillus isolates showed quite similar high
resistance against Se (≥ 20 mg Na2SeO3 mL-1 of LB media) but Se reduction potential
of these Bacillus isolates was different from each other. Although after 12h of
incubation red color started to appear in culture but only strains YAK2 and YAK6
exhibited the highest Se reduction potential (~100% selenite reduction to elemental
Se0 within 72h), (Fig-5.1). Strains YAP4, YAR5 and YAR7 also showed 65-75%
selenite reduction into elemental Se0 when grown for 72h in LB medium, whereas all
other strains exhibited less <60% selenite reduction in to elemental Se0.
Among the bacteria isolated from tannery waste contaminated soil, strain
YAK1 showed very high Se reduction potential followed by strains YAK7 and YAK4
(Fig-5.2). Strains YAP6 and YAP4 (isolated from automobile fuel contaminated soil)
exhibited high Se reduction ability compared to YAP1 and YAP7 (Fig-5.2, Fig5.3).
However, strains YAM1, YAM2 and YAM4 isolated from sediments of industrial
drainage showed 40-50% Se reduction within 72h (Fig-5.3). Isolates YAR3, YAR4,
YAR5, YAR7, YAR8, Crk-08, and CrK-16 have reduced 52-74% Se within 72h and
YAR2 and YAR3 reduced 35-38% Se (Fig-5.3, Fig-5.4). Stains YAK2 and YAP6
showed the highest Se reduction ability and within 24h they reduced 92% of selenite
into elemental Se. The order of Se reduction ability of these bacterial isolates was as
follow:
YAK2,YAP6>YAR7>YAR5>YAP4>YAR4,YAR8>CrK08>CrK16>YAM4>YAM2
>YAK4> YAK7>YAM1>CrK19>YAR3>YAR2 (Fig. 4).
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Fig-5.1 Selenite reduction ability of bacterial strains after 72h of incubation in LB
medium supplemented with10mM sodium selenite (Na2SeO3) and incubated
aerobically at 30°C and 200 rpm in shaking incubator.
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Fig-5.2 Selenium reduction potential of Se resistant bacterial isolates at various time
intervals (0, 24, 48 and 72h), growing in LB medium supplemented with 10mM
sodium selenite and incubated aerobically at 30°C in a shaking incubator at 200 rpm.
Total Se was estimated in cell free supernatant by ICP-AES.
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Fig-5.3 Selenium reduction potential of Se resistant bacterial isolates at various time
intervals (0, 24, 48 and 72h), growing in LB medium supplemented with 10mM
sodium selenite and incubated aerobically at 30°C in a shaking incubator at 200 rpm.
Total Se was estimated in cell free supernatant by ICP-AES.
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Fig-5.4 Selenium reduction potential of Se resistant bacterial isolates at various time
intervals (0, 24, 48 and 72h), growing in LB medium supplemented with 10mM
sodium selenite and incubated aerobically at 30°C in a shaking incubator at 200 rpm.
Total Se was estimated in cell free supernatant by ICP-AES.
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Biosynthesis of Selenium NPs and analysis with transmission electron
microscopy (TEM)
Selenium resistant bacteria belongs to genus Bacillus have the ability to
reduce water soluble selenites into un-soluble elemental Se0 nano-sphere/ nanoparticles of various sizes. Selenium nanoparticles (NPs) produced by some selected
Bacillus isolates YAP1, YAP6, YAM1, YAM2 and YAR3 were analyzed by
transmission electron microscope (TEM). Transmission electron micrograph (TEM)
of selenium nanoparticles (sphere) recorded from Se-NPs film deposited on a carboncoated copper grid are shown in Fig-5.5, 5.6, 5.7, 5.8 and 5.9. The Se NPs were extracellular, variable in size (~100-400 nm) and predominantly spherical in shape. The
TEM images represent individual as well as aggregates of Se NPs. Moreover,
transmission electron micrograph of Pseudomonas moraviensis stanleyae-71 showed
putative intracellular and extracellular Se nanoparticles after freeze substitution and
post-staining (Fig-5.10). Subsequent STEM-EDS analysis of the same species
showed these dark inclusions as selenium rich.
Discussion
Selenium is a metalloid and occurs naturally (Dwivedi et al., 2013) in different
chemical and physical forms e.g. liquid, solid, gas, and organic/ inorganic (Acuña et
al., 2013). In nature, bacteria play important role in biogeochemical cycle of Se by
various chemical processes (oxidation/ reduction and methylation), (Haudin et al.,
2007; Acuña et al., 2013). In alkaline soils, under oxidizing conditions slenite and
selenate are formed through weathering of rocks. Both of these forms of Se are highly
mobile and can be toxic if present at higher levels in soil. Selenium resistant bacteria
can reduced selenite into elemental Se (non-toxic) and thus play an important role in
bioremediation of Se contaminated sites (Narayanan and Sakthivel, 2010; Prakash et
al., 2010).
Here in this study nineteen Se resistant bacterial strains were tested for their
Se reduction potential. These bacterial strains were isolated from soil which was
contaminated with waste/ effluents of multiple industries and fossil fuel and its bye
products, collected from two big cities (Lahore and Kasur) of Pakistan. Under aerobic
conditions, majority of the bacterial isolates (belongs to genus Bacillus) exhibited
remarkable selenite reduction ability but none of them was able to reduce selenate.
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Fig- 5.5 Transmission Electron Micrograph (TEM) of strain YAM2 selenium
nanoparticles/ nano-spheres recorded from a Se-NPs film deposited on a carboncoated copper grid. Culture was growing under aerobic conditions in LB media
supplemented with 10mM sodium selenite. Arrow signs indicate Se nanospheres/
nanoparticles adhering to cell surface, free and possibly intracellular Se NPs.

Fig-5.6 Transmission Electron Micrograph (TEM) of strain YAR3 selenium
nanospheres growing under aerobic conditions in LB media supplemented with
10mM sodium selenite. A representative TEM image of bacteria with NPs recorded
from Se-NPs film deposited on a carbon-coated copper grid is shown and the arrow
signs indicate Se nanoparticles aggregates adhering to either cell surface or free.
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Fig-5.7 Transmission Electron Micrograph (TEM) of strain YAM1 selenium
nanoparticles growing under aerobic conditions in LB media supplemented with
10mM sodium selenite. Arrow signs indicate Se nanospheres adhering to cell surface.

Fig-5. 8 Transmission Electron Micrograph (TEM) of strain YAP1 selenium
nanospheres growing under aerobic conditions in LB media supplemented with
10mM sodium selenite. Arrow sign indicates free Se nanospheres, almost 200 nm in
diameter.
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Fig-5.9 Transmission Electron Micrograph (TEM) of strain YAP6 selenium
nanospheres growing under aerobic conditions in LB media supplemented with
10mM sodium selenite. Arrow signs indicate extra cellular Se nanoparticles either
adhering to cell surface or free.

Fig-5.10 Transmission electron micrograph showing putative intracellular and
extracellular Se nanoparticles in in strain-71 after freeze substitution and poststaining. Subsequent STEM-EDS analysis of the same species showed these dark
inclusions as selenium rich (Data not shown; In prepration for submission to ACS
Nano).
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under aerobic conditions, the mechanism for microbial detoxification of selenites into
elemental Se0 is not yet well elucidated and more information is available in literature
on the dissimilatory reduction pathways of selenates/ selenites in anoxic
environmental conditions (Dhanjal and Cameotra, 2010). However, elemental Se0 is
not the only end product of microbial transformations of oxyanions of Se (selenites/
selnates). Enzymatic activity of bacteria has also resulted into methylated and reduced
volatile organic forms Se e.g. dimethyl selenide and assimilation of organic forms of
Se (selnocystein and selenomethionine) have also been observed (Yurkov and Beatty,
1998; Dhanjal and Cameotra, 2010). Majority of isolated bacteria have the ability to
reduced water soluble, colorless selenite into insoluble red elemental Se (Fig-5.11).
However, strains YAK2 and YAK6 exhibited the highest Se reduction potential
(~100% selenite reduction to elemental Se within 72h), (Fig-5.1). Similarly strains
YAP4, YAR5 and YAR7 also showed 65-75% selenite reduction into elemental Se
when grown for 72h in LB medium, whereas all other strains exhibited less <60%
selenite reduction potential.
Several previous studies have showed the biogeochemical cycling of
elemental Se0 through SeO42−/SeO32− reduction by bacteria (Oremland et al., 1990).
As a tolerance mechanism bacteria can precipitate soluble forms of Se (selenites or
selenates) into elemental Se0 which reveals by red coloration on colonies (Vallini et
al., 2005). Acuña et al. (2013) have also reported that Se tolerant bacteria produced
red colonies when grown on nutrient medium plates supplemented with 2 mM sodium
selenite.
Strains YAK1 and YAP6 showed very high Se reduction ability compared to
all other isolates. Within 24h both of these strains reduced almost 92% of soluble Se
into elemental red Se particle when grown in LB medium supplemented with 10 mM
of sodium selnite (Fig-5.2, Fig-5.3). The possible mechanisms of selenite reduction
into elemental Se particles as proposed by Dhanjal and Cameotra (2010) is the
selenite reduced into red elemental Se particles in the membrane fraction after 3-4h
and f rther extended inc bation for ≥12h res lted in the formation of red elemental Se
particles in soluble fraction also. Previous studies showed the reduction of anoxic ions
into elemental Se is might be catalyzed by NADH / NADPH dependent selenate
reductase enzymes, hydroginase I and a periplasmic nitrite reductase (Sabaty et al.,
2001; Hunter and Manter, 2009; Dhanjal and Cameotra, 2010; Dwivedi et al., 2013).
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Strains YAP4, YAR5 and YAR7 also showed remarkable Se reduction
potential and within 72h, these strains reduced 67-75% of soluble Se into insoluble
red elemental Se0. Selenium reduction potential of other isolated bacteria was variable
and most of them showed Se reduction (35-55%) within 72h. Acuña and co-workwers
(2013) have also reported similar bacterial Se reduction profiles where after 8h of
incubation Stenotrophomonas-B19 strain showed 33% Se reduction compared to
Enterobacter-B16 strain (showed 8 % of reduction) and Bacillus sp. strain-R8
(showed 0 % of reduction).
All isolates showed growth in LB media when supplemented with 10 mM
sodium selenate but none of the isolates was able to reduce selenate in to elemental
Se0. Elemental Se is used in industry (glass and optical lenses coatings), in medicines
(anti-cancer and anti-oxidative drugs) and nanophase selenium has shown great
promise when used for tumor reconstructions (Sullivan et al., 2014). Such growing
importance of use of elemental Se nanoparticles has inspired the researchers to
elucidate the biosynthesis mechanism of Se nanoparticles. Transmission Electron
Microscopic (TEM) analysis of the bacterial cultures with reduced red elemental Se
revealed the presence of Se nano-spheres extracellular, free as well as attached on the
surface of bacteria. The ability of Se resistant bacteria (Selenihalanaerobacter,
Bacillus, Sulfurospirillum and Rhodobacter) to accumulate Se0 in nano-spheres has
been reported in many studies (Bebien et al., 2001; Roux et al., 2001; Dungan et al.,
2003). Previous studies indicated that important factors in the biosynthesis of metal
nanoparticles are NADH and NADH dependent nitrate reductase enzymes (Dwivedi
et al., 2013). Acuña and co-workwers (2013) have also reported spherical
nanoparticles of Se on the surface of bacteria when grown in nutrient medium
supplemented with sodium selenite. Dhanjal and Cameotra (2010) reported the
synthesis of extracellular amorphous nanospheres of selenium (~ 150-200 nm in
diameter) by Bacillus cereus (strain CM100B) and Lampis et al., (2014) have reported
the synthesis of Se NPs from Bacillus sp. ranged from 50 to 400 nm in diameter.
Sarkar et al. (2011) used the culture filtrate of the fungus, Alternaria alternate for the
synthesis of Se nanoparticles which range in size from 30-150 nm and Dwivedi et al.
(2013) used Pseudomonas aeruginosa strain JS-11for the biosynthesis of Se
nanospheres.
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Conclusion
In conclusion, several Se resistant isolates belonged to genus Bacillus showed
high selenite reduction potential to elemental Se0 but none of them was able to reduce
selenate to elemental Se0. Furthermore, transmission electron microscopic (EM) study
showed that these red elemental Se nano-spheres were 100-400nm in size.

A

B

YAM2 grown on L-agar without Se

YAM2 grown on Se supplemented L-agar

Fig-5.11 Growth of YAM2 strain on L-agar supplemented with (B) and without (A)
sodium selenite. Red colonies exhibited bacterial reduced selenite into red elemental
Se particles.
.
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Chapter-06
Impact of selenium treatment and bacterial inoculation on Corn (Zea
mays L.) growth
Plant growth promoting rhizobacteria (PGPRs) occur naturally in soil, both Gram’spositive and Gram’s-negative can promote plant growth thorough different direct/
indirect mechanisms and give benefits to plants by improving plant growth, immunity
and productivity (Porcel et al., 2014). PGPRs belong to different bacterial genera,
such as Bacillus, Azotobacter, Azospirillun and Pseudomonas etc. have exhibited
plant growth promoting activities in cereals and other crops (Filya et al., 2003; ElKomy et al., 2003; Goswami et al., 2014). This chapter deals with inoculation effects
of Se resistant bacterial strains on the growth and biochemical parameters of corn
plants (var. Desi-Bharya). Corn seeds were inoculated with 24 individual bacterial
strains

Bacillus

foraminis-YAK1,

Bacillus

thuringiensis-YAK2,

Bacillus

licheniformis-YAK4, Proteus pennri-YAK6, Bacillus endophyticus-YAK7, Bacillus
licheniformis-YAP1, Bacillus cereus-YAP6, Bacillus licheniformis-YAP7, Bacillus
endophyticus-YAM1, Bacillus pichinotyi-YAM2, Bacillus jeotgali-YAM3, Bacillus
licheniformis-YAM4, Bacillus sp-YAR3, Bacillus flexus-YAR4, Bacillus sp-YAR5,
Bacillus cereus-YAR-7, Bacillus licheniformis-YAR8, Bacillus pumilus-CrK08,
Cellulosimicrobium cellulans-CrK16 and Exiguobacterium-CrK19. Plants were
grown in pots (containing 10 kg of soil) in a greenhouse under natural environmental
conditions. Four treatments were used;
i.

Control plants (not inoculated and not treated with Se).

ii.

Bacteria inoculated plants.

iii.

Se-treated plants (not inoculated)

iv.

Se-treated plants (inoculated with bacteria).
Plants were treated with Se (Na2SeO4.10H2O) twice during growth season.

Plants were treated with 3 mg Se kg-1 of soil two weeks post-germination and 2 mg Se
kg-1 of soil at the onset of reproductive phase, respectively. Additionally, acid
phosphatase activity and soluble protein content in leaf tissue were measured in five
weeks old seedlings (3 weeks after selenium treatment of soil), as we noticed
increased uptake of phosphorous in Se-treated corn plants. To see the effect of Se on
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plant soluble protein contents the analysis for soluble protein content was also
performed as literature review indicates that selenocysteine (SeCys) and
selenomethionine (SeMet) amino acids replace the normal cysteine and methionine
amino acids in proteins molecules. Plant growth parameters were recorded at maturity
and elemental analysis of oven dried and acid digested plants were performed with
ICP-OES.
Seed germination
Corn seeds of variety Desi-Bahariya exhibited a high germination rate. All
seeds (inoculated and un-inoculated control) showed 100% germination (Fig-6.1).
Plant height (cm)
The shoot length of the plants was measured when plants were fully mature.
Inoculation with bacterial isolates showed an increase in corn plant shoot length
compared to un-inoculated control plants (Fig-6.2). Inoculation with bacterial strain
YAK4, YAK7, YAP4, YAP6, YAM2, YAM3, YAM5, YAR2, and YAR7 resulted in
significant increase in shoot length compared to un-inoculated control plants (Fig6.2). Inoculation with strain YAK1, YAK6, YAK7, YAP1, YAP7, YAR3 and YAR5
resulted in 17, 17, 35, 15, 15, 14 and 11% increase in plant height, respectively, when
compared with un-inoculated control ones while inoculation with strain YAM6,
YAR8, CrK8, CrK8, CrK18 and CrK19 exhibited negligible difference in shoot
length compared to control ones.
Selenium treatment of soil caused significant decrease (33%) in plant height
compared with un-treated control plants (Fig-6.3). The twenty days old seedlings
treated with 3 mg Se kg-1 soil (both Se-treated and Se-treated inoculated) showed
reduced growth rate (for two weeks) compared with un-treated control plants.
However, inoculation with Se resistant bacterial strains stimulated plant growth
compared to Se-treated un-inoculated plants. Bacterial inoculations (YAK1-Se,
YAK2-Se, YAK4-Se, YAK6-Se, YAK7-Se, YAP1-Se, YAP4-Se, YAP6-Se, YAP7Se, YAR2-Se, YAR3-Se, YAR4-Se, YAR5-Se, YAR7-Se, YAR8-Se, CrK8-Se,
CrK16-Se, and CrK19-Se) to Se-treated plants resulted in significant increase in plant
height compared to Se-treated un-inoculated plants (Fig-6.3). Bacterial inoculation of
Se-treated plants (YAM3-Se, YAM4-Se, YAM5-Se, and YAM6-Se) showed
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Fig-6.1 Germination percentage of corn seeds (n=12) per pot. Comparison between
inoculated and un-inoculated control (Cont) seeds. The data shown are the mean ± SE
of the mean.
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Fig-6.2 Effect of bacterial inoculation on shoot length of corn plants grown in natural soil in pots. The shown data are the mean (n=6)
± SEM of the mean. Bars labeled with different letters represent means that are significantly different, judged from ANOVA followed
by Duncan at 95% confidence level.
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Fig-6.3 Effect of Se treatment alone and in combination with bacterial inoculation on shoot length of the corn plants compared to untreated control plants (Cont). The plants were treated with 3 mg Se kg-1 of soil two weeks post-germination and 2 mg Se kg-1 soil at
the onset of reproductive phase, respectively. The treatments are designated as un-inoculated control, only Se-treated and Se-treated
inoculated plants. The data shown are the mean (n=6) ± SE of the mean. Bars labeled with different letters represent means that are
significantly different, judged from ANOVA followed by Duncan at 95% confidence level.
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negligible effect on plant height compared to Se-treated un-inoculated plants. The highest
increase in shoot length was observed when Se-treated plants were inoculated with strain
YAP1, YAP4, and YAP6 compared to Se-treated plants and un-treated control plants
(Fig-6.3). Finally, inoculation caused an increase in shoot length in majority of plants in
comparison to un-inoculated control ones.
Plant dry weight (g)
Inoculation with strains YAK1 and YAK7 caused significant increase (19 and
44%, respectively) in plant dry weight per pot compared to un-inoculated control plants
(Fig-6.4). Inoculation with strains YAP7, YAM2, YAR5, YAR7 and CrK19 resulted in 4,
19, 19, 17 and 9% increase in plant dry weight per pot, respectively, compared to uninoculated control plants but it was not significant because of high standard error of
control plants. However, inoculation with strains YAR8 and CrK8 showed a negative
impact and resulted in significant decrease in plant dry weight compared to un-inoculated
control (Fig-6.4).
At lower concentration, Se might enhance plant growth but at higher
concentration it can be toxic for plants. In this study when corn plants were treated with
Se (3-5 ppm in soil), the Se-treatment resulted in decrease in plant dry weight compared
to un-treated control plants (Fig-6.5). Inoculations with majority of bacterial strains
stimulated plant growth under Se stress. Bacterial inoculated Se-treated plants YAK2-Se,
YAK6-Se, YAK7-Se, YAP1-Se, YAP4-Se, YAP6-Se, YAP7-Se, YAM2-Se and YAR5Se exhibited 6 to 40% increase in dry weight per pot compared to un-inoculated Setreated plants (Fig-6.5). However, bacterial inoculation to Se-treated plants with strains
YAM3, YAM5, YAR2 and CrK16 did not alleviate the toxic effect of Se and these plants
showed significantly decreased plant dry biomass compared to un-treated control plants.
Acid phosphatase activity (K.A units/ 100 ml)
The effect of bacterial inoculation and Se-treatments on biochemical contents of
corn plants was also studied. The acid phosphatase activity was measured in leaf tissue of
control and treated plants after three weeks of Se-treatment. Acid phosphatase activity
was lower in control plants than in inoculated plants and bacterial inoculation was
104

Chapter-06

Selenium treated Corn plants

Plant dry weight per pot (g)

50

h

40

ef
f
30

cdef

def

def

def

def cd

cdef cde
bcd
abc

abc
ab

a

20

10

Co
nt
YA
K1
YA
K7
YA
P7
YA
M1
YA
M2
YA
M3
YA
M4
YA
R2
YA
R3
YA
R4
YA
R5
YA
R7
YA
R8
Cr
K8
Cr
K1
6

0

Treatments

Fig-6.4 Effect of inoculation on plant dry weight per pot in corn plants compared to
control. The data shown are the mean (n=3) ± SE of the mean. Bars labeled with different
letters represent means that are significantly different, judged from ANOVA followed by
Duncan at 95% confidence level.
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Fig-6.5 Effect of Se treatment alone and in combination with bacterial inoculation on plant dry weight per pot in the corn plants
compared to un-treated control plants. The plants were treated with 3 mg Se kg-1 of soil two weeks post-germination and 2 mg Se kg-1
soil at the onset of reproductive phase, respectively. The data shown are the mean (n=3) ± SE of the mean. Bars labeled with different
letters represent means that are significantly different, judged from ANOVA followed by Duncan at 95% confidence level.

106

Chapter-06

Selenium treated Corn plants

resulted in increase in acid phosphatase activity in leaf tissue of plants. Inoculation with
bacterial isolates YAK1, YAK2, YAK4, YAK6, YAK7, YAP1, YAP4, YAP6, YAP7,
YAM1, , YAM3, YAM4, YAM5, YAM6, YAR2, YAR3, YAR4, YAR5, YAR7, YAR8,
CrK8, CrK16, and CrK19 resulted in significant increase in acid phosphatase activity
(88-264%) in leaf tissue compared to un-inoculated control plants (Fig-6.6). However, no
significant effect on acid phosphatase activity was observed when plants were inoculated
with YAM2 strain compared to control. The most significant increase in acid phosphatase
activity (187-264%) was shown by strain CrK19, YAR7, YAR4, YAK6, YAK7, YAM4,
YAM6 and YAR2 (Fig-6.6).
In the leaves of Se-treated corn plants, acid phosphatase activity significantly
increased by 30% compared to un-treated control plants (Fig-6.7). Acid phosphatase
activity in the leaves of Se-treated inoculated plants (YAK1-Se, YAK2-Se, YAK4-Se,
YAK6-Se, YAK7-Se, YAP1-Se, YAP4-Se, YAP6-Se, YAP7-Se, YAM1-Se, YAM2-Se,
YAM3-Se, YAM4-Se, YAM5-Se, YAM6-Se, YAR2-Se, YAR3-Se, YAR4-Se, YAR5Se, YAR7-Se, YAR8-Se, CrK8-Se, CrK16-Se, and CrK19-Se) was also significantly
higher than acid phosphatase activity in Se-treated and un-treated control plants (Fig-6.7).
No significant effect was observed on acid phosphatase activity in YAM2 inoculated
plants but when plants were treated with Se and co-inoculated with strain YAM2, the
acid phosphatase activity was increased significantly compared to untreated control. This
increase in acid phosphatase activity might be because of Se-treatment only.
Soluble protein content (mg g-1 fresh weight)
In general, as a consequence of inoculation, soluble protein content in leaf tissue
of majority of plants were increased compared to un-inoculated control plants (Fig-6.8).
Inoculation with bacterial isolates YAK1, YAK4, YAP1, YAP4, YAM1, YAM2, YAM4,
YAM5, YAR4, YAR5 and YAR8 resulted in significant increment in leaf protein
contents compared to un-inoculated control (Fig-6.8). In contrast inoculation with strains
YAK2, YAK7, YAP7 and YAR2 caused a significant decrease in leaf protein content
compared to control plants (Fig-6.8). However, compared to un-inoculated control plants
negligible effect on leaf protein content was observed when plants were inoculated with
strains YAK6, YAP6 and YAR7.
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Fig-6.6 Effect of inoculation on acid phosphatase activity of 5 weeks old corn plants, grown in natural soil. The data shown are the
mean (n=3) ± SE of the mean. Bars labeled with different letters represent means that are significantly different judged from ANOVA
followed by Duncan test at 95% confidence level
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Fig-6.7 Effect of Se treatment and bacterial inoculation on acid phosphatase activity of 5 weeks old corn plants. The treatments are
designated as un-inoculated and un-treated control (Cont.), only Se-treated and Se-treated inoculated plants. The data shown
represents the mean (n=3) ± SE of the mean. Bars labeled with different letters represent means that are significantly different, judged
from ANOVA followed by Duncan at 95% confidence level.
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Fig-6.8 Effect of bacterial inoculation on soluble protein contents in leaf tissue of corn plants in comparison to un-inoculated control.
The data shown are the mean (n=3) ± SE of the mean. Bars labeled with different letters represent means that are significantly
different judged from ANOVA followed by Duncan at 95% confidence level.
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Fig-6.9 Effect of Se treatment and bacterial inoculation on protein contents in leaf tissue of corn plants compared with control. The
data shown are the mean (n=3) ± SE of the mean. Bars labeled with different letters represent means that are significantly different
judged from ANOVA followed by Duncan at 95% confidence level.
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Soluble protein content significantly decreased (22%) in leaves of Se-treated
plants in comparison to un-treated control plants (Fig-6.9). Bacterial inoculated Setreated plants YAK6-Se, YAK7-Se, YAP1-Se, YAM1-Se, YAM3-Se and YAM5-Se
showed significantly decreased protein content compared to Se-treated and control plants.
Inoculation with some bacterial strains alleviated the effect of Se-treatment on leaf
protein contents. Bacterial inoculated Se-treated plants YAP4-Se, YAP6-Se, YAR2-Se,
YAR3-Se, YAR4-Se, YAR5-Se, YAR7-Se, YAR8-Se, CrK8-Se, and CrK19-Se showed
significantly increased protein content compared to Se-treated plants (Fig-6.9). The most
promising effect of inoculation on protein content was observed in two Se-treated
inoculated plants (YAM4-Se and CrK8-Se) which showed significant increase in protein
content compared with untreated control and Se-treated plants.
Selenium concentration in leaf and stem (mg kg-1 DW)
Selenium treatment of soil (sodium selenate, Na2SeO4.10H2O) resulted in
significantly higher Se levels in the stem (22 mg kg-1 DW) and leaves (24 mg kg -1DW)
than un-treated control plants in which Se concentration in stem (1.1 mg kg-1 DW) and
leaves (1.9 mg kg-1 DW) was very low (Fig-6.10).
In the presence of selenium, inoculation with some Se resistant bacterial isolates
caused a significant increase in Se levels in stems and leaf in comparison to Se-treated
(un-inoculated) plants. Selenium levels in the stem were significantly higher in Se-treated
inoculated plants YAK2-Se (36 mg kg-1 DW), YAP7-Se (43 mg kg-1 DW), YAM2-Se (37
mg kg-1 DW) and YAR4-Se (33 mg kg-1 DW) than un-inoculated Se-treated plants (22
mg kg-1 DW). However, in Se-treated inoculated plants YAR5-Se and YAM4-Se,
remarkable enhancement in Se levels in stem were observed compared to Se-treated uninoculated plants.
In contrast to Se levels in stem, several Se-treated inoculated plants exhibited
significantly higher Se levels in in leaves than un-inoculated Se-treated plants (Table6.1). Selenium concentration in leaves of Se-treated inoculated plants YAK1-Se (80 mg
Se kg-1 DW), YAK2-Se (57 mg Se kg-1 DW), YAK4-Se (44 mg Se kg-1 DW), YAK7-Se
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Fig-6.10 Effect of selenium (sodium selenate) supplementation of soil. Se concentration
in stem and leaf of Se-treated corn plants compared to untreated control. Elemental
analysis was done by ICP-OES following acid digestion method. Data shown represents
mean ± SEM (n=3), t-test (P<0.05).
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Table-6.1 Selenium concentration in stem and leaf of corn plants grown in sodium
selenate supplemented soil. The treatments are designated as control (un-treated and uninoculated), Se-treated plants (un-inoculated) and Se-treated inoculated plants. Elemental
analysis was done by ICP-OES following acid digestion method. Data shown represents
mean ± SEM (n=3), ANOVA followed by Duncan (P<0.05).
Se conc. in stem

Se conc. in leaf

(mg kg-1 DW)

(mg kg-1 DW)

