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Chapter 1 INTRODUCTION

In natural environmental conditions biotic and abiotic stresses readily affect the
growth and overall productivity of the crop plants. The abiotic stresses are about to
increase in the near future because of global climate change. Conditions of abiotic
stresses might be the major limiting factors observed for crop cultivation around the
world. This mainly concerns about drought, salinity and high temperature, prominent
causes of drop off worldwide crop productivity. In arid and semi-arid areas, drought
rigorously affects the overall growth and productivity of crop plants and expected to
spoil 50% of the arable lands by 2050 (Vinocur and Altman, 2005). Growth and
productivity of plant collapses mainly under drought stress conditions (Lafitte et al.,
2007). The reduced plant growth were observed in various staple food crops such as
wheat (Rampino ef al., 2006), rice (Lafitte ef al., 2007), and maize (Kamara et al.,
2003). Drought influences the overall plant growth and development by affecting water
potential, obstructing common metabolism of cells and by changing its activity at
cellular, sub-cellular and entire plant levels which consequences in specific and
nonspecific physiological responses. Due to this abiotic stress, plants also experience
nutrient imbalances as a result of deprived nutrient accessibility and transport from soil
(source) to root hairs (sink). Drought stress conditions also provoke the formation of
free radicals in form of reactive oxygen species (ROS) including hydrogen-peroxide,
superoxide radicals and hydroxyl radicals stress. High amount of ROS can cause
damage at various levels, like lipid peroxidation, membrane deterioration, degradation
of proteins, lipids and nucleic acids in plants (Nair et al., 2008). Thus drought as a
multidimensional stress which negatively affects growth and productivity of plants and

instigates the problem of food security.

In India about two-third population depends upon agriculture, hence drought
conditions are likely to threaten the overall economy of the country. Most of the
agricultural land in India being rainfed and it is heavily dependent on climate and
monsoon rainfall for yield. Furthermore, increased greenhouse gas emissions are
expected to cause general drying of the subtropics by the end of this century and

causing widespread drought (IPCC, 2007). The negative effect of abiotic stress on
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plant growth and development are evident among the emerging ecological impacts of
climate change (Bellard et al., 2012), and the constraints to crop production
worsened with the increasing human population competing for environmental

resources (Wallace ef al., 2003).

Wheat is one of the major staple food worldwide, but almost 32% of wheat
cultivars face up to various types of drought stresses during the growth season (Morris
et al., 1991). Presently, wheat is the largest staple food in Asia, this region has a broad
arid and semiarid area and drought is the major factor for losses of wheat yield. Wheat
is known as second most important food crop in the developing world after rice. Water
stress conditions during grain development causes large yield losses in wheat. This
reduction is mainly accounted by a reduction in starch accumulation, since in general
over 65% of cereal dry weight is accounted by starch (Duffus, 1992). In recent years,
the level of wheat production could not fulfill the satisfactory demand, prompting price
instability and hunger riots. The predicted world population by 2050 would be around 9
billion, which increases the demand for wheat and expected to increase by 60%. Wheat
provides essential nourishment for more than 1/3 world population and crop yield will
be considerably influenced in the perspective of global climate change and drought
stress (Chaves and Oliveira, 2004). Therefore, it is quite important to alleviate the
adverse effects of drought stress on wheat growth (Krugman et al., 2011; Zhong and
Shangguan, 2014). Various strategies such as traditional breeding and genetic
engineering of drought-tolerant transgenic plants have been incorporated to enhance the
capability of plants to bear drought stress conditions, but implementation of these
methods are difficult to apply as they are extremely technical and labor-intensive.
Therefore, application of microorganisms in drought pretentious agricultural lands

could be a profound and alternative approach.

Plant growth promoting rhizobacteria (PGPR) could play an important and
significant role in mitigation of drought stress in plants. PGPR have received great
importance for improvement in plant tolerance against salinity, drought, cold and heavy
metal toxicity (Pinedo et al., 2015; Singh and Singh, 2017). Root colonizing plant
growth promoting rhizobacteria (PGPR) exhibited reflective enhancement in plant
growth and decreased susceptibility to diseases caused by several plant pathogenic

organisms such as fungi, bacteria, viruses and nematodes (Kloepper et al., 2004).
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Moreover, root and plant tissues associated microorganism exert multiple beneficial
traits, and can participate into the alleviation of plant stress through various
mechanisms. Plant growth promoting bacteria (PGPB) can contribute to alleviate
abiotic stresses of host plants via a variety of mechanisms such as decrease in ethylene
level by 1-aminocyclopropane-1 - carboxylate (ACC) deaminase production. The
production of exopolysaccharides (EPS) can also play an important role in supporting
plant growth under water deficit and salt stress conditions. Other metabolites produced
by PGPB are potentially involved in supporting plant growth under stress conditions
include siderophores, phytohormones, organic acids and volatile compounds.
Additionally, these bacteria may enhance plant stress tolerance by inducing
accumulation of osmolytes, antioxidants, regulation of stress responsive genes, increase
in photosynthesis and alteration in root morphology (Tiwari et al.,, 2016; Vurukonda

et al., 2016; Singh and Singh, 2017; Singh et al., 2017).

Recently, besides using single strain of plant growth promoting rhizobacterium,
co-inoculation of two or more PGPR strains has been experimented to achieve prominent
multifarious effect in sustainable agriculture system. Beneficial microorganisms with
different attributes can be used as consortium, which can work synergistically promoting
each other’s beneficial effects along with plant health. The ability of microorganisms to
confer habitat-specific stress tolerance to host plants elicits an idea to develop consortia
of beneficial microorganisms possessing plant growth enhancing traits with drought
tolerance ability. Formulation and development of biofertilizers by using PGPR and their
consortia is an efficient mean for applying microorganisms in field conditions and their
effective performance for plant growth. The performance of PGPR strains in field
conditions greatly depends on proper means of delivery, application strategy and
persistence of the strains in plant system and rhizospheric soil. It is generally noted that
the performance efficacy of the rhizosphere strains decreases in field conditions as
compare to in vitro conditions. To overcome this issue biofertilizers can be applied in
soil, seeds and in foliar sprays, hence efficient delivery plays a vital role in the
performance of the rhizobacterial strains in field conditions (Vidhyasekaran and
Muthamilan, 1999). Inert carrier based bioformulations are helpful as delivery system
for both foliar and soil application and enables easy-handling, long-term storage and high

effectiveness. Bioformulation developed with a suitable carrier also enhances the shelf
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life of microbial products such as antibiotics, siderophores, hydrolytic enzymes,
phytohormones and volatile extracellular metabolites (Ardakani ef al., 2010; Chen et
al., 2000; Jorjani et al., 2011; Shahraki et al., 2009). Therefore, development of a
stable carrier based bioformulation is important to serve areas where there is subsistent
farming and plant diseases are major problems (Ardakani et al., 2010). Therefore, there
is an immense need of characterizing drought tolerant PGPRs and developing their
consortium based approach in order to apply them in form of biofertilizers for gaining
improvement in total plants growth and yield, and as well to confer drought tolerance in

plant under drought conditions.

Considering the importance of PGP microbial consortium under drought stress,

the present study is designed with following specific objectives:

e Retrieval and authentication of bacterial cultures from departmental culture

collection.

e Screening of retrieved bacterial isolates on the basis of polyethylene glycol

(PEG) tolerance level and their characterization.

¢ Development of bacterial consortia based on the compatibility of selected

potential strains.

e Exploration of in situ plant growth promoting potential of selected consortia on

wheat under drought stress conditions.
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Chapter 2 REVIEW OF LITERATURE

Drought is one of the major environmental stresses that limit crop growth and
productivity worldwide, while global warming and water scarcity will further make the
situation worse. As an extreme event (abiotic factor), drought severely affects food
production. Considering climate change and anthropogenic influences, an overall
enhanced drought risk for crop yield in the future is well documented. In India, this risk
is greater due to deviated monsoon rains, depleted groundwater, and the pressure of food
demand from a population of 1.252 billion. More regional droughts in the agriculturally
important southern coast India, central Maharashtra and Indo-Gangetic plains were
highlighted indicating higher food security and socioeconomic vulnerability (Wu ef al.,
2004; Sheffield et al., 2014; Lesk et al., 2016). Wilhite and Glantz (1985) categorized
drought into: meteorological drought, hydrological drought, agricultural drought
and socioeconomic drought. The first three approaches deal with ways to measure
drought as a physical phenomenon. Socioeconomic drought occurs when the supply of an
economic goods and services such as food, drinking water and energy are reduced as a
result scarcity in water supply due to changes in meteorological and hydrological drought

conditions.

During the conditions of drought, plant’s metabolic processes and transpiration
exceeds the water availability for absorption or when water content of plant gets low
enough to interfere with normal plant processes, water deficit/stress is created. It can
also result from reduced moisture of soil, due to less rainfall or supplemental irrigation.
Water stress has been found as an important factor affecting deleteriously various
stages/metabolic processes of plants (Upadhyay and Panda, 2013). For example,
water stress reduces the water potential of plant cell and thus enhances the solute
concentration, which further hinders cell enlargement, stem proliferation, and root
elongation, thereby hampering the plant growth (Akinci and Losel, 2012). However,
when plants are growing under stressed situation, it exhibits visible symptoms. Wilting
is the condition of plants where the non-wooden parts of the plants become non rigid
due to low turgor pressure and is one of the most common symptoms of water stress

(Correia et al., 2001; Cabuslay et al., 2002). Water stress may also cause stomata

Review of Literature ............... rd



closure. Accumulation of plant hormone, for instance, abscisic acid (ABA), is
responsible for the stomatal closure (Socias et al., 1997). This further reduces gaseous
exchange, decrease in photosynthesis and pigmentation ROS accumulation. Stomata
closure under drought stress is also found to be related to alter nutritional status, xylem
sap pH, and hydraulic conductivity as well as declines water content in leaf (Oren et
al., 1999). Summarily, drought stress interrupts the enzymatic reactions mainly
involved in CO, fixation and ATP synthesis and thus affects the plant by altering (1)
photosynthesis, (2) transpiration, (3) nutrient uptake, (4) hormone production, (5)
homeostasis and (6) other metabolic processes. Moreover, a decline in relative water
content (RWC) reflects a loss of turgor that results in limited cell expansion and
consequentially, reduced plant growth (Ashraf, 2010; Lu et al, 2010). Jarvis and
Jarvis (1963) reported that species that are better adapted to dry environments have
high RWC. Proline is one of the most important osmolytes that accumulate in plants
experiencing drought stress (Yoshiba et al., 1997; Huang et al., 2014). Proline
contributes to stabilizing sub cellular structures (e.g. proteins and membranes),

scavenging free radicals and buffering cellular redox potential (Hayat et al., 2012).
2.1 Strategies to combat drought stress

Drought stress conditions can alter metabolism, growth and development of
plants. Worldwide extensive research is being carried out to develop strategies to cope
with drought stress through development of drought tolerant varieties by conventional
breeding and biotechnological approaches. Most of these technologies are cost-
intensive, require much more time and labour. The other sustainable method of
inoculation of plant growth promoting rhizobacteria can also help plants to cope with
drought stress and enhancing plant growth promotion, nutrients management, crop

productivity, disease control and providing stress resistance (Grover et al., 2010).
2.2 Plant growth promoting rhizobacteria

Plant-growth-promoting rhizobacteria (PGPR) are a group of microbes which
colonize the plant roots and improve plant growth either directly or indirectly. Various
studies have been already published that explain the effect of PGPR in relieving abiotic
stress in different crop plants. There are diverse PGPR-induced changes in plants, and

growth promotion perhaps results due to a complex combination of various PGPR-
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induced mechanisms that affect both plant development as well as plant nutrition. PGPR
interact with the roots of plants and consequently stimulus plant health and soil fertility.
PGPR inhabit around the root surface, involved in growth promotion and development of
plant directly or indirectly by secretion of various regulatory chemicals in the vicinity of
rhizosphere (Ahmad et al., 2008). Rhizospheric microorganisms can improve plant
performance under stress environment and result in the enhance crop yield. Plants in their
natural environment are colonized by intracellular and endocellular microorganisms
(Gray and Smith, 2005). Some PGPR provides plants with fixed nitrogen,
phytohormones and iron that have been sequestered by bacterial siderophores and soluble
phosphate, thisdirectly enhance plant growth and development (Rodriguezand Fraga,
1999; Hayat et al., 2010). Others PGPR do this indirectly by protecting the plant against
soil-borne diseases, most of which are caused by pathogenic fungi (Lugtenberg and
Kamolova, 2009). In addition to possessing general plant growth promoting properties
such as production of indole-3-acetic acid (IAA), siderophores, 1 -amino-cyclopropane-1
-carboxylate (ACC) deaminase, hydrogen cyanate (HCN), nitrogenase and phosphate
solubilization (Fig 2.1), some PGPR also possess more environment specific plant
growth promoting (PGP) traits such as heavy metal detoxifying activity, salinity
tolerance, and biological control of phytopathogens and insects (Singh ef al., 2010; Liu
et al., 2016; Singh and Singh, 2017).

2.3 Plant microbe interaction in rhizosphere

Plants and microbes can have interactions including pathogenic, symbiotic and
associative. These interactions affect plant growth, productivity, stress tolerance and
disease resistance. Interactions between plants and microbes may occur at
phyllosphere, endosphere and rhizosphere. Production of more root exudates by plant
favors maximum microbial population in rhizosphere, which is an ecologically
significant region. For the better acquisition of water and nutrients by plants and for
beneficial interactions of plants with soil-borne microorganisms the environment
around rhizosphere is an essential factor (Ryan et al., 2009). Biogeochemical cycling
of nutrients like C, P, N and S, removal of toxins, production of several phytohormones
and antibiotics all are associated with rhizospheric microbial communities (Cardoso
and Freitas, 1992). Microbes can interact with each other for nutrient sources as one

microbe may convert plant exudates into a form that can be used by another microbe.
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Thus, rhizosphere is a dynamic and versatile ecological environment of strong plant-

microbe interactions (Mayak et al., 2004).

2.4 Mechanisms of PGPR

PGPR regulate plant growth promotion directly by the production of
phytohormones like auxins, cytokinins, gibberellins and by solubilization of minerals
like phosphorus and zinc, production of siderophores and enzymes they support in
enhancement of plant nutrition (Bhattacharyya and Jha, 2012). Indirect mechanism
involves the ability of PGPR to reduce the deleterious effects of plant pathogens that
inhibit plant growth, including antibiotic production, parasitism, competition for
nutrients and niches within the rhizosphere, synthesis of extracellular enzymes
including chitinase, cellulose, proteases and lipases to hydrolyze the fungal cell wall,

decreasing pollutant toxicity (Zahir et al., 2003; Podile and Kishore, 2006; Fig 2.1).
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Fig 2.1: Plant growth promotion mechanisms (positive and negative effects) associated
with soil and rhizoshere microorganisms (Source: Richardson et al., 2009)

Review of Literature ............... yd



2.4.1 Phosphate solubilization

Phosphorus, second most important plant growth-limiting nutrient, which
abundantly available in soils in both inorganic and organic forms (Khan et al., 2009).
Phosphorus is one of the most essential plant nutrients which profoundly affect the
overall growth of plants (Wang et al., 2009). Despite of large reservoir of P, it is
generally available in low amount in plants because majority of P present in the soil is
found in insoluble forms, while the plants are able to absorb it only in two soluble forms,
the monobasic (H,PO™) and the diabasic (HPO,)™ ions. To overcome the phosphorus
deficiency in soils applications of phosphatic fertilizers in agricultural fields is necessary.
Very low amount of phosphatic fertilizers applied in the field is absorb by plants and the
remaining is rapidly converted into insoluble complexes in the soils (Mckenzie and
Roberts, 1990). Regular application of phosphate fertilizers is costly and
environmentally undesirable. For improving plant growth and crop yield in low P soils an
ecologically safe and economically reasonable approach has to be developed. In this
context, microorganisms such as PGPR possessing phosphate solubilizing activity, often
termed as phosphate solubilizing microorganisms (Fig 2.1), may provide the available
forms of P to the plants and hence a viable substitute to chemical phosphatic fertilizers
(Richardson et al., 2009). According to Zaidi et al. (2009) phosphate solubilizing
bacteria (PSB) are considered as most promising biofertilizer in compare with other
mechanisms to mineralize phosphorus. The mineralization of organic forms of
phosphorus occurs by the production of variety of different enzymes such as
phosphatases, catalyzing the hydrolysis of phosphoric esters (Glick, 2012). Typically, the
solubilization of inorganic phosphorus occurs as a consequence of the action of low
molecular weight organic acids which are synthesized by various soil bacteria (Zaidi et

al., 2009).
2.4.2 Zinc solubilization

Zn is another one of the essential micronutrients required for optimum plant
growth and plays a vital role in cell metabolism and required in relatively low
concentrations in plant tissues (5-100 mg Kg™). It is also the co-factor and metal
activator of many enzymes (Desai ef al., 2012). Plants can uptake zinc as divalent
cation (Kabata-Pendias and Pendias, 2001) but only a very minor portion of total

zinc is present in soil solution as soluble form and remaining zinc present in the form
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of insoluble complexes and minerals (Alloway, 2008). Due to low solubility of Zn in
soil Zn-deficiency is well reported in the soils of around the world. Zn in soils
associated mainly with hydrous Fe’* and AI’* oxides and with clay minerals. So, for
increasing availability of Zn in soil, release of insoluble and fixed forms of Zn is
important, which can be done with the help of microorganisms that are able to
solubilize insoluble Zn salts through the production of organic acids (Venkata
Krishnan et al., 2003; Bhupinder et al., 2005). Quareshi et al. (2010) reported that
all plant growth parameters of legume crop increase when zinc solubilizing bacteria
were co-inoculated in the seedlings as compared to uninoculated controls. Various
workers shown that PGPR can enhance growth and zinc content when inoculated in
plants. These Zn solubilizing PGPR include Pseudomonas, Rhizobium (Deepak et al.,
2013; Naz et al., 2016), Bacillus aryabhattai (Ramesh et al., 2014), Bacillus sp.
(Hussain et al., 2015) and Azospirillum. Vaid et al. (2014) reported rice growth
promotion with 42.7% increased zinc content in grains when inoculated with zinc