Control

1.1 ± 0.15 a

1.90 ± 0.58 a

Se-treated

22.46 ± 3.34 bcde

23.81 ± 3.13 ab

YAK1-Se

13.61 ± 3.16 b

79.89 ± 14.84 f

YAK2-Se

35.70 ± 8.07 fg

57.09 ± 11.97 def

YAK4-Se

15.50 ± 2.94 bc

43.52 ± 3.13 bcde

YAK6-Se

15.25 ± 0.08 bc

38.45 ± 11.68 bcde

YAK7-Se

17.54 ± 2.11 bcd

38.51 ± 7.42 bcde

YAP1-Se

21.02 ± 3.60 bcde

55.97 ± 11.82 def

YAP4-Se

16.83 ± 1.25 bc

31.17 ± 1.59 bcd

YAP6-Se

20.53 ± 3.34 bcde

53.84 ± 12.55 cde

YAP7-Se

42.54 ± 9.24 g

47.15 ± 6.42 bcde

YAM1-Se

8.89 ± 1.10 ab

28.00 ± 5.06 bc

YAM2-Se

36.92 ± 4.28 fg

59.44 ± 12.09 ef

YAM3-Se

19.60 ± 2.88 bcde

28.45 ± 2.79 bc

YAM4-Se

28.00 ± 2.05 cdef

55.94 ± 1.53 def

YAR3-Se

22.47 ± 1.64 bcde

22.15 ± 5.58 ab

YAR4-Se

32.54 ± 5.73 efg

43.15 ± 6.38 bcde

YAR5-Se

31.06 ± 1.97 defg

48.37 ± 1.43 bcde

YAR7-Se

17.51 ± 4.15 bcd

39.05 ± 5.84 bcde

YAR8-Se

20.93 ± 5.69 bcde

38.14 ± 3.75 bcde

Treatments
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(39 mg Se kg-1 DW), YAP1-Se (56 mg Se kg-1 DW), YAP6-Se (54 mg Se kg-1 DW)
YAP7-Se (47 mg Se kg-1 DW), YAM2-Se (59 mg Se kg-1 DW ), YAM4-Se (56 Se kg-1
DW) and YAR5-Se (48 Se kg-1 DW) were significantly higher than un-inoculated Setreated plants (24 kg-1 DW). Selenium levels in leaves of all other Se-treated inoculated
plants were higher than un-inoculated Se-treated plant but insignificant.
Sulfur and phosphorous concentration in stem and leave (mg kg-1 DW)
Soil supplementation with sodium selenate affected the concentration of
phosphorous (P) and sulfur (S) in the stem and leaves of corn plants. A significant
increase was observed in stem phosphorous levels whereas as a remarkable increase was
observed in both stem and leaf sulfur content in comparison to un-treated control plants
(Fig-6.11).
Discussion
Selenium occurred naturally in various chemical forms in soil, depending upon
the redox potential of soil. All plants have the potential to uptake and metabolize Se but
the question about selenium essentiality for vascular plants is still unsolved (Lyons et al.,
2009). Several studies indicate that plant growth promoting rhizobacteria (PGPRs) can
enhance the metals and essential nutrients uptake in plants (Whiting et al., 2001; Lebeau
et al., 2008). The rhizosphere of plants is a very complex and active microenvironment
and microorganisms (especially PGPRs) have the potential to increase plant growth
through different direct/ indirect mechanism such as enhanced availability of different
micro/ macro nutrients, nitrogen fixation, phosphate solubilization, mineralization of
different organic compounds, synthesis of phytohormones and detoxification of different
toxic elements present in the surrounding environment (Myresiotis et al., 2012; Porce et
al., 2014).
In this chapter twenty four individual selenium resistant bacterial strains (YAK1,
YAK2, YAK4, YAK6, YAK7, YAP1, YAP4, YAP6, YAP7, YAM1, YAM2, YAM3,
YAM4, YAM5, YAM6, YAR2, YAR3, YAR4, YAR5, YAR7, YAR8, CrK8, CrK16,
and CrK19) were used to inoculate the corn plants grown in pots filled with 10 kg of soil
(field trial). It was observed that inoculation with bacterial strains stimulated the corn
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plants vegetative growth. In comparison to un-inoculated control plants, majority of
bacterial inoculated plants exhibited increased plant height and dry biomass (Fig-6.2; 6.3;
6.12). Rhizosphere bacteria (PGPRs) can promote growth, suppress diseases and enhance
stress tolerance (Martinez-Viveros et al., 2010). The plants were also treated with 3 mg
Se kg-1 of soil two weeks post-germination and 2 mg Se kg-1 soil at the onset of
reproductive phase, respectively. Results from this study revealed the negative effects of
Se treatment on corn plants vegetative growth when soil was supplied with such a high
concentration of Se during the initial stage of plant development.
Soil Se levels are highly variable among different regions of world. However, Se
deficient regions are much more common than Se sufficient regions. In the soil Se can be
present in different chemical forms such as organic forms (SeMet and SeCys), selenite,
and selenate and elemental Se0, depends upon the redox potential of the particular soil
type (Terry et al., 2000).
Several investigators have shown that selenate/ selenite either enter into plants
cells passively (Terry et al., 2000) or through transporters, selenate transported through
the plasma membrane by the sulfate transporters and selenite might be transported by
phosphate transporters (White and Broadley, 2009). When twenty days old seedlings
were treated with Se (3 mg Se kg-1 soil), both Se-treated and bacterial inoculated-Setreated exhibited retarded growth compared with un-treated control plants. Similar visual
symptoms of selenate toxicity (4 mg Se kg-1) were also reported by Sharma et al. (2010)
in rapeseed and maize plants. In Se-treated plants first two leaves turned to yellow from
normal green color and finally dried after Se treatment compared to un-treated control
plants. When plants treated with Se (3-5mg Se kg-1 soil) the shoot length and dry biomass
of the plants were significantly reduced compared to non Se-treated control plants. The
corn plants (var. Desi Baharya) have revealed the toxic effects of Se and stunted plant
vegetative growth when grown in soils with higher Se levels (≥3ppm). The critical
concentration of Se in plant tissue above which decrease in yield was reported in previous
studies was found to be 41.5 mg kg-1in rice (Oryza sativa L.), 104.8 mg kg-1 in raya
(Brassica juncea czern L.) and 76.9 mg kg-1 in maize (Zea mays L.), (Rani et al. 2005). In
this study, even lower Se levels (22 mg kg-1 DW) in corn plants exhibited toxic effects
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Fig-6.11 Effect of sodium selenate treatment on accumulation of sulfur (A) and
phosphorous (B) in the stem and leaf tissue of corn plants grown in pot soil,
supplemented with 3 mg Se kg-1 of soil. Elemental analysis was done by ICP-OES
following acid digestion method. Data shown represents mean ± SEM (n=3), t-test
(P<0.05).
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Fig-6.12 Effect of inoculation with bacterial strain YAM-5 (A), YAK-7 (B), YAK-6 (C),
YAP-7 (D), YAM-2(E) and YAR-7(F) on vegetative growth of corn plant compared to
un-inoculated control plants, growing in normal field soil.
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compared to un-treated control plants. However, soil supplementation with sodium
selenate proved to be a promising approach to enhance Se levels in corn plants and
bacterial inoculation alleviated the Se toxicity in corn plants and resulted in increased
plant height and dry biomass compared with un-inoculated Se-treated plants (Fig-6.3;
6.5; 6.13). Selenium concentrations in leaves of Se-treated inoculated plants YAK1-Se
(80 mg kg-1 DW), YAK2-Se (57 mg kg-1 DW), YAK4-Se (44 mg kg-1 DW), YAK7-Se
(39 mg kg-1 DW), YAP1-Se (56 mg kg-1 DW), YAP6-Se (54 mg kg-1 DW) YAP7-Se (47
mg kg-1 DW), YAM2-Se (59 mg kg-1 DW), YAM4-Se (56 mg kg-1 DW) and YAR5-Se
(48 mg kg-1 DW) were significantly higher than un-inoculated Se-treated plants (24 mg
kg-1 DW).bacterial inoculation alleviated the Se toxicity in corn plants and resulted in
increased plant height and dry biomass compared with un-inoculated Se-treated plants
(Fig-6.3; 6.5; 6.13). Selenium concentrations in leaves of Se-treated inoculated plants
YAK1-Se (80 mg kg-1 DW), YAK2-Se (57 mg kg-1 DW), YAK4-Se (44 mg kg-1 DW),
YAK7-Se (39 mg kg-1 DW), YAP1-Se (56 mg kg-1 DW), YAP6-Se (54 mg kg-1 DW)
YAP7-Se (47 mg kg-1 DW), YAM2-Se (59 mg kg-1 DW), YAM4-Se (56 mg kg-1 DW)
and YAR5-Se (48 mg kg-1 DW) were significantly higher than un-inoculated Se-treated
plants (24 kg-1 DW).
de Souza et al. (1999) and Durana et al. (2013) have reported that inoculation with
rhizospheric microorganisms significantly enhanced Se content in Indian mustard and
wheat plants.

Several studies reported that beneficial microbes can enhance host

tolerance to abiotic stresses such as nutritional deficiency, salinity and presence of heavy
metals in surrounding environments (Ruiz-Lozano et al., 2012; Aroca et al., 2013).
Previously it is reported that PGPRs (Bacillus sp.) can promote plant growth, through
different mechanisms such as enhanced antioxidant enzymes activity, phosphate
solubilization, biological nitrogen fixation, salinity tolerance and by promoting beneficial
plant-microbe symbioses in tomato, grape wine, maize, sugar beet and rice (Wang et al.,
2009; Mehnaz, 2011; Bhattacharyya and Jha, 2012, Bresson et al., 2013, Jha and
Subramanian, 2014, Dong et al., 2014).
In general, bacterial inoculation with majority of strains caused increase in leaf
soluble protein content compared to un-inoculated control plants (Fig-6.8), except for
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Fig-6.13 Effect of inoculation and Se-treatment on vegetative growth of corn plants.
Growth of Se-treated plants compared to un-treated control (A) and Se-treated plants
compared to un-inoculated Se-treated plants (B, C, D, E, and F).
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strain YAK2, YAK7, YAP7 and YAR2 which showed decrease in leaf protein content
compared to un-inoculated control plants (Fig-6.8). Selenium containing amino acids
seleno-cysteine (SeCys) and seleno-methionine (SeMet) can possibly replace the normal
cysteine and methionine amino acids in protein molecules. It was observed that Setreatment resulted in significant decrease (by 22%) in leaf protein contents compared
with un-treated control plants. Sepulveda et al. (2013) have also reported downregulation of some protein in sodium selenate treated broccoli (Brassica oleracea). In
contrast Sharma et al. (2010) have reported negligible effect of Se treatment (4 mg Se kg1

) on protein content of rapeseed leaves. Bacterial inoculation alleviated the effect of Se

toxicity on soluble protein contents. Bacterial inoculated Se-treated plants YAP4-Se,
YAP6-Se, YAR2-Se, YAR3-Se, YAR4-Se, YAR5-Se, YAR7-Se, YAR8-Se, CrK8-Se,
and CrK19-Se showed significantly increased protein content compared to un-inoculated
Se-treated plants (Fig-6.9). White et al. (2004) has also reported that Se toxicity in plants
is might be because of non-specific exchange of sulfur (S) by Se in some protein
molecules and other sulfur containing compounds. Finally the negative effect of Se on
protein content might be due to incorporation of Se into proteins in general, replacing
sulfur and thus negatively affecting protein structure and function.
Plants inoculation with bacterial isolates YAK1, YAK2, YAK4, YAK6, YAK7,
YAP1, YAP4, YAP6, YAP7, YAM1, , YAM3, YAM4, YAM5, YAM6, YAR2, YAR3,
YAR4, YAR5, YAR7, YAR8, CrK8, CrK16, and CrK19 caused a significant increase in
acid phosphatase activity (88-264%) in leaf tissue compared to un-inoculated control
plants (Fig-6.6). Several studies have shown that plant inoculation with bacterial strains
stimulates acid phosphatase activity in various crops and plants (Saleh and Belisle, 2000;
Preneta et al., 2002; Yasin et al., 2013). Regardless of bacterial inoculation when corn
plants were treated with Se the acid phosphatase activity significantly increased (by 30%
in leaf tissue) compared to un-treated control plants (Fig-6.7) and bacterial inoculation of
Se-treated plants further resulted in significant increase in acid phosphatase activity in
leaf tissue compared to Se-treated plants and control plants. This enhanced acid
phosphtase activity in Se-treated and inoculated Se-treated plants may also represent
enhanced acid phosphatase activity in roots tissue. In plants, acid phosphatase enzyme
enhances phosphorous (P) uptake form soil and its activity in plants increases under
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heavy metal stress (Leadir et al., 2002; Sharma and Dubey, 2005). However the sulfur
concentrations in both stem and leaf tissues of Se-treated plants were higher than control
but it was not significant.
Conclusion
In conclusion, sodium selenate supply (3 mg Se kg-1of soil) to corn plants caused
toxic effects on plant growth. However, in Se supplemented plants significant increase
observed in both leaf and stem Se concentration in comparison to untreated control and
inoculation with several Se resistant Bacillus strains showed further significant
enhancement in leaf Se concentration. From above mentioned results it can be assumed
that Se concentration will also be increased in corn cones. As it observed in case of
selenate treated wheat (Chapter-7), when wheat plants were treated with (3 mg Se kg-1of
soil) the Se concentration was increased both in stem and seeds of wheat plants compared
with control. In Se-treated corn plants Se concentration in leaves was high (23-80 mg Se
kg-1 DW), So it is strongly recommended to dilute this Se rich corn plant material with Se
deficient corn plant material, if supposed to be consumed by humans and their
livestock’s.
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Chapter-07
Selenium biofortification of wheat (Triticum aestivum L.): Potential
use of microbes for enhanced selenate uptake in cereals
Selenium (Se) is an essential micronutrient for humans and animals but Se
requirement for growth of higher plants is still a matter of discussion. Researcher have
reported that Se deficiency can effect livestock and human health in number of ways,
such as viral infections (cancer and HIV), reproduction disorders (infertility in male),
cardio muscular disorders, immune function and white muscle disease in sheep and
livestock (Shimada et al., 2011; Rayman, 2012; Michalska-Kacymirow, et al., 2014).
Selenium content in most of the world soils are ranging from 0.01-2 mg kg-1 and Se
deficiency is much common than Se toxicity, because most of the world soils are Se
deficient. Selenium dietary intake in Se deficient areas is very low. Cereals, meat
products and other dietary plants are considered dietary Se sources. Wheat (Triticum
aestivum) is a very important cereal crop and wheat grains or wheat flour products are
important part of diet of several peoples in the world. Agronomic Se fortification is
the simplest and the easiest way to achieve normal daily Se intake on a large scale. In
some regions of the world (UK, Finland, China etc.) use of Se enriched fertilizers is
common in practice. Selenium bioavailability in various foods is different and Se in
wheat grain (mostly Se-methionine) is highly bioavailable for animals. Soil Se is very
uneven in distribution as well as chemical availability and soil microbes play an
important role in biogeochemical cycling of Se. Plant growth promoting rhizobacteria
(PGPRs) play an important role for plant growth promotion under heavy metal and
other environmental stresses. In this study, we used Se-tolerant plant growth
promoting rhizosphere bacteria (PGPRs) that could enhance plant growth as well as
micronutrient levels (including Se) in wheat (Var. Seher 2006), grown in Se
supplemented soil. Wheat seeds were inoculated with 24 individual bacterial strains
Bacillus foraminis-YAK1, Bacillus thuringiensis-YAK2, Bacillus licheniformisYAK4, Proteus pennri-YAK6, Bacillus endophyticus-YAK7, Bacillus licheniformisYAP1, Bacillus cereus-YAP6, Bacillus licheniformis-YAP7, Bacillus endophyticusYAM1, Bacillus pichinotyi-YAM2, Bacillus jeotgali-YAM3, Bacillus licheniformisYAM4, Bacillus sp-YAR3, Bacillus flexus-YAR4, Bacillus sp-YAR5, Bacillus
cereus-YAR-7,

Bacillus

licheniformis-YAR8,
123

Bacillus

pumilus-CrK08,

Chapter 07

Selenium biofrotification of Wheat

Cellulosimicrobium cellulans-CrK16 and Exiguobacterium-CrK19. Plants were
grown in pots (each containing 8 kg of soil) in a greenhouse under natural
environmental conditions. Four treatments were used;
i.

Control plants (un-inoculated and without Se supplementation).

ii.

Bacteria inoculated plants.

iii.

Se-treated plants un-inoculated plants.

iv.

Se-treated inoculated plants.
Sodium selenate (Na2SeO4.10H2O, Uni-Chem ®) was used as a source of Se

supply to soil. Plants were treated with Se twice during growth season; soil was
supplied with 3 mg Se kg-1 of soil 1 week post-germination and 3 mg Se kg-1 of soil at
the onset of reproductive phase, respectively. Plant growth parameters were recorded
at maturity and elemental analysis of oven dried and acid digested plants were
performed with ICP-OES in Soil Science Department, Colorado State University, Fort
Collins Co, USA. Additionally, soluble protein content and acid phosphatase activity
in leaf tissue was measured in five weeks old seedlings (3 weeks after selenium
treatment of soil).
Seed germination (%)
Previously preliminary work with these Se resistant bacterial strains showed
several plant growth promoting characteristics (chapter 2). Seeds inoculated with
these PGPRs bacterial isolates exhibited an increased germination rate (Fig-7.1).
Inoculation with strains YAK4, YAP4, YAM4, YAR3, YAR4, YAR5 and YAR8
resulted in significant increase in seed germination percentage compared to uninoculated control seeds. Strains YAM1, YAR2 and CrK19 also showed marked
increase in seed germination percentage compared to control. Strains YAK1, YAK7,
YAM2, YAM3, YAM5 and CrK8 showed negligible effect on germination % in
comparison to corresponding un-inoculated seeds.
Shoot length (cm)
Majority of the isolated strains showed the ability to produce plant growth
hormone auxin (IAA) and had growth promoting effect on wheat plants under both
the normal soil conditions and Se supplemented conditions. Under un-treated (normal
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soil) conditions, inoculation with bacterial isolates YAK1, YAK2, YAK4, YAK6,
YAK7, YAP1, YAP4, YAP6, YAP7, YAM1, YAM2, YAM3, YAM4, YAM5,
YAM6, YAR2, YAR3, YAR4, YAR5, YAR7, YAR8, CrK8, CrK16, and CrK19
induced a significant increase in shoot length compared to control plants (Fig-7.2).
However different inoculation had different impact on shoot length in wheat plant. In
this case the most remarkable and significant increase in shoot length (18-19%) was
observed when plants were inoculated with strains YAK6, YAK7, YAP4, YAP7,
YAM1, YAM3, YAR4, YAR8 and CrK19.
Selenium has the ability to induce plant growth when present in soil at lower
concentrations. However in this case Se supplementation of soil at a higher
concentration

(> 3ppm) also showed a significant increase (>6%) in plants shoot

length compared to un-treated control plants (Fig-7.3). Majority of Se-treated
inoculated plants YAK1-Se, YAK2-Se, YAK4-Se, YAK6-Se, YAK7-Se, YAP1-Se,
YAP4-Se, YAP6-Se, YAP7-Se, YAM1-Se, YAM2-Se, YAM3-Se, YAM4-Se,
YAM5-Se, YAM6-Se, YAR2-Se, YAR3-Se, YAR4-Se, YAR5-Se, YAR7-Se, YAR8Se, CrK8-Se, CrK16-Se, and CrK19-Se exhibited a significant increase in shoot
length compared to un-inoculated and un-treated control plants (Fig-7.3). Under Setreated conditions inoculation resulted in relatively more increase in plant shoot
length and Se supplementation in combination with bacterial inoculation showed an
additive effect on shoot length increase in wheat plants. Majority of Se-treated
inoculated plants exhibited significant increase in shoot length compared with uninoculated Se-treated plants, except the plant YAK4-Se, YAK7-Se and YAP1-Se
which showed negligible increase in shoot length compared to un-inoculated Setreated plants. Under Se-treatment, inoculation with strains YAK1, YAK2, YAK6,
YAP6, YAM2, YAM4, YAM6 and YAR7, YAR8 and CrK-16 showed the most
remarkable increase in shoot length 18, 16, 18, 21, 23, 21, 23, 21, 23 and 18%,
respectively, compared to un-inoculated and un-treated control (Fig-7.3).
Spike length (cm)
Under natural soil conditions plant inoculation with PGPRs not only enhanced
the plant shoot length but increase in spike length was also observed. Inoculation with
strains YAK2, YAK6, YAK7, YAP1, YAM3, YAM4, YAM6, YAR2, YAR3, YAR7,
CrK8, CrK16, and CrK19 resulted in significant increase in spike length compared
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with control plants (Fig-7.4). Compared with other inoculated plants, the most
promising increase in spike length (12-25%) was observed when plants were
inoculated with strains YAY6, YAK7, YAR2 and CrK8. In Se supplemented soil a
remarkable increase in spike length was also observed in comparison to un-treated
control plants (Fig-7.5). However bacterial inoculation in Se supplemented soil
resulted in significant increase in spike length. Spike length increased by 19-25% in
Se-treated inoculated plants YAK4-Se, YAP7-Se, YAM1-Se, YAM3-Se, YAM4-Se,
YAR5-Se, and YAR8-Se in comparison to un-inoculated Se-treated plants (Fig-7.5).
Dry weight (g)
In comparison to control plants bacterial inoculation with strains YAK1,
YAK2, YAK4, YAK6, YAK7, YAP1, YAP4, YAP6, YAP7, YAM1, YAM2, YAM3,
YAM4, YAM5, YAM6, YAR2, YAR3, YAR4, YAR5, YAR7, YAR8, CrK8, CrK16,
and CrK19 resulted in significant increase in plant dry weight under natural soil (Fig7.6). A noteworthy increase in plant dry biomass (65-100%) was observed when
plants were inoculated with bacterial strains YAK6, YAK7, YAP1, YAR3, YAR5,
YAR8 and CrK8. Less remarkable increase in plant dry biomass was observed after
inoculation of plants with strains YAK1, YAK4, YAP6, YAP7, YAM6 and YAR2
(Fig-7.6).
Selenium supplementation caused a significant increase in plant dry biomass
in comparison to dry biomass of un-treated control plants (Fig-7.7). Under Se
supplemented conditions bacterial inoculation showed an additive effect on increase
in plant dry biomass (Fig 7.7). Inoculated Se-treated plants YAK1-Se, YAK4-Se,
YAK6-Se, YAP6-Se, YAP7-Se, YAM1-Se, YAM2-Se, YAM3-Se, YAM4-Se and
YAR7-Se showed significant increase in pant dry biomass by 29, 25, 34, 27, 24, 26,
31, 25, 25 and 22%, respectively, compared to only Se-treated plants (Fig-7.7).
Seed weight (g) and number of seeds per plant
Seed weight and seed number increased significantly in majority of plants
either inoculated with bacterial strains such as YAP6 and YAP7 (Fig-7.8) or treated
with only selenium (Fig-7.9). However, Se-treated inoculated plants like YAP6-Se
and YAP7-Se showed a significant (P = 0.01) increase in seed weight per plant (Fig7.9A) and number of seeds per plant (Fig-7.9B) in comparison to control.
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confidence level.
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Fig-7.2 The growth promoting effect of PGPRs strains on shoot length of wheat plants in comparison to un-inoculated control plants. The data
showed are the mean ± SEM (n=5). Bars labeled with different letters represent means that are significantly different, judged from ANOVA
followed by Duncan’s test at 95% confidence level.
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Fig-7.3 Effect of selenium supplementation in combination with bacterial inoculation on shoot length of wheat plants. The treatments are
designated as control (un-inoculated and un-treated control), only Se-treated and Se-treated inoculated plants. The shown data are the mean ±
SEM (n=5). Bars labeled with different letters represent means that are significantly different, judged from ANOVA followed by Duncan’s test
at 95% confidence level.
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Fig-7.4 Effect of inoculation on spike length of wheat plants compared to un-inoculated control. The shown data are the mean ± SEM (n=5).
Bars labeled with different letters indicate significant differences, ANOVA followed by Duncan’s test (P<0.05).
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Fig-7.5 Effect of bacterial inoculation in combination with Se treatment on spike length of wheat plants compared to un-treated and uninoculated control. The shown data are the mean ± SEM (n=5). Bars labeled with different letters indicate significant differences, ANOVA
followed by Duncan’s test (P<0.05).The shown data are the mean ± SEM (n=5).Bars labeled with different letters represent means that are
significantly different, judged from ANOVA followed by Duncan’s test at 95% confidence level.
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Fig-7.6 Effect of bacterial inoculation on plant dry weight (per pot) of wheat plants. The shown data are the mean ± SEM (n=3). Bars labeled
with different letters represent means that are significantly different, judged from ANOVA followed by Duncan’s test (P<0.05).
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Fig-7.7 Effect of bacterial inoculation and Se supplementation on plant dry biomass per pot. The treatments are designated as control (uninoculated and un-treated control), only Se-treated and Se-treated inoculated plants. The shown data are the mean ± SEM (n=3). Bars labeled
with different letters represent means that are significantly different, judged from ANOVA followed by Duncan’s test at 95% confidence level.
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indicate statistically significant differences (ANOVA with post hoc Tukey Kramer
analysis; p < 0.05).
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Bacterial enhanced Se concentration in wheat plants (mg kg-1 DW)
When plants were grown in Se supplemented soil a marked increase in Se
concentration was observed in stem and kernels of wheat plants compared to untreated control plants. The concentration of Se in the stem and kernels of un-treated
control plants was lower than the detection limit of ICP-OES (that was 10 ppb in acid
digest, so 1ppm in 100 mg dry plant sample). So it was assumed that the Se
concentration in stem and kernels of un-treated control plants (grown in natural soil)
was <1mg kg-1 DW. However under Se supplementation, the Se concentration in the
stem and kernel was increased up to 12 mg kg-1 DW and 35 mg Kg-1 DW,
respectively. Under Se supplementation, bacterial inoculation caused marked increase
in Se uptake and accumulation in the stem and kernels of wheat plants. Selenium
concentration in Se-treated inoculated plants YAK4-Se, YAK6-Se, YAP4-Se, YAP6Se, YAP7-Se, YAM2-Se and YAM4-Se increased by 83-450% in stem compared
with un-inoculated Se-treated plants. Se-treated inoculated plants YAK7-Se, YAP1Se and YAM1-Se showed a negligible increase in Se accumulation in stem in
comparison to un-inoculated Se-treated plants (Fig-7.10). When Se treated plants
were inoculated with bacteria the most promising increment in stem Se concentration
was observed in plants YAP4-Se (450%), YAP6-Se (283%), and YAM2-Se (208%),
(Fig-710).
Selenium supplementation of soil resulted in much higher accumulation of Se
in the kernels than in the stem. Moreover inoculation caused remarkable increase in in
kernel Se content compared to un-inoculated Se-treated plants (Fig-7.11). Bacterial
inoculated Se-treated plants YAK6-Se, YAK7-Se, YAP6-Se, YAP7-Se and YAM2Se showed significant increase in Se concentration in kernel 107, 73, 154, 134 and
134%, respectively, compared to un-inoculated Se-treated plants (Fig-7.11). However,
in YAP1-Se plants no significant difference observed in kernel Se concentration as
compared to un-inoculated Se-treated plants.
Uptake and accumulation of other essential nutrient elements (mg kg-1 DW)
In Se supplemented soil bacterial inoculation not only caused an increase in
the uptake and accumulation of Se but the concentration of other essential nutrients
such as sulfur, iron, calcium, magnesium, copper, and manganese was also increased
in kernels and stems of wheat plants. Bacterial inoculation in Se-treated plants YAP4136
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Se and YAP7-Se exhibited significant increase in the stem sulfur (S) concentration by
157 and 40%, respectively, compared to un-inoculated Se-treated plants (Fig-7.12).
Sulfur content in the stems of Se-treated inoculated plants YAK4-Se, YAK6-Se,
YAP6-Se and YAP7-Se were also increased remarkably by 23-40% in comparison to
un-inoculated Se-treated plants (Fig-7.12A). Similarly bacterial inoculation to Setreated plants also resulted in increased S concentration in kernel compared to uninoculated Se-treated plants. Inoculated Se-treated plants YAP6-Se and YAP7-Se
showed significantly increased S concentration in kernel 61% and 85% respectively,
compared to un-inoculated Se-treated plants (Fig-7.12B). A marked increment (2248%) in kernels sulfur levels was also observed in inoculated Se-treated plants
YAK6-Se, YAK7-Se and YAM2-Se compared to un-inoculated Se-treated plants. The
S concentration in Se-treated inoculated plants YAK4-Se, YAP1-Se and YAM1-Se
was decreased in comparison to un-inoculated Se-treated plants but it was notsignificant.
Iron (Fe) is another very important micro element for humans. Millions of
peoples are suffering from Fe deficiency worldwide because of lower dietary intake of
iron. As PGPRs could enhance the uptake of nutrients in plants bacterial inoculation
to Se-treated plants resulted in noteworthy increase in iron concentration compared to
un-inoculated Se-treated plants (Fig-7.13). Iron concentration increased in the stems
of all inoculated Se-treated plants compared to un-inoculated Se-treated plants.
However the most remarkable increase in stem Fe concentration was observed in Setreated inoculated plants YAK7-Se (177%), YAP1-Se (396%) and YAK4-Se (258%)
compared to un-inoculated Se-treated plants (Fig-7.13A). Similarly, in Se
supplemented soil inoculation had increased the Fe concentration (up to 240%) in
wheat kernels compared to un-inoculated Se-treated plants. The most notable increase
in kernel Fe concentration was observed in inoculated Se-treated plants YAP7-Se
(240%), YAP6-Se (170%) and YAM2-Se (100%) compared to un-inoculated Setreated plants (Fig-7.13B). Under Se supplemented conditions shoot calcium (Ca)
levels in wheat plants inoculated with bacteria were higher than those left uninoculated. Bacterial inoculated Se-treated plants YAK4-Se, YAP4-Se, YAP7-Se and
YAM2-Se showed significant increase in calcium Ca concentration in stem by 130,
145, 81 and 143%, respectively, compared to un-inoculated Se-treated control plants
(Fig-7.14A). Similarly the average Ca concentration in the kernels of Se-treated
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Fig-7.10 Effect of bacterial inoculation on Se accumulation in stem of wheat (T.
aestivum) plants. Plants grown in pots were supplemented with sodium selenate; the
soil was supplied with 3 mg Se kg-1 of soil (3ppm) one week post-germination and 3
mg Se kg-1 of soil at the onset of reproductive phase, respectively. Elemental analysis
was done by ICP-OES following acid digestion method. Bars labeled with different
letters represent means that are significantly different, judged from ANOVA followed
by Duncan at 95% confidence level. The shown data represents mean (n=4) ± SE of
mean.

138

Chapter 07

Selenium biofrotification of Wheat

Se conc. in kernels (mg kg-1 DW)

120
c

c

100

80

c

c
bc

60
ab

ab
ab

40

ab

ab

a

20

4M
YA

M

2-

Se

Se

Se
YA

M
YA

P7
YA

1-

-S

-S

e

e

e
P6
YA

P4

-S

-S
YA

P1
YA

K7

-S

e

e

e
-S
YA

K6
YA

K4
YA

Se

-tr

ea

te

-S

d

e

0

Treatments

Fig-7.11 Effect of bacterial inoculation on Se accumulation in kernels/ seeds of wheat
(T. aestivum) plants. Plants grown in pots were supplemented with sodium selenate;
the soil was supplied with 3 mg Se kg-1 of soil (3ppm) one week post-germination and
3 mg Se kg-1 of soil at the onset of reproductive phase, respectively. Elemental
analysis was done by ICP-OES following acid digestion method. Bars labeled with
different letters represent means that are significantly different, judged from ANOVA
followed by Duncan at 95% confidence level. The shown data represents mean (n=4)
± SE of mean.
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Fig-7.12 Effect of bacterial inoculation on sulfur accumulation in stem (A) and kernel
(B) of wheat plants grown in Se supplemented soil. Different letters above bars
represent means that are significantly different, judged from one-way ANOVA
followed by Duncan at 95% confidence level. The shown data represent mean ± SE of
mean (stem n=5; kernel n=3). Elemental analysis was done by ICP-OES following
acid digestion method.
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Fig-7.13 Effect of bacterial inoculation on iron accumulation in stem (A) and kernel
(B) of wheat plants grown in Se supplemented soil. Different letters above bars
represent means that are significantly different, judged from one-way ANOVA
followed by Duncan at 95% confidence level. The shown data represent mean ± SE of
mean (stem n=5; kernel n=3). Elemental analysis was done by ICP-OES following
acid digestion method.
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Fig-7.14 Effect of bacterial inoculation on calcium accumulation in stem (A) and
kernel (B) of wheat plants grown in Se supplemented soil. Different letters above bars
represent means that are significantly different, judged from one-way ANOVA
followed by Duncan at 95% confidence level. The shown data represent mean ± SE of
mean (stem n=5; kernel n=3). Elemental analysis was done by ICP-OES following
acid digestion method.
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inoculated plants was high. However Ca levels in the kernels of Se-treated inoculated
wheat plants YAM2-Se, YAP7-Se, and YAP6-Se were quite higher than uninoculated control but it was not significantly different than un-inoculated control
because of high standard error (Fig-7.14B).
The Magnesium (Mg) levels in the shoot of Se-treated inoculated wheat plants
were higher than those of un-inoculated plants grown in Se-treated soil (Fig-7.15).
Magnesium levels in the shoot of Se-treated inoculated YAK4-Se, YAP4-Se, YAP7Se and YAM2-Se increased by 112, 133, 109 and 159%, respectively, compared to
un-inoculated Se-treated plants (Fig-7.15A) but were unaffected by inoculation in Setreated plants YAP1-Se and YAM1-Se. In contrast average Mg levels in kernels of
majority of Se-treated inoculated plants were unaffected. However Mg concentration
in kernels of Se-treated inoculated plants YAK6-Se, YAP6-Se and YAP7-Se was
significantly higher than those of un-inoculated Se-treated plants (Fig-7.15B).
In general, bacterial inoculation to Se-treated plants resulted in reduced copper
(Cu) concentration in stem and kernel tissue of wheat plants compared to control (Fig7.16). Only YAK4-Se and YAP4-Se showed significant increase in Cu concentration
in stem compared to non-inoculated Se-treated plants (Fig-7.16A). Plants YAK6-Se
and YAK7-Se showed marked increase in Cu concentration of stem tissue compared
to control. Only YAK7 inoculated plant (YAK7-Se) showed significant increase in Cu
concentration in kernel tissue compared to Se-treated control (Fig-7.16B). Plant
YAK6-Se and YAP1-Se also showed enhanced Cu concentration in kernel compared
to un-inoculated Se-treated plants. Cu concentration reduced significantly in kernel of
inoculated Se-treated plants YAP6-Se, YAM1-Se, YAM2-Se and YAM4-Se
compared to nu-inoculated Se-treated plants (Fig-7.16B).
In the presence of Se, wheat plants co-cultivated with bacteria contained high
shoots tissue manganese (Mn) levels compared to un-inoculated plants (Fig. 7.17). Setreated inoculated plants YAK6-Se, YAK7-Se, YAP4-Se and YAM1-Se showed
significantly increased Mn levels in stem compared to un-inoculated Se-treated plants
(Fig-7.17A) and plant YAK4-Se, YAP1-Se and YAP7-Se also showed increased Mn
concentration in stem but not significant. In general, bacterial inoculation to Setreated plants showed either no effect on kernel Mn levels or resulted in reduced
kernels Mn levels compared to only Se-treated plants. In this case only plant YAK6143
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Se showed significantly increased Mn concentration in kernel compared to uninoculated se treated plants (Fig-7.17B).
Soluble protein content in leaf (mg g-1 FW)
Additionally we also tested the effect of isolated bacterial strains over plants
leaf protein content both in the presence and absence of Se-treatment. In natural soil
(un-treated), bacterial inoculation with different individual strains showed variable
effects on plant soluble protein content. In general, in the absence of Se-treatment
leaf soluble protein content were unaffected by inoculation with majority of bacterial
strains compared to un-treated control plants (Fig-7.18). Only wheat plants inoculated
with strains YAM4 and CrK19 resulted in significant increase in leaf protein content
compared to control, while inoculation with strains YAP6, YAP7, YAR3 and YAR7
also exhibited marked increase in leaf protein content but not significant. In contrast,
inoculation with strains YAP1, YAP4, YAM3, and YAR8 showed significant
decrease in leaf protein content compared to control plants (Fig-7.18). Se-treatment
(in the form of selenate) showed no effect on leaf protein content in wheat compared
with un-treated control plants (Fig-7.19). Moreover, in the presence of Se bacterial
inoculation did not enhanced leaf protein content and majority of the inoculated Setreated plants showed significant decrease in leaf protein content compared to uninoculated Se-treated plants and control plants, except YAK2-Se, YAK6-Se, YAP1Se, YAM5-Se and YAR7-Se (Fig-7.19). Only inoculated Se-treated plant YAK2-Se
showed significant increase in protein content compared to control plants.
Acid phosphatase activity (units/ 100 mL)
Selenium treatment resulted in significant decrease in acid phosphatase
activity in the leaf tissue of wheat plants compared to un-treated control plants (Fig7.20). However, in the presence of Se inoculation with majority of bacterial strains
resulted in significant increase in acid phosphatase activity in comparison to both of
un-inoculated Se-treated plants and un-treated control (Fig-7.20). Inoculated Setreated plants YAK2-Se, YAK6-Se, YAM5-Se and YAR5-Se showed significant
higher acid phosphatase activity than un-inoculated Se-treated plants but it was still
significantly lower than un-treated control plants (Fig-7.20). The most remarkable
increase (>400%) in acid phosphatase activity was shown by inoculated Se-treated
plants YAP1-Se, YAM3-Se, YAR8-Se and CrK19-Se compared to un-inoculated Se144
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Fig-7.15 Effect of bacterial inoculation on magnesium accumulation in stem (A) and
kernel (B) of wheat plants grown in Se supplemented soil. Different letters above bars
represent means that are significantly different, judged from one-way ANOVA
followed by Duncan at 95% confidence level. The shown data represent mean ± SE of
mean (stem n=5; kernel n=3). Elemental analysis was done by ICP-OES following
acid digestion method.
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Fig-7.16 Effect of bacterial inoculation on copper accumulation in stem (A) and
kernel (B) of wheat plants grown in Se supplemented soil. Different letters above bars
represent means that are significantly different, judged from one-way ANOVA
followed by Duncan at 95% confidence level. The shown data represent mean ± SE of
mean (stem n=5; kernel n=3). Elemental analysis was done by ICP-OES following
acid digestion method.
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Fig-7.17 Effect of bacterial inoculation on manganese accumulation in stem (A) and
kernel (B) of wheat plants grown in Se supplemented soil. Different letters above bars
represent means that are significantly different, judged from one-way ANOVA
followed by Duncan at 95% confidence level. The shown data represent mean ± SE of
mean (stem n=5; kernel n=3). Elemental analysis was done by ICP-OES following
acid digestion method.
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treated plants (Fig-7.20), while in above mentioned wheat plants increment in acid
phosphatase activity was >150% compared to un-treated control plants. Finally the
presence of high levels of Se in soil (>3ppm), caused significant decrease in acid
phosphatase activity and bacterial inoculation enhanced the acid phosphatase activity
compared to un-inoculated plants.
Discussion
Inoculation of wheat plants with majority of Se-resistant bacterial isolates
significantly enhanced plant vegetative growth, Se levels in stem and kernels of wheat
plants and accumulation of other essential nutrients elements. Selenobacteria have
been studied for the potential bioremediation of Se from polluted environments, but
the use of selenobacteria as a tool for improving Se concentration in cereal crops is
relatively new (Durana et al., 2013). The present findings suggests that majority of
these Se-resistant isolates could enhance uptake of several nutrient elements (Se, S,
Fe, Ca, Mg, and Mn) in wheat plants are significant because all these elements are
essential micronutrients for humans and livestock and especially billions of people are
suffering from Se and Fe deficiency worldwide (Combs, 2001; Lyons et al., 2003).
The crops produced in Se deficient regions of the world have low Se content
(Combs, 2001). In humans, approximately 25 different selenoproteins have been
identified and many of them are involved in catalytic functions (Rayman, 2012).
Consumption of Se biofortified crops can be a cheaper source to fulfill the daily
requirement for Se and may be help to reduce diseases in Se deficient areas especially
in low-income human populations (Bañuelos, 2009; Finley, 2006). Moreover, almost
two billion people in the world are anemic and many are due to iron deficiency
(WHO, 2007). These Se-resistant bacterial isolates could be potentially used for crops
biofortification with essential nutrients not only for wheat but possibly for other crops
also to improve these micronutrient deficiencies in dietary foods.
Most of the isolated bacterial strains showed many plant growth promoting
characteristics such as auxin (IAA) production, ammonia production, HCN
production, nitrate reduction, organic acids production and catalase activity (chapter
03). Wheat seeds inoculation with majority of these bacterial isolates with plant
growth promoting (PGP) characteristics resulted in plant growth promotion. In natural
soil (un-treated) inoculation of seeds with majority of PGPRs stains resulted in
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significant increase in seed germination, shoot length, spike length, weight of seeds
and dry biomass of wheat plants (Fig-7.21). In several previous studies other
researchers have found that plant growth promoting rhizosphere bacteria (PGPRs)
may have the ability to produce the plant growth regulator indole acetic acid (IAA)
which can enhance plant root length and in general increase the plant’s ability to cope
with environmental stresses also (Barret et al., 2011; Goswami et al., (2014). Tomato
plants inoculated with auxin producing PGPR, Bacillus circulans strain CB7,
exhibited significant increase in seed germination, shoot length, shoot dry weight, root
length and root dry weight over control plants (Mehta et al., 2014). In the present
study all isolated strains used for inoculation were able to produce plants growth
hormone auxin (IAA) and inoculation with IAA acid producing strains resulted in
increased number of roots and enhanced root length in wheat seedlings (Fig-7.23 and
Fig-7.24).
Selenium supply to the soil in the form of sodium selenate showed positive
effect on plant vegetative growth. Moreover, when Se was supplied to the wheat
plants in combination with bacterial inoculation, a remarkable increase was observed
in shoot length, spike length and plant dry biomass and product yield compared to
either Se-treated or only inoculated plants (Fig-7.22). Thus the effects of Se and
inoculation were additive. The mechanism of the positive effect of Se is also
unknown. Perhaps low levels of Se trigger a general plant growth response; this
phenomenon has been called hormesis and has been reported for many non-essential
trace elements (Poschenrieder et al., 2013).
Selenium supply to plants in the form of sodium selenate caused a significant
increase in wheat Se levels. Selenium concentration enhanced in wheat stems (up to
12 mg kg-1 DW) and in seeds (up to 34 mg kg-1 DW) which was remarkably higher
than Se concentration in un-treated control plants (< 1mg kg-1 DW). Plant inoculation
with PGPRs significantly enhanced Se uptake and accumulation in stems and kernels.
It is important to note that for the purpose Se biofortification of crops under selenete
treated soil conditions, the Se levels in majority of the inoculated plant were
significantly increased by 100-450% in stem and up to 150% in kernels compared to
un-inoculated Se treated plants. These Se levels were higher than those obtained
through agronomic biofortification with Se-containing fertilizers (Galinha et al.,
2012). For instance, de Souza et al. (1999) found that rhizosphere bacteria isolated
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Fig-7.21 Effect of bacterial inoculation with strains YAK-6 (A), YAK-7 (B), Crk-8
(C), YAR-7 (D), YAM-3(E) and YAR-3(F) on wheat plant growth compared to uninoculated control plants (left side pot in each figure frame), grown in normal field
soil.
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Fig-7.22 Growth comparison of control plants, Se-treated plants, and bacterial
inoculated Se-treated plants (YAM2-Se and YAM4-Se).
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Fig-7.24 Plants inoculated with YAM2 showed an increase in root length compared
with control.
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from a seleniferous area could enhance selenate uptake and Se volatilization in
Brassica juncea and several aquatic plant species. Durana et al. (2013) reported that
inoculation with rhizospheric microorganisms significantly enhanced wheat Se
content. According to an estimation toxic levels for Se intake in humans are
approximately 350–700 μg Se day-1 (Sanmartín et al., 2012). For instance, U.S
National Academy of Sciences recommendation for daily adequate
Se intake for humans is 55 μg Se day-1 (Banuelos et al., 2012). Either a lower
dose of Se could be supplied to the plants in the field so as to reach lower plant Se
levels that could be eaten directly without dilution or it would be recommended to
dilute the wheat kernels/ flour with low-Se wheat kernels/ flour. According to NRC
(2000) for cattles daily adequate Se requirement is 100 μg. If the dry straw from these
Se-fortified wheat plants were to be consumed by livestock, as common in Pakistan
and India, then mixing of these high Se content straws in green feed would provide
the daily Se requirement for livestock.
Rhizosphere bacteria can affect the availability of different macro and
micronutrients to the plants, thus play an important role in different oxidationreduction reactions and geochemical cycling of different elements in soil. In selenate
supplemented soil, inoculation with majority of PGPR isolates significantly enhanced
S, Fe, Ca, Mg, and Mn uptake and accumulation in wheat plants. Beshan et al. (2004)
reported increased nutrient uptake and plant growth in legumes, wheat and maize,
when inoculated with rhizoshpere bacteria such as Pseudomonas sp., Agrobacterium
sp. and Azospirillum sp. Moreover, de Souza et al. (2013) have also reported the
increased uptake of nutrients such as Ca, Mg, S, Mo, Mn, Zn and Fe in selenate
supplemented wheat seedlings which may support the beneficial role of Se (selenate)
supply in wheat plant growth promotion. In several previous studies it was reported
various Bacillus sp. bacterial strains were positive for siderophore production and
other plant growth promoting characteristics (Wani et al., 2007). Siderophores can
improve the uptake of iron and other metals in plant. However, plant inoculation with
PGPRs also improved plant root growth which might be resulted in increased Se and
other elements nutrient uptake in plants.
Leaf soluble protein contents were unaffected by selenate supply to soil
compared to un-treated control plants. However, bacterial inoculation to plants
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showed variable effects on leaf protein content. Inoculation with some PGPR strains
resulted in significantly increased protein content, while some other strains caused
significantly reduction in leaf protein content compared to un-inoculated control
plants.
Compared with un-inoculated control plants, acid phosphatase activity
significantly increased in majority of bacterial inoculated plants. In contrast, when the
soil was treated with 3 mg Se kg-1 of soil, the leaf acid phosphatase activity
significantly decreased (60%) compared to un-treated control plants. In the presence
of Se bacterial inoculation resulted in significantly higher acid phosphatase activity
than un-inoculated Se-treated plants. Thus bacterial inoculation appeared to alleviate
the negative effect of Se on acid phosphatase. The negative effect of Se on acid
phosphatase activity might be due to incorporation of Se into proteins in general,
replacing S and thus negatively affecting protein function, this does not appear likely
since the Se-treated plants grew better in the presence of Se and showed no signs of
toxicity. Preneta et al. (2002) also reported increased acid phosphatase activity in
bacteria inoculated plants. Previously we found that bacterial inoculation enhanced
(40%) acid phosphatase activity in T. aestivum plants (Yasin et al., 2013).
Moreover, in present study after the harvest of wheat plants to check the
presence and propagation of microbes in inoculated soil the Brachiaria reptans plants
were grown in same pre-inoculated soil after six months of pre-inoculation. The B.
reptans plants grown in pre-inoculated soil exhibited improved growth and biomass
compared to plants grown in un-inoculated control soil (Yasin and Faisal, 2014),
which indicated the positive activity and propagation of stains in soil.
Conclusion
In conclusion, Se supplementation of wheat plants with sodium selenate
resulted in remarkable increase in Se concentration in stems and kernels of wheat
plants. Inoculation with several Se resistant PGPR strains stimulated plant growth and
Se concentration increased significantly in stems and kernels of inoculated Se treated
plants in comparison to un-inoculated Se-treated plants.
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Chapter-08
Natural seleniferous soils as a source for production of selenium
enriched foods and potential role of bacteria for selenium uptake in
Indian mustard plants
Selenium (Se) concentration in plants mainly depends on Se levels in soil and its
availability to plants. Most of the soils are Se deficient worldwide and produce crops
with low Se content. It is estimated that approximately one billion people in the
world are Se deficient. In contrast, some areas in the world (Colombia, Venezuela,
Enshi County of China, some part of Punjab in India, some parts of Ireland , the Great
Plains of the Canada and USA are seleniferous) have high Se levels in soil. Plants can
uptake Se from soil and the capacity of plants to accumulate and volatilize Se may be
used to clean up excess Se from seleniferous or polluted areas (phytoremediation) and
produce Se-enriched dietary material to alleviate Se deficiency in low-Se areas
(biofortification). In addition to other growth promoting properties, microbes can play
an important role in alleviating the effects of toxic elements, as well as uptake of
nutrients in plant (Alford et al., 2010). In this study, the Indian mustard plant
(Brassica juncea) was tested for its capacity to extract Se from naturally seleniferous
shale rock-derived soil. Soil samples were collected in June 2013 from the West side
of Fort Collins, CO, USA: Pine Ridge Natural Area (elevation 1510 m, 40_32.70N,
105_07.87W), next to Se hyper-accumulator species Astragalus bisulcatus. Four
microbial consortia (G1, G2, G3, and G4) of 4-5 strains in each originally isolated
from tannery/ industrial waste and fossil fuel contaminated areas were tested for their
effects on B. juncea growth and Se extraction from naturally seleniferous shale rockderived soil.
1. The G1 bacterial consortium consist of strains Bacillus thuringiensis-YAK2,
Bacillus

licheniformis-YAK4,

Bacillus

endophyticus-YAK7,

Cellulosimicrobium cellulans-CrK16 and Exiguobacterium sp-CrK19.
2. G2 microbial consortium consist of strains Bacillus licheniformis-YAP1,
Bacillus cereus-YAP6, Bacillus licheniformis-YAP7 and Bacillus pumilusCrK08.
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3. G3 microbial consortium consist of strains Bacillus endophyticus-YAM1,
Bacillus pichinotyi-YAM2, Bacillus licheniformis-YAM4 and Bacillus flexusYAR4.
4. G4 microbial consortium consists of strains Bacillus sp-YAR3, Bacillus spYAR5, Bacillus cereus-YAR7 and Bacillus licheniformis-YAR8.
Five treatments were used as follow: un-inoculated control, plants inoculated with
individual bacterial consortium G1, G2, G3 and G4, respectively. Plants were grown
to maturity in green house and growth parameters were recorded, and elemental
analysis was done with ICP-AES and ICP-MS following acid digestion method.

Plant growth parameters
Shoot length (cm)
No obvious phytotoxicity was observed in B. juncea plants grown in naturally
seleniferous shale rock-derived soil. However, inoculation with Se resistant PGPR
consortia positively stimulated B. juncea growth in naturally seleniferous shale rockderived soil. All of these Se resistant isolates in consortium (G1, G2, G3, and G4)
exhibited many plants growth promoting properties (Chepter-03). Flower buds
formation (reproduction phase) started earlier in bacterial inoculated plants than
corresponding un-inoculated control plants. Significant differences were found in
plant height among inoculated and un-inoculated control plants. Plants inoculated
with consortia G3 and G4 exhibited significant increase in shoot length by 13 and
14%, respectively, in comparison to un-inoculated control plants (Fig-8.1A).
Consortia G1 and G2 showed increase in shoot length by 7 and 8%, respectively,
compared to un-inoculated control plants. However in comparison to inoculation with
other three bacterial consortia the most remarkable effects on plant shoot length were
exhibited by consortium G4.
Fresh and dry weight (g)
The effects of bacterial inoculation on shoot fresh and dry biomass were
generally positive. Fig-8.1B represents the effects of bacterial inoculation on shoot
fresh weight (FW). Inoculation with consortia G1, G2, G3, and G4 resulted in
increased fresh weight of B. juncea plants compared with un-inoculated control
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plants. Inoculation with bacterial consortium G4 caused significant increase in fresh
weight (39%) of plants compared to control, whereas inoculation with bacterial
consortia G1, G2 and G3 resulted in marked increase in shoot fresh weight by 27, 24
and 19%, respectively, in comparison to un-inoculated control (Fig-8.1B). Similar to
increase in fresh weight, in seleniferous soil inoculation with consortium G4 showed
the most noteworthy increase in shoot fresh weight of plants in comparison to other
consortia. However, inoculation with consortium G1 and G4 caused significant and
remarkable increase in plant dry weight (DW) compared to control plants (Fig-8.1C),
whereas G2 and G3 showed minor increase in plant dry weight compared to control
plants.
Seed weight (g)
Inoculation with these plant growth promoting strains also exhibited
remarkable increase in crop production. Among bacteria inoculated plants,
consortium G1 caused significant increase in seed weight (46%) compared to uninoculated control plants (Fig-8.1D). Compare with control plants, no significant
increase in seeds weight was observed in G2 inoculated plants. Inoculation with
consortium G3 and G4 exhibited promising increase in seed weight by 20 and 15%
respectively, in comparison to control plants. On average inoculation with consortium
G1 caused significant increase (22 to 46%) in seed weight (1.4 g per plant) in
comparison to un-inoculated control (0.9 g per plant) and plants inoculated with
consortia G2 (0.9 g per plant), G3 (1.1g per plant), and G4 (1.1 g per plant) grown
(Fig-8.1D).
Number of leaves
In general, plant inoculation with any of the consortium showed positive
effects on number of leaves per plants except G2 which exhibited negligible effect.
However, inoculation with only consortium G1 caused significant increase in number
of leaves (28%) compared to other inoculated plants and un-inoculated control plants
(Fig-8.2A). So, more number of leaves corresponds to more photosynthesis per unit
area and also supports the significant increase in dry weight of shoot in G1 inoculated
plants.
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Fig-8.1 At maturity, comparison of plant height (A), shoot fresh weight (B), shoot
dry weight (C) and seed weight (D) between inoculated and un-inoculated B. juncea
plants growing in natural seleniferous soil. Data shows Means (n=5) and ± SE. Letters
above bars show significant difference (ANOVA followed by Post hoc Duncan at the
level of 95% significance).
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Plant inoculation with consortia G3 and G4 also showed slightly more number
of leaves (2-7%) compared to control plants. However, number of leaves was
unaffected in plants inoculated with G2 consortium compared to control plants.
Finally inoculation with G1 resulted in most promising increase in number of leaves
compared to other inoculated and un-inoculated control plants.
Number of nodes and sub-nodes
Number of nodes and sub-nodes were unaffected in plants inoculated with
consortium G1, G2, G3 and G4 compared to un-inoculated control plants (Fig-8.2B,
Fig-8.2C). Hence shoot length increase, as observed in all bacteria inoculated plants,
was because of increased length of internode instead of number of nodes.
Length of flowering stalk (cm)
All Se resistant bacterial isolates showed the ability to produce auxin, a plant
growth hormone which plays an important role in cell division and cell elongation.
Inoculation with all bacterial consortia resulted in significant increase in length of
flowering stalk/ inflorescence node compare to un-inoculated control plants, except
consortium G2, which showed less increase in flowering stalk length by 18% (Fig8.2D). The most pronounced increase in length of flowering stalk (47%) was
exhibited by consortium G1, whereas G3 and G4 showed 34 and 44%, respectively,
increased length of inflorescence node compared to un-inoculated control plants.
Photosynthesis
In general the effects of bacterial inoculation on photosynthesis rate of B.
juncea plants were negative and were differed among all consortia compared to
control (Fig-8.3A). Consortium G2 exhibited significant decreased in photosynthesis
rate compared to control plants. In contrast inoculation with consortium G1 resulted
in slightly enhanced photosynthesis rate compared to control plants. However, the
number of leaves in G1 inoculated plants was significantly higher than un-inoculated
control plants. Hence the photosynthesis rate per unit area in G1 inoculated plants was
probably higher than control. Whereas plant inoculation with consortia G3 and G4
resulted in little decrease in photosynthesis compared to control plants.
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Stomatal conductance
In general, inoculated B. juncea plants grown in natural seleniferous soil
exhibited decreased stomatal conductance (Fig-8.3B). Bacterial inoculation especially
with consortia G2 and G4 showed significantly decreased stomatal conductance by 18
and 16% respectively, compared to control plants. Whereas inoculation with consortia
G 1 and G3 showed non-significantl decrease in stomatal conductance compared to
control plants.
Intrinsic water use efficiency (WUE)
Intrinsic water use efficiency (WUE) in bacterial inoculated plants was
unaffected compare to un-inoculated plants (Fig-8.3C). In general, inoculation with
all bacterial consortia resulted in slightly increase in intrinsic water use efficiency
compared to un-inoculated control plants, except consortium G3, which showed
slightly decreased water use efficiency (WUE).
Non protein thiol (NPT)
Non protein thiol (e.g. cysteine and glutathione) plays important function in
plants cells to alleviate the effects of various environmental stresses. When B. juncea
plants were inoculated with bacterial consortia G1, G2, G3 and G4, the non-protein
thiol content increased markedly in bacterial inoculated plants in comparison to uninoculated control (Fig-8.4). The most significant increase (290%) in non-protein thiol
content was exhibited by consortium G2 compared to control plants. While
inoculation with consortium G2, G3 and G4 caused 1 fold, 3.5 fold and 3 fold
increases in non-protein thiol content, respectively, compared to un-inoculated control
plants.
Selenium concentration in leaves (mg kg-1 DW)
Indian mustard when grown in naturally seleniferous shale rock-derived soil, it
accumulated very high concentration of Se in leaves (711 mg Se kg-1 DW), (Fig-8.5).
Even with such a high levels of Se in leaves, plants showed no obvious effects of Se
phytotoxicity. Inoculation caused significant decrease in leaf Se concentration, except
the plants inoculated with consortium G1, which showed little increase (11%) in Se
concentration in leaf tissue (Fig-8.5A).
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Fig-8.3 Comparison of bacteria inoculated B. juncea plants (42 days old flowering
plants) grown in natural seleniferous soil for photosynthesis (A), stomatal
conductance (B) and intrinsic water use efficiency (C) compared to un-inoculated
control. Data shows Means (n=5) and ± SE. Letters above bars show significant
difference (ANOVA followed by Post hoc Tuckey's (HSD) test, at the level of 95%
significance).
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Fig-8.4 Comparison of Non protein thiol (NPT) content in leaf of inoculated B.
juncea plants compared to un-inoculated control plants growing in natural
seleniferous soil. Data shows Means (n=3) and ± SE. Letters above bars show
significant difference (ANOVA followed by Post hoc Duncan at the level of 95%
significance).
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Inoculation with other three consortia G2, G3 and G4 resulted in to significant decreas
(44-47%) in leaf Se concentration in comparison to un-inoculated control plants.
Among different bacterial consortia, no significant difference in leaf Se concentration
was observed, when plants grown in natural seleniferous soil except for consortium
G1 which showed significantly increased leaf Se concentration in comparison to other
inoculated treatments.
Selenium concentration in seeds and pods husk (mg kg-1 DW)
Compared to leaves, Se concentration was >50% lower in seeds (358 mg Se
kg-1 DW), (Fig-8.5). Significant difference in seed Se concentration was observed
between control and inoculated plants with exception to plants inoculated with
consortium G1 in which Se concentration was unaffected by inoculation in
comparison to control (Fig-8.5B). Consortia G2, G3 and G4 exhibited significant
decrease (53-57%) in seed Se concentration compared to un-inoculated control plants.
Lowest Se concentration was observed in pod husk (275 mg Se kg-1 DW) in
comparison to leaves and seeds (Fig-8.5). Plants inoculation with bacterial consortium
G2, G3, and G4 caused significant decrease in pod Se concentration compared to uninoculated control (Fig-8.5C). In contrast, inoculation with consortium G1 showed
15% higher pod Se concentration than control plants and significantly higher pod Se
concentration than plants inoculated with G2, G3 and G4 bacterial consortia (Fig8.5C). Overall, the accumulation of Se was greater in leaves than seeds and pods.
Sulfur (S) concentration in leaves, seeds and pods (mg kg-1 DW)
Chemical behaviour of Se is similar to sulfur (S) as Se also exists in four main
oxidation states; +6 (selenate), +4 (selenite), 0 (elemental Se ) and -2 (selenide), like
sulfur. It is believed that Se enters in plants through sulphur transporters. In general
when plants grown in natural seleniferous soil sulfur concentration in leaves, seeds
and pods skin/ husk was unaffected with bacterial inoculation (with consortium G2,
G3, and G4) compared to control plants (Fig-8.6C). However plants inoculated with
bacterial consortia G2, G3, and G4 showed significantly reduced leaf, seed and pod
Se levels compared to control plants. Only inoculation with consortium G1 caused
significant increase in leaf sulfur concentration in comparison to other inoculated
treatments and un-inoculated control plants. Among various bacterial consortia no
significant difference was observed in seed sulfur concentration (Fig-8.6B) and pod
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Fig-8.5 Selenium concentration in bacterial inoculated plants leaves (A), seeds (B)
and pods husk (C) compared to un-inoculated control plants grown in natural
seleniferous soil. Data shows Means (n=5) and± SE. Letters above bars show
significant difference (ANOVA followed by Post hoc Duncan at the level of 95%
significance).
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difference (ANOVA followed by Post hoq Duncan at the level of 95% significance).
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sulfur concentration except inoculation with G3 which showed significantly decrease
in pod sulfur concentration in comparison to bacterial consortia G1, G2 and G3 (Fig8.6C).
Essential macro/ micro nutrient elements concentration in leaves (mg kg-1 DW)
Table-8.1 summarizes the concentration of different macro/ micro nutrient
elements in leaves of B. juncea plant grown in natural seleniferous soil. No significant
differences were observed for zinc (Zn), potassium (K), molybdenum (Mo) and iron
(Fe) concentration in leaves of bacterial inoculated B. juncea plants in comparison to
un-inoculated control plants. However calcium (Ca) concentration in leaves of
bacterial inoculated plants increased significantly compared to un-inoculated control.
Except for consortium G4, which showed remarkable enhancement in leaf Ca levels
by18% as compared to control plants (Table-8.1). Total leaf Ca accumulation differed
among inoculated plants and the most significant increase was shown by consortium
G1, followed by G3 and G2.
Magnesium (Mg) concentration in leaves of control B. juncea plants was 2261
mg kg-1 DW and it was significantly affected with bacterial inoculation when grown
in seleniferos soil. Inoculation with consortium G2, G3 and G4 resulted in
significantly decreased (~50%) in leaf Mg levels compared to control plants. While
inoculation with consortium G1 resulted in less significant increment in Mg levels in
leaf as compared to control plants (Table-8.1). Leaf Mg levels were not significantly
different among bacterial inoculated plants except for G1inoculated plants which
showed significantly enhanced leaf Ca levels in comparison to other consortia G2, G3
and G4.
In natural seleneferous soil bacterial inoculation stimulated manganese (Mn)
uptake in B. juncea plants. Consortium G3 and G4 exhibited significant increases in
Mn concentration in leaves than control plants (Table-8.1). Whereas, inoculation with
G1 and G2 also caused marked increase in leaf Mn concentration by 91 and 67%,
respectively, compared to un-inoculated control plants. Among bacterial consortia, the
most pronounced increase in leaf Mn concentration was observed when plants
inoculated with consortium G4. Finally Ma levels in plants inoculated with
consortium G1, G2 and G3 were not significantly differed from each other, except
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G4, which showed significantly higher leaf Mn concentration than others inoculated
treatments (Table-8.1).
Plant grown in natural seleniferous soil showed leaf phosphorus (P)
concentration 3799 mg kg-1 DW. However phosphorus accumulation decreased in
bacterial inoculated plants compared to un-inoculated control plants. Consortium G1
exhibited significantly reduced accumulation of P in leaves compared to control,
while consortium G2, G3 and G4 also exibited marked decrease in P accumulation in
leaves compared to control plants (Table-8.1). The significant decrease in P
concentration in leaves was observed when plants were inoculated with consortium
G1 and the least effect on P accumulation in leaves was observed in case of
consortium G4.
Copper (Cu) levels were also decreased significantly in G3 and G4 inoculated
plants compared to control plants. In contrast, inoculation with consortium G1 and G2
resulted in reduced leaf Cu concentration as compared to control (Table-8.1).
Essential macro/ micro nutrient elements concentration in seeds (mg kg-1 DW)
Table-8.2 summarizes the concentration of different macro/ micro nutrient
elements in seeds. In control plants Ca concentration in seeds (6320 mg kg-1 DW) was
approximately 5 folds lower than Ca concentration in leaves. While in inoculated
plants Ca concentration in seeds was 6-7 folds lower than Ca concentration in leaves
of bacterial inoculated plants (Table-8.1 and Table-8.2). There was no significant
difference in seed Ca levels between control and inoculated plants, except for
consortium G1 which exhibited significantly lower seed Ca concentration in
comparison to other inoculated and control treatments.
Zinc (Zn) concentration in seeds of control plant was 57 mg kg-1 DW. In
contrast to Ca levels in seeds, Zn concentration increased by one fold (~100%) in
seeds of all treatments compare to Zn concentration in leaves (Table-8.1 and Table8.2). No significant difference was observed for Zn concentration in seeds between
control and bacterial inoculated plants, except for consortium G1 which caused
significant increase for Zn concentration in seeds than control and other inoculated
plants (Table-8.2).
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Table-8.1 Concentration of various nutrient elements (mg kg-1 DW) in leaves of bacterial inoculated B. juncea plants compared to uninoculated control plants grown in natural seleniferous soil. Data shows Means (n=5) and ± SE. Letters above bars show significant
difference (ANOVA followed by Post hoc Duncan at the level of 95% significance).
Nutrient elements (mg kg-1 DW)