solubilizing bacteria.
2.4.3 Siderophore production

Iron (Fe) is an essential plant micronutrient and served as a cofactor of many
enzymes present in plants. At physiological pH (7.35-7.40), the ferrous form (Fe**) of
iron is soluble, while the ferric form (Fe3+) is insoluble (Bou Abdallah, 2010) and form
insoluble hydroxides and oxyhydroxides which is not available to both plants and
microorganisms (Rajkumar et al., 2010). In order to survive under such Fe-depleted
environment, microorganisms produce siderophores, organic compounds with low
molecular masses (Ahmed and Holmstrom, 2014). Siderophores are the metal-
chelating agents that primarily function to capture the insoluble ferric iron from
different habitats (Nagoba and Vedpathak, 2011). Microbial siderophores enhance
iron uptake by plants, as they recognize the bacterial ferric-siderophore complex and
enhance iron uptake by plants and thus plays an important role in plant growth
promotion (Fig 2.1). Siderophore is produced by several PGPR such as Bacillus
(Kloepper et al., 1980; Katiyar and Goel, 2004; Singh et al., 2008; Dimkpa ef al.,
2009), R. leguminosarum bv. viciae (Rogers et al., 2000) etc. Gangwar and Kaur
(2009) reported that Escherichia coli from endo-rhizosphere of sugarcane (Saccharum

spp-) and rye grass (Lolium perenne) is associated with maximum siderophore
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production and thus enhances plant growth considerably. Chakraborthy et al. (2006)
isolated Bacillus megaterium from rhizosphere of tea and analyzed its abilities to
improve plant growth and disease reduction in tea plants. Trichoderma asperellum was
found to produce siderophore which had a potential role in enhancing cucumber growth

by ameliorating salt stress (Qi and Zhao, 2013).
2.4.4 Nitrogen fixation

Nitrogen (N) is another most essential nutrient for plant growth and productivity.
It is required for cellular synthesis of enzymes, DNA, RNA, proteins and chlorophyll.
78% of N is present in atmosphere in free state, but is unavailable to the plants which
needs to be converted into ammonia that can readily absorb by the plants. There are some
specialized group of microorganism that can convert the atmospheric nitrogen into plant-
utilizable forms such as ammonia known as nitrogen-fixers or diazotrophs by the process
of Biological N; fixation (BNF) (Kim and Rees, 1994). Nitrogen fixing organisms are
generally categorized as (a) symbiotic N, fixing bacteria which forms symbiosis with
leguminous plants (e.g. rhizobia) (Zahran, 2001; Ahemad and Khan, 2012) and non-
leguminous trees (e.g. Frankia) and (b) non-symbiotic (free living, associative and
endophytes) nitrogen fixing forms such as cyanobacteria (Anabaena, Nostoc),
Azospirillum, Azotobacter, Gluconoacetobacter diazotrophicus and Azocarus etc
(Antoun ef al., 1998; Riggs et al., 2001). BNF represents an economically beneficial and
environmentally sound alternative to chemical fertilizers (Ladha et al., 1998). The
nitrogenase protein complex carries out the process of N, fixation (Kim and Rees, 1994)
is a metallo-enzyme consisting of (i) dinitrogenase reductase which is an iron protein and
(ii) dinitrogenase consists of a metal cofactor. Dinitrogenase reductase provides electrons
with high reducing power while dinitrogenase uses these electrons to reduce N, to NHj
(Halbleib and Ludden, 2000). Chowdhury et al. (2007) found high nitrogenase activity
by acetylene reduction assay from the bacterial isolates which were isolated from the
roots of Lasoiurus sindicus. Minamisawa et al. (2004) found that the endophytic
Clostridium spp. which was isolated from the graminaceous plants showed the

nitrogenase activity in the range of 16-24 nM ethylene produced h™".
2.4.5 Phytohormones production

Phytohormones production by PGPR is considered to be an important mechanism

by which the bacteria promote plant growth and productivity (Vessey, 2003). With the
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production of different phytohormones like indole-3-acetic acid (IAA), gibberellic acid and
cytokinins, PGPR help in the growth and development of plants as these phytohormones
promote increase of root surface and length (Han et al., 2005; Fig 2.1). Indole-3-acetic
acid (IAA) is one of the most common and naturally occurring auxin which is known to be
involved in root initiation, cell division, cell enlargement, differentiation of phloem and
xylem, and delaying of leaf senescence (Glick, 1995). Patten and Glick (1996) reported
that about 80% rhizospheric microorganisms are able to produce auxins as secondary
metabolites. IAA is synthesized through L-tryptophan metabolism by plants and many
PGPR, algae and fungus. Karnwal (2009) studied that the production of IAA increased
with the increase in concentration of tryptophan in two strains of fluorescent Pseudomonas.
Patten and Glick (2002) and Gravel ef al. (2007) demonstrated that the rhizospheric
microorganism such as Pseudomonas spp. and Rhizobium sp. are associated with their
potential to enhance plant growth by the production of IAA. IAA production by bacteria
depends upon the factors like carbon and nitrogen source present in the medium, with
supplement of tryptophan, pH and temperature (Mohite, 2013). Gibberellins (GAs) are
plant hormones that regulate plant growth and influence stem elongation, germination,
dormancy, control flowering, leaf and fruit senescence, enzyme induction and sex
expression. Cytokinins have important role in resistance to plant pathogens (Delloloio et
al., 2007). Arkhipova et al. (2007) experimentally determined that the inoculation of plant
with cytokinin producing bacteria stimulate shoot growth and reduce the root to shoot ratio.
Several workers reported the production of gibberellins and cytokinin by some species of
PGPR (Tien et al., 1979; Akiyoshi et al., 1987; Cacciari et al., 1989). Production of
indole-3-acetic acid (IAA) by Acetobacter diazotrophicus and Herbaspirillum seropedicae
(Bastian ef al., 1998), zeatin and ethylene by Azospirillum sp. (Strzelczyk et al., 1994).
PGPR can influence the defense system of plants by synthesizing salycilic acid (De
Vleesschauwer et al., 2008; Visca et al., 1993). This allows plants to activate some genes
in their defense system that are involved in systemic acquired resistance. Thereby, PGPR
reveal their universality. Thus, synthesizing salycilic acid by Pusedomonas fluorescens
CHAO (Maurhofer et al., 1994) and Pusedomonas aeruoginosa TNSK2 (De Meyer et al.,
1999) strains could launch SAR reaction in tobacco, but they did not show such effect in
mutant NahG plants characterized by the ability to rapidly degrade it. It is interesting that
P. aeruoginosa strain 7NSK retained such ability on rice plants, while protecting them

from Magnaporthe oryzae (De Vleesschauwer et al., 2008).
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2.4.6 Production of antibiotics

Many PGPR have the ability to produce peptide antibiotics, considered one of
the most powerful biocontrol tools that inhibit synthesis of pathogens cell walls,
influence membrane structures of cells, inhibit the formation of initiation complex on
small subunit of ribosomes (Maksimov et al., 2011). A large number of antibiotics
have been identified produced by different microorganisms like pseudomonads able
to produce amphisin, 2, 4- diacetyl flouro glucinol, hydrogen cyanide, oomycin A,
phenazine, pyoluteorin, pyrrolnitrin, tensin, tropolone and cyclic lipopeptides,
however Bacillus, Streptomyces, and Stenotrophomonas spp. produce oligomycin A,
kanosamine, zwittermicin A, and xanthobaccin (Compant et al., 2005). Antibiotics
produced by Bacillus sp. are active with both Gram positive and Gram negative
bacteria and also active against pathogenic fungi Alternaria solani, Aspergillus
flavus, Botryos phaeriaribis, Colletotrichumg loeosporioides, Fusarium oxysporum,
Helminthosporium maydis, Phomopsis gossypii, etc. (Maksimov et al., 2011). It was
reported that B. subtilis surfacine stimulate induced systemic resistance through
activation of components like lipoxygenases, lipid peroxidases and the formation of
reactive oxygen species (Maksimov et al., 2011, Ongena et al., 2007). Hill et al.
(1994) reported that P. fluorescens BL915 strain produce Pyrrolnitrin antibiotic
which was able to prevent the damage of Rhizoctonia solani during damping-off of

cotton.

2.4.7 Lytic enzyme production

Microorganism produce lytic enzymes that can hydrolyze polymeric
compounds like cellulose, hemicellulose, chitin and protein and directly suppress the
growth and activities of pathogens. Hydrolytic enzymes such as chitinases, proteases,
lipases and glucanases are involved in fungal cell wall lysis. Hydrolytic enzymes
directly contribute in the parasitization of phytopathogens and rescue plant from
biotic stresses. Some bacterial strain of Bacillus and Pseudomonas sp. secretes
chitinases and glucanases and able to suppress growth and development of fungi. Use
of chitinases producing bacteria for biological protection of crops from pathogens,
especially those that contain chitin and glucans within their cell wall structure, is the
most prominent approach in the agriculture (Maksimov et al., 2011). Hydrolytic

enzymes prevents plant diseases (Van Loon, 2007) by causing lysis of deleterious
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microbes in the close vicinity of the plant as they secretes increased level of cell wall
lytic enzymes (chitinases, glucanases and proteases) (Raval and Desai, 2012).
Production of lytic enzymes by rhizospheric bacteria involved in the control
mechanisms against plant root pathogens including Fusarium oxysporium and
Rhizoctonia solani (Chaiharn et al., 2008). Cell walls of most plant pathogenic fungi
(except Oomycetes) are made up of chitin, which is a homo polymer of N-acetyl
glucosamine residues linked in B-1, 4 linkage. Chitinases which hydrolyse this
polymer are produced by various organisms and have been implicated in the control
of fungal diseases. Inactivation of genes involved in their biosynthesis has been used
to provide evidence for their contribution in biocontrol in plant (Kobayashi et al.,
2002). The soil borne fluorescent Pseudomonas has capacity to produce a wide range
of enzymes and metabolites like chitinase, protease/elastase and B-1, 3glucanase
which contribute for its antagonistic or biocontrol activity (Kavino et al., 2008).
These enzymes are supposed to degrade the cell wall of various bacterial and fungal
plant pathogens. Myxobacterium produces lytic enzymes which are effective in the
suppression of fungal plant pathogens (Kobayashi and El-Barrad 1996; Bull ef al.,
2002). Serratia marcescens reported to reduce mycelial network of Sclerotium

rolfsii by expressing chitinase (Ordentlich ef al., 1988).
2.4.8 Exopolysaccharide (EPS) production

EPS are most important part of extracellular matrix that often represent 40-95%
of bacterial weight (Flemming and Wingender, 2001). Bacteria produce EPS in two
forms slime EPS and capsular EPS (Vanhooren and Vandamme, 1998). EPS play an
important role in microbial aggregation, plant—-microbe interaction, and bioremediation
(Manca de Nadra et al., 1985). Bacterial EPS are hydrated compounds with 97% of
water in polymer matrix which impart protection against desiccation (Wingender et
al., 1999; Bhaskar and Bhosle, 2005; Hunter and Beveridge, 2005). EPS produce by
Pseudomonas help it to survive under drought stress conditions (Sandhya et al., 2009).
The EPS protect these bacteria from desiccation under drought stress by enhancing the
water retention and by regulation of organic carbon source’s diffusion (Roberson and
Firestone, 1992; Chenu, 1993; Chenu and Roberson, 1996). EPS producing
Azospirillum treated plants showed resistance to water stress (Bensalim et al., 1998) by

the improvement in the soil structure (Sandhya et al., 2009). Alami et al. (2000)

Review of Literature ............... e



showed that under drought stress sunflower plants inoculated with EPS-producing

rhizobial strain YAS34 strain showed increase in root tissue.
2.4.9 ACC deaminase

Ethylene is required for normal growth of plants. It is involve in seedling
emergence, leaf and flower senescence, fruit ripening and lateral bud differentiation.
Overproduction of ethylene hormone has inhibitory effects on root development and
may lead to abnormal growth of the plants. PGPRs having ACC deaminase activity
help plants to withstand several abiotic and biotic stresses by reducing the level of
ethylene (Dimkpa et al., 2009; Zahir et al., 2009; Mayak et al., 2014). Bacteria
such as Alcaligenes sp., Bacillus pumilus, Pseudomonas sp., Azospirillum sp.,
Gluconacetobacter  diazotrophicus, = Variovora  xparadoxus,  Azorhizobium
caulinodans, Herbaspirillum spp. and Burkholderia vietnamiensis are able to produce
ACC deaminase enzyme (Dobbelaere et al., 2003). PGPR possess the enzyme ACC
deaminase can cleave ACC, the immediate precursor of ethylene in plants, to o-
ketobutyrate and ammonia (Honma and Shimomura, 1978). The products of this
hydrolysis are used by the ACC-degrading bacteria as nitrogen and carbon sources
resulting lower ethylene level in stressed plant (Fig 2.2). Mayak et al. (2004) isolated
the ACC deaminase-containing bacterium Achromobacter piechaudii from a
rhizosphere of Lyciums hawii plant and inoculated it with three-week-old tomato
plant seedlings, no watering was for one week and then re-watered every other day
for a week and found that the inoculated treatment had four times the biomass and
one quarter the level of ethylene of plants as compare to the uninoculated treatment.
Arshad et al. (2008) reported that drought stress in pea plants is reduced when
treated with Pseudomonas spp. which has the ability to produce ACC deaminase.
Several workers demonstrated the efficacy of protecting a range of different plants
against loss of biomass from drought stress using ACC deaminase-containing plant
growth-promoting bacteria (Zahir et al., 2008; Belimov et al., 2009; Shakir et al.,
2012). All of the above study concluded that higher level of ACC deaminase

production by microorganism improves plant growth and drought tolerance.
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Fig 2.2: Schematic representation of ACC deaminase activity to prevent ethylene
based inhibition of root elongation (Source: Arslan et al., 2014)

2.4.10 Osmotic adjustment for drought stress

Plants adaptation to drought stress is associated with metabolic adjustments that
lead to the accumulation of several osmolytes like proline, sugars, polyamines,
betaines, quaternary ammonium compounds, polyhydric alcohols and other amino acids
and water stress proteins like dehydrins (Yancey et al., 1982; Close, 1996). Solutes are
important in maintaining plant cellular turgor and adaptation to harsh environments
(Drabble and Drabble, 1907). Kemble and Macpherson, (1954) demonstrated that
several amino acids, most prominently proline, were synthesized de novo upon wilting.
In response to drought stress PGPR secrete osmolytes, which act synergistically with
plant-produced osmolytes and enhanced plant growth (Paul et al., 2008). Sandhya et
al. (2010) observed inoculation of Pseudomonas putida GAP-P45 improved plant

biomass, relative water content and leaf water potential by accumulation of proline in
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maize plants exposed to drought stress. Proline concentration increased when maize
plants were inoculated with P. fluorescens under drought stress (Ansary et al., 2012).
Drought tolerance of Lavandula dentate showed that PGPR strain B. thuringiensis (Bt)
inoculation enhanced shoot proline accumulation when compared to control plants
under drought stress (Armada et al., 2014). Shintu and Jayaram, (2015) reported that
tomato (Lycopersicon esculentum Mill) when treated with phosphate solubilizing

bacteria (Bacillus polymyxa) under drought conditions able to secrete excess proline.
2.4.11 Antioxidant metabolism

Levels of antioxidant enzyme activity and antioxidant concentrations are
frequently used as indicators of oxidative stress in plants (Mittler, 2002). Several
studies have demonstrated that generation of reactive oxygen species (ROS), such as
the superoxide radical (0%), hydroxyl radical (OH") and hydrogen peroxide (H,0,) as a
consequence of drought stress. ROS negatively affects the metabolic rate of plants as it
causes oxidative damage to biomolecules such as lipids and proteins which eventually
leads to cell death. To protect against oxidative stress plant cells produce enzymatic
antioxidant such as superoxide dismutase (SOD), peroxidase (POX) and catalase
(CAT), and non-enzymatic antioxidants such as ascorbate peroxidase (APX),
glutathione reductase (POX) and tocopherol (Mittler, 2002; Del Rio et al., 2003).
Levels of antioxidant enzyme activity and antioxidant concentrations are frequently
used as indicators of oxidative stress in plants. Stefan et al. (2013) investigated
antioxidant enzymes were increased in the presence of PGPR strains. SOD activity and
peroxidase activity was significantly higher in the leaves of PGPR inoculated plants
after 20 days of inoculation, compared with the control. Gururani ef al. (2013)
reported that inoculation of potato plants with PGPR (Bacillus firmus and Bacillus
pumulis) induce the level of catalase and peroxides. Saravana Kumar et al. (2011)
observed that green gram inoculated with Bacillus subtilis EPB and Pseudomonas

fluorescens Pf1 results in increase the catalase enzyme activity.
2.5 Microbial consortium

A microbial consortium can be defined as “two or more microbial groups from
different species live synergistically and carry out specific function in nature” (Nain et

al., 2010). Consortium can be endosymbiotic and ectosymbiotic, they can be employ
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for different useful activities such as metal transformation in metal contaminated soil,
degradation of environment pollutant and stimulation of plant growth. Applications of
potential microorganisms in a consortium enhancer reliability, consistency and efficacy
of the microorganisms under different soil and environmental conditions (Stockwell et
al., 2011). For developing a microbial consortium microorganism should be a)
nonpathogenic b) have enzymatic activity c) fast acting and synergistically active d)
good sustainability e) resistant to environmental stress f) non corrosive of consistent

quality and economical (Choure and Dubey, 2012).
2.6 Microbial consortium as PGPR