Treatments
Ca

Zn

K

Mg

Mn

Mo

P

Cu

Fe

46±4.3a

70±10.2a

3799±270b

12±1.3c

95±9.1a

Control

33835±4173 a

29±2.5a

38631±3698a 2261±396b

G1

51755±2070 c

33±1.9a

32077±3228a

2728±79b

88±7.7ab

78±1.7a

2758±448a

10±0.4abc

87±4.2a

G2

42340±1814 b

31±1.0a

31332±2246a

1128±86a

77±1.9ab

62±11.7a

3264±247ab

11±0.7bc

98±9.4a

G3

42410±1657 b

27±1.1a

31461±1458a

1120±64a

70±4.6b

72±11.9a

3274±227ab

7±1.1a

91±1.5a

G4

39879±1504 ab

29±2.3a

31066±698a

1263±110a

90±9.2c

59±6.3a

3444±171ab

9±0.6ab

83±5.2a
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Copper concentration in leaves and seeds was similar in control and inoculated
treatments (Table-8.1 and Table-8.2). No significant difference was observed for Cu
concentration in seeds between inoculated and control treatments and among inoculated
treatments (Table-8.2).
Magnesium (Mg) concentration was 3068 mg kg-1 DW in the seeds of control
plants grown in seleniferous soil. In bacterial inoculated plants (G2, G3 and G4) Mg
concentration was ~2.5 fold higher in seeds than Mg concentration in leaves. Whereas
marked increases in Mg concentration were also observed in seeds of control and G1
inoculated plants compare to leaves of control and G1 inoculated plants (Table-8.1 and
Table-8.2). Moreover, no significant differences for Mg levels in seed were observed as a
consequence of inoculation with consortia G1, G2, G3 and G4 as compared to control
plants.
Molybdenum (Mo) levels were 9 folds lower in seeds (7.5 mg kg-1 DW) of G1
inoculated plants, G2 inoculated plants and control plants in comparison to respective Mo
leaves in G1 inoculated plants, G2 inoculated plants and control plants (70-78 mg kg-1
DW). Whereas, Mo concentration was 32 folds and 18 folds lower in seeds of G3 and G4
inoculated plants, respectively, compared to Mo concentration in respective leaves in G3
inoculated plants and G4 inoculated plants (Table-8.1 and Table-8.2). Moreover, no
significant difference was observed for seed Mo concentration between control and
inoculated plants and among inoculated plants (Table-8.2).
In all treated plants (G1, G2, G3 and G4 and control) phosphorus concentration
were ~2.5 folds higher in seeds than P concentration in leaves of their respective
treatments (Table-8.1 and Table-8.2). Compared to control plants, no significant
differences for P concentration in seeds were observed as a consequence of inoculation
with the different PGPR in any treatment (Table-8.2).
In contrast, potassium (K) concentration in seeds of bacterial inoculated plants G1
(13.66 g kg-1 DW), G2 (13.57 g kg-1 DW), G3 (13.66 g kg-1) and G4 (14.1 g kg-1) and
control plants (13.6 g kg-1 DW) approximately 2.5 folds lower than leaves of respective
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Table-8.2 Concentration of various nutrient elements (mg kg-1 DW) in seeds of bacterial inoculated B. juncea plants compared to uninoculated control plants grown in natural seleniferous soil. Data shows Means (n=5) and ± SE. Letters above bars show significant
difference (ANOVA followed by Post hoc Duncan at the level of 95% significance).
Nutrient elements (mg kg-1 DW)

Treatments
Ca

Zn

Cu

Mg

Mn

Mo

P

Control

6320±289b

56.7±2.7a

12.02±0.85a

3068±147ab

G1

4945±187a

68.2±3.9b

9.98±0.77a

G2

6399±425b

54.1±1.1a

G3

5902±158b

G4

5861±164b

30±1.45a

7.5±1.7a

9588±194a

48.6±10a 13610±681a

3118±65b

33±1.40ab

8.8±4.7a

9704±377a

119±6.9c 13584±590a

10.96±0.92a

2809±59a

37±2.42b

7.6±2.06a

9701±257a

83.3±8.8b 13576±476a

53.9±0.7a

9.98±0.88a

2911±97ab

37±2.93b

2.2±0.29a

9831±235a

68.2±7.2ab 13658±367a

57.2±1.7a

12.36±1.05a

2996±77ab

39±1.47b

3.2±0.84a

9938±212a

98.2±15bc 14036±254a
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treatments (Table-8.1 and Table-8.2). Moreover, bacterial inoculation caused no
significant effect on seed K levels compared to control (Table-8.2).
Macro/ micro nutrient elements concentration in pods (mg kg-1 DW)
In control plants, Ca levels in pods skin was double than Ca concentration in
seeds but it was approximately 2.5 folds less than Ca concentration in leaves of
respective control plants (Table-8.1, Table-8.2 and Table-8.3). However all bacterial
inoculated treatments showed significantly higher concentration of Ca in pods skin
compared to un-inoculated control plants (Table-8.3). No significant difference for Ca
concentration in pods was observed among inoculated plants.
In control and all inoculated treatments Zn concentration in pods skin was ~2.5
folds lower than in seeds and 0.5 fold lower than in leaves, while no significant
difference for Zn level in pods skin was observed between control and inoculated plants
(Table-8.3). Bacterial inoculation showed no significant difference in pod Fe
accumulation compared to un-inoculated control plants (Table-8.3). Similarly no
significant difference for K accumulation in pod skin was observed between bacterial
inoculated and control plants (Table-8.3). Copper accumulation was markedly lower in
pods compared to seeds and leaves of their respective treatments, except for G1
inoculated plants which showed no significant difference for Cu concentration in leaves,
seeds and pods (Table-8.1, Table-8.2 and Table-8.3). In general, compared to control
plants, no significant differences for Cu concentration in pods were observed as a
consequence of inoculation with the PGPR in any treatment (Table-8.3).
In pods of control plants, Fe concentration was 2.5 folds lower than in seeds and 5
fold lower than in leaves (Table-8.1, Table-8.2 and Table-8.3). However in pods of
bacterial inoculated plants Fe concentration was ~4.5 folds lower than Fe concentration
in leaves and ~3.5-6 folds lower than Fe concentration in seeds compared to their
respective treatments (Table-8.1, Table-8.2 and Table-8.3).
In all treatments (control and inoculated), potassium (K) concentration was found
approximately 0.5 fold higher in pods than K concentration in seeds and ~0.5 fold lower
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in pods than K concentration in leaves in comparison to their respective treatments
(Table-8.1, Table-8.2 and Table-8.3).
Phosphorous (P) levels were similar in pod skin and leaves in all treatments but it
was 3 folds lower than P concentration in seeds compared to their respective treatments
(Table-8.1, Table-8.2 and Table-8.3). Only consortium G4 inoculated plants exhibited
markedly higher concentration of P in pod skin compared to control and inoculated plants
(Table-8.3).
Magnesium (Mg) concentration was also lower in pods in comparison to seeds
and leaves of their respective treatments (Table-8.1, Table-8.2 and Table-8.3). In
bacterial inoculated plants (G2, G3, and G4) significant reduction for Mg accumulation
was observed compared to control plants except for G1 inoculated plants which showed
no difference of Mg concentration in pods compared to control (Table-8.3).
Manganese concentration in pods was lower than Mn concentration in seeds and
leaves in comparison to their respective treatments (Table-8.1, Table-8.2 and Table-8.3).
Inoculation with consortium G1 and G4 caused significant increase in Mn levels in pods
compared to control plants (Table-8.3).
Molybdenum (Mo) concentration was much lower (3-4 folds) in pods than leaves
in comparison to their respective treatments (Table-8.1and Table-8.3). However Mo
concentration was 1-3 folds higher in pods of control plants, G1 inoculated plants and G2
inoculated plants than Mo concentration in seeds in comparison to their respective
treatments. While plant inoculated with consortium G3 and G4 exhibited 10 folds and 5
folds increase in Mo levels in pods, respectively, in comparison to seeds of their
respective treatments (Table-8.2 and Table-8.3). However no significant differences for
Mo concentration in pods were observed as a consequence of inoculation with the PGPR
in any treatment compared to control plants (Table-8.3).
Elemental analysis of naturally seleniferous shale rock-derived soil (mg kg-1 soil)
Table 8.4 shows the concentration of different chemical elements in naturally
seleniferous shale rock-derived soil collected from Natural Pine Ridge Area in west Fort
177

Chapter 08

Indian mustard grown in natural seleniferous soil

Table-8.3 Concentration of various nutrient elements (mg kg-1 DW) in pods skin of bacterial inoculated B. juncea plants compared to
un-inoculated control plants grown in natural seleniferous soil. Data shows Means (n=3) and ± SE. Letters above bars show significant
difference (ANOVA followed by Post hoc Duncan at the level of 95% significance).
Nutrient elements (mg kg-1 DW)

Treatments
Ca

Zn

Control

12330±2212a

20.1±1.9a

G1

19538±1109b

G2

Cu

Fe

K

6.5±1.3a

18.5±4.9a

21229±2687a

1365±93b

3650±277ab

14.4±1.7a

16.4±2.9a

16.6±1.6a

4.8±0.1a

18.3±3.5a

25125±2204a

1158±16ab

2874±342a

24.0±3.3b

23.8±1.3a

19659±841b

17.2±1.7a

8.3±3.5a

18.6±6.1a

23307±1678a

847±51a

3628±145ab

19.6±1.4ab

25.1±7.1a

G3

17972±1428b

16.4±1.6a

8.5±1.7a

24.8±16a

23578±1250a

842±46a

3288±248ab

20.4±1.5ab

22.4±4.6a

G4

18899±1017b

16.7±1.0a

7.9±1.1a

20.3±1.4a

21280±1405a

944±82a

3854±146b

22.6±2.5b

15.6±3.6a

178

Mg

P

Mn

Mo

Chapter 08

Indian mustard grown in natural seleniferous soil

Table 8.4 Elemental analysis of natural seleniferous shale rock-derived soil collected
from Pine Ridge Natural Area in west Fort Collins, CO, USA. The data shown are the
mean and standard error of the mean (n=3).
Elements

Concentration (mg kg-1 soil)

P

662 ± 1

K

6629 ± 19

Ca

31138±462

Se

8.2 ± 1.5

Mg

2347 ± 19

S

516 ± 1

Zn

76±0.8

Cu

26 ± 0.8

Ni

23 ± 0.1

Fe

6198 ± 85

Cr

16 ± 0.3

Mo

2.8 ± 0.4
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Collins, CO, USA. Selenium concentration in this soil was 8.2 mg kg-1 of soil. Such high
concentration of Se in this soil indicates that it is seleniferous soil.
Discussion
Plant growth promoting rhizobacteria (PGPR) are present naturally in soil and
give benefits to plants by improving plant growth, immunity and productivity (Porcel et
al., 2014). Bacteria use different mechanisms for this purpose such as regulation of plant
hormones levels, resistance against plant pathogens, plant nutrients solubilization and
production of plant growth regulators, which are associated with plant growth and
developments (Nadeem et al., 2013; Porcel et al., 2014). In this study the Se resistant
isolates used to make consortium (G1, G2, G3, and G4) exhibited many plants growth
promoting properties, such as auxin (IAA) production, ammonia production, HCN
production, nitrate reduction, organic acids production and catalase positive (Chapter-3).
Goswami et al. (2014) had isolated Bacillus licheniformis strain A2 from rhizosphere of
Suaeda fruticosa (a halotolerant plant) from saline desert of Little Rann of Kutch, which
showed IAA production and plant growth promoting activities.
Bacterial inoculation stimulated plant growth. In inoculated plants the flower buds
formation (reproduction phase) started earlier corresponding to un-inoculated control
plants (Fig-8.7). Inoculation with Bacillus megaterium strain exhibited positive effects on
plant growth (Marulanda et al., 2009). For sustainable agriculture, these interactions may
be vital. In addition to interaction with plants, these microorganisms (PGPRs) also
interact with other soil microorganisms either synergistically or antagonistically (Nadeem
et al., 2013) and can change soil microbial community structure (Kang et al., 3013).
Seed weight, shoot length, shoots fresh/ dry weight was higher in inoculated plants
compared to un-inoculated control plants. Higher shoot fresh/ dry weight and increased
shoot length was reported in rice, tomato and groundnut (Arachis hypogaea), when
inoculated with Bacillus sp, Bacillus megaterium and Bacillus licheniformis (Pandey et
al., 2013; Goswami et al., 2014; Porcel et al., 2014).
Inoculation with consortium G2, G3 and G4 caused decrease in photosynthesis
compared to control plants, while consortium G1 caused slight increase in
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photosynthesis. Bresson et al. (2013) have also reported reduction in photosynthesis in
bacterial inoculated plants. Bacterial inoculated plants grown in natural seleniferous soil
exhibited decrease in stomatal conductance. In contrast, Porcel et al. (2014) reported nonsignificant effect of PGPR inoculation on stomatal conductance in tomato plants.
We observed slight increase in (non-significant) intrinsic water use efficiency
(WUE) in bacterial inoculated plants compared to un-inoculated control, except
consortium G3 which showed slightly decreased water use efficiency. Bresson et al.
(2013) have also reported higher water use efficiency in Arabidopsis thaliana plants
inoculated with PGPR (Phyllobacterium brassicacearum STM196). PGPR-induced
improvement of water use can be of special interest in multiple circumstances of water
availability.
Non protein thiol (such as cysteine and glutathione) plays important function in
plants cells to alleviate the effects of various environmental stresses. When B. juncea
plants were inoculated with bacterial consortia, the non-protein thiol content increased in
bacterial inoculated plants in comparison to un-inoculated control. Glutathione, a thiolcontaining compound in plant cell performs multiple functions in plant cells including
responses against different environmental stresses and maintenance of redox homeostasis
(Foyer and Rennenberg, 2000). Liszewska et al. (2001) have reported overproduction of
bacterial serine acetyltransferase (SAT) in transgenic tobacco plants resulted in
significant increased cellular thiol content and improved tolerance to oxidative stress.
Indian mustard is a well-known Se accumulator plant. As expected, when grown
in naturally seleniferous shale rock-derived soil it accumulated very high concentration of
Se in leaves (711 mg Se kg-1 DW), seeds (358 mg Se kg-1 DW) and pods skin (275 mg Se
kg-1 DW) compared to plants grown in normal non-seleniferous soils. Freeman et al.
(2007) have also reported such higher levels of Se in B. juncea plants when treated with
sodium selenate under laboratory conditions. When grown on seleniferous soil, Broccoli
and Pakchoi have accumulated high level of SeMet and Se-methylselenocysteine
(SeMCys) and inorganic form of Se (Cai et al., 1995; Thosaikham et al., 2014). Overall,
the accumulation of Se was greater in leaves than seeds and pods. Such higher levels of
Se in leaves in comparison to seeds and pods are may be because of higher transpiration
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A

Control plants

G1-inoculated plants

Control plants

G2-inoculated plants

B

Fig-8.7 B. juncea plants inoculated with consortium G1 (A) and G2 (B) grown in natural
seleniferous shale rock-derived soil exhibit enhanced growth and earlier flower bud
formation than non-inoculated control, three weeks old plants.
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C

Control plants

G3-inoculated plants

D

Control plants

G4-inoculated plants

Fig-8.7 (continued) B. juncea plants inoculated with consortium G3 (C) and G4 (D)
grown in natural seleniferous shale rock-derived soil exhibit enhanced growth and earlier
flower bud formation than un-inoculated control plants.
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rate in leaves than seeds and pods as most of the mineral nutrients follow the greatest
transpiration pull. Bacterial inoculation of B. juncea plants resulted in decreased selenium
uptake, except for consortium G1 which caused markedly enhanced Se concentration
compared to control and other inoculated treatments. The mechanism by which the G2,
G3, and G4 bacterial consortia caused decreased in plant Se accumulation in various
above ground parts is not readily apparent yet but it is may be due to competition (as Se
is essential for several bacteria) between the microbes and the plant for Se uptake or to
bacterial reduction of soil Se to less bioavailable forms such as elemental Se. All the
strains used in above mentioned consortia have been shown to be able to convert selenite
to elemental Se (chapter 4). Moreover, in other studies (Chapter-6, Chapter-7 and
Chapter 11) bacterial inoculation in sodium selenate treated plants caused significant
increase in Se concentration in various plants parts compared to un-inoculated Se-treated
plants. Such a high concentration of Se in B. juncea leaves, seeds and pods indicate the
great potential of B. juncea plant for Se phytoremediation (plant based removal of Se
from contaminated areas) as well as Se biofortifcation (Se enriched food plants for
human and livestock consumption). Millions of peoples are suffering from Se deficiency
worldwide and Se fortified food crops can be a better source to achieve adequate daily Se
requirements (Poblaciones et al., 2014). If B. juncea plants are supposed to be used as Se
biofortified food then it is recommended to dilute this higher Se concentration by mixing
plants parts (leaves, seeds) into Se deficient food.
Conclusion
In conclusion, inoculated B. juncea plants grown in shale rock derived natural
seleniferous soil exhibited enhanced growth, product yield and accumulated very high
concentration of Se in leaves (711 mg Se kg-1 DW), seeds (358 mg Se kg-1 DW) and pods
skin (275 mg Se kg-1 DW). Such a high concentration of Se in B. juncea leaves, seeds and
pods indicate the great potential of B. juncea plant for Se phytoremediation (plant based
removal of Se from contaminated areas) as well as Se biofortifcation (Se enriched food
plants for human and livestock consumption). Moreover, Inoculation effect on Se uptake
in plants might be depended upon chemical form of Se in soil, soil properties and type of
bacterial strains the plants inoculated.
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Chapter-09
Selenium hyper-accumulators: Se sources for Se deficient soils and
impact of microbial inoculation on Se uptake in Indian mustard
Soil Se levels are highly variable and Se concentration in most of the soils ranges
from 0.01-2.0 mg Se kg-1 of soil. However, Se concentration in seleniferous soils can
be more than 10 mg Se kg-1of soil (Zhu et al., 2009). Selenium hyper-accumulators
grow exclusively in seleniferous soils; have the ability to accumulate Se up to 0.11.5% of their dry weight (Beath et al., 1939). Which can be 100-fold higher than Se
concentration in non-accumulator plant species growing on the same site (El
Mehdawi et al., 2011). Stanleya pinnata (Brassicaceae) and Astragalus bisulcatus
(Fabaceae) are well known selenium-hyperaccumulating plant species can accumulate
higher concentration of Se in specialized tissues in the form of methylselenocysteine
(MeSeCys) (Freeman et al., 2009). Selenium-enriched plant material, taken from
selenium-hyperaccumulating plant species can be a good source of Se for plants
growing in Se deficient soils. Here in this study for Se fertilization of B. juncea plants,
we used Se-enriched plant dry material (mature leaves) collected from Se
hyperaccumulator plant Stanleya pinnata. These S. pinnata plants were naturally
growing in seleniferous shale rock-derived soil on West side of Fort Collins, CO,
USA: Pine Ridge Natural Area (elevation 1510 m, 40_32.70N, 105_07.87W). B.
juncea plants grown in Turface® were amended with Se-enriched S. pinnata dry
matter (1.21 mg Se per 500 g of Turface) and inoculated with four Se resistant
bacterial consortia G1, G2, G3 and G4 to evaluate the effect of bacterial inoculation
on plant growth and Se uptake in plants. To prepare bacterial consortia (G1, G2, G3,
and G4) with 4-5 strains in each, the Se resistant bacterial strains were originally
isolated from tannery/ industrial waste and fossil fuel contaminated areas.
1. The G1 bacterial consortium consist of strains Bacillus thuringiensis-YAK2,
Bacillus

licheniformis-YAK4,

Bacillus

endophyticus-YAK7,

Cellulosimicrobium cellulans-CrK16 and Exiguobacterium sp-CrK19.
2. G2 microbial consortium consist of strains Bacillus licheniformis-YAP1,
Bacillus cereus-YAP6, Bacillus licheniformis-YAP7 and Bacillus pumilusCrK08.
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3. G3 microbial consortium consist of strains Bacillus endophyticus-YAM1,
Bacillus pichinotyi-YAM2, Bacillus licheniformis-YAM4 and Bacillus flexusYAR4.
4. G4 microbial consortium consists of strains Bacillus sp-YAR3, Bacillus spYAR5, Bacillus cereus-YAR7 and Bacillus licheniformis-YAR8.
Six treatments were used as follow:
1. Un-inoculated and untreated control.
2. Se-treated plants (un-inoculated).
3. Se-treated plants inoculated with bacterial consortium G1 (G1-Se).
4. Se-treated plants inoculated with bacterial consortium G2 (G2-Se).
5. Se-treated plants inoculated with bacterial consortium G3 (G3-Se).
6. Se-treated plants inoculated with bacterial consortium G4 (G4-Se).
Plants were grown to maturity in green house and growth parameters were recorded,
and elemental analysis was done with ICP-AES and ICP-MS following acid digestion
method.
Shoot length (cm)
Although Se is not essential for growth of higher plants but application of Se
in lower doses (nontoxic for plants) can stimulate plant

growth. Selenium treated

B. juncea plants grown in Turface® exhibited significantly higher (20%) shoot
lengths than those of un-treated control plants (Fig-9.1A). Application of Se in
combination with PGPR consortia G1, G2, G3 and G4 also resulted in increased shoot
length in inoculated Se-treated plants (G1-Se, G2-Se, G3-Se and G4-Se) compared to
corresponding un-inoculated and un-treated control plants (Fig-9.1A). Among
inoculated Se-treated plant, the most significant higher shoot length (41%) was
observed in G2-Se in comparison to control plants. Plants G1-Se and G4-Se also
showed increased shoot length but because of high standard error these mean values
were not significantly different from control plants. Plant G3-Se also showed
significantly higher (21%) shoot length than those of control plants. No significant
difference in shoot length was observed between Se-treated plants and inoculated Setreated plants, except G2-Se, which showed significantly higher shoot length than
those of Se-treated and inoculated Se-treated plants (G1-Se, G3-Se and G4-Se).

186

Chepter-09

Selenium hyperaccumulators: Se sources for Se deficient soils

Shoot FW and DW (g)
Se-treated plants showed non-significant increase in fresh weight (FW) and dry
weight (DW) compared to un-treated control (Fig-9.1B, C). Only G2-Se plants
exhibited significantly higher FW and DW in comparison to control plant. Inoculated
Se-treated plants G1-Se, G3-Se and G4-Se were not significantly different in DW
compared to each other, except G2-Se. Overall Se-treated and inoculated Se-treated
plants showed non-significant difference in DW than corresponding un-treated control
plants.
Seed weight (g)
Although un-inoculated Se-treated plants and inoculated Se-treated plants (G1Se, G3-Se and G4-Se) were not much different in FW and DW biomass in
comparison to un-inoculated and un-treated control plants but all the treated plants
(with Se or combination of Se and bacteria both) showed significant increase in
biomass of mature seeds compared to control plants (Fig-9.1D). Se application in B.
juncea plants resulted in ~100% increase in seed weight compared to un-treated
control plants. Plant G1-Se, G2-Se, G3-Se and G4-Se exhibited 124, 154, 135 and
118% increase in seed weight, respectively, compared to control plants. Only plant
G2-Se exhibited significant difference in seed weight compared to seed weight in Setreated plants. Effect of PGPR inoculation was additive to Se treatment. Plant G1-Se,
G3-Se and G4-Se showed higher seed weight than seed weight in Se-treated plants,
but because of high standard error the mean values were not significantly different.
Number of leaves
Significant increase in number of leaves was observed in Se-treated and
inoculated Se-treated plants (G1-Se, G2-Se, G3-Se and G4-Se) compared to control
plants (Fig-9.2A). Se application caused significant increase (30%) in number of
leaves in Se-treated plants compared to control plants. Further inoculation of Setreated plants with PGPR exhibited increased number of leaves in G1-Se, G2-Se
(6%), G3-Se (19%) and G4-Se (16%) in comparison to corresponding un-inoculated
Se treated plants but it was not significant difference because of high standard error.