Microbial consortium is a unique strategy which can overcome the problem of
growth and results in enhancement in yield of various crop systems under drought stress.
Microbial consortium is a group of several microorganisms (frequently two) in which
each organism contributes benefit to other organisms. Many fundamental processes in
nature are the outcome of such interactions among microorganisms influencing the
biosphere on a worldwide scale. Various microbial consortia are reported to enhance
micronutrient uptake, yield, plant height, number of tillers, and dry weight of plant and
grain yield of wheat crop (Khalid et al., 2004; Rana ef al., 2012). Numbers of workers
had evaluated the effects of PGPR on crop growth (Chiarini et al., 1998) which belong
to various genera and can enhance plants growth when inoculated singly or together with
other strains. Kakar et al. (2016) investigated that the consortium of Bacillus
amyloliquefaciens Bk7 and Brevibacillus laterosporus B4 (BB) with rice plants leads to
the increased growth and productivity as compared to uninoculated plants. Consortium
has the ability to confer induced systemic tolerance (IST) to cold and drought stress and
helps the plants to survive under adverse abiotic stress conditions. Various researchers
observed that the plant co-inoculation with different bacterial species may enhance the
tolerance towards abiotic stresses and improve plant growth and yield (Hiscox and
Israelstam 1979; Figueiredo ef al., 2008; Wang et al., 2012). Castillo et al. (2013)
studied the comparative effect of single bacterial inoculation and co inoculation and
improved plant growth, productivity and high relative water content was found in the
treatment of plants with consortia at par with single bacteria inoculation, so they
concluded that the consortia of different bacterial species can improve better drought

tolerance as compare with single bacterial inoculation. Many researchers have

Review of Literature ............... e



successfully developed the combinations of different PGPR strains that significantly
increased the biomass and yield of many plant species (Verma et al., 2010; Yadegari e¢
al., 2010). Wang et al. (2012) described the significant effect of a consortium of three
rhizobacterial strains (B. cereus AR156, B. subtilis SM21, and Serratia sp. XY21) that
was able to induce systemic tolerance towards drought stress and growth stimulation in
cucumber plants. Figueiredo ef al. (2008) applied a mixture of Paenibacillus polymyxa
and Rhizobium tropicito common bean (Phaseolus vulgaris L.) and found a significant
increase in plant growth and yield under drought stress. Rajasekar and Elango (2011)
tested plant growth promoting rhizobacteria i.e. Azospirillum, Azotobacter, Pseudomonas
and Bacillus separately and in combination on Withania somnifera for two consecutive
years (2009 and 2010) and found that the consortium showed significantly increased
plant height, root length, and alkaloid content in Withania somnifera. Gusain et al.
(2015) PGPR consortia containing Pseudomonas jessenii R62, Pseudomonas synxantha
R81 and Arthrobacter nitroguajacolicus strain YB3, strain YB5 enhanced plant growth
in Sahbhagi (drought tolerance) and IR-64 (drought sensitive) cultivars of rice (Oryza
sativa L.), in severe drought stress both the consortia treated varieties showed higher
proline in almost similar way, the attribute might differentiate the tolerant and sensitive
varieties of rice suggesting the vital role of proline as an osmoregulatory solute in plants.
Higher proline accumulation in inoculated treatment indicates higher tolerance to water

stress (Gusain et al., 2015).
2.7 Bioformulation

Bioformulation term refers to, putting two or more than two compatible
microorganisms together according to their properties for desired purposes. Generally,
microorganisms used in bio formulation has shorter shelf life therefore to enhance the
shelf life suitable, cheap carrier material such as sand, wheat bran, charcoal, sugarcane
bagasse and talc etc. can be used, which can increase shelf life of bioformulation by the
protection of associated microorganisms as well as their useful metabolites and
products. Use of bioformulation as biofertilizers can improve nutrient availability and
their supplies by means of various mechanisms such as nitrogen fixation, siderophore
production and mineral solubilization for plants uptake. This method is admirable due
to its ecofriendly nature, cost effectiveness, easiness and renewability (Mishra et al.,

2015). Application of biofertilizers to seed, plant soil or plant surface induces microbial
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activities such as siderophore production, mineral solubilization, phytohormone
production, nitrogen fixation and extracellular volatiles compound for enhancement of
nutrient availability for easy assimilation by plants (Sharma et al., 2012; Kumar et al.,
2015; Ahmad et al., 2016; Jha and Subramanian, 2016). Chemical fertilizers has
high cost, long persistence in nature and non-renewability, therefore biofertilizers are
greater alternative over chemical fertilizers (Bahadur et al., 2014; Maurya et al.,
2014; Jat et al., 2015; Kumar et al., 2016). Carrier used in bioformuation is a thing
which is the delivery vehicle of associated microorganisms and they also enhances their
viability by protecting it from environmental stress (Chen et al., 2000; Shahraki et al.,
2009; Ardakani et al., 2010; Jorjani ef al., 2011). It also increases the durability of
microbial metabolites such as antibiotics, hormones and volatile compounds (Heijnen

et al., 1993). A good carrier should therefore possess following properties:
(a) Excellent moisture absorption capacity
(b) Material should not be lump forming
(c) Easy sterilization
(d) Low price and easily available
(e) Good pH buffering capacity

(f) Ability to deliver the right number of viable cells in good physiological
condition at the right time (Trevors ef al., 1992; Meena et al., 2015).

Review of Literature ............... e






Chapter 3 MATERIALS AND METHODS

3.1 Culture retrieval

Total 18 cultures were obtained from departmental culture collection,
Department of Microbiology, G.B. Pant university of agriculture and Technology,
Pantnagar, Uttarakhand, which was originally isolated from the rhizospheric soil of
wheat, maize, rice and soybean (Rawat, 2016 and Kumar, 2015). For culture retrieval,
100ul of aliquot was withdrawn from glycerol stock and inoculated in nutrient broth
and incubated at 28+2°C for 24 hours. Afterwards the cultures was kept on slants

containing nutrient agar medium at 4°Cin refrigerator for further studies.
3.2 Screening for drought tolerance

All bacterial culture were screened for drought tolerance in tryptic soy broth
(TSB) medium supplemented with different concentration of poly ethylene glycol
(PEG) i.e. ranging from 2-10% (Michel and Kaufmann, 1973). The log phase cultures
were inoculated into this medium and incubated at 28+2°C for 24-72 hours under
shaking Conditions (120rpm). The growth was estimated by measuring the optical

density (O.D.) at 600 nm using a spectrophotometer.
3.3 Characterization of bacterial isolates for PGPR traits

All the drought tolerant bacterial cultures were further screened for various

plant growth promoting (PGP) traits.

e Siderophore production

e ACC deaminase activity

® Zinc solubilization

e Phosphorus solubilization

¢ Exopolysaccharide (EPS) production
e Hydrogen cyanide (HCN) production
¢ Indole acetic acid (IAA) production

e Ammonia production
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3.3.1 Screening of siderophore producing bacteria

All screened drought tolerant bacterial strains were subjected to screening for
siderophores production for which universal Chrome Azurol S (CAS)-agar medium
(Schwyn and Neilands, 1987). A loopful culture of test bacterial isolates were spot
inoculate on CAS agar medium containing CAS dye as an indicator and plates were
incubated at 28+2°C for 72 hours. Formation of orange or yellow colored zone around

the bacterial colony was considered as positive results for siderophore production.
3.3.2 Screening of zinc solubilizing bacteria

Zinc solubilizing capacity of bacterial isolates were examined by plate assay
containing basal agar medium supplemented with two insoluble sources of zinc, zinc
oxide (ZnO) and zinc carbonate (ZnCQOs3). The plates of basal agar medium were spot
inoculated and incubated at 28+2°C for 7 days. Zinc solubilization efficiency (SE) was

calculated as described by Ramesh et al. (2014).
Solubilization efficiency % = (diameter of halo zone / diameter of colony) x 100
3.3.3 Phosphate solubilizing bacteria

Phosphate solubilizing efficiency of the bacterial isolates were determined using
Pikovaskya’s agar medium containing 5g/l of tri calcium phosphate (TCP). All
bacterial isolates were spot inoculated on petriplates containing pikovaskya’s medium
supplemented with TCP and plates were incubated for 3-4 days at 37+2°C. Positive
cultures were screened by observing transparent halo zones around the bacterial colony

and the diameter of zone was measured.
Solubilization efficiency % = (diameter of halo zone / diameter of colony) x 100
3.3.4 Qualitative assay of ACC deaminase activity

To determine the qualitative estimation of ACC deaminase activity, DF (Dworkin
and Foster) salt minimal medium supplemented with ACC as sole nitrogen source were
used (Honma and Shimomura, 1978). The bacterial suspension was prepared by growing
test bacterial isolates in TSB medium at 28 +2°C for 24 h in shaking incubator (120 rpm).
Bacterial cultures were spot inoculated on petri plates containing DF salt minimal media
supplemented with 3mM ACC. Plates containing DF salt minimal media with di-
ammonium sulphate {(NH4),SO4} (0.2%w/v) were served as positive control and plates

containing only DF salt minimal medium served as negative control. After incubation at
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28+2'C for 72 h, the results were analyzed by observing the growth of bacteria on

treatment plate when compared with positive and negative control.
3.3.5 Exo-polysaccharide (EPS) production

EPS production was analyzed by the method of Modi et al. (1989). 10 ml of basal
medium (with PEG and without PEG) was inoculated with test culture (100pul) and kept for
incubation at 28+2°C for 5-6 days. After incubation culture suspension was collected and
centrifuged at 10,000 rpm for 15 minutes and thrice volume of chilled acetone was added
and incubated overnight at 4°C. EPS will be separated from the mixture in the form of a
slimy precipitates. Precipitates were collected on a predried filter paper. Allow the
precipitates to dry overnight at 50°C and weighed the dried filter paper after overnight

drying. The increase in the weight of filter paper is the amount of EPS produced.
3.4. Development of microbial consortia

All the screened potential drought tolerant bacteria viz. SKR14, MRCII6,
RRCII3, SRPIII1, RRCIS and RRNII2 were selected to develop the microbial consortia
on the basis of biocompatibility of the bacterial strains with each other by preparing a
individual lawn along with 5 isolates were streaked in bacterial lawn on nutrient agar
plates. Consortia of biocompatible strains were prepared by adding equal amount of
calculated colony forming (CFU) unit of all the strains and named as consortia 1,

consortia 2, consortia 3, consortia 4 and consortia 5.
3.5. Morphological characterization
3.5.1 Colony morphology

Each bacterial culture was streaked on nutrient agar plates and incubated at
2842 C for 24 hours. After incubation, colony morphological characteristics were

analyzed. Following criteria were used to check colony morphological characterization:

e Shape

e Size

¢ Pigmentation
e Margin

e Texture

e FElevation

e Surface
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3.5.2 Cell morphology

Cell morphology of bacterial cultures was checked with gram’s staining. This
differential staining technique can be used to know whether the bacteria are gram
positive or negative. To carry out gram’s staining a loopful bacterial culture was put on
glass slide and stained with gram’s staining kit as per the procedure of bergey’s manual
of determinative bacteriology (Bergey et al., 1994). After staining the slide was
observed under 100x objective lens microscope with immersion oil and analyzed for

gram’s reaction, arrangement and shape of cell.
3.5.3 Endospore staining

A differential staining technique was used to differentiate bacterial endospores
and vegetative cells by Scheaffer-fulton method. Endospores are formed by a few
genera of bacteria, such as Bacillus. By forming endospores bacteria can survive in
adverse environmental conditions. The malachite green dye was used as primary stain
in the endospore staining procedure and drive into cells with heat. After rinse of slide, a
counter stain i.e. safranin was used to stain the decolorized vegetative cells. After

staining the vegetative cells will appear pink and the spores will appear green.
3.6 Biochemical characterization
3.6.1 Catalase test

To determine the catalase production the loopful bacterial culture was
inoculated into tryptic soy broth and incubated at 28+2°C for 24 hours. One drop of 3%
hydrogen peroxide (H,O;) solution was added in the tube, immediate formation of

bubbles or effervescence indicated the positive result for catalase production.
3.6.2 Gelatin hydrolysis

To determine gelatin hydrolysis 100pul of test bacterial cultures was inoculated
in gelatin medium test tubes was prepared, and incubated at 28 +2°C for 48 hours
(Aneja, 2003) After incubation the test tubes were kept at 4°C for 1to 2 hour, and after

refrigeration liquefied tubes indicated the positive results (Thomas et al., 2012).
3.6.3 Cellulose activity

To determine the cellulose enzyme production test bacterial culture was spot

inoculated on plates containing glucose yeast peptone agar (GYP) medium supplemented
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with 0.5% carboxy-methyl cellulose (CMC) and incubated for 72 hours at 28+2°C. After
incubation 0.2% congo red dye was used for staining and 1M NaCl solution used for
destaining and left for 15 minutes (Hankin and Anagnostakis, 1975). Appearance of

yellow color zone around the bacterial growth indicated positive results.
3.6.4 Starch hydrolysis

The amylase production activity of the bacterial culture was determined by
method out lined by Kasana et al. (2008). Test bacterial isolates were spot inoculated
in Glucose yeast peptone agar plates supplemented with 0.2% soluble starch and
incubated at 28 +2°C for 1-2 days. After incubation plates were flooded with iodine
solution. Appearance of purple color zone around bacterial growth indicated positive

results.
3.6.5 Casein hydrolysis

To determine casein hydrolysis test bacterial cultures were spot inoculated in
skim agar medium and incubated for 24-48 hours at 28+2°C (Kasana ef al., 2008).

Formation of halo zone around bacterial growth indicated positive results.
3.6.6 Laccase activity

Laccase activity was determined by spot inoculation of test bacterial culture on
nutrient agar plates supplemented with 0.01% Guaicol and incubated at 35°C for 1-4
days (Kiiskinen ef al., 2004). Red- brick color around the bacterial colony indicated

positive results.
3.6.7 Urease production

To examine urease enzyme production, a loopful test bacterial culture was
inoculated in Christensen’s urea broth and incubated at 28+2°C for 24 hours. Change in

color of inoculated medium from yellow to dark pink or red indicated positive results.
3.6.8 Lipolytic activity

To examine lipase production test bacterial cultures were spot inoculated on the
plates containing tween 80 and incubated at 28+2°C for 24 to 48 hours (Francisco et
al., 1998). Appearance of opaque zone around the bacterial growth indicated positive

result.
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3.6.9 Pectinolytic activity

To determine pectinase enzyme production, loopful test bacterial cultures were
spot inoculated in plates containing Pectin agar medium and incubated at 28+2°C for
72 hours (Aneja, 2003). After incubation the plates were flooded with iodine solution.

Appearance of clear zone around the bacterial growth indicated positive results.
3.6.10 Hydrogen sulfide (H,S) production

To examine hydrogen sulfide production, test bacterial culture was inoculated in
SIM (Sulfide, Indole, Motility) broth medium at 28 +2°C for 3-4 days. After incubation
the black precipitate was formed in inoculated test tube, which indicates positive result

for H,S production.
3.7.11 IMVIC test

It is a standardized colorimetric identification analysis, generally containing
four biochemical tests and eight carbohydrate (glucose, adonitol, arabinose, lactose,
sorbitol, mannitol, thamnose, sucrose) utilization tests. All tests are based on substrate
utilization and alteration in pH. IMVIC tests were carried out on IMVIC Kkits
(Hi-Media, India). 50 pl of log phase aliquot of test organisms was inoculated in each
well of IMVIC kit and incubated at 37£2°C for 24 h. All the tests performed according

the directions given by manufacturers. IMVIC kit includes following tests-

1. Indole test- After incubation period, 1-2 drops of Kovac’s reagent was added into
the well. Change in color of the medium from yellow to reddish pink within 15

seconds considered as positive result.

2. Methyl red test- After incubation, 1-2 drops of Methyl red reagent was added

into the well. The change in color of medium to red considered as positive result.

3. Voge’s proskeur test- Following incubation, 1-2 drops of baritt reagent “A” and
barritt reagent “B” were added sequentially. After 8 — 10 min, appearance of red

color indicated as positive result.

4. Citrate utilization test- After incubation, color change from green to blue

indicated positive reaction.

5. Carbohydrate fermentation test- After incubation period of 48 h, color of medium

changed from red to yellow indicated positive results for sugar utilization.
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3.7. Comparative study of PGPR traits between single bacterial and consortia

Plant growth promoting characteristic and functional traits of individual
bacterial isolates and prepared consortium were further checked and analyzed

comparatively through qualitative and quantitative estimation.
3.7.1. Quantitative estimation of siderophore production

Siderophore produced by individual isolates and all selected bacterial consortia
were quantified using CAS-shuttle assay followed by the method of Payne (1994). All
cultures were grown in iron free minimal medium and incubated for 24 hours at
28+2°C and samples were withdrawn and centrifuged at 3000 rpm for 15 min. In 1.5 ml
of culture supernatant 1.5 ml of CAS dye solution and 30ul of shuttling solution (sulfo-
salicyclic acid) were added, mixed and allowed to stand for 20 min. If the siderophore
present, it removes the iron from the dye complex, causing reduction in the intensity of
blue color and the absorbance was recorded at 630nm. Minimal medium was used as

blank and % siderophore units were calculated by following formula:
% siderophore units= [(A-A)/A;] x100

Where absorbance of reference

A; = (minimal media + CAS assay solution) A = absorbance of sample

3.7.2 Quantification of zinc solubilization by AAS

The test bacterial cultures and selected consortia were inoculated separately to
basal medium supplemented with 0.1% insoluble zinc compounds (ZnO and ZnCOs)
and incubated at 28+2°C for 14 days. Samples were withdrawn and centrifuged at 8000
rpm for 10 min. 10ml supernatant was fed to Atomic Absorption Spectrophotometry

(AAS) for determination of the available zinc content.
3.7.3 Quantification of phosphate solubilization
3.7.3.1 Stock solutions and reagents used

a. Stock solution of KH,PO4 (10mg/ml)

b. 2.5% Ammonium molybdate solution-2.5g of ammonium molybdate (NH4)
Mo,0,7.H,0) was dissolved in (20ml) distilled water and 10 N H,SO4(50 ml) was added

to it. The volume was makeup to 100ml with distilled water.
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c¢. Coloring reagent (10 ml)-
i.  15% sodium bisulphide solution.
ii. 20% sodium sulphide solution.
iii. 25 mg 1-amino-2-napthol 4-sulphonic acid (ANS).

250 pL of solution (ii) was added to the 250ul of solution (i), then 25 mg ANS
was mixed and filtered through whatman No. 1 filter paper and final volume was

made up to 10 ml with distilled water.
d. 60% perchloric acid (PCA) solution.
3.7.3.2 Standard curve

To prepare the standard curve 50, 100, 150, 200, 250, 300, 350, 400, 450 and
500 pL aliquots of KH,PO4 stock solution were taken separately in test tubes and
volume is made up to 1ml by adding distilled water. It was followed by addition of
2.5% of ammonium molybdate (400 pL) solution and coloring reagent, ANS (200 uL).
Final volume was made up to 5ml by adding 3.4ml of distilled water. The tubes were
then incubated at room temperature for 10 min. The absorbance was recorded at 640
nm and standard curve (O.D v/s concentration) was drawn. Distilled water (5ml) was

taken as control.
3.7.3.3 Quantitative P solubilization

Active bacterial cultures were inoculated separately in NBRIP broth and
incubated at 28+2°C (120 rpm) for nine days. Samples were withdrawn periodically at
3rd, Sth, 7th, gt day and centrifuged at 5,000 rpm (4°C) and supernatant was used as
culture filtrate for analysis. 400 pL. of PCA solution was added followed by ammonium
molybdate solution (400 pL) and ANS coloring reagent (200 pL) was added to
supernatant (1ml). The final volume was made up to 6mL with distilled water in each
tube and incubated for 10 minutes at room temperature. The absorbance was recorded

at 640nm and values were determined with respect to the standard curve of phosphate.
3.7.4 Qualitative and quantitative estimation of IAA production

The production of indole acetic acid (IAA) by bacterial cultures and consortia

were assayed by the method of Gordon and Weber (1951). For this the bacterial
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cultures were grown on 10ml luria broth amended with 100pg ml”! tryptophan and
incubated at 28+1°C for 2-4 days. Bacterial suspension was centrifuged at 10,000 rpm
for 5 min and supernatant was collected. In 2ml of supernatant 4ml of salkowski
reagent was added and allow to stand at room temperature for 30 minutes. Appearance
of pink color was served as positive result, optical density was measured by
spectrophotometer at 530 nm and the amount of IAA was obtained by standard curve.
The intensity of pink color was read at 530 nm spectrophotometrically and the amount

of IAA produced was extrapolated from the standard curve.
Standard Curve

IAA stock solution -100 pg/ml standard stock solution of IAA in 50% ethanol was
prepared.