187

Chepter-09

Selenium hyperaccumulators: Se sources for Se deficient soils

A

25

160
140

B

c

c

20

Plant height (cm)

b

ab

Shoot fresh weight (g)

b

120

ab

a

100
80
60
40

ab

ab
a

a

a

15

10

5
20
0

0
nt
Co

10

nt
Co

Se 1-Se 2-Se 3-Se 4-Se
G
G
G
G

C

2.5

Se 1-Se 2-Se 3-Se 4-Se
G
G
G
G

D
c
bc

8

Shoot dry weight (g)

ab
ab

6

ab

ab

a

4

2

Seed weight per plant (g)

c

0
nt
Co

bc

2.0

bc

b

1.5

1.0

a

0.5

0.0
nt
Co

Se 1-Se 2-Se 3-Se 4-Se
G
G
G
G

Se 1-Se 2-Se 3-Se 4-Se
G
G
G
G

Fig-9.1 At maturity comparison of bacterial inoculated mature B. juncea plants (G1Se, G2-Se, G3-Se and G4-Se) grown in Se-treated Turface® with un-inoculated Setreated plants and control plants. Plant height (A), shoot FW (B), shoot DW (C) and
seed DW (D). Six treatments were used control, Se-treated, G1-Se, G2-Se, G3-Se
andG4-Se. Data shows Means (n=5) and ± SE. Letters above bars show significant
difference (ANOVA followed by Post hoc Duncan, at the level of 95% significance).
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Number of nodes and sub nodes
Application of Se treatment and inoculation with PGPR consortia had no
impact on number of nodes and sub-nodes in plants compared to control plants (Fig9.1B, C).
Length of inflorescence node (cm)
Application of Se treatment alone or in combination with Se resistant PGPR
strains resulted in significant increase in inflorescence node (flowering stalk) length in
Se-treated and inoculated Se-treated plants (G1-Se, G2-Se, G3-Se and G4-Se)
compared to control plants (Fig-9.2D). However, no significant difference in
inflorescence node length was observed between Se-treated and inoculated Se-treated
plants (G1-Se, G2-Se, G3-Se and G4-Se). The highest increase in inflorescence node
length was exhibited by G2-Se and the least increase was exhibited by G4-Se plants in
comparison to control plants.
Root length (cm)
Application of Se-enriched plant material showed negative impact on root
length of B. juncea plants. About 10% reduction in root length was observed under
Se-treatment compared to control plants (Fig-9.3A). All PGPR consortia stimulated
the root length compared to un-inoculated Se-treated plants and control plants.
Inoculation with G2 consortium in G2-Se plants caused maximum stimulation and
significant increase (>25%) in root length was observed in comparison to uninoculated control plants. Other PGPR consortia G1-Se, G3-Se and G4-Se also
enhanced root length up to 12, 23 and 18%, respectively, compared to un-inoculated
control plants but mean values were not significantly different because of large
standard errors. In general, when Se-treatment was given to plants in combination
with PGPR consortia the PGPR strains stimulated root growth.
Root fresh weight and dry weight (g)
A reduction in root fresh biomass and dry biomass was observed under Setreatment compared to un-treated control. However, inoculation with consortia G1,
G2, and G3 caused increment in root FW and DW in inoculated Se-treated plants
compared to un-inoculated Se treated plants, except G4 which exhibited not
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Fig-9.2 Comparison of bacterial inoculated B. juncea plants growing in Se-treated
Turface® for number of leaves (A), nodes (B), sub nodes (C) and length of
inflorescence node (D) compared to un-inoculated Se-treated and control plants. Data
shows Means (n=5) and ± SE. Letters above bars show significant difference
(ANOVA followed by Post hoc Duncan at the level of 95% significance).
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remarkable impact on root FW and DW compared to un-inoculated Se-treated plants
(Fig-9.3B, C). Inoculation with consortium G2-Se exhibited significantly higher root
DW than those of un-inoculated Se-treated plants. Overall inoculation with PGPR
consortia improved root DW compared to un-inoculated control plants.
Intrinsic water use efficiency (WUE)
Selenium treatment in B. juncea plants resulted in significant increase in water
use efficiency in comparison to corresponding un-treated control plants (Fig-9.4A).
However, bacterial inoculation resulted in significant reduction in intrinsic water use
efficiency (WUE) in inoculated Se-treated plants (G1-Se, G2-Se and G4-Se)
compared to un-inoculated Se-treated plants (Fig-9.4A). In general, intrinsic water use
efficiency was higher in inoculated Se-treated plants the than un-inoculated un-treated
control plants.
Photosynthesis
With application of Se-treatment in B. juncea plants, a significant increase in
photosynthesis was observed compared to un-treated control plants (Fig-9.4B).
Similarly all bacterial inoculated Se-treated plants G1-Se, G2-Se, G3-Se and G4-Se
exhibited significant increase in photosynthesis compared to control plants. In
contrast, bacterial inoculated Se-treated plants G1-Se, G3-Se and G4-Se exhibited no
significant difference in photosynthesis compared to un-inoculated Se-treated plants.
However, G2-Se plants showed significant reduction in photosynthesis in comparison
to G1-Se, G3-Se, G4-Se and un-inoculated Se-treated plants but it was it was higher
than control plants.
Stomatal conductance
Selenium application in B. juncea plants showed less obvious effect on
stomatal conductance compared to control plants (Fig-9.4C). In general, plants (G1Se, G3-Se and G4-Se) growing in Se-treated Turface® when inoculated with bacterial
consortia G1, G3 and G4 exhibited increased stomatal conductance compared to
control plants (Fig-9.4C). Bacterial inoculation, especially with consortium G1 and
G4 showed significantly increased stomatal conductance compared to both uninoculated Se-treated and control plants. Whereas, inoculation with consortia G2 and
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Fig-9.4 Comparison of bacterial inoculated B. juncea plants grown in Se-treated
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G3 showed little increase in stomatal conductance compared to un-inoculated Setreated and control plants.
Selenium concentration in leaves (mg kg-1 DW)
Plants can preferably uptake Se from soil as selenate and less preferably as
selenite. In this study, when B.juncea plants (grown in Turface®) were supplemented
with Se (Se-enrich plant dry material taken from S. pinnata plants), the Se
concentration in leaves of B. juncea plants significantly increased (>600%) compared
to un-treated control plants (Fig-9.5A). Selenium concentration in all bacterial
inoculated plants G1-Se, G2-Se, G3-Se and G4-Se was also significantly higher than
control plants. All inoculated plants (G1-Se, G2-Se, G3-Se and G4-Se) exhibited
reduction in leaf Se concentration in comparison to corresponding un-inoculated Setreated plants. Significantly lower leaf Se concentration observed in plant G2-Se and
G4-Se compared to un-inoculated Se-treated plants, whereas G1-Se and G3-Se also
exhibited lower Se concentration in comparison to un-inoculated Se-treated plants. Se
concentration in leaves of all inoculated plants was not significantly different and
while, concentration in G2-Se and G4-Se was markedly lowers than Se concentration
in leaves of G1-Se and G3-Se plants.
Selenium concentration in roots (mg kg-1 DW)
Application of Se in B. juncea plants caused significant increases in Se
concentration (72-105%) in root tissue of Se-treated and all inoculated Se-treated
plants (G1-Se, G2-Se, G3-Se and G4-Se) compared to un-treated control plants (Fig9.5B). Selenium accumulation in roots of all inoculated plants was almost similar. No
significant difference in root Se concentration as observed between inoculated Setreated plants and un- inoculated Se-treated plants. Moreover, Se concentration in
roots of all plants was almost double than Se concentration in leaves of their
respective plants.
Selenium concentration in seeds (mg kg-1 DW)
As expected, Se concentration in seeds of all Se-treated plants was also
significantly higher than Se concentration in seeds of control plants. In all Se treated
plants it is observed that Se accumulation in seeds was ~50% and ~70% lower than Se
accumulation in leaves and roots, respectively. Compared to control plants, the most
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significant increase (163%) in seed Se concentration was observed when plants were
treated with Se only, because bacterial inoculation caused reduction in Se
accumulation in seeds compared to Se accumulation in Se-treated plants. Plant G4-Se
exhibited significant decrease in seed Se concentration compared to Se-treated plants,
whereas plant G1-Se, G2-Se and

G3-Se

exhibited markedly lower seed Se

concentration compared to un-inoculated Se-treated plants.
Selenium concentration in pods husk (mg kg-1 DW)
Selenium concentration in pods husk/ skin was also higher in all Se-treated
plants compared to control plants (Fig-9.5D). In comparison to un-treated control
plants the Se levels in pods husk of Se-treated plants were very high (744%). All
inoculated Se-treated plants showed less Se concentration in pods husk compared to
Se concentration in pods husk of un-inoculated Se-treated plants. The most significant
decrease in pod husk Se concentration was observed in the case of G2-Se and G3-Se
plants in comparison to respective un-inoculated Se-treated plants. In contrast, G1-Se
and G4-Se also showed decreased pod Se content compared to Se-treated plants but
this decrease in Se concentration was not significant.
Selenium concentration in flowers (mg kg-1 DW)
As expected, Se concentration in flowers of un-inoculated Se-treated and
inoculated Se-treated B. juncea plants (G1-Se, G2-Se and G3-Se) was significantly
high than Se concentration in flowers of control plants (Fig-9.5E). Selenium
concentration in flowers was slightly more than Se concentration in seeds and pods in
comparison to all respective treatments. However, no significant difference in flower
Se accumulation was observed between inoculated Se-treated plants and uninoculated Se-treated plants as well as among inoculated Se-treated plants.
Sulfur concentration in leaves, seeds and pods (mg kg-1 DW)
Selenium may enter in plants cells mistakenly through sulfate transporters,
because of its chemical similarity with sulfur (S). Application of Se (as Se-enriched
dry plant material of S. pinnata) showed no significant effect on S uptake in B. juncea
plants. In general, un-inoculated Se-treated and inoculated Se-treated plants showed
more leaf S concentration compared to S concentration in control plants. But this
increase in S concentration was not significant (Fig-9.6A).
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Similarly in seeds, Se treatment alone or in combination with bacteria showed
no impact on S accumulation in seeds compared to control plants (Fig-9.6B). In
contrast to S accumulation in seeds and leaves, bacterial inoculation of Se-treated
plants (G1-Se, G2-Se, G3-Se and G4-Se) resulted in decreased pod S concentration in
comparison to un-inoculated Se-treated and control plants (Fig-9.6C). Plants G1-Se,
G2-Se and G4-Se exhibited significantly lower pod tissue S concentration than those
of Se-treated plants, whereas G3-Se exhibited little reduction in S concentration in
comparison to other treatments. In general, S concentration in leaves, seeds and pods
was not similar and the order of S distribution in plants parts was as follow:
leaves>seeds>pods.
Nutrient elements in leaves (mg kg-1 DW)
Concentration of different nutrient elements other than Se and S are mentioned
in table-9.1. The basic purpose of this aspect was to test the Se accumulation in B.
juncea plants after application of Se enriched plant dry matter in turface®. Other
nutrients elements were tested in addition to see the effects of Se-enriched plant
material on up take of other nutrient elements in plant. However, the effect of
bacterial inoculation was also observed on the uptake of essential elements in plants,
other than Se. Application of Se-enriched plants material stimulated the accumulation
of calcium (Ca) in leaves of Se-treated plants in comparison to un-treated control
plants (Table-9.1). In B. juncea plant leaves, Ca level significantly improved (>39%)
after application of Se enriched plant material (from S. pinnata plants) compared to
corresponding control plants. The effect of bacterial inoculation on Ca uptake was
additive to Se and inoculation with all bacterial consortia stimulated the uptake and
accumulation of Ca in leaves compared to Se-treated plants. Except consortium G3
which exhibited the similar Ca concentration in G3-Se plants in comparison to uninoculated Se-treated plants. In general Se-treatment alone and bacterial inoculation in
combination with Se treatment (G1-Se, G2-Se, G3-Se and G4-Se) exhibited
significant increase in Ca concentration compared to untreated un-inoculated control
plants.
Phosphorous (P) is another important macro nutrient for plant. In contrast to
Ca accumulation in leaves, Se-treatment alone or inoculation of Se-treated plants with
PGPR consortia cause little reduction in P accumulation in leaves. However, G2-Se
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plants showed significant lower P concentration in leaves compared to control plants.
Se-treated plants also exhibited little reduction in leaf P concentration in comparison
to respective un-treated control plants. In general, all treatments showed lower leaf P
concentration compared to control plants (Table-9.1).
Plants treated with Se exhibited lower concentration of iron (Fe) in leaves
tissue (Table-9.1). Se-treatment alone caused significant reduction in leaf tissue Fe
concentration compared to un-treated control. Bacterial inoculation showed no impact
on Fe concentration in leaf tissue, except G4-Se plants which showed slightly
improved leaf Fe concentration compared to Se-treated plants. No significant
difference was observed for leaf Fe concentration among inoculated Se-treated plants
(G1-Se, G2-Se, G3-Se and G4-Se).
No significant difference in magnesium (Mg), potassium (K) and manganese
(Mn) concentration was observed in leaves of Se-treated and inoculated Se-treated
plants (G1-Se, G2-Se, G3-Se and G4-Se) compared to control plants (Table-9.1).
Only G2-Se exhibited significantly lower K concentration in leaves compared to all
other treatments.
Selenium treatment showed no impact on leaf molybdenum (Mo)
concentration compared to control. However, significant increase observed in leaf
Mo concentration in inoculated Se-treated plants G1-Se, G3-Se and G4-Se compared
to control. Overall all inoculated Se-treated plants exhibited higher Mo concentration
in leaves than control plant (Table-9.1).
Copper (Cu) concentration in leaves was significantly reduced (~50%) after Se
application compared to control. Moreover, bacterial inoculation showed no effect on
Cu accumulation in leaves compared to un-inoculated Se-treated plants. Similarly
zinc (Zn) concentration in leaves of Se-treated plants was also lower than control
plants. Bacterial inoculation did not stimulated Zn accumulation in leaves and all
inoculated Se-treated plants also exhibited significantly lower concentration of Zn in
leaves in comparison to control plants.
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Table-9.1 Concentration of various nutrient elements (mg kg-1 DW) in leaves of bacterial inoculated Se-treated B. juncea plants in
comparison to un-inoculated Se-treated and control plants, grown in Turface® in green house. Data shows means (n=5) and ± SE.
Letters above bars show significant difference (ANOVA followed by Post hoc Duncan at the level of 95% significance).
Nutrient elements (mg kg-1 DW)

Treatments
Ca

P

Fe

Mg

Mo

K

Cu

Zn

Mn

Control

17066±1080a

5150±206b

169±23b

4720±421a

16±2.1a

33443±439b

8.9±1.58b

46±4.5c

2194±176a

Se-treated

23748±1006b

4393±447ab

130±7a

5083±425a

17±1.18ab

34430±888b

5.0±0.68a

37±4.9bc

2137±220a

G1-Se

26721±2253b

4548±171ab

129±5a

5059±296a

19±1.69ab

33553±3222b

4.5±0.43a

30±0.7ab

1766±101a

G2-Se

24781±1829b

3643±248a

126±3a

4614±371a

17±0.97ab

25551±566a

4.4±0.25a

27±0.9a

1821±137a

G3-Se

23317±2246b

4390±130ab

102±12a

4569±477a

20±1.34b

36764±2682b

3.0±0.57a

28±2.8ab

2016±115a

G4-Se

28596±2082b

4547±562ab

141±11ab

5237±374a

21±0.69b

31961±2844b

4.0±0.66a

31±2.3ab

1871±134a
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Nutrient element concentration in seeds and pods (mg kg-1 DW)
Table-9.2 and 9.3 summaries the concentration of various essential macro/ micro
nutrients elements in seeds and pods husk of B. juncea plants grown in Turface® with
and without Se supplementation. B. juncea seeds also accumulated high amount of Ca but
Ca concentration in seeds was lower than in leaves and pods. The order of Ca
concentration in B. juncea plants was as follow: leaves> pods> seeds (Table-9.2 and 9.3).
No significant difference in Ca accumulation was observed in seeds of Se-treated and
inoculated Se-treated plants compared to control plants (Table-9.2). In contrast, Setreatment in combination with bacterial inoculation stimulated Ca accumulation in pods
husk (Table-9.3). In general, Ca concentration was remarkably high in pods husk of Setreated and inoculated Se-treated plants compared to control. Inoculation positively
stimulated Ca accumulation in pods husk. Calcium concentration in pods husk of plants
G1-Se and G4-Se was significantly more than control plants.
In B. juncea plants P concentration in seeds was approximately double than P
concentration in leaves and pods (seeds> leaves> pods), (Table-9.1, 9.2 and 9.3).
Selenium treatment alone or in combination with bacterial inoculation showed no impact
on P concentration in seeds in comparison to control plants (Table-9.2). But P
concentration in pods husk was affected by bacterial inoculation and Se-treatment (Table9.3). Plant G2-Se exhibited significantly lower amount of P in pods husk as compared to
control plants. Phosphorous concentration in pods husk of un-inoculated Se-treated plants
was also lower than control. However, inoculated Se-treated plants G3-Se exhibited
significant increase in P concentration in pods husk in comparison to other inoculated Setreated plants but it was not more than control plants.
Iron (Fe) is an essential micronutrient element for animals and plants. B. juncea
plants also exhibited high potential for Fe uptake. Iron concentration in leaves was higher
than iron concentration in seeds and pods (leaves> seeds> pods). In control and uninoculated Se-treated plants the Fe concentration (127-128 mg kg-1 DW) was higher in
seeds than Fe concentration in seeds of inoculated Se-treated plants (88-106 mg kg-1
DW), but the mean values were not significantly different because of high standard error
(Table-9.2). Se-treatment resulted in significantly lower pod husk Fe concentration
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(>50%) compared to control plants (Table-9.3). Bacterial inoculation of Se treated plants
negatively affected the Fe accumulation in pods of inoculated Se-treated plants compared
to un-inoculated Se-treated plants. In general, Fe concentration in pods husk of all Setreated plants was 4-5 folds lower than Fe concentration in seeds of respective Se-treated
plants.
Similar to some other elements Mg concentration was also higher in leaves than
Mg concentration in seeds and pods (leaves> seeds> pods) of B. juncea plants. In seeds
and pods, Mg concentration did not affected by Se-treatment or bacterial inoculation
compared to control (Table-9.2 and Table-p.3).
Potassium (K) concentration in seeds was 1 fold and ~2.5 fold lower than K
concentration in pod and leaves, respectively, (leaves> pods> seeds). Application of Se
stimulated the K accumulation in seeds and pods compared to control (Table-9.2).
Bacterial inoculated plant G1-Se exhibited significantly increased K concentration in
seeds compared to un-inoculated control plants. Similarly Se-treated and inoculated Setreated plants G1-Se, G2-Se, G3-Se and G4-Se exhibited significantly high K
concentration in pods compared to control (Table-9.3).
In contrast to distribution of other elements Cu and Zn content in seeds were
higher than Cu content in leaves and pods (seeds> leaves> pods). Se treatment alone or in
combination with bacterial inoculation caused significant reduction in Cu concentration
in seeds (8-23%) and pods (50-75%) compared to Cu concentration in un-treated and uninoculated control plants (Table-9.3) except G1-Se plants. Similarly Zn concentration in
seeds and pods was also decreased by Se treatment. Inoculated Se-treated plant G2-Se,
G3-Se and G4-Se exhibited significantly lower amount of Zn in seeds and pods in
comparison to un-inoculated un-treated control plants (Table-9.2 and 9.3).
Manganese (Mn) concentration in seeds was 6-7 times less than Mn concentration
in leaves, whereas Mn concentration in pods was almost double than Mn concentration in
seeds (leaves> pods> seeds). Selenium application in combination with bacterial
inoculation caused little reduction in Mn concentration in seeds compared to control
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Table-9.2 Concentration of various nutrient elements (mg kg-1 DW) in seeds of bacterial inoculated and Se-treated B. juncea plants
compared to un-inoculated Se-treated and control plants. Data shows Means (n=5) and ± SE. Letters above bars show significant
difference (ANOVA followed by Post hoc Duncan at the level of 95% significance).
Nutrient elements (mg kg-1 DW)

Treatments
Ca

P

Fe

Mg

K

Cu

Zn

Mn

Cont.

5052±222ab

9902±499a

128±22a

3829±217a

12622±444a

13±0.60b

65.04±3.1b

392±28b

Se

5664±436b

10661±253a

127±13a

4024±81a

14456±827ab

12±1.07ab

58.24±4.6ab

369±63ab

G1-Se

4682±298a

10601±323a

106±14a

3996±104a

15416±801b

12±0.44ab

58.24±5.4ab

264±24a

G2-Se

5271±156ab

10431±269a

99±19a

3935±146a

14028±775ab

11±0.38a

56.64±3.7ab

290±31ab

G3-Se

5468±366ab

9965±366a

88±11a

3750±118a

13400±488ab

10±0.47a

48.94±1.5a

340±30ab

G4-Se

4767±127ab

10275±163a

93±8a

3767±56a

14172±580ab

10±0.28a

52.48±3.4a

262±26a
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Table-9.3 Concentration of various nutrient elements (mg kg-1 DW) in pods husk of inoculated Se-treated B. juncea plants compared
to un-inoculated Se-treated and control plants. Data shows Means (n=3) and ± SE. Letters above bars show significant difference
(ANOVA followed by Post hoc Duncan at the level of 95% significance).
Nutrient elements (mg kg-1 DW)

Treatments
Ca
Cont.

P

Zn

Cu

Fe

K

Mg

Mn

Mo

7816±176a

4227±187bc

25±0.42c

6.3±1.5c

60±15b

16757±697a

2221±164a

545±32a 2.7±0.56a

10977±1725ab

3821±61abc

21±0.85b

1.5±0.3a 27±0.4a

24073±2444b

2313±231a

508±26a 4.8±0.73a

G1-Se

11326±648b

3741±32ab

17±1.1ab 4.7±0.8bc 24±2.4a

23135±884b

2452±43a

488±44a 5.7±0.36a

G2-Se

9540±1286ab

3645±189a

21±2.29b

3.0±0.6ab 20±0.2a

23130±1463b

2256±65a

469±34a 4.8±0.16a

G3-Se

10658±948ab

4245±162c 19±0.82ab

1.8±0.1a 19±1.1a

22104±2052ab

2209±38a

508±28a 6.2±0.13a

2.1±0.5a 19±1.4a

22013±2440ab

2463±107a

569±48a 5.9±0.12a

Se

G4-Se

12929±584b

3732±190ab

17±0.37a
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plants. However, Se application in combination with bacterial inoculation showed no
effect on Mn concentration in pod husk.
Discussion
Selenium is an essential element for organisms but at higher concentrations Se
can be toxic for eukaryotes (Valdez-Barillas et al., 2011; Wangeline et al., 2011). Both Se
toxicity and deficiency are problems worldwide (Valdez-Barillas et al., 2011). However,
Se deficiency is more common than Se toxicity. To overcome Se deficiency Se
fertilization of crops with sodium selenate is common in developed countries e.g. UK and
Finland. Selenium enriched plant material from Se accumulators and hyperaccumulators
(growing in seleniferous soils) can also be utilized as Se source for plants growing on Se
deficient soils. Selenium hyperaccumulators can accumulate Se up to 1% of shoot dry
weight (Wangeline et al., 2011). Freeman et al. (2012) reported Se concentration in
Stanleya pinnata seeds on average was 1,329 µg Se g-1 and most of Se in
hyperaccumulator plants is organic Se (C-Se-C). When Se applied in soil as selenate it
leached down with water because it is highly water soluble and a large fraction of applied
Se is lost. Se-enriched plant material releases Se slowly into soil. So, maximum Se can be
taken up by the plants. Here in this study, Se-enriched dry plant leaves material (from Se
hyperaccumulator S. pinnata plants) was used as a Se source for B. juncea plants grown
in Turface® and inoculated with and without Se resistant bacterial consortia.
Selenium application as Se-enriched plant material stimulated B. juncea plant
growth (Fig-9.9 A). It was observed that Se-treated B. juncea plants exhibited higher
shoot fresh weight/ dry weight, number of leaves, weight of seeds, shoot length and
length of flowering stalk compared to untreated control plants. Although, Se is not
necessary for growth of higher plants but Se application in low concentration can
stimulate growth of some plants species. Wheat seeds soaked in sodium selenate solution
(100 µM) exhibited significant increase (43%) in plant total biomass over un-treated
control plants (Nawaz et al., 2013). Selenium acts as powerful antioxidant and it can help
the plants to survive under stressed conditions.

Moreover, it was observed that

application of Se in combination with Se-resistant bacterial consortia enhanced B. juncea
plant productivity (weight of seeds) and growth (Fig-9.8 and Fig-9.9). Microbes can
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enhance plant growth through different mechanisms such as nitrogen fixation and
regulation of plant growth hormones. In inoculated Se-treated plants (G1-Se, G2-Se, G3Se and G4-Se) increase observed in shoot length, root length, shoot fresh weight/ dry
weight, weight of seeds, number of leaves and length of flowering stalk compared to
corresponding control plants. However, Se application (1.21 mg Se per 500 g of Turface)
caused reduction in root growth over control plants. Prabha and co-woekwrs (2013) have
also observed reduction in root growth of Portulaca oleracea with increasing levels of Se
in soil. Bacterial inoculation stimulated root growth in Se-treated plants (Fig-9.7) which
may contribute to more nutrient uptake and improved plant growth compared to control.
In plants such as Solanum lycopersicum, Cicer arietinum,Vigna radiata and Glycine max
inoculation with auxin producing Bacillus circulans-CB7 and Bacillus altitudinis
exhibited significant increase in germination percentage, shoot length, shoot dry weight,
root length and root dry weight over control plants (Sunar et al., 2013; Mehta et al.,
2014). Yuan and co-workers (2013) have also reported the plant growth promoting
effects of Bacillus amyloliquefaciens strain NJN-6 resulted in growth promotion;
increased plant dry biomass and Fusarium wilt diseases suppression in banana plants.
Se-application induced the onset of reproductive phase over control plants (Fig9.9A) and duration of vegetative phase in control plants was longer than Se-treated
plants. Moreover, inoculated Se-treated plants have also showed early onset of
reproductive phase than control plants (Fig-9.8). Plant growth rate and duration of growth
phase depends on onset of flowering in plants (Bresson et al., 2013) and any variation in
flowering time resulted in decreased or enhanced progress towards vegetative phase of
plant growth (Salehi et al., 2005).
Selenium treatment in B. juncea plants resulted in significant increased water use
efficiency (WUE) and photosynthesis in comparison to corresponding un-treated control
plants (Fig-9.4A). This increased WUE and photosynthesis rate may be contributed to
improved plant growth in Se-treated plants over control plants. However, inoculated Setreated plants (G1-Se, G2-Se, G3-Se and G4-Se) showed significant reduction in WUE
and no remarkable difference in photosynthesis rate was observed in comparison to uninoculated Se-treated plants, except G3-Se plants which exhibited reduced photosynthesis
206

Chepter-09

Selenium hyperaccumulators: Se sources for Se deficient soils

rate over un-inoculated Se-treated plants. Bresson and co-workers (2013) have also
reported significant reduction in photosynthesis rate in bacteria inoculated plants. WUE
was not affected by bacterial inoculation under well watered conditions but significant
increase observed under water deficient conditions (Bresson et al., 2013). Moreover, all
bacteria inoculated Se-treated plants (G1-Se, G2-Se, G3-Se and G4-Se) exhibited
significant increase in photosynthesis rate and number of leaves compared to control
plants, a possible factor for plant growth improvement of inoculated plants.
Selenium application showed no impact on stomatal conductance compared to
control plants (Fig-9.4C). In general, plants growing in Se-treated Turface® when
inoculated with bacterial consortia exhibited increased stomatal conductance compared to
control plants (Fig-9.4C).
Se-application in the form of Se-enriched plant material significantly improved
the Se concentration in leaves, flowers, pods, seeds and roots in comparison to un-treated
control plants. Although bacterial inoculation positively stimulated growth but most of
the inoculated Se-treated plants (supplemented with Se-enriched plant material) showed
reduction in Se accumulation in leaves, seeds and pods compared to un-inoculated Setreated plants. Whereas in bacteria inoculated Se-treated plants remarkable increase was
observed for some other nutrient elements such as Ca, K and Mo concentration in leaf,
pods and seeds over control plants. Bacterial inoculation stimulated root growth in Setreated plants (Fig-9.7) which may contribute to more nutrient uptake. Mehta et al. (2014)
have also reported remarkable increase in shoot K and P contents when tomato plants
were inoculated with Bacillus circulans strain. Plant inoculation with Bacillus sp. caused
significant increase in foliar nutrient contents (Mengual et al., 2014). In contrast, Setreatment negatively affected the accumulation of Fe, Zn, P, and Cu in leaves and pods
husk B. juncea plants, while inoculation with bacteria in Se-treated plants did not
significantly alleviated this effect compared to un-inoculated Se-treated plants.
Conclusion
In conclusion, Se supplementation of Turface® with Se-enriched plants material
(taken from Se hyperaccumulator S. pinnata) caused significant increase in Se
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concentration in leaves, seeds, flowers, pod husk and roots of B. juncea plants compared
to control. Bacterial inoculation and Se treatment both positively stimulated B.juncea
plant growth, product yield, photosynthesis rate and intrinsic water use efficiency
compared to un-inoculated control. However, inoculation with bacterial consortia G2 and
G4 caused reduction in Se concentration in leaves and seeds compared to un-inoculated
Se-treated plants but it was still significantly higher than un-treated control plants.
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Fig-9.7 Inoculation with Se resistant bacterial consortia (G1, G2, G3 and G4) stimulated
root growth in Se-treated B.juncea plants G2-Se (A), G1-Se (B), G3-Se (C) and G4-Se
(D), growing in green house in Turface® supplemented with Se-enriched plant dry
material as compared to control.
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Fig-9.8 Inoculation with Se resistant bacterial consortia stimulated plant growth in Setreated B.juncea plants G1-Se (A), G2-Se (B), G3-Se (C) and G4-Se (D), growing in
Turface® supplemented with Se-enriched plant dry material compared to control.
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Control
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G1-Se

Se-treated

D
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G3-Se

Se-treated
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Fig-9.9 Selenium treatment alone stimulates plant growth (A) as compared to control.
Inoculation with bacterial consortia stimulated plant growth of Se-treated B.juncea plants
G1-Se (B), G2-Se (C) and G3-Se (D) compared to un-inoculated Se-treated plants.
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Chepter-10
Biogenic selenium nano-particles: role of bacteria in nano-Se uptake
in Brassica juncea
In edible plants and staple crops, the effects of nanomaterial such as uptake,
bioaccumulation, biotransformation and risks associated with nanomaterial’s are still
not well understood (Reco et al., 2011). However, effects of nanomaterial on a very
few plants species have been studied well. Literature review showed that
microorganism e.g. Pseudomonas, Lactobacillus sporogenes and Stenotrophomonas
maltophilia can make intracellular and extracellular stable metallic nanoparticles
(Nangia et al., 2009; Prasad and Jha, 2009; Jain et al., 2013). Selenium resistant
bacteria also showed the capacity to make biogenic red elemental Se nano-particles
(NPs) through reduction of selenates and selenites into red elemental Se (0).
In this chapter Brassica juncea was used to check the uptake of biogenic Se
nanoparticles (NPs) and effect of Se NPs on plant growth. Moreover, to study the
effect of bacterial inoculation on uptake of Se-NPs in B. juncea, the plants were
inoculated individually with bacterial strains Bacillus cereus-YAP6 and Pseudomonas
moraviensis stanleyae-71. Bacterial strain Bacillus cereus-YAP6 was used for
synthesis of biogenic red Se NPs. Plants were grown in hydroponic system
(concentration of Se NPs in each hydroponic system was ~1.35 mg Se per 250 mL of
½ strength- Hoagland solution). Four testaments were used:
1. Control (plants not treated with Se NPs and un-inoculated)
2. Se-treated (un-inoculated plants).
3. YAP6-Se (plants treated with Se NPs and inoculated with strain
Bacillus cereus-YAP6).
4. 71-Se (plants treated with Se NPs and inoculated with strain
Pseudomonas moraviensis stanleyae-71).
Plant fresh weight (FW) and dry weight (DW) biomass (g)
Application of biogenic Se NPs stimulated B. juncea plant growth. Plants
treated with Se NPs exhibited remarkable increase in FW by 37% and DW by 42%
over control plants (Fig. 1 A, B). Application of Se NPs in combination with bacterial
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inoculation (strain YAP6 and Strain 71) resulted in marked increase in FW biomass
and DW biomass of Se-treated inoculated plants (YAP6-Se and 71-Se) in comparison
to control (Fig. 1 A, B). However, no remarkable difference in FW biomass and DW
biomass was observed between inoculated Se-treated plants (YAP6-Se and 71-Se) and
un-inoculated Se-treated plants. However, previously it was observed that wheat
plants inoculated with strain YAP6 showed some plant growth promoting effects
(chapter-7). Inoculated wheat plants showed significant increase in plant height, FW
and DW both in the presence and absence of Se (chapter-7). When B. juncea plants
were co-cultivated in the presence of Se NPs and strain YAP6 and 71 inoculations
showed non synergistic and non-additive effects on inoculated plant (YAP6-Se and
71-Se) FW and DW biomass. Besides this, no significant difference was observed for
FW and DW biomass between plants inoculated with strain YAP6 and 71.
Number of leaves
Number of leaves was counted after three weeks in all inoculated, Se-treated
and control plants (Fig-9.1 C). Application of biogenic Se NPs caused increase in FW
and DW biomass of plants but no significant difference was observed in case of
number of leaves in all treatments. The increase in DW biomass of Se NPs treated
plants and inoculated Se NPs treated plants (YAP6-Se and 71-Se) were might be
because of enhanced weight and size of leaves over control plants.
Selenium concentration in leaves and roots (mg kg-1 DW)
Plants can uptake Se from soil preferably as selenate or less preferably as
selenite. When plants were treated with biogenic elemental Se NPs they exhibited a
highly significant increase in leaf (3.5 fold) and root tissue Se concentration (153
fold) in comparison to untreated control (Fig-10. 2A, B). Bacterial inoculated Setreated plants YAP6-Se and 71-Se also revealed a significant increase in root and leaf
Se concentration compared to control.
Inoculation with Strain YAP6 and 71 exhibited variable effects on leaf and
root Se concentration compared to un-inoculated Se-treated and control plants.
Significant reduction in Se concentration in root tissue was observed in bacterial
inoculated Se NPs treated plants (YAP6-Se) compared to un- inoculated Se-treated
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Fig-10.1. Three weeks old B. juncea plants grown in hydroponic system and treated
with ~1.35 mg Se per 250 mL of ½ strength- Hoagland solution. Comparison of fresh
weight per plant (A), dry weight per plant (B) and number of leaves per plant (C)
among Se NPs treated plants in comparison to control. Different small letters above
bars show significant difference among treatments. Data shows mean ±SEM (n=5),
ANOVA followed by Duncan's multiple range.
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plants (Fig. 2B), whereas in YAP6-Se plants no significant difference observed for Se
concentrations in leaves compared to un- inoculated Se-treated plants (Fig-10.2A).
However, Se accumulation in leaves of 71-Se plants was significantly higher (23%)
than Se concentration in leaves of un-inoculated Se-treated plants (Fig-10.2A).
Similar Se concentration was observed in root tissue of 71-Se plants compared to Setreated plants (Fig-10.2B). Moreover, there was a significant difference in root and
leaf tissue Se concentration between inoculated Se-treated plants YAP6-Se and 71-Se.
No significant difference was observed for Se accumulation in YAP6-Se leaves over
Se-treated plants. Although in the presence of Se NPs, both of these strains exhibited
Se NPs uptake through B. juncea plants but the strain 71 showed better results
compared to strain YAP6. Both in leaves and roots of YAP6-Se plants Se
concentration was significantly lower than 71-Se plants.
Sulfur concentration in leaves and roots (mg kg-1 DW)
Sulfur concentration in leaf tissue of Se- treated plants (only Se-treated,
YAP6-Se and 71-Se) was significantly lower than S concentration in leaves tissue of
control. Un-inoculated Se-treated plants showed significantly reduced (19%) sulfur
(S) concentration in leaf tissue compared with control (Fig-10.2C). Sulfur
concentration in root tissue of Se-treated plants was lower than control plants but it
was not significant (Fig-10.2D). Inoculation with strain 71 and YAP6 of Se-treated
plants (YAP6-Se and 71-Se) showed no effect on S concentration in leaf and root
tissue compared with un-inoculated Se-treated plants. Inoculation of Se-treated plants
YAP7-Se with strain 71 resulted in higher leaf and root S accumulation than YAP6Se plants, but it was not significantly higher at 95% level of confidence.
Phosphorous (P) concentration in leaves and roots (mg kg-1 DW)
The phosphorus (P) concentration was significantly affected in leaf tissue and
root tissue of Se NPs treated B. juncea plants over control plants (Fig-10.2E, F)
Selenium supplementation in the form of elemental Se NPs resulted in significantly
higher (34%) phosphorous concentration in leaf tissue compared to P concentration in
leaf tissue of control (Fig-10.2E) and significantly lowered (by 26%) P concentration
in root tissue compared to P concentration in roots of control plants (Fig-10.2F). The
most significantly enhanced P accumulation in leaf tissue and decreased P
concentration in root tissue was observed in the case of Se-treated inoculated plants
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71-Se compared to control (Fig-10.2E, F). While inoculated Se-treated plants YAP6Se exhibited no significant differences in P concentration in leaf and root tissue in
comparison to leaf and root tissue of control (Fig-10.2E, F). Generally in all
treatments if the P accumulation was higher in leaves than it was lower in roots and
vice versa.
Copper concentration (mg kg-1 DW)
Copper (Cu) concentration was also changed in leaf and root tissue of Setreated plants over control plants. Copper concentration in leaf tissue of Se-treated
was slightly higher than Cu concentration in leaves of control plants but it was
significantly lower than Cu concentration in roots of control plants (Fig-10.3A, B).
Both inoculated Se-treated plants YAP6-Se and 71-Se exhibited significantly lower
Cu concentration in leaves and roots in comparison to respective tissue in control
plants (Fig-10.3A, B). Compared with only Se-treated plants, the plants inoculated
with strains 71 or YAP6 showed significantly lower Cu concentration in leaf (Fig10.3A) and markedly lower Cu concentration in root tissues (Fig-10.3B).
Iron (Fe) concentration (mg kg-1 DW)
Selenium NPs application negatively affected iron (Fe) uptake in B. juncea
plants. Plants treated with biogenic Se nanoparticles showed similar Fe levels in leaf
as compared to control but remarkable decrease

(~40%) was observed for Fe

concentration in root tissue (P=0.07, Fig-10.3C, D). However inoculation with strains
71 and YAP6 showed no significant effects on Fe concentration in leaf or root tissue,
except in plants 71-Se where Fe accumulation was slightly more than Se-treated
plants and YAP6-Se plants. In general, Se NPs caused reduction in Fe uptake and
accumulation in leaf and root tissues compared to corresponding tissue in control
plants.
Magnesium (Mg) concentration (mg kg-1 DW)
In all treatments, no significant difference was observed for Mg concentration
in leaf and root tissue compared with control plants (Fig. 3E, F) except for the 71-Se
plants, where Mg concentration in leaves was markedly higher in leaves than all other
treatments.
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Fig-10.2 Selenium, sulfur and phosphorous concentration in leaves (A, C, E) and
roots (B, D, F) of B. juncea plants growing in hydroponic system treated with
biogenic Se NPs. Different small letters above bars show significant difference among
treatments. Data shows mean ±SEM (n=5), ANOVA followed by Duncan's multiple
range.
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Fig-10.3 Concentration of Cu, Fe and Mg in leaf (A,C,E) and root tissue (B,D,F) in B.
juncea plants treated with biogenic Se nanoparticles and inoculated with strains YAP6
and strain 71 compared to control. Different small letters above bars show significant
difference among treatments. Data shows mean ±SEM (n=5), ANOVA followed by
Duncan's multiple range.
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Effect of Se NPs on root growth and root hairs
Application of Se NPs in B. juncea plants stimulated root hair growth. Root
hair length and number were comparatively higher in Se treated plants (Fig-10.4B)
than in control plants (Fig-10.4A). Moreover, bacterial inoculation with strain 71
additionally enhanced number of root hair in 71-Se plants compared to respective Setreated and control plants (Fig-10.4C). So application of Se NPs in combination with
bacterial strain 71 resulted in remarked enhancement in root hair number as well as
length of root hair (Fig 4C) compared to Se-treated (Fig-10.4B) and control plants
(Fig-10.4A).
Effect of Se NPs on pigments (anthocyanin) production
Selenium NPs stimulated the production of anthocyanin (reddish pigment) in
leaves of B. juncea plants (Fig-10.5A). Anthocyanin content, judged by visual
observation, were increased in leaves lamina and leaf petioles when plants treated
with biogenic Se NPs in comparison to control plant leaves. Bacterial inoculation of
Se-treated plants alleviated the effect of Se NPs and inoculated Se-treated plants
YAP6-Se and 71-Se exhibited the anthocyanin amount in leaves similar to
anthocyanin amount in leaves of non Se-treated control plants.
Number of leaf hair
Some plants have hair like out growth on leaf surface which may protect them
to be eaten by herbivores. When treated with biogenic Se NPs plants exhibited
markedly increased number of leaf hair (on leaf epidermis) compared to control plants
(Fig-10.5B). Moreover, when plants were treated with biogenic Se NPs, leaf midrib
and other leaf veins became obviously thicker compared to control plants (Fig10.5A).
Leaf epinasty
Under stressed condition plants may produce ethylene which causes epinasty
in plants. Selenium NPs simulated leaf epinasty in B. juncea plants and plants leaves
bend downward (epinasty) compared to control. Obvious reduction in the length of
the leaf petioles was also observed compared to control plants (Fig-10.6B). Bacterial
inoculation alleviated the epinasty in Se NPs treated plants. When plants were
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B

C

Fig-10.4 Comparison of root hair morphology (with light microscope at 40X),
number and length of root hair of control plants (A) with Se biogenic nano-particle
treated plants (B) and Se treated-inoculated (with strain 71) plants.
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Fig-10.5 Biogenic Se treated plants showed thick veins and more anthocyanin
production in leaves compared to control plants (A). Number of spines on the leaf
surface increased in biogenic Se treated plants compared to control plants (B).
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Fig-10.6 Plants treated with biogenic Se nanoparticles showed variation in plant
morphology compared to control (A), morphology of biogenic Se treated plants (B),
Se treated plants inoculated with P6 (C) and strain 71 (D).
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inoculated with strains 71 and YAP6, plants showed normal expanded leaves
compared to Se-treated plants. These results indicate that inoculation of B. juncea
plants with PGPR bacteria helped the plants to withstand Se NPs induced
environmental stress.
Discussion
The main finding from this study is that B. juncea plants can effectively filter
Se nanoparticles from aqueous solution. This is of significance for phytoremediation
applications, since nanoparticles are of increasing concern as environmental
pollutants. Moreover, inoculation of B. juncea plants with Se resistant PGPR strains
could further enhance the uptake and accumulation of Se NPs by plants. These results
indicate that co-cultivation of Se NPs treated B. juncea plants (Se accumulator) in
combination with Se resistant bacteria could be a good approach for bioremediation as
well as phytoremediation of Se contaminated sites. Selenobacteria can reduce toxic
form of Se (selenate and selenite) into nontoxic elemental form i.e biogenic red
elemental Se NPs/ nano-spheres. These Se NPs can be further taken up by plants to
clean the Se contaminated sites.
The significant finding of this study was Se NPs can enter into B. juncea plant
through roots and can be further translocated from root system to shoot and leaves
through vascular system. Researchers have reported plants can uptake Se from soil
preferably as selenate (Fordyce, 2013) than selenite and elemental Se. In hydroponic
system, when B. juncaa plants were treated with biogenic Se NPs, the plants exhibited
higher concentration of Se in leaves (3.5 fold) as well as in roots (153 fold) of Setreated plants over control plants (Fig-10.2A, B). Moreover, plant inoculation with
strain-71 further significantly enhanced Se accumulation in leaf tissue compared with
non-inoculated Se-treated plants and control plants. Probably most of Se NPs are
adsorbed to the outside of roots and even if only adsorbed, it can be worthwhile for
rhizofiltration. These finding are similar to what some other researcher have found. Se
NPs produced by selenobacteria can enter into plants (Durán et al., 2013) by binding
to carrier proteins, by creating new pores, ion channels, endocytosis or by binding to
organics molecules (Rico et al., 2011). Moreover, NPs may be transported into the
plants through membrane transporters or by complex formation with root exudates
(Kurepa et al., 2010). Bacterial inoculation stimulated the uptake of Se NPs by plants.
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Selenobacteria bacteria can facilitate the uptake of Se into B. juncea roots (De Souza
et al., 1999) and wheat (Durán et al., 2013).
In B. juncea plants, treatment with Se NPs resulted in significantly lowered Cu
and P concentration in roots and S accumulation in leaves compared to control.
Literature review indicated Se act antagonistically with S, Cu and inhibits the uptake
and function of these elements in animals (Fordyce 2013). Probably similar processes
may take place in B. juncea plants. Because of chemical similarity between S and Se
plants mistakenly taken up Se as S, through sulfate transporters. As S content in
leaves were significantly lower than control. Might be Se have replaced S in leaf
proteins content. In Se-treated plants if the Se concentration in leaf and root tissue
increased (Fig-10.2A, B) then S concentration in leaf and root tissue is decreased
compared with control (Fig-10.2C, D). However, elemental Se would not be expected
to be taken up and translocated in plants, but it is (to some extent). This might be
because it gets oxidized to selenate and then taken up or may be taken up as Se NPs,
which are further metabolized to other forms of Se. That may happen chemically (it is
aerated), or may be facilitated by enzymes that are produced by the plant or the
bacteria. Moreover, Se NPs effected Cu and P uptake in roots, so that’s why Cu and P
concentration decreased in roots compared with control plants and lower plant Cu
levels in inoculated plants could be due to competition with the microbe for Cu
content. Compared with control plants, P concentration in Se-treated plants
significantly increased in leaves. The possible mechanism can be the effect of Se NPs
on P translocation from root to leaves. So treatment of B. juncea plants with biogenic
Se NPs also affects the uptake and translocation of some other essential micro/ macro
elements in plants.
Selenium NPs treatment also showed improved plants growth and increased
number of root hair (Fig-10.4A, B) compared to control. When plants were treated
with Se NPs and inoculated with bacteria or both, this increased number of root hair
which may help the plants to uptake more nutrients elements and possibly stimulate
plant growth. In Se treated B. juncea plants, de Souza et al. (1999) also reported more
root hairs in inoculated plants. Anthocyanin is antioxidant compounds and Se NPs
treated B. juncea plants showed increased anthocyanin content in leaves and leaf
petioles.
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Selenium NPs exhibited plant growth promoting effects in terms of increased
dry biomass of plants (Fig-10.1B). But in contrast plants also showed some apparent
adverse effects of Se-treatment. The leaves turned downward (epinasty: indicative of
ethylene production, a stress hormone) compared to control plants (Fig-10.6A, B).
These symptoms suggest that the Se NPs treated plants were in stress, yet the plants
exhibited improved dry biomass in comparison to control plants. However, it is not
clear how to interpret these apparently conflicting results. Moreover, microbes also
play an important role in tolerance against heavy metal stress and various
environmental stresses. Inoculation with strain YAP6 and 71 resulted in alleviated
symptoms of epinasty in inoculated Se-treated plants compared with only Se treated
plants (Fig 6C, D). Plant growth promoting rihizobacteria helps the plants to tolerate
environmental abiotic stresses by producing phytohormones and by detoxification of
some toxic compounds. (Piccoli and Bottini, 2013).
Conclusion
In conclusion, B. juncea plants can uptake Se nanoparticles and Se
nanoparticles may affect the uptake of other essential nutrients. Inoculation with
endophyte bacteria as strain-71 can enhance the Se nanoparticles uptake and
accumulation in B. juncea plants and may be in other plants also.
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Chapter-11
Gene expression of sulfate transporters and ATP-sulfurylases in
Indian mustard
Plants can take up Se from soil in the form of selenate, selenite or organic Se
(Shinmachi et al., 2010). Because of chemical similarity between Se and S, selenate is
transported over plasma membrane of root cells through the activity of sulfate
transporters (Shinmachi et al., 2010). Less is known about selenite uptake in plants,
which probably occurs through phosphate transporters (Li et al., 2008; White and
Broadley, 2009). In phosphorous-starved and sulfur-starved plants selenite and
selenate uptake are enhanced, respectively (Li et al., 2008). Hawkesford (2003) has
described the sulfate transporter gene family in plants. Among the members
identified, SULTR1;1 and SULTR1;2 are high-affinity sulfate transporters involved in
the primary uptake of sulfate from the soil solution, while SULTR2;1 is a low affinity
sulfate transporter that plays a role in xylem sulfate loading (Shinmachi et al., 2010).
ATP sulfurylase, the first enzyme of the sulfate assimilation pathway in plants
(Phartiyal et al., 2006), synthesizes adenosine-5'-phosphosulfate (APS) from ATP and
sulfate (Ravilious et al., 2013; Herrmann et al., 2014). There are four isoforms of ATP
sulfurylase in Arabidopsis thaliana (Hawkesford 2003). It is present in plastids and
cytosol of plants; however four isoforms of ATP-sulfurylase (APS1, -2, -3 and -4) are
localized in plastids (Hatzfeld et al., 2000). Their product, APS, can be further
reduced to sulfite and sulfide, which can be coupled to O-acetylserine to form
cysteine. Selenate and selenite are thought to follow the same metabolic pathway.
In this chapter, effect of inoculation with a consortium of two Se-resistant
PGPR strains (YAP6 and YAP7) was tested on the expression of various genes
encoding sulfate transporters (SULTR1;1, SULTR1;2 and SULTR2;1) and ATPsulfurylases (APS1, APS2 and APS4) in the roots of Indian mustard (B. juncea) under
laboratory conditions. The plants were grown in Turface® and watered with ¼Hoagland nutrient solution supplemented with 10 µM sodium selenate. Plant root/leaf
samples were collected after three weeks. Two treatments were used, un-inoculated
control and inoculated plants. Control and inoculated plants were watered with ¼-
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Hoagland nutrient solution (supplemented with 10 µM sodium selenate) thrice
weekly, till harvest.
Selenium and sulfur concentration in leaves and roots (mg kg-1 DW)
Bacterial inoculation stimulated the uptake of Se in B. juncea plants when
plants were supplemented with 10 µM sodium selenate in ¼-Hoagland solution (Fig11.1). B. juncea is a Se accumulator. When plants were supplemented with 10 µM
sodium selenate (in the Hoagland’s solution) high levels of Se concentration were
observed in roots (379 mg kg-1 DW) and leaves (921 mg kg-1 DW) of un-inoculated
control as well as in the roots (473 mg kg-1 DW) and leaves (1228 mg kg-1 DW) of
bacteria inoculated plants. In inoculated plants Se concentration increased
significantly in roots (25%) and leaves (33%) compared to un-inoculated control
plants (Fig-11.1A, B).
Selenium is thought to be taken up in the plants by sulfate transporters. Sulfur
(S) concentration was also measured in the roots and leaves to observe the effect of Se
supplementation on S uptake in plants. Under S sufficient conditions in the
Hoagland’s nutrient solution a similar trend was observed for sulfur accumulation in
roots and leaves of plants. Inoculation resulted in significant increase of S
concentration in roots (by 36%) and leaves (by 36%) in comparison to control plants
(Fig-11.1). In general under S sufficiency, inoculation resulted in significantly
increased uptake of both Se and S in roots/ leaves of Se-supplemented B. juncea
compared to un-inoculated control plants.
Concentration of other essential nutrient elements in leaves (mg kg-1 DW)
Bacterial inoculated B. juncea plants showed significant increase in calcium
(Ca), magnesium (Mg) and manganese (Mn) concentration in leaf tissue in
comparison to control plants, grown in Turface® and watered with ¼-Hoagland’s
solution supplemented with 10 µM sodium selenate (Table-11.1). However, under
nutrients sufficient conditions bacterial inoculation showed no impact on potassium
(K), phosphorus (P) and zinc (Zn) concentration in leaves compared to control plants
(Table-11.1) but it was significantly increased in roots (Table-11.2). In contrast, the
concentration of copper (Cu) and iron (Fe) markedly decreased in leaves of bacteria
inoculated plants compared to control.
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Fig-11.1 Analysis of selenium conc. in leaves (A) and roots (B) and sulfur conc. in
leaves (C) and roots (D) in bacteria inoculated-B. juncea plants compared to control
plants. Plants were watered with 1/4 Hoagland nutrient solution, supplemented with
10 µM sodium selenate. Data shows means (n=5) and SEM, means were compared by
t-test, assuming equal variance, at 95% level of significance.
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Table-11.1 Concentration of various nutrient elements (mg kg-1 DW) in leaves of bacterial inoculated B. juncea plants compared to
control. Plants were watered with ¼-Hoagland’s nutrient solution, supplemented with 10µM sodium selenate. Data shows means
(n=5) and SEM, means were compared by t-test, assuming equal variance, at 95% level of significance
Treatments

Nutrient elements
Ca

Control
Inoculated
P value

Cu

Zn

Mg

Mn

Mo

P

K

a

27.12±3.1

a

6422±193a

742.38±37a

5.9±0.86a 4165±267a

68720±3050a

b

27.62±2.6
0.9

a

7570.4±145b

1085.2±50b

7.66±0.49a 4431±328a

69518±3843a

0.001

0.001

a

6.34±1.0

a

135.84±9.5

b

3.76±1.4
0.17

a

86.22±11.7
0.01

28130±1231
34786±1728
0.01

Fe
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Table-11.2 Concentration of nutrient elements (mg kg-1 DW) in roots of bacterial inoculated B. juncea plants compared to control
plants. Plants were watered with 1/4 Hoagland nutrient solution, supplemented with 10 µM sodium selenate. Data shows means (n=5)
and SEM, means were compared by t-test, assuming equal variance, at 95% level of significance
Treatments

Nutrient elements
Ca

Cu

Control

45908±7410a

131.2±5.5a

Inoculated

26541±3273b

203.4±23.7b

0.04

0.01

P value

Fe

Zn

647±40a 62.07±6.3a
978±241a
0.2

81.7±1.1b

Mg

Mn

Mo

P

K

4134±400a

3672±279a

4.12±0.3a

4622±305a

51564±4362a

3935±298a

3094±283a

3.78±0.4a

5971±203b

63217±2480b

0.006

0.04

0.01

0.7
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Concentration of other essential nutrient elements in roots (mg kg-1 DW)
Plant growth promoting rhizobacteria (PGPRs) can stimulate plant growth by
using different mechanisms. One of the possible mechanism include increased nutrient
uptake by roots in plants, because of plants roots growth promotion. In inoculated plants
significant increase was observe in Cu, Zn, P and K concentration in roots compared to
control plants (Table-11.2). Iron concentration was markedly increased (51%) in roots of
inoculated plants compared to control. Whereas significant decrease observed in Ca
concentration in roots of inoculated plants compared to control but Ca concentration was
significantly high in leaf tissue of inoculated plants compared to control. Which may
indicate that inoculation positively stimulated Ca translocation from roots to shoots and
leaves.
Determination of RNA concentration (µg/µL)
From the roots of Se supplemented inoculated and un-inoculated B.Juncea plants
the RNA was extracted with Trizol-reagent (Invitrogen). RNA concentration in solution
was determined by Nano-drop machine. One µL of RNA solution was put on lens and
RAN concentration was calculated (Table-11.3). To check the quality of RNA sample
5µl of RNA solution was run through gel electrophoresis and clear band of RNA were
observed (Fig-11.2).
Expression analysis of sulfate transporters
The effects were assessed of bacterial inoculation with strains YAP6 and YAP7
on sulfate transporter and ATP sulfurylase expression in roots of selenate-supplied B.
juncea plants. The transcript levels of sulfate transporter genes encoding SULTR1;1 and
SULTR1;2 showed similar patterns, namely to be lower in the inoculated plants than the
control plants (Fig. 11-3). However, no impact was observed on transcript level of
SULTR2;1 compared to control. The root transcript level of SULTR1;1 was 1-fold lower
in the inoculated plants, which approached significance (P=0.06) . Sultr1;2 gene
expression were approximately 0.5-fold lower in the inoculated plants (Fig-11.3).
Among the Sultr genes, the transcript level was highest for Sultr1;2, 4-fold higher than
that of Sultr1;1 and 3-fold higher than Sultr2;1 in control plants (Fig-11.3). Sultr1;1 and
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Sultr2;1 expressed equally. All transcript levels of genes of interest were normalized
based on expression of the household gene actin (a cytoskeleton component). Actin
expression is supposedly constitutive. The Ct values are expressed relative to normalized
actin expression.
Expression analysis of ATP sulfurylases
ATP-sulfurylases encoding genes APS1, APS2 and APS4 are known to be
involved in sulfur uptake and assimilation pathway in plants. Bacterial inoculated plants
showed significantly enhanced transcript levels of APS1 in their roots compared to
control B. juncea plants (Fig-11.4). Transcript level of APS4 was increased by 3-fold in
inoculated plants increase but not significant because of high standard error. However,
APS2 was expressed at approximately equal levels in inoculated and un-inoculated
plants. (Fig-11.4). In control plants, among the APS genes the transcript level was highest
for APS1, 58-fold higher than that of APS2 and 12-fold higher than APS4. In general, the
transcript level of ATP-sulfurylases was as follow APS1>APS2>APS4.
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Table 11.3 Estimation of RNA concentration in the roots of bacterial inoculated and uninoculated B. juncea plants. Plants were watered with

1/4

-Hoagland’s nutrient solution

supplemented with 10 µM sodium selenate solution.
RNA sample

RNA conc. (µg/µL)

OD at 260/280

CR1 (control-roots)

3.97

1.46

CR2

1.22

2.02

CR3

2.76

1.96

BR1 (inoculated- roots)

3.7

1.74

BR2

3.9

1.46

BR3

2.4

2.02
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CR1
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CR3

BR1
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Fig-11.2 Gel electrophoresis of RNA samples. RNA extracted from roots of control
plants (CR1, CR2 and CR3) and bacteria inoculated plants (BR1, BR2, BR3) by Trizol
reagent.
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Fig-11.3 qRT-PCR expression analysis of sulfate transporters in the roots of inoculated
and control B. juncea plants. The plants were watered with 1/4-Hoagland nutrient solution,
supplemented with 10 µM sodium selenate and inoculated with or without bacteria (YAP
6 & YAP7). Shown are relative transcript levels (RLT), i.e. normalized to Actin, of
SULTR1;1 (A), SULTR1;2 (B) and SULTR2;1 (C). The data shown represent the Mean
± SEM of three biological replicates, and each biological replicate was analyzed in two
technical replicates. The treatments were compared by t-test, assuming equal variance, at
95% level of significance). Unique letters above bars represent significant differences.
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Fig-11.4 qRT-PCR expression analysis of ATP sulfurylases in the roots of B. juncea
plants. The plants were grown for 3 weeks in Turface® watered with 1/4 Hoagland
nutrient solution, supplemented with 10 µM sodium selenate and inoculated with or
without bacteria. Shown are relative transcript levels (RLT), normalized to actin, of
APS1 (A), APS2 (B) and APS4 (C). The data shown represents the Mean ± SEM of three
biological replicates, and each biological replicate was analyzed in two technical
replicates. Treatments were compared by t-test, assuming equal variance, at 95% level of
significance). Different letters above bars represents significant differences.
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Discussion
Several investigators have shown that selenate/ selenite either enter in plants cells
passively (Terry et al., 2000) or through transporters. In plants the assimilation pathway
of selenate is similar to sulfate as both of the molecules have similar size and charge
(Kopsell and Kopsell, 2007; Shinmachi et al., 2010). B. juncea is a Se accumulator plants
(El Mehdawi et al., 2014). It was observed that in leaf tissue the Se concentration was
very high (921 to 1221 mg Se kg-1 DW) in B. juncea plants grown in Turface® and
watered with ¼-Hoagland solution supplemented with sodium selenate (10 µM).
Previously laboratory studies have shown that sulfate transporters expression
enhanced several folds in response to decreased sulfate availability to plants (Hawkesford
et al., 2003). Selenate uptake may increase in sulfur starved plants (Li et al., 2008)
because of enhanced expression for sulfate transporters during S deficient conditions.
Interestingly, it was observed that under sulfate-sufficient conditions in the roots of
inoculated, Se supplemented B. juncea plants the expression level of sulfate transporter
SULTR1;1 and SULTR1;2 were generally lower in comparison to un-inoculated control
plants. This would lead to the prediction that S and Se levels would be lower in
inoculated plants. However, in the root and leaf tissues of inoculated plants a significant
increase was observed in Se and S concentration, relative to control plants. This may
either indicate that under sulfur sufficient conditions there is up-regulation of some other
gene encoding a sulfate transporter, but this is unlikely. A more likely explanation is that
shortly before the plants were harvested the high internal sulfur levels in the inoculated
plants had led to a decrease in sulfate transporter expression level. At an earlier stage of
the experiment, the expression of these Sultr genes may have been higher in the
inoculated plants than the un-inoculated plants, leading to the observed higher S and Se
levels. Incidentally, the concentration of both elements Se and S was significantly lower
in roots than shoots, which indicates that both of these elements were effectively
translocated from roots to shoot, a process known to involve SULTR2;1. All transcript
levels of genes of interest were normalized based on expression of the household gene
actin. The Ct values were expressed relative to normalized actin expression. The bacteria
may also have caused the higher S and Se levels via other mechanisms than through
237

Chapter-11

Sulfate transporters and ATP-Sulfurylases

effects on Sultr expression, such as enhanced root hair formation. Higher root surface
area allows more nutrients to be absorbed. Bacterial inoculation was found to stimulate
shoot growth (Fig-11.6) as well as root growth, which might have resulted in enhanced
uptake of nutrients in plants. The enhanced root growth in inoculated B. juncea plants
may have facilited the uptake of S, Se and other nutrients (Cu, Fe, Zn, P and K). Among
the Sultr genes tested, the transcript level of Sultr1;2 was the lowest, which may have a
regulatory role in response to sulfur nutrient status and encodes for a high-affinity sulfate
transporter (Zhang et all., 2014).
In contrast to the expression of genes encoding for sulfate transporters, the
expression of genes APS1 and APS4 was generally higher in inoculated B. juncea plants
compared to un-inoculated controls. Gene APS2 expression was not affected by
inoculation. However, Liang and Yu (2010) have reported that under sulfate sufficiency
conditions APS1 was down regulated in A. thaliana SULTR2;1 mutant plants.
Conclusion
In conclusion, bacterial inoculation caused significant increase in Se uptake in B.
juncea plants treated with 10µM sodium selenate solution. Moreover, inoculation caused
significant increase in S, Ca, Mg, Fe, Mn, Cu, Zn, P and K uptake and accumulation in
roots or leaves. The transcript levels of sulfate transporter genes encoding SULTR1;1,
and SULTR1;2 were lower, and ATP sulfurylases (APS1 and APS4) were higher in the
inoculated plants than the control plants. A more likely explanation is that shortly before
the plants were harvested the high internal sulfur levels in the inoculated plants down
regulated the genes and led to a decrease in sulfate transporter expression level.
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Control