Preparation of the standard curve

Standard curve was prepared by taking 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9
and 1.0 ml of standard IAA solution in test tubes. The volume was made to 2 ml with
distilled water and then 4 ml of Salkowski reagent was added and tubes were incubated
for 25 minutes at room temperature. After incubation optical density was measured at
530 nm. Standard curve was prepared by plotting absorbance at 530 nm against

concentration of IAA solution.
3.7.6 Ammonia production

Determination of ammonia production was done by the method given by
Bakker and Schippers (1987). All test cultures and consortia were grown in peptone
water for 2-3 days at 28+ 2°C. After incubation, Nessler’s reagent (1ml) was added in
each tube. Appearance of faint yellow color indicated small amount of ammonia

whereas brownish color indicates high amount of ammonia.
3.7.7 Hydrogen cyanide (HCN) production

Production of hydrocyanic acid (HCN) was detected by the method of Castric
(1974) on nutrient agar plates supplemented with 4.4g/1 glycine streaked with the test
bacterial isolates. Filter paper strips dipped in picric acid and 2% sodium carbonate
(NayCO3) were placed in the lids of each petri plates and plates were sealed with

paraflim, incubated at 28+2°C for 3-4 days. HCN production was checked on the basis
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of changes in colour of filter paper strip from yellow to light brown, moderate brown or

strong brown of the yellow filter paper strips.
3.7.7 Invitro antifungal activity assay

The antifungal activity of bacterial cultures and consortia were analyzed against
Fusarium and Sclerctonia was determined through dual culture method. Briefly, a
mycelial disc was cut from the white perimeter of a colony that had been cultured on
half strength PDA plus NA plates at 25+2°C for seven days. The disc was placed 1.5
cm from the edge of a fresh PDA plate, and then a sterilized toothpick was used for
spot inoculation of test bacterial cultures into the same plate, 1.5 cm from the opposite
edge. Control plates without microorganisms were prepared simultaneously. The
antagonistic effect was determined by measuring the size of the inhibition zone formed

on plates after incubation at 25+2°C for 14 days.
3.8 Antibiotic sensitivity test

Antibiotic sensitivity behavior of the test bacterial isolates was determined by the
disc diffusion method (Bauer ef al., 1966). Antibiotic discs [Tetracycline (TE3 0:30ug/disc)
ampicillin -~ (AMP':  10pg/disc), Gentamicin  (G'%:10pg/disc), ~ Chloramphenicol
(C™:50pg/disc), Streptomycin (S¥:25ug /disc), Penicillin-G (P'%:10ug/disc)] of known
potency were procured from hi media lab, Mumbai, India. Active culture of test bacteria
culture was prepared and 100ul culture was placed on nutrient agar plate and spread
evenly with spreader. Plates were mounted with antibiotic disc and incubated at 28+2 C
for 24 hours. After incubation zone of inhibition was measured around each antibiotic
disc. Plates were scored for resistance or sensitivity by comparing the chart based on the
diameter of zone of inhibition as provided by the manufactures.

3.9 In situ assessment of potential bacterial consortium on wheat in drought
stress under greenhouse conditions

Potential bacterial consortia were examined for their plant growth promontory
activity under drought stress condition by performing in sifu pot experiment in green
house at Department of Microbiology, College of Basic Sciences and Humanities,
GBPUAT Pantnagar, Uttarakhand India. The experiment was performed in three
replicates in wheat crop (Triticum aestivum var. PBW373) experimental layout is given

below:

Materials and Methods . .............. rd



Table 3.1: Particulars of the pot experiment

S. No. Particulars of layout plan Number/ size
1 Total numbers of treatments 7
2 Number of replications per treatment 3
3 Total numbers of pots 21
4 Capacity of each pot 5Kg
5 Soil used in each pot 4Kg
6 Experimental design CRD

Table 3.2: Treatments used in the pot experiment

S. No Treatments Bacterial consortia

1 Control 1 Positive control

2 Control 2 Negative control

3 Bacterial consortium 1 SRK14, MRCII6

4 Bacterial consortium 2 SRP 9111 , RRCI5

5 Bacterial consortium 3 RRNII2, SRK14, SRPOII 1
6 Bacterial consortium 4 RRCII3, SRPIII1

7 Bacterial consortium 5 RRNII2, RRCI5

3.9.1 Soil collection and preparation of experimental pots

Soil for pot experiment was collected from Crop Research Centre (CRC),
GBPUA & T, Pantnagar (29° 01' 20.00" N, 79° 29' 15.00" E). Then soil were air dried
with regular mixing to maintain the water content become > 1%. Later, soil was
transferred in a muslin cloth bag and autoclaved for 3 times in three continuous days.
This autoclaved soil mixed with 2% of FYM (Farmyard manure) and transferred to the

pot (4Kg/ pot).
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3.9.2 Seed selection

For pot trial wheat (Triticum aestivum var. PBW373) seeds were procured from

C.R.C.,, G.B.P.U.A. & T., Pantnagar.
3.9.3 Seed sterilization

Seeds were surface sterilized before sowing. First seeds were rinsed with
sodium hypochloride for 3 min followed by rinse with distilled water and treated with
95% ethanol for 1 min. Then seeds were washed with 0.1% HgCl, for 3 min and finally
further washed eight times with sterilized distilled water. All these steps were

performed under aseptic conditions (Etesami et al., 2009).
3.9.4 Preparation of inoculum

Selected bacterial consortia were prepared by adding equal amount of respective
bacterial culture (ODggonm = 1.0), inoculated in 50ml nutrient broth and incubated for

24 hours at 28 +2°C.
3.9.5 Seed bacterization

Ten seeds were dipped into each bacterial suspension (10%cfu/ml) and incubated

for 4-5 hours at 28+2°C. Seeds without bacterial culture served as control.
3.9.6 Sowing of seeds

Seeds treated with test bacterial cultures were sown on 23" November, 2017.
Ten seeds were sown in each pot. After 21 days of emergence, all treatments were
subjected to drought stress by discontinuous watering to pots. The positive and negative
control were also maintained, the positive control was without bacterial culture under
continuous watering served as positive control and pots with discontinuous watering

and without bacterial inoculums served as negative control
3.9.7 Variety used

In the pot experiment early variety of wheat (Triticum aestivum) var. PBW373

was used.
3.8 Sample collection and biochemical analysis of leaves

Leaves sample from each treatment was collected in various intervals during

their whole life cycle and biochemical analysis was done in collected leaves sample.
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3.10.1 Relative water content

RWC (Relative water content) of leaves was measured at the time of each
sampling at various intervals by the method of Weatherley (1950). weight of the
sample leaves was measured and leaves were dipped into distilled water for 3-4 hours
and weight of fully turgid leaves were recorded. Afterward, the leaves were dried in hot
air oven at 70 'C for 72 hours and afterwards weight were recorded. Relative water

content was measured by using following formula.
% RWC = (FW -DW /FTW-DW) x 100
Where: RWC = relative water content, DW = dry weight,
FW = fresh weight, FTW =fully turgid weight.
3.10.2 Total Chlorophyll content

Chlorophyll content was determined by the method of Hiscox and Israelstam
(1979). 50 mg of leaf sample was taken and chopped into tiny pieces and transferred
into test tubes containing 10ml Di-methyl sulphoxide (DMSO). Then the test tubes
were kept into water bath for 3 hours at 60'C. Afterwards, absorbance was measured at

663 nm and 645 nm in dark. Chlorophyll content was calculated by the following

formula.
[12.7X A663 -2.69 x A645] xV
Chlorophyll a =
1000 x W
[229X A645 —4.68 x A663] xV
Chlorophyll b=
1000 x W
[202)( A645 + 8.02 x A663] xV
Total chlorophyll =

1000 x W

Where: A = Absorbance at specific wave length,
V = Final volume of solution

W = fresh weight of tissue
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3.10.3 Estimation of carotenoid content

Carotenoid content in leaf was determined by the method described by Krik
and Allen (1965). Chopped leaves sample was suspended in Di-methyl sulphoxide

(DMSO) and after 3 hour incubation at 60°C, optical density was measured at 480nm.
Carotenoids (ug/g.fr.wt.) = A480 + (0.114 x A663) — (0.638 x A 645)
3.10.4 Proline content