Inoculated

Fig-11.6 B. juncea plants grown in turface treated with 10 µM sodium selenate, when
inoculated with bacteria (YAP6 and YAP7) showed enhanced growth compared to
control plants.
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Selenium (Se) is metalloid (Dwivedi et al., 2013) and an essential micro nutrient for
animals, humans, some lower plants and bacteria (Sun et al., 2014; Pophaly et al.
2014). Selenium is found naturally in the soil and its distribution is highly variable
worldwide. The soils having 0.1 to 0.5 mg Se kg-1 are generally considered Se
deficient whereas normal concentration of Se in soil is ranging from 0.5 to 1.5 mg Se
kg-1 of soil. However, natural activities (volcanic activity) and anthropogenic
activities such as combustion of fossils fuels, mining, domestic sewage, industrial
effluents and agricultural fertilizer put Se in higher levels in the environment (Lenz
and Lensa, 2009). For humans the estimated daily adequate requirement for Se is
almost 60-70 µg per day. However, Se intake more than 400 µg per day can cause Se
toxicity in humans (Wangeline et al., 2011; Sanmartín et al., 2012). According to an
estimate approximately more than one billion people in the world are suffering from
Se deficiency (Combs 2001 and Lyons et al. 2003). As total Se concentration and
amount of available Se is highly variable in different soil types, Se deficiency is more
common than Se toxicity in the world. However, microorganisms can reduce toxic
oxyanions (selenate and selenite) into less toxic elemental Se0. Bacteria can also
methylate and volatilize Se in the atmosphere in the form of DMDSe, DMSe, DMSeS.
Selenium resistant bacteria are ubiquitous in nature. Present investigation is
about the characterization of twenty one Se resistant bacterial strains (YAK1, YAK2,
YAK4, YAK6, YAK7, YAP1, YAP4, YAP6, YAP7, YAM1, YAM2, YAM3, YAM4,
YAM5, YAM6, YAR2, YAR3, YAR4, YAR5, YAR7 and YAR8) isolated from
industry and fossil fuels contaminated sites which were supposed to be contaminated
with Se through anthropogenic sources. Another major goal of this study was to check
the potential of Se resistant strains to enhance Se uptake in plants under Se
supplemented conditions. Majority of Se resistant bacterial isolates were gram’s
positive rods belonged to phylum Fermicutes, class Bacilli, order Bacillales and
family Bacillaceae. Bacterial isolates were categorized in genus Bacillus (chapter 4)
on the basis of cell morphology (rods), gram’s positivity, biochemical characterization
and 16S rRNA gene sequence analysis (showed 99% sequence similarity to genus
Bacillus up to species level). Literature review showed that gram’s positive bacteria
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from genus Bacillus such as B. indicus, B. arsenicus, B. subtilis, B. licheniformis, B.
cereus, B. pumilus, B. clausii, B. pumilus and B. arsenicus are known for their
capacity to exhibit resistance against Se and for their ability to reduce highly water
soluble selenite into un-soluble red elemental Se (Ikram and Faisal, 2010; Mishra et
al., 2011; Nithya et al., 2011).
Isolated strains could resist high levels of Se in L-agar medium (≥20 mg
sodium selenite mL-1) and exhibited remarkable growth in the presence and absence
of Se. Selenium resistant isolates showed the ability to reduce the toxic form of Se
(selenite) into less toxic elemental Se. Tolerance against higher levels of Se in
bacterial genera such as Bacillus and Pseudomonas is reported previously (Garbisu et
al., 1999; Hunter and Mater, 2011; Acuña et al., 2013). Environmental pH and
temperature are very important factors which affects the microbial community and its
composition in the soil. Optimum growth temperature and pH range for majority of
the isolates was 37 C and pH7, respectively. However, several isolates exhibited
noteworthy growth at temperature range between 28 C to 45 C and pH range between
pH5 to pH9. Bacterial isolates with ability to resist high concentrations of Se and to
grow at a diverse temperature and pH range can be potentially used for
bioremediation of Se contaminated sites with diverse environmental pH and
temperature conditions. However, none of the Se resistant strains isolated from
tannery waste contaminated soil (pH 8) showed remarkable growth at acidic pH (pH
5). This probably indicates that soil microorganisms in tannery waste contaminated
site were probably adapted to alkaline conditions in the environment. This might be
because that site was getting contaminated with tannery solid waste and effluent since
from the last few decades. In general, several isolate exhibited better growth at neural
or slightly alkaline pH (pH 9). However, some isolates such as YAM4, YAR2,
YAR3, YAR5 and YAR8 also showed remarkable growth at acidic pH (pH 5). These
strains were isolated from soil samples (pH 5) contaminated by industrial drainage
which received domestic sewage and effluents from multiple industries. A broader
external environment pH range for growth of several non-extremophile bacteria is pH
5.5 to pH 9 and they can maintain their cytoplasmic pH at a narrow range between 7.4
to pH 7.8 (Padan et al., 1981; Booth, 1985).
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The ability of bacterial isolates to have resistance against other heavy metals
can be additionally beneficial and could help the bacterial strains to grow in
environment polluted with multiple heavy metals. Industrial effluents and solid waste
may contain multiple heavy metals. Microbial communities found in industry
contaminated sites may have the ability to resist multiple heavy metals and
metalloids. Microorganisms can detoxify the toxic chemicals forms of different heavy
metals to less toxic forms and ideal strains for bioremediation are those which can
grow in diverse environmental conditions. Majority of Se resistant Bacillus strains
showed resistance against various metalloids and heavy metals such as As, Se, Pb, Zn,
Co, Cd, Hg, Cu and Cr. Previous studies showed that bacterial strains from genus
Bacillus (isolated from contaminated sites) have the capacity to exhibit high
resistance against multiple heavy metals such as As, Pb, Cd, Hg, Cu, U, Se and Cr
(Stolz et al., 2006; Nithya et al., 2011; Choudhary et al., 2012; Lima de Silva et al.,
2012; Pandey et al., 2013; Andrades-Moreno et al., 2014). Similarly, bacteria become
resistant against commonly used antibiotics and may also have the ability to acquire
antibiotic resistant genes from other bacteria in the environment. It was found that
most of the strains were resistant against various concentrations of commonly used
antibiotics such as erythromycin, penicillin, tetracycline, ampicillin and streptomycin.
Koc et al. (2013) have also reported Raoultella planticola strain which exhibited
resistance against multiple antibiotics.
Reactive oxygen species (ROS) such as OH-1 ions and H2O2 are toxic for the
living cells. Microorganisms have developed different mechanisms to get rid of these
ROS in heavy metal polluted and stressed environmental conditions. Bacteria can
produce catalase enzyme which can breaks down this toxic H2O2 into H2O and O2.
Catalase enzymes produced by bacteria can scavenge reactive oxygen species to
reduce their toxicity in the cell (LeBlanc et al., 2013). It was found that several Se
resistant bacterial strains isolated from heavy metal contaminated sites showed
positive catalase activity. Bacteria can hydrolyze starch with varies amylases and can
also use citrate as a carbon source. Several Se resistance isolates showed the ability to
hydrolyzed starch and citrate utilization as carbon source. Other studies also reported
the starch hydrolysis ability of Bacillus sp. (Avdiiuk et al., 2013; Ibrahim et al., 2013)
and CO2 production from citrate (Speranza et al., 2014).
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To study the phylogenetic relatedness among similar species 16S rRNA genes
sequence analysis is the best available molecular methods (Mehling et al., 1995 and
Kreuze et al., 1999). For phylogenetic and molecular evolutionary analysis of Se
resistant strains neighbor-joining (NJ) phylogenetic trees were constructed in
comparison with nearest BLAST (NCBI) homologues (>95 % homology). The bootstrap analysis with 100 replicates was used as a measure of reliability of constructed
phylogenetic trees. Seventeen bacterial strains Bacillus foraminis-YAK1, Bacillus
thuringiensis-YAK2, Bacillus licheniformis-YAK4, Proteus pennri-YAK6, Bacillus
endophyticus-YAK7, Bacillus licheniformis-YAP1, Bacillus cereus-YAP6, Bacillus
licheniformis-YAP7, Bacillus endophyticus-YAM1, Bacillus pichinotyi-YAM2,
Bacillus jeotgali-YAM3, Bacillus licheniformis-YAM4, Bacillus sp.-YAR3, Bacillus
flexus-YAR4, Bacillus sp.-YAR5, Bacillus cereus-YAR-7 and Bacillus licheniformisYAR8 were identified through 16S rRNA gene sequence analysis. Out of sixteen
above mentioned Se resistant Bacillus strains the most frequent number of strains
belonged to Bacillus licheniformis and Bacillus cereus group compared to other
Bacillus sp. Bacillus cereus is ubiquitous in nature. Gram’s positive spore former
bacteria Bacillus thuringiensis, Bacillus cereus and Bacillus anthracis are included in
the Bacillus cereus group (Rasko et al., 2005). Strains YAP6 and YAR7 exhibited
similarity to Bacillus cereus and grouped together in a subgroup were also closely
related to strains Bacillus thuringiensis-YAK2 (Fig-4.18). Selenium resistant Bacillus
has also been reported by other researchers (Tejo Prakash, 2009; Dhanjal and
Cameotra, 2010).
Bacteria could play important role in biogeochemical cycling of Se (Haudin et
al., 2007; Acuña et al., 2013). Selenium exits naturally in various chemical forms in
soil, depending upon the redox potential of soil (Terry et al., 2000). Oxyanions of Se
(selenite/ selenate) are commonly present in soil are formed through weathering of
rocks. Selenite and selenate are highly water soluble and mobile and can be toxic if
present at higher levels in soil. Selenium resistant bacteria can reduce selenite and
selenate into elemental Se0 (less toxic) and thus play an important role in
bioremediation of Se contaminated sites (Narayanan and Sakthivel, 2010; Prakash et
al., 2010). However, elemental Se0 is not the only end product of microbial
transformations of oxyanions of Se. Enzymatic activity of bacteria may also resulted
into methylated and reduced volatile organic forms of Se (Yurkov and Beatty, 1998;
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Dhanjal and Cameotra, 2010). In this study it was observed that Se resistant isolates
could reduce water soluble, colorless selenite into insoluble red elemental Se0 (Fig5.11), whereas none of them was able to reduce selenate into elemental Se0. Strain
YAK2 and YAK6 exhibited the highest Se reduction potential (~100% selenite
reduction to elemental Se0 within 72 h), (Fig-5.1). Strains YAP4, YAR5 and YAR7
also showed 65-75 % selenite reduction to elemental Se0 when grown for 72 h in LBbroth medium. Several previous studies have showed the biogeochemical cycling of
elemental Se0 through SeO42−/SeO32− reduction with bacteria (Oremland et al., 1990).
As a tolerance mechanism bacteria can precipitate soluble forms of Se into elemental
Se0 which reveals by red coloration on colonies (Vallini et al., 2005; Acuña et al.,
2013) when grown in nutrient medium supplemented with sodium selenite. The
reduction of anoxic ions into elemental Se0 is might be catalyzed by NADH / NADPH
dependent selenate reductase enzymes, hydroginase I and a periplasmic nitrite
reductase (Sabaty et al., 2001; Hunter and Manter, 2009; Dhanjal and Cameotra,
2010; Dwivedi et al., 2013).
Elemental nanophase selenium has shown great promise when used for tumor
reconstructions (Sullivan et al., 2014). Such a growing importance for use of Se
nanoparticles has encouraged the scientists to elucidate the biosynthesis mechanism of
Se nanoparticles. Transmission Electron Microscopic (TEM) analysis of the bacterial
cultures with reduced red elemental Se0 revealed the presence of Se nano-spheres
extracellular, free as well as attached on the surface of bacterial cells. The ability of
Se resistant bacteria to accumulate Se0 in nano-spheres has been reported in several
previous studies (Bebien et al., 2001; Roux et al., 2001; Dungan et al., 2003; Acuña et
al., 2013; Lampis et al., 2014). Dhanjal and Cameotra (2010) also reported the
synthesis of extracellular amorphous nanospheres of selenium (~ 150-200 nm in
diameter) by Bacillus cereus (strain CM100B). Dwivedi et al. (2013) used
Pseudomonas aeruginosa strain JS-11for the biosynthesis of Se nanospheres.
In modern agricultural practices, plant growth promoting rhizobacteria
(PGPR) are now used to enhance plant growth and crop yield. The PGPR is a
heterogeneous group of bacteria that can promote plant growth by different direct/
indirect mechanisms. The PGPR are free living bacteria can grow on, in or around the
plant root tissues (Shen et al., 2013; Perez-Montano et al., 2014). PGPR are present
naturally in soil and give benefits to plants by improving plant growth, immunity and
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productivity (Porcel et al., 2014). PGPR bacteria from Bacillus sp. can remarkably
promote plant growth and are helpful in disease suppression in plants (Govindasamy
et al., 2011; Myresiotis et al., 2012). To attain green and sustainable agricultural goals
the application of PGPRs is considered a highly promising approach in modern
agriculture (Govindasamy et al., 2011; Lin et al., 2011; Silini-Cherif et al., 2012)
which resulted in reduced chemical inputs in agricultural production. The PGPR
exhibit beneficial effects on plants growth, either by using their own metabolism e.g.,
producing phytohormones, solubilizing phosphates, or fixing nitrogen (PerezMontano et al., 2014) or directly by enhancing plant metabolism such as enhanced
plant enzymatic activity and root development which resulted in increased water and
mineral nutrients uptake. PGPR bacteria may also promote plant growth by
suppressing growth of plant pathogens (Perez-Montano et al., 2014). It was found that
majority of Se resistant bacterial strains exhibited plant growth promoting
characteristics such as ability of mixed organic acid production, ammonia production,
auxin (IAA) production, HCN production and nitrate reduction. PGPR show positive
effect on crop growth and productivity, especially when crops are subjected to
environmental stresses e.g. heavy metals and salt stress (Silini-Cherif et al., 2012).
Selenium resistant bacterial strain having capacity to resist multiple heavy metals and
having the ability to promote plant growth might be used to enhance plant growth
under heavy metals stressed conditions, while combined application of these PGPR
bacteria with conventional pesticides may also increase their efficacy and extend the
disease control spectrum.
Selenium essentiality for vascular plants is still a matter of discussion (Lyons
et al., 2009). However, all plants have the potential to uptake and metabolize Se. The
rhizosphere of plants is a very complex and active microenvironment. The PGPRs
have the potential to increase plant growth through enhanced availability of different
micro/ macro nutrients (Whiting et al., 2001; Lebeau et al., 2008), In one greenhouse
study (chapter 06) twenty four individual Se resistant bacterial strains YAK1, YAK2,
YAK4, YAK6, YAK7, YAP1, YAP4, YAP6, YAP7, YAM1, YAM2, YAM3, YAM4,
YAM5, YAM6, YAR2, YAR3, YAR4, YAR5, YAR7, YAR8, CrK8, CrK16, and
CrK19 were used for inoculation to corn plants supplemented with and without Se. It
was observed that inoculation with bacterial strains stimulated the corn plants
vegetative growth and majority of bacterial inoculated plants exhibited increased plant
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height and dry biomass in comparison to un-inoculated control plants (Fig-6.2; 6.3;
6.12). Sodium selenate application (3 mg Se kg-1 of soil) to corn plants showed toxic
affects to plant’s vegetative growth and the plants exhibited stunted growth, necrosis,
leaf yellow coloration, reduced shoot length and dry biomass. However, when Se
supplemented corn plants were inoculated several Se resistant bacterial strains
alleviated the toxic effects of Se when plants were supplied with high Se dose.
Sharma et al. (2010) have also reported similar symptoms of selenate toxicity (4 mg
Se kg-1 of soil) in rapeseed and corn (maize) plants. The critical concentration of Se in
plant tissue above which decrease in yield was reported in previous studies was found
to be 41.5 mg kg-1 in rice (Oryza sativa L.), 104.8 mg kg-1 in raya (Brassica juncea
czern L.) and 76.9 mg kg-1 in maize (Zea mays L.), (Rani et al. 2005). In this study it
was observed that even lower Se levels (22 mg kg-1 DW) in corn plants showed
toxicity symptoms compared to un-treated control plants. Bacterial inoculation
alleviated the Se toxicity in corn plants and resulted in increased plant height and dry
biomass compared with un-inoculated Se-treated plants (Fig-6.3; 6.5; 6.13). de Souza
et al. (1999) and Durana et al. (2013) have reported that inoculation with rhizospheric
microorganisms significantly enhanced Se content in Indian mustard and wheat
plants. Previously it was reported that PGPR (Bacillus sp.) can promote plant growth
in tomato, grape wine, maize, sugar beet and rice through different mechanisms such
as enhanced antioxidant enzymes activity, phosphate solubilization, biological
nitrogen fixation, salinity tolerance , mineralization of different organic compounds,
synthesis of phytohormones, enhance stress tolerance, detoxification of different toxic
elements present in the surrounding environment and by promoting beneficial plantmicrobe symbiosis (Wang et al., 2009; Martinez-Viveros et al., 2010; Mehnaz, 2011;
Bhattacharyya and Jha, 2012; Myresiotis et al., 2012; Ruiz-Lozano et al., 2012; Aroca
et al., 2013; Bresson et al., 2013; Dong et al., 2014; Jha and Subramanian, 2014;
Porce et al., 2014).
In general, bacterial inoculation in corn plant with majority of strains caused
remarkable increase in leaf soluble protein content and acid phosphatase activity
compared to un-inoculated control plants (Fig-6.8) except for strains YAK2, YAK7,
YAP7 and YAR2 which showed decrease in leaf protein content compared to uninoculated control plants (Fig-6.8). However, Se-treatment resulted in significant
decrease in corn leaf protein content and significant increase in acid phosphatase
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activity in leaf tissue compared with un-treated control plants (Fig-6.7). Se toxicity in
plants is might be because of non-specific exchange of sulfur by Se in some protein
molecules and other sulfur containing compounds (White et al., 2004). Sepulveda et
al. (2013) have also reported down-regulation of some protein in sodium selenate
treated Broccoli (Brassica oleracea). In contrast Sharma et al. (2010) have reported
un significant effect of Se treatment (4 mg Se kg-1) on protein content of rapeseed
leaves. However, bacterial inoculation resulted in increased leaf soluble protein
content in Se-treated plants. Bacterial inoculated Se-treated plants YAP4-Se, YAP6Se, YAR2-Se, YAR3-Se, YAR4-Se, YAR5-Se, YAR7-Se, YAR8-Se, CrK8-Se, and
CrK19-Se showed significantly increased protein content compared to un-inoculated
Se-treated plants (Fig-6.9). Similarly, several studies have reported that inoculation
with bacterial strains stimulates acid phosphatase activity in various crops and plants
(Saleh and Belisle, 2000; Preneta et al., 2002; Yasin et al., 2013). In plants acid
phosphatase enzyme enhances phosphorous (P) uptake form soil and its activity in
plants increases under heavy metal stress (Leadir et al., 2002; Sharma and Dubey,
2005). However, soil supplementation with sodium selenate (3 mg Se kg-1 of soil)
proved to be a promising approach to enhance Se levels in corn plants and several
inoculated Se-treated plants also showed significant increase in leaf Se content
compared to un-inoculated Se-treated plants.
Both Se toxicity and deficiency are problems worldwide (Valdez-Barillas et
al., 2011) but Se deficiency is more common than Se toxicity. To overcome this Se
deficiency Se fertilization of crops is common in developed countries e.g. UK and
Finland. Selenobacteria (Se resistant bacteria) have been previously studied for the
potential bioremediation of Se, but the use of selenobacteria as a tool for improving
Se concentration in cereal crops is relatively new (Durana et al., 2013). In another
greenhouse study (chapter 07), inoculation of wheat plants with majority of Seresistant bacterial isolates resulted in significant enhanced plant vegetative growth
(Fig-7.21), Se levels in stem and kernels of plants and accumulation of other essential
nutrient elements. The present findings that majority of these Se-resistant isolates
could enhance uptake of several mineral nutrient elements such as Se, S, Fe, Ca, Mg,
and Mn in wheat plants are significant because all these elements are essential
micronutrients for humans and livestock. Plant growth promoting rhizosphere bacteria
may have the ability to produce the plant growth regulator indole acetic acid (IAA)
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which can enhance plant root length and in general increase the plant’s ability to cope
with environmental stresses (Barret et al., 2011; Goswami et al., 2014). Tomato plants
inoculated with auxin producing PGPR (Bacillus circulans like strain CB7) exhibited
significant increase in seed germination, shoot length, shoot dry weight, root length
and root dry weight over control plants (Mehta et al., 2014). The crops produced in Se
deficient regions of the world have low Se content (Combs, 2001) and billions of
people are suffering from Se and Fe deficiency worldwide. Almost two billion people
in the world are anemic and many are due to iron deficiency (WHO, 2007). Especially
in low-income human populations, the consumption of Se biofortified crops can be a
cheaper source to fulfill the daily requirement for Se (Bañuelos, 2009; Finley, 2006).
In contrast to corn plants, sodium selenate supplementation (3 mg kg-1 of soil)
showed positive effects on wheat plants growth and product yield. Moreover, when Se
was supplied to the wheat plants in combination with bacterial inoculation a
remarkable increase was also observed in wheat plant growth and biomass compared
to un-inoculated Se-treated plants (Fig-7.22). However, the effects of Se
supplementation were additive to bacterial inoculation for improving plant growth.
The mechanism is not clear yet, perhaps low levels of Se trigger a general plant
growth response; this phenomenon has been called hormesis and has been reported for
many non-essential trace elements (Poschenrieder et al., 2013). Under Se
supplemented conditions, the Se concentration improved in wheat stems (up to 12 mg
kg-1 DW) and in seeds (up to 34 mg kg-1 DW) which was remarkably higher than Se
concentration in un-treated control plants (< 1mg kg-1 DW). It is important to note
that for the purpose Se biofortification of crops, under selenete treated soil conditions,
the Se levels in majority of the inoculated wheat and corn plants were significantly
increased compared to non-inoculated Se treated plants, were higher than those
obtained through agronomic biofortification with Se-containing fertilizers (Galinha
et al., 2012). Durana et al. (2013) reported that inoculation with rhizospheric
microorganisms significantly enhanced wheat Se content in plants. The daily adequate
Se intake for humans is 55 μg Se day-1 (Banuelos et al., 2012) and toxic levels for Se
intake in humans are approximately 350–700 μg Se day-1 (Sanmartín et al., 2012). To
avoid Se toxicity in humans either a lower dose of Se could be supplied to the plants
in the field so as to reach lower plant Se levels that could be eaten directly without
dilution or it would be recommended to dilute the corn and wheat kernels/ flour with
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low-Se wheat kernels/ flour. In addition to enhanced Se uptake in wheat plants it was
also found that in selenate supplemented soil, inoculation with majority of PGPR
isolates significantly enhanced S, Fe, Ca, Mg, and Mn uptake and accumulation in
wheat plants. de Souza et al. (2013) have also reported the similar increased uptake of
nutrients such as Ca, Mg, S, Mo, Mn, Zn and Fe in selenate supplemented wheat
seedlings which may support the beneficial role of Se (selenate) supply in wheat plant
growth promotion.
Similar to corn plants, the acid phosphatase activity significantly increased in
majority of bacteria inoculated wheat plants.

However, Inoculation with some

Bacillus PGPR strains resulted in significantly increased leaf protein content, while
inoculation with several strain showed either no effect or reduction in leaf protein
content compared to un-inoculated control wheat plants. In contrast to corn plants
when the soil was treated with 3 mg Se kg-1 of soil the leaf acid phosphatase activity
significantly decreased (60%) in wheat plants compared to un-treated control plants.
Under metal stressed conditions acid phosphatase activity increased in corn and
sunflower plants (Yasin et al., 2012; Yasin et al., 2013). This may explain that why
acid phosphatase activity was higher in Se-treated corn plants in comparison to wheat
plants. Because Se-treatment (3 mg kg-1 of soil) showed toxicity symptoms in corn
plants while it stimulated wheat plants growth in comparison to un-treated control.
Leaf soluble protein content in wheat plants were unaffected by selenate supply to soil
compared to un-treated control plants. Bacterial inoculation in majority of treatments
stimulated wheat plant growth and caused in increase in acid phosphatase activity in
leaf tissue compared to un-inoculated plants. However, the negative effect of Se on
acid phosphatase activity might be due to incorporation of Se into proteins in general,
replacing S and thus negatively affecting protein function, this does not appear likely
since the Se-treated plants grew better in the presence of Se and showed no signs of
toxicity. Preneta et al. (2002) and Yasin et al. (2013) have also reported increased acid
phosphatase activity in bacteria inoculated plants.
Use of natural selenifrous soils (Se enriched soil) for the productions of Se
enriched crops is an interesting aspect of this study. In one experiment (chapter-08)
Brassica juncea plants were grown in shale rock derived natural seleniferous soil
collected from natural Pine Ridge area in Fort Collins CO, USA. Various Se resistant
PGPR strains were mixed together to make four different bacterial consortia G1, G2,
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G3, and G4. B. juncea plants grown in shale rock derived natural seleniferous soil
were inoculated with these consortia to see the effects of inoculation on plant growth
and Se uptake in roots, shoots and seeds. Majority of these Bacillus strains exhibited
many plants growth promoting characteristics (Chapter-3), and previously enhanced
corn and wheat plants growth when inoculated with individual stains (chapter-6 and
chapter-7). Goswami et al. (2014) had isolated Bacillus licheniformis strain A2 from
rhizosphere of Suaeda fruticosa (a halotolerant plant) which showed plant growth
promoting activities.
Inoculated B. juncea plants grown in shale rock derived natural seleniferous
soil exhibited enhanced growth, increased seed weight, shoot length, shoots fresh /
dry biomass and earlier onset of reproductive phase in comparison to un-inoculated
control plants. Several previous studies reported increase in plant biomass and shoot
length such as in rice, tomato and groundnut (Arachis hypogaea) when inoculated
with Bacillus sp., Bacillus megaterium and Bacillus licheniformis (Marulanda et al.,
2009; Pandey et al., 2013; Goswami et al., 2014; Porcel et al., 2014). The PGPR’s can
change soil microbial community structure (Kang et al., 3013) because they not only
interact with plants but interact with other soil microorganisms also either
antagonistically or synergistically (Nadeem et al., 2013). Inoculation with consortium
G2, G3 and G4 caused decrease in photosynthesis rate and stomatal conductance
compared to control B. juncea plants. However, inoculation with consortium G1, G2,
G4 resulted in slight increase (non-significant) intrinsic water use efficiency (WUE)
and remarkable increase in non-protein thiol content compared to control. Bacterial
inoculation resulted in reduced photosynthesis and higher water use efficiency in
Arabidopsis thaliana (Bresson et al. 2013), whereas non-significant effect of PGPR
inoculation were observed on stomatal conductance in tomato plants (Porcel et al.,
2014). The bacterial serine acetyltransferase (SAT) overproduction in transgenic
tobacco plants resulted in significant increased cellular thiol content (Liszewska et al.,
2001). Non protein thiol (such as cysteine and glutathione) plays important function
in plants cells to alleviate the effects of various environmental stresses (Foyer and
Rennenberg, 2000).
Indian mustard is a well-known Se accumulator plant. As expected when
grown in naturally seleniferous shale rock-derived soil accumulated very high
concentration of Se in leaves (711 mg Se kg-1 DW), seeds (358 mg Se kg-1 DW) and
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pods skin (275 mg Se kg-1 DW). Such a high concentration of Se in B. juncea leaves,
seeds and pods indicate the great potential of B. juncea plant for Se phytoremediation
(plant based removal of Se from contaminated areas) as well as Se biofortifcation (Se
enriched food plants for human and livestock consumption). Selenium fortified food
crops can be a better source to achieve adequate daily Se requirements (Poblaciones et
al., 2014). When grown on seleniferous soil, Broccoli and Pakchoi have accumulated
high level of SeMet, Se-methylselenocysteine (SeMCys) and inorganic form of Se
(Cai et al., 1995; Thosaikham, et al., 2014). However, bacterial inoculation of B.
juncea plants grown in seleniferous soil resulted in decreased selenium uptake, except
for consortium G1 which caused markedly enhanced Se concentration compared to
control. Selenium concentration in leaves, seeds and pods of B. juncea was very high
compared to plants grown in non-seleniferous soils. So, if these B. juncea plants are
supposed to be used as Se biofortified (Se-enriched) food then it is recommended to
dilute this higher Se concentration by mixing plants parts (leaves, seeds) in Se
deficient food stuff.
Selenium hyperaccumulator plants growing in natural seleniferous soils can be
a potential source of Se supply to the plants growing in Se deficient soils. Selenium
hyperaccumulator can accumulate Se up to 1% of shoot dry weight (Wangeline et al.,
2011). Freeman et al. (2012) reported Se concentration in Stanleya pinnata seeds was
1,329 µg Se g-1 and most of Se in hyperaccumulator plants was organic Se (C-Se-C).
Se-enriched dry plant material releases Se slowly into soil which probably facilitates
maximum Se uptake by the plant roots. In one greenhouse experiment (chapter 09),
the B. juncea plants grown in Green-grade Turface® were supplied with Se-enriched
dry plant material taken from Se hyperaccumulator S. pinnata plants.
Similar to wheat plant (chapter 07), Se application stimulated plant growth
when B. juncea plants (grown in Turface®) were supplied with Se enriched plant
material (Fig-9.9 A). B. juncea plants treated with Se enriched plant dry biomass
exhibited higher shoot FW/ DW, weight of seeds, number of leaves, shoot length,
flowering stalk length and earlier onset of reproductive phase than un-treated control
plants. Nawaz et al. (2013) reported wheat seeds soaked in sodium selenate solution
(100 µM) exhibited significant increase (43%) in plant total biomass over un-treated
control. Moreover, in inoculated and Se-treated plants G1-Se, G2-Se, G3-Se and G4Se the application of Se enriched plant material in combination with PGPR consortia
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G1, G2, G3 and G4 further enhanced plant growth and seed yield (Fig-9.8 and Fig9.9) compared to corresponding un-inoculated and un-treated control plants grown in
Turface®. In plants such as Solanum lycopersicum, Cicer arietinum, Vigna radiate,
Glycine max and Musa paradisiaca inoculation with auxin (IAA) producing PGPR
strains

Bacillus

circulans

strain

CB7,

Bacillus

altitudinis

and

Bacillus

amyloliquefaciens strain NJN-6 resulted in significant increase in germination
percentage, shoot length, shoot dry weight, root length and root dry weight over
control plants (Sunar et al., 2013; Yuan et al., 2013; Mehta et al., 2014). Plant growth
rate and duration of growth phase depends on the onset of flowering (Bresson et al.,
2013) and any variation in flowering time could result in decreased or enhanced
progress towards vegetative phase of plant growth (Salehi et al., 2005).
When B. juncea plants were supplemented with Se-enriched plant material a
significant increase observed in water use efficiency (WUE), photosynthesis rate in
comparison to corresponding un-treated control (Fig-9.4A). Whereas no obvious
effect observed on stomatal conductance compared to control. This increase in WUE
and photosynthesis rate might be contributed to improved plant growth in Se-treated
plants over control plants. In contrast, all inoculated Se-treated plants G1-Se, G2-S2,
G3-Se and G4-Se showed significant reduction in WUE and no significant difference
in photosynthesis rate was observed in comparison to un-inoculated Se-treated plants,
except G3-Se plants which exhibited reduced photosynthesis rate. In contrast to
present findings, Bresson and co-workers (2013) have reported significant reduction
in photosynthesis rate in bacteria inoculated plants.
In Turface®, when B. juncea plants were supplemented with Se-enriched plant
material a significant improvement was observed in the Se concentration in leaves,
flowers, pods, seeds and roots in comparison to un-treated control. In contrast to
inoculated Se-treated wheat and corn plants supplemented with sodium selenate, in
majority of treatments the bacterial inoculation resulted in reduced Se accumulation in
leaves, seeds and pods compared to un-inoculated Se-treated plants grown in
Turface® supplemented with Se-enriched plant material (taken from S. pinnata
leaves). However, in inoculated Se-treated plants remarkable increase was observed
for some other nutrient elements concentration such as Ca and K in leaf, pods and
seeds over control plants. The concentration of majority of other plant essential
macro/ micro nutrients was similar in control and inoculated plants. It is probably
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because of nutrients sufficient conditions as the plants grown in Turface® were
watered twice weekly with Hoagland’s nutrient solution. Mehta et al. (2014) and
Mengual et al. (2014) have also reported remarkable increase in foliar nutrient content
when plants were inoculated with Bacillus sp. However, in B. juncea plants grown in
turface Se-treatment alone negatively affected the accumulation of Fe, Zn, P, and Cu
in leaves and pods.
Elemental Se is not be expected to be taken up and translocated in plants.
Plants preferably uptake Se as selenate (Fordyce, 2013) in comparison to selenite and
other chemical forms of Se. Selenobacteria have the ability to reduce selenate and
selenite into elemental Se0 (biogenic red elemental Se NPs/ nano-spheres). In one lab
study B. juncea plants were grown in hydroponic system and were treated with
biogenic elemental Se0 nano-particles (chapter 10). The main findings from this study
showed that B. juncea plants could effectively filter out biogenic Se nanoparticles
from aqueous solutions. Moreover, inoculation of B. juncea plants with Se resistant
PGPR strains could further enhance the uptake and accumulation of Se NPs by plants.
The significant finding of this study was Se NPs could enter in B. juncea plant roots
and translocated from root system to shoot and leaves through vascular system. In B.
juncaa plants treated with biogenic Se NPs Se concentration increased in leaves (by
3.5 fold) as well as in roots (by 153 fold) over control plants (Fig-10.2A, B).
Moreover, plant inoculation with strain-71 further significantly enhanced Se
accumulation in leaf tissue compared with un-inoculated Se-treated plants and
control. In root tissue, Se concentration increased by 153 folds, probably most of Se
NPs were adsorbed to the outside of roots and even if only adsorbed, it can be
worthwhile for rhizofiltration. These finding are similar to what some other researcher
have found. Selenium NPs produced by selenobacteria can enter into plants (Durán et
al., 2013) by binding to carrier proteins, creating new pores, endocytosis or by
binding to organics molecules (Rico et al., 2011) and through membrane transporters
or by complex formation with root exudates (Kurepa et al., 2010). Selenobacteria can
facilitate the uptake of Se into roots of B. juncea (De Souza et al., 1999) and wheat
plants (Durán et al., 2013).
Literature review showed Se could act antagonistically with S, Cu and inhibits
the uptake and function of these elements in animals (Fordyce 2013). It was found
that Se NPs treatment in B. juncea plants resulted in significantly lowered Cu and P
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concentration in roots and S accumulation in leaves compared to control. Because of
chemical similarity between S and Se plants mistakenly taken up Se as S, through
sulfate transporters. In Se-treated plants if the Se concentration in leaf and root tissue
increased (Fig-10.2A, B) then S concentration in leaf and root tissue is decreased
compared with control (Fig-10.2C, D). However, elemental Se would not be expected
to be taken up and translocated in plants, but it is (to some extent). This might be
because it gets oxidized to selenate and then taken up or may be taken up as Se NPs,
which are further metabolized to other forms of Se. This may happens chemically (it
is aerated), or may be facilitated by enzymes that are produced by the plant or the
bacteria.
Selenium NPs treatment stimulated B. juncea plants growth and resulted in
increased plant DW (Fig-10.1B) and number of root hair (Fig-10.4A, B) compared to
un-treated control. Bacterial inoculation further enhanced the number of root hair
which might help the plants to uptake more nutrients elements which possibly
stimulate plant growth. de Souza et al. (1999) also reported more root hairs in
inoculated Se-treated B. juncea plants compared to control. The leaves turned
downward in Se-NPs treated B. juncea plants (epinasty: indicative of ethylene
production, a stress hormone) compared to control plants (Fig-10.6A, B). However,
inoculation with strain YAP6 and 71 alleviated the symptoms of epinasty in
inoculated Se-treated plants compared with only Se treated plants (Fig 6C, D). Plant
growth promoting rihizobacteria helps the plants to tolerate environmental abiotic
stresses by producing phytohormones and by detoxification of some toxic
compounds. (Piccoli and Bottini, 2013).
Several investigators have shown that selenate/ selenite either enter in plants
cells passively (Terry et al., 2000) or through transporters. In plants the assimilation
pathway of selenate is similar to sulfate as both of the molecules have similar size and
charge (Kopsell and Kopsell, 2007; Shinmachi et al., 2010). To study the expression
of sulfate transporter (SULTR1;1, SULTR1;2 and SULTR2; 1) and ATP sulfurylases
(APS1, APS2 and APS4) in one lab experiment B. juncea plants were grown in
Turface® watered with ¼-Hoagland solution supplemented with sodium selenate (10
µM). It was observed that B. juncea plants accumulated very high concentration of Se
in leaf tissue (921 to 1221 mg Se kg-1 DW) and inoculation with bacterial consortium
(strains YAP6 and YAP7) caused significant increase in Se and S uptake compared to
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control. Selenate uptake may increase in sulfur starved plants (Li et al., 2008) because
of enhanced expression for sulfate transporters during S deficient conditions.
Interestingly, it was observed that under sulfate-sufficient conditions in the roots of
inoculated Se supplemented (10 µM) B. juncea plants the expression level of sulfate
transporter SULTR1;1 and SULTR1;2 were generally lower in comparison to uninoculated control plants. This would lead to the prediction that S and Se levels would
be lower in inoculated plants. However, in the root and leaf tissues of inoculated
plants a significant increase was observed in Se and S concentration, relative to
control plants. This may either indicate that under sulfur sufficient conditions there is
up-regulation of some other gene encoding a sulfate transporter, but this is unlikely. A
more likely explanation is that shortly before the plants were harvested the high
internal sulfur levels in the inoculated plants had led to a decrease in sulfate
transporter expression level. At an earlier stage of the experiment, the expression of
these Sultr genes may have been higher in the inoculated plants than the un-inoculated
plants, leading to the observed higher S and Se levels. Incidentally, the concentration
of both elements Se and S was significantly lower in roots than shoots, which
indicates that both of these elements were effectively translocated from roots to shoot,
a process known to involve SULTR2;1. All transcript levels of genes of interest were
normalized based on expression of the household gene actin. The Ct values were
expressed relative to normalized actin expression. Among the Sultr genes tested, the
transcript level of Sultr1;2 was the lowest, which may have a regulatory role in
response to sulfur nutrient status and encodes for a high-affinity sulfate transporter
(Zhang et all., 2014).
In contrast, the transcript levels of genes encoding ATP sulfurylases (APS1
and APS4) were higher in the inoculated plants than the control plants. Liang and Yu
(2010) have reported that under sulfate sufficiency conditions APS1 was down
regulated in A. thaliana SULTR2;1 mutant plants.
The bacteria may also have caused the higher S and Se levels via other
mechanisms than through effects on Sultr expression, such as enhanced root hair
formation. Higher root surface area allows more nutrients to be absorbed. Bacterial
inoculation was found to stimulate shoot growth (Fig-11.6) as well as root growth,
which might have resulted in enhanced uptake of nutrients in plants. The enhanced
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root growth in inoculated B. juncea plants may have facilited the uptake of S, Se and
other nutrients (Cu, Fe, Zn, P and K).
Conclusion
In conclusion, inoculation of corn, wheat and Indian mustard plants with Setolerant bacterial strains can positively affects plant growth, micro- and macronutrient
availability. Use of PGPR microbes (like strains YAK1, YAM2, YAM2, YAP6,
YAP7 etc.) is an easy and cheap way to enhance Se content in corn, wheat and Indian
mustard for Se biofortification. For Se biofortification of crops under in situ
conditions in Punjab, Pakistan, I would recommend the use of wheat plants (variety
Seher-2006) supplemented with sodium selenate and in combination with inoculation
with strains YAP6, YAP7 and YAM2. Moreover, in present investigation majority of
strains showed high Se reduction potential. So, these strains can be used for Se
bioremediation also. The use of B. juncea and other Se accumulating crops, in
association with Se tolerant bacteria that can boost plant Se accumulating ability, may
be a way to farm seleniferous soils that would otherwise be considered undesirable for
farming. The resulting crop may have added value thanks to its Se content, and over
time, the soil may become more and more amenable to farming other crop species.
Selenium-biofortified crops can be a cheap source of Se to fulfill the daily
requirement and prevent disease in Se deficient areas, especially in low-income
human populations. The Se resistant bacterial strains (having plant growth promoting
characteristics) may be used for crop biofortification, not only for wheat, corn and
Indian mustard but perhaps also other crops, to help alleviate these micronutrient
deficiencies. Inoculation with PGPR may further increase the health potential of the
plants, which will ultimately benefit human consumers. In future studies it will be
interesting to explore the nature of these plant-microbe interactions, and to explore the
use of these microbes for biofortification and phytoremediation.
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APPENDIX-I-A
16S rRNA gene sequences of bacterial isolates
Bacillus foraminis-YAK1
GenBank Accession #: JX203248
ACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGATCTGAGGGAGCT
TGCTCCCGATGATCAGCGGCGGACGGGTGAGTAACACGTGGGCAACCTGC
CTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATTC
ATTCCCTCACATGAGGGAATGCTGAAAGACGGTTTCGGCTGTCACTTACA
GATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGG
CAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAG
ACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATG
GACGAAAGTCTGACGGAGCAACGCCGCGTGAGCGAAGAAGGCCTTCGGG
TCGTAAAGCTCTGTTGTCAGGGAAGAACAAGTGCCGGAGTAACTGCCGGC
ACCTTGACGGTACCTGACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC
CGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAG
CGCGCGCAGGCGGTCCTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCG
TGGAGGGTCATTGGAAACTGGGGGACTTGAGTGCAGAAGAGGAGAGCGG
AATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTG
GCGAAGGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGG
GGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGT
GCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAAACGCATTAA
GCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGA
CGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCG
AAGAACCTTACCAGGTCTTGACATCCTCTGACACTCCTGGAGACAGGACG
TTCCCCTTCGGGGGACAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTC
GTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTT
AGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACC
GGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGC
TACACACGTGCTACAATGGATAGAACAAAGGGCAGCGAAGCCGCGAGGT
GAAGCCAATCCCATAAATCTATTCTCAGTTCGGATTGCAGGCTGCAACTCG
CCTGCATGAAGCCGGAATCGCTAGTAATCGCGGAT

Bacillus thuringiensis serovar finitimus -YAK2 GenBank Accession #:JX203249
AGGATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGAATGGAT
TAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGG
GTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACC
GGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTG
TCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGC
TCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACT
GGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATC
TTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAG
GCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACG
TGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATT
GGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCAC
281
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GGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAG
AGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAG
GAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCG
CGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGT
AAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTT
AACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCA
AAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCG
AAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAG
AGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTC
GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
CTTGATCTTAGTTGCCATCATTTAGTTGGGCACTCTAAGGTGACTGCCGGT
GACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATG
ACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGCAAGACC
GCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGGCT
GCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG
CGCGGGGGGAATTACGTTCCCGGGGCCTTGTACACACCGCCCGTCACACC
ACGAGAGTTTGTAACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAG
CCGCCTAAGGTGGGACAGATGATTGG

Bacillus licheniformis-YAK-4

GenBank Accession #: JX203250

TCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGACCG
ACGGGAGCTTGCTCCCTTAGGTCAGCGGCGGACGGGTGAGTAACACGTGG
GTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACC
GGATGCTTGATTGAACCGCATGGTTCAATCATAAAAGGTGGCTTTCAGCT
ACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGG
CTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACAC
TGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAAT
CTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAA
GGTTTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCG
AATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTAC
GTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTAT
TGGGCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCC
CGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAA
GAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGA
GGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGC
GCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCA
GCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAAC
TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAAT
TCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCC
TAGAGATAGGGCTTCCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTT
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GTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCA
ACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCC
GGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTT
ATGACCTGGGCTACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGA
AGCCGCGAGGCTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCA
GTCTGCAACTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAG
CATGCGCGGGGGGAAAAACCTTTCCCGGGGCCTTGTACACACCGCCCGTC
ACACCACGAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAG
CCAGCCGCCGAAGGTGGGACAGATGATTG

Proteus penneri-YAK-6

GenBank Accession #: JX203251

TGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGGGCGGTAACAGGAG
AAAGCTTGCTTTCTTGCTGACGAGCGGCGGACGGGTGAGTAATGTATGGG
GATCTGCCCGATAGAGGGGGATAACTACTGGAAACGGTGGCTAATACCGC
ATGACGTCTACGGACCAAAGCAGGGGCTCTTCGGACCTTGCGCTATCGGA
TGAACCCATATGGGATTAGCTAGTAGGTGGGGTAAAGGCTCACCTAGGCG
ACGATCTCTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGAC
ACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGG
GCGCAAGCCTGATGCAGCCATGCCGCGTGTATGAAGAAGGCCTTAGGGTT
GTAAAGTACTTTCAGCGGGGAGGAAGGTGTTAAGATTAATACTCTTAGCA
ATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCG
CGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCG
CACGCAGGCGGTCAATTAAGTCAGATGTGAAAGCCCCGAGCTTAACTTGG
GAATTGCATCTGAAACTGGTTGGCTAGAGTCTTGTAGAGGGGGGTAGAAT
TCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAATACCGGTGGCG
AAGGCGGCCCCCTGGACAAAGACTGACGCTCAGGTGCGAAAGCGTGGGG
AGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGAT
TTAGAGGTTGTGGTCTTGAACCGTGGCTTCTGGAGCTAACGCGTTAAATCG
ACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGG
GGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGA
ACCTTACCTACTCTTGACATCCAGCGAATCCTTTAGAGATAGAGGAGTGCC
TTCGGGAACGCTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGT
GAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCC
AGCGCGTGATGGCGGGAACTCAAAGGAGACTGCCGGTGATAAACCGGAG
GAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGAGTAGGGCTACA
CACGTGCTACAATGGCAGATACAAAGAGAAGCGACCTCGCGAGAGCAAG
CGGAACTCATAAAGTCTGTCGTAGTCCGGATTGGAGTCTGCAACTCGACT
CCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATGCTACGGTGAAT
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGGAGTGGGTT
GCAAAAGAAGTAGGTAGCTTAACCTTCGGGAGGGCGCTTACCA
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Bacillus endophyticus-YAK-7

GenBank Accession #: JX203252

CGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGAGATTTGAAA
AGCTTGCTTTTCAAATCTTAGCGGCGGACGGGTGAGTAACACGTGGGCAA
CCTGCCCTTGAGACGGGGATAACTCCGGGAAACCGGAGCTAATACCGGAT
AACACATATCTTCGCATGATGATATGTTAGAAGGTGGCTTTTAGCTACCAC
TCAAGGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCAC
CAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGG
ACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCC
GCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTT
TCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTATCTGTTGAATAA
GCAGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCC
AGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGC
GTAAAGCGCGCGCAGGCGGTTCCTTAAGTCTGATGTGAAAGCCCACGGCT
CAACCGTGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGA
GAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAAC
ACCAGTGGCGAAGGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCGCGAA
AGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAAC
GATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAAAC
GCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAG
GAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAG
CAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGCTACTTCTAGAGAT
AGAAGGTTCCCTTCGGGGACAGAGTGACAGGTGGTGCATGGTTGTCGTCA
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTG
ATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTGACA
AACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCT
GGGCTACACACGTGCTACAATGGATGGTACAAAGGGCTGCAAAACCGCG
AGGTTAAGCCAATCCCATAAAACCATTCTCAGTTCGGATTGTAGGCTGCA
ACTCGCCTACATGAAGCCGGAATCGCTAGTAATCGCGGATCACATGCCCG
GGGGGAAAAAACTTTCCCGGGGTCTTGTACACACCGCCCGTCACACCACG
AAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCAGCCG
CCGAAGGTGGGACAGATGATTGGG

Bacillus licheniformis-YAP-1

GenBank Accession #: JX203253

CGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGACCGACGGGAGCTT
GCTCCCTTAGGTCAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCC
TGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGCTTGA
TTGAACCGCATGGTTCAATCATAAAAGGTGGCTTTCAGCTACCACTTACAG
ATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGC
GACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAG
ACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATG
GACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGAT
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CGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCGAATAGGGCGGT
ACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGC
CGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAG
CGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGGCTCAACCG
GGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGG
AATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTG
GCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGG
GGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGT
GCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAAACGCATTAA
GCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGA
CGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCG
AAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCT
TCCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGT
GTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTA
GTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCG
GAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCT
ACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGAAGCCGCGAGGCT
AAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCAGTCTGCAACTCGA
CTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCACATGCGCGGGGGGA
AAAAACCTTTCCCCGGGCCTTTGTACACACCGCCCCGTCACACCACGAAG
AGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTT

Bacillus cereus-YAP-6

GenBank Accession #: JX203254

AGGATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGAATGGAT
TAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGG
GTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACC
GGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTG
TCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGC
TCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACT
GGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATC
TTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAG
GCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACG
TGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATT
GGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCAC
GGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAG
AGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAG
GAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCG
CGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGT
AAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTT
AACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCA
285

APPENDIX-I-A

16S rRNA gene sequences

AAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCG
AAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGAAAACCCTAG
AGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTC
GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
CTTGATCTTAGTTGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCGGT
GACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATG
ACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGCAAGACC
GCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGGCT
GCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCACATGC
GCGGGGGGAAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCAC
GAGAGTTTGTAACACC

Bacillus licheniformis-YAP-7

GenBank Accession #: JX203255

TCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGACCG
ACGGGAGCTTGCTCCCTTAGGTCAGCGGCGGACGGGTGAGTAACACGTGG
GTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACC
GGATGCTTGATTGAACCGCATGGTTCAATCATAAAAGGTGGCTTTCAGCT
ACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGG
CTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACAC
TGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAAT
CTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAA
GGTTTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCG
AATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTAC
GTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTAT
TGGGCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCC
CGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAA
GAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGA
GGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGC
GCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCA
GCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAAC
TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAAT
TCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCC
TAGAGATAGGGCTTCCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTT
GTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCA
ACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCC
GGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTT
ATGACCTGGGCTACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGA
AGCCGCGAGGCTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCA
GTCTGCAACTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAG
CATGCCGCGGGTGGAATACGGTTCCCGGGGCCTTGTACACACCGGCCCGT
286

APPENDIX-I-A

16S rRNA gene sequences

CACACCACGAAGAGTTTGTAACACCCGAAGTTCGGTGAGGTAACCTTTTG
GAGCCAGCCGCCGAAGGT

Bacillus endophyticus-YAM-1

GenBank Accession #: JX203256

AGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGAGATTT
GAAAAGCTTGCTTTTCAAATCTTAGCGGCGGACGGGTGAGTAACACGTGG
GCAACCTGCCCTTGAGACGGGGATAACTCCGGGAAACCGGAGCTAATACC
GGATAACACATATCTTCGCATGATGATATGTTAGAAGGTGGCTTTTAGCTA
CCACTCAAGGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGC
TCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACT
GGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATC
TTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAG
GTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTATCTGTTGAA
TAAGCAGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGT
GCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTG
GGCGTAAAGCGCGCGCAGGCGGTTCCTTAAGTCTGATGTGAAAGCCCACG
GCTCAACCGTGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGA
GGAGAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGG
AACACCAGTGGCGAAGGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCGC
GAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTA
AACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCA
AACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCA
AAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTCG
AAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGCTACTTCTAG
AGATAGAAGGTTCCCTTCGGGGACAGAGTGACAGGTGGTGCATGGTTGTC
GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
CTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGT
GACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATG
ACCTGGGCTACACACGTGCTACAATGGATGGTACAAAGGGCTGCAAAACC
GCGAGGTTAAGCCAATCCCATAAAACCATTCTCAGTTCGGATTGTAGGCT
GCAACTCGCCTACATGAAGCCGGAATCGCTAGTAATCGCGGATCAGCATG
CCGCGGGTGGAATACGTTCCCCGGGTCTTGTACACACCGCCCGTCACACC
ACGAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCAGC
CGCCGAAGGTGGGACAGATGATTGGG

Bacillus pichinotyi-YAM-2

GenBank Accession #: JX203257

GCTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGAAT
TTGAGGGAGCTTGCTCCCAAAGATTAGCGGCGGACGGGTGAGTAACACGT
GGGCAACCTGCCTGTAAGACTGGGATAACTTCGGGAAACCGGAGCTAATA
287

APPENDIX-I-A

16S rRNA gene sequences

CCGGATAATCCTTTTCCTCTCATGAGGAAAAGCTGAAAGATGGCTTCGGCT
ATCACTTACAGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGG
CTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACAC
TGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAAT
CTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAA
GGTTTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCG
AATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTAC
GTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTAT
TGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGATGTGAAAGCCCC
CGGCTCAACCGGGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAA
GAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGA
GGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGC
GCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCA
GCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAA
CTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAA
TTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAATC
CTAGAGATAGGACTTTCCCCTTCGGGGGACAGAGTGACAGGTGGTGCATG
GTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGC
GCAACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACT
GCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCC
CCTTATGACCTGGGCTACACACGTGCTACAATGGATGGTACAAAGGGCTG
CAAGACCGCGAGGTTTAGCCAATCCCATAAAACCATTCTCAGTTCGGATT
GCAGGCTGCAACTCGCCTGCATGAAGCCGGAATCGCTAGTAATCGCGGAT
CACATGCCCGGGGGGAAATACGTTCCCGGGCCTTGTACACACCGCCCGTC
ACACCACG

Bacillus jeotgali-YAM-3

GenBank Accession #: JX203258

TCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGATTT
TTAAAAGCTTGCTTTCAAAAGTTAGCGGCGGACGGGTGAGTAACACGTGG
GCAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACC
GGATAATTCATTTCCTCTCATGAGGGAATGCTGAAAGACGGTTTCGGCTGT
CACTTACAGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCT
CACCAAGGCCACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTG
GGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTT
CCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGCGATGAAGG
CCTTCGGGTCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTATCGGAGTAA
CTGCCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTG
CCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGG
GCGTAAAGCGCGCGCAGGCGGTCCTTTAAGTCTGATGTGAAAGCCCACGG
CTCAACCGTGGAGGGTCATTGGAAACTGGGGGACTTGAGTGCAGAAGAG
288

APPENDIX-I-A

16S rRNA gene sequences

GAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGA
ACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCGCG
AAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA
ACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAA
ACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAA
AGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGA
AGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACACCTCTGGA
GACAGAGCTTTCCCCTTCGGGGGACAGAGTGACAGGTGGTGCATGGTTGT
CGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTTGTCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGAGACTGCCGG
TGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTAT
GACCTGGGCTACACACGTGCTACAATGGATAGAACAAAGGGCAGCAAAG
CCGCGAGGTCAAGCAAATCCCATAAATCTATTCTCAGTTCGGATTGCAGG
CTGCAACTCGCCTGCATGAAGCCGGAATCGCTAGTAATCGCGGATCACAT
GCCGGGGGGAAAAACCTTTCCCGGGGCCTTGTACACACCGCCCGTCACAC
CACGAGAGTTTGTAACACCCGAAGTCGGTGGGGTAACCTTTTAGGG

Bacillus licheniformis-YAM-4

GenBank Accession #: JX203259

CTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGACAGATGGGAGCTTGC
TCCCTGATGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCTG
TAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGCTTGATT
GAACCGCATGGTTCAATTATAAAAGGTGGCTTTTAGCTACCACTTACAGAT
GGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGA
CGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACA
CGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGAC
GAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGT
AAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCGAATAGGGCGGTACC
TTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGC
GGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGC
GCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGGCTCAACCGGGG
AGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGAAT
TCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCG
AAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGA
GCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCT
AAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAAACGCATTAAGCA
CTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGACGG
GGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAG
AACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCTTCCC
CTTCGGGGGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCG
TGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGC
CAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGA
289

APPENDIX-I-A

16S rRNA gene sequences

AGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACA
CGTGCTACAATGGGCAGAACAAAGGGCAGCGAAGCCGCGAGGCTAAGCC
AATCCCACAAATCTGTTCTCAGTTCGGATCGCAGTCTGCAACTCGACTGCG
TGAAGCTGGAATCGCTAGTAATCGCGGATCACATGCCGGGGGGAAAAAA
CCTTTCCCGGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAA
CACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCAGCCGCCGAAGGTGGG

Bacillus sp.-YAR-3

GenBank Accession #: KJ641618

CAGGCCGACCGCGGCGGCCTTCCTTATTCCATCAAGTTGAACCGGCCGGA
GGGAAGTTGGTTCCTTAAGTTAGGGGGGGGCGGGTGGATTACCAGTTGGT
TACCTTCCTGTTAGGATTGGATTAATTCGGGGAACCGGGGGTTATTCCGGA
AGGTTGAATGGACCGCCATGTTTCATTATTAAAAGTTGGTTTTAGCTACCA
CTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCA
CCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGG
GACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTC
CGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGT
TTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCGAAT
AGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTG
CCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGG
GCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGG
CTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAG
GAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGA
ACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCGCG
AAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA
ACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAA
ACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAA
AGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGA
AGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGA
GATAGGGCTTCCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTTGTCG
TCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCC
TTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTG
ACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGA
CCTGGGCTACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGAAGCC
GCGAGGCTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCAGTCT
GCAACTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG
CGCGGGGGAAATACCTTTCCCGGGGCCTTGTACACACCGCCCGTCACACC
ACGAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCAGC
CGCCGAAGGTGGGACAGATG

290

APPENDIX-I-A

16S rRNA gene sequences

Bacillus flexus-YAR-4

GenBank Accession #: KJ641619

GGATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGAACTGATT
AGAAGCTTGCTTCTATGACGTTAGCGGCGGACGGGTGAGTAACACGTGGG
CAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGAGCTAATACCG
GATAACATTTTTTCTTGCATAAGAGAAAATTGAAAGATGGTTTCGGCTATC
ACTTACAGATGGGCCCGCGGTGCATTAGCTAGTTGGTGAGGTAACGGCTC
ACCAAGGCAACGATGCATAGCCGACCTGAGAGGGTGATCGGCCACACTG
GGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTT
CCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGG
CTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACAAGAGTAA
CTGCTTGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTG
CCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGG
GCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCACGG
CTCAACCGTGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAG
AAAAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGA
ACACCAGTGGCGAAGGCGGCTTTTTGGTCTGTAACTGACGCTGAGGCGCG
AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA
ACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCTAA
CGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAA
GGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAA
GCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACTCTAGAG
ATAGAGCGTTCCCCTTCGGGGGACAGAGTGACAGGTGGTGCATGGTTGTC
GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
CTTGATCTTAGTTGCCAGCATTAAGTTGGGCACTCTAAGGTGACTGCCGGT
GACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATG
ACCTGGGCTACACACGTGCTACAATGGATGGTACAAAGGGCTGCAAGACC
GCGAGGTCAAGCCAATCCCATAAAACCATTCTCAGTTCGGATTGTAGGCT
GCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATG
CCCGGGTGAAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCAC
GAGAGTTTGTAACACCCGAAGTCGGTGGGGTAACCTTTATGGAGCCAGCC
GCCTAAGGTGGGACAG

Bacillus sp.-YAR-5

GenBank Accession #: KJ641620

TCAGGCGAACGGCGGCCGGGTTCCTTATTCCAGCCAGTTGAACCGGCCGG
AGGGAAGCTGGTTCCTTAAGTTAAGGGCCGGCGGGTGGATTACCAGTGGG
TTACCTGCCTGGTAGGATTGGATTAATTCGGGAAACCCGGGGTTATTCCGG
AAGGTTGAATGGACCGCCATGTTTAATTATTAAAAGTGGGTTTTAGCTACC
ACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTC
ACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTG
GGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTT
CCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGG
291

APPENDIX-I-A

16S rRNA gene sequences

TTTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCGAAT
AGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTG
CCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGG
GCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGG
CTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAG
GAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGA
ACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCGCG
AAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA
ACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAA
ACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAA
AGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGA
AGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGA
GATAGGGCTTCCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTTGTCG
TCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCC
TTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCCGGTG
ACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGA
CCTGGGCTACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGAAGCC
GCGAGGCTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCAGTCT
GCAACTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCACATGC
CCGGGGGGAAAACCTTTCCCGGGCCTTGTACACACCGCCCGTCACACCAC
GAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCAGCCG
CCGAAGGTGGGACAGATGATTGGGG

Bacillus cereus-YAR-7

GenBank Accession #: KJ641621

AGGATGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGAATGGAT
TAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGG
GTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACC
GGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTG
TCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGC
TCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACT
GGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATC
TTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAG
GCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGA
ATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACG
TGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATT
GGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCAC
GGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAG
AGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAG
GAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCG
CGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGT
AAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGGAAG
292

APPENDIX-I-A

16S rRNA gene sequences

TTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACT
CAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATT
CGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGAAAACCCT
AGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTG
TCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAA
CCCTTGATCTTAGTTGCCATCATTAAGTTGGGCACTCTAAGGTGACTGCCG
GTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTA
TGACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGCAAGA
CCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGG
CTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCACAT
GCGCGGGGGGAAATCCTTTCCCGGGCCTTGTACACACCGCCCGTCACACC
ACGAAGAGTTTGTAACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCA
GCCGCCTAAGGTGGGACAGATGATT
Bacillus licheniformis-YAR-8

GenBank Accession #: KJ641622

CAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGACCG
ACGGGAGCTTGCTCCCTTAGGTCAGCGGCGGACGGGTGAGTAACACGTGG
GTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACC
GGATGCTTGATTGAACCGCATGGTTCAATCATAAAAGGTGGCTTTCAGCT
ACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGG
CTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACAC
TGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAAT
CTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAA
GGTTTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGTTCG
AATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTAC
GTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTAT
TGGGCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCC
CGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAA
GAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGA
GGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGC
GCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCA
GCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAAC
TCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAAT
TCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCC
TAGAGATAGGGCTTCCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTT
GTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCA
ACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGTGACTGCC
GGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTT
ATGACCTGGGCTACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGA
AGCCGCGAGGCTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCA
GTCTGCAACTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAC
ATGCGCGGGGGGAAATACGTTCCCCGGGCCTTGTACACACCGCCCGTCAC
ACCACGAAGAGTTTGTAACACCCCGAAGTCCGGTGAGGTAACCTTTTTGG
AGCCAGCCGCCGAAGGTGGGACAGATGATTGGGGT
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