Proline content was determined at the time of each sampling by method
described by Kandpal ef al. (1981). Leaf extract was prepared by grinding 250 mg of
fresh leaf sample in 3% sulpho-salicylic acid. Then leaf extract were centrifuged at
3000 rpm for 10 minutes and 2ml aliquot of supernatant was dispensed in fresh test
tube. 2ml aliquot of both the solution acid ninhydrin and glacial acetic acid was added.
Afterwards, test tubes were incubated at 100°C in water bath for lhour and reaction
was terminated in ice bath, and then 4ml of toluene was added. Development of pink
color indicated presence of proline. To estimate the proline level, the absorbance of

acquired upper pink phase was measured at 520 nm.
Stock solution of proline

Stock solution of proline (Img/ml) was prepared in distilled water.
Standard curve preparation

To prepare the standard curve 10, 20, 40, 60, 80 and 100ul aliquots of stock
solution taken in fresh test tubes and volume was make up to 2 ml. 2ml of glacial acetic
acid and 2ml of acid ninhydrin were added in each test tube. The test suspension
incubated in water bath at 100°C for 1h and reaction was terminated in ice bath. After

addition of 4ml toluene, absorbance was measured at 520nm.
3.10.5 Catalase activity

Catalase activity in leaf was determined by the method described by Luck (1974).
To measure the catalase activity, 100 ul of enzyme extract was added to 3ml of H,O,
phosphate buffer (pH 7) and measured optical density at 240nm and time required for
change in absorbance by 0.05 units was noted as AT. Enzyme solution containing only
H,0; served as control. Finally activity of catalase was calculated by following formula:
17

Units in the assay mixture = ——
AT
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3.10.6 Lipid peroxidation

The lipid peroxidation activity was determined by the method described by
Health and packer (1968). The fresh 0.1gm of leaves was homogenize by adding
Iml of 0.1 % (w/v) TCA and centrifuged for 10 min at 15000g. 0.5 ml of supernatant
added with 1.5 ml of 0.5% TBA diluted in 20% TCA and incubated at 90°C for 25

minutes. The reaction was ended by incubating on ice. The absorbance was measured
at 532 and 600 nm.
3.11 Harvesting of wheat

All the wheat plants were harvested on 4 March 2018. All harvested plants were
air dried and weighed in grams.
3.11.1 Plant height

To determine the plants height, root length and shoot length were measured.
3.11.1.1 Root length

Root lengths of all four plants were measured from base of stem to end of root

tip and mean values were recorded in cm.
3.11.1.2 Shoot length

Shoot lengths of plants were measured from base of stem to longest spike and

mean values were recorded in cm.
3.11.2 Plant dry weight

Randomly four plants were selected and individually all plant’s weight were

recorded. And the average weight of plant’s expressed in gram.
3.12 Evaluation of shelf life of bacterial consortium
3.12.1.1 Preparation of talc-based formulation

The talc-based formulations of the bacterial consortia were prepared by
following the method described by Vidhyasekaran and Muthamilan (1995). A
loopful of bacteria was inoculated into the nutrient broth and incubated in a rotary
shaker at 150 rpm for 48 h at room temperature (25 + 2°C). Talc powder was taken and
its pH was adjusted to neutral by adding CaCOs at the rate of 15 g/kg and 10 g of CMC
was added to 1 kg of talc and mixed well then the mixture was autoclaved two
consecutive days for 30 min. 10ml of 24 h grown bacterial consortia suspension was

mixed with carrier-cellulose mixture (50gm in each packet) under aseptic conditions
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and packed in polypropylene bag, sealed and stored at room temperature (25+2°C), in

refrigerator at 4°C and outdoor conditions.

3.12.1.2 Preparation of sugarcane bagasse based formulation

Sugarcane bagasse was dried and grind in powdered form and autoclaved for 30
min on each of two consecutive days. The 5ml of 48 h grown bacterial consortia
suspension was mixed with sugarcane bagasse (20gm in each packet) under aseptic
conditions and packed in polypropylene bag, sealed and stored at room temperature

(25 £2°C), refrigerator at 4°C and outdoor condition.
3.12.2 Shelf life detection

After every 15 day time interval samples were checked for measuring colony
forming units (CFU) up to 90 days. Average cell number was calculated by estimating

CFU/g of formulation on nutrient agar medium.
Table 3.3: Prepared bio-formulations and storage conditions

A) Talc based

S.N. | Formulation name Bioformulation description (ingredients)
1 TL1 Talc + consortia 1 stored at 4°C
2 TL2 Talc + consortia 2 stored at 4°C
3 TL3 Talc + consortia 3 stored at 4°C
4 TL4 Talc + consortia 4 stored at 4°C
5 TL5 Talc + consortia 5 stored at 4°C
6 TR1 Talc + consortia 1 stored at room temperature
7 TR2 Talc + consortia 2 stored at room temperature
8 TR3 Talc + consortia 3 stored at room temperature
9 TR4 Talc + consortia 4 stored at room temperature
10 TRS Talc + consortia 5 stored at room temperature
11 TO1 Talc + consortia 1 stored outside
12 TO2 Talc + consortia 2 stored outside
13 TO3 Talc + consortia 3 stored outside
14 TO4 Talc + consortia 4 stored outside
15 TOS Talc + consortia 5 stored outside
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B) Sugarcane bagasse based

S.N. Formulation Bio formulation description (ingredients)
name

1 BL1 Sugarcane bagasse + consortia 1 stored at 4°C

2 BL2 Sugarcane bagasse + consortia 2 stored at 4°C

3 BL3 Sugarcane bagasse + consortia 3 stored at 4°C

4 BL4 Sugarcane bagasse + consortia 4 stored at 4°C

5 BLS Sugarcane bagasse + consortia 5 stored at 4°C

6 BR1 Sugarcane bagasse + consortia 1 stored at room temperature
7 BR2 Sugarcane bagasse + consortia 2 stored at room temperature
8 BR3 Sugarcane bagasse + consortia 3 stored at room temperature
9 BR4 Sugarcane bagasse + consortia 4 stored at room temperature
10 BR5 Sugarcane bagasse + consortia 5 stored at room temperature
11 BO1 Sugarcane bagasse + consortia 1 stored outside

12 BO2 Sugarcane bagasse + consortia 2 stored outside

13 BO3 Sugarcane bagasse + consortia 3 stored outside

14 BO4 Sugarcane bagasse + consortia 4 stored outside

15 BO5 Sugarcane bagasse + consortia 5 stored outside

3.13 Statistical analysis

Under statistical analysis, programme named completely randomized design

(CRD) which uses STPR3 determine the variability in data if each treatment. The

programme was acquired from Department of Mathematics, Statistics and Computer

Science, G.B.P.U.A.T, Pantnagar, Uttarakhand.
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Chapter 4 RESULTS AND DISCUSSION

4.1. Retrieval of bacterial isolates

In the present study, 18 bacterial isolates were retrieved from Departmental
culture collection, Department of Microbiology, College of Basic Sciences and
Humanities, G.B.P.U.A&T, Pantnagar, Uttarakhand, India. It has been reported earlier
that adaptation of microorganisms can play a major role in determining the plant
growth promoting rates (Kumar, 2015; Rawat, 2016; Khan, 2017). Therefore,
considering the fact, bacterial isolates were originally isolated from the rhizospheric
soil samples of soybean, maize and rice, earlier characterized by Rawat (2016) and
Kumar (2015). All bacterial isolates were further tested for drought tolerance and other

plant growth promoting properties.
4.2. Screening of bacterial isolates for drought resistance

Out of 18 bacterial isolates, 9 isolates were showing highest growth (0.D.>0.6-
0.7) at maximum 10% PEG 6000 (Poly Ethylene Glycol 6000) which causes osmotic
stress (Table 4.1). It was shown that Poly Ethylene Glycol didn’t showed any negative
effect on the growth profile of bacteria, as stationary phase was achieved within 3 days
itself and bacterial biomass was comparatively higher. Similar kind of results were also
shown in the previous study conducted by Michel and Kaufmann, (1973); Sandhya et
at. (2009); Hamayun et al. (2010); Susilowati ef al. (2018). The bacterial isolates
showed turbidity in nutrient broth supplemented with PEG was further selected for

determining their plant growth promoting activities.

Table 4.1: List of drought tolerant bacterial isolate and their site of isolation

Description of bacterial

S.N . Isolation site References
isolates
1 |SRM7, SRM11 Soybean rhizosphere, Mavakot, Uttarakhand Rawat (2016)
2 | SRK14 Soybean rhizosphere, Kotdwar, Uttarakhand Rawat (2016)
3 | SRPII7, SRPIII1 Soybean rhizosphere, Pithoragarh, Uttarakhand | Rawat (2016)
4 | RRCIS, RRNII2, RRCII3 Rice rhizosphere, Crop Research Centre (CRC), Kumar (2015)
Pantnagar, Uttarakhand
5 | MRCII6 Maize rhizosphere, Crop Research Centre Kumar (2015)

(CRC), Pantnagar, Uttarakhand
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4.3. Screening of drought tolerant bacteria for plant growth promoting traits

Plant growth promoting rhizobacteria can contribute to alleviate abiotic
stresses of staple crops via a variety of mechanisms. Lowering of ethylene level by 1-
aminocyclopropane-1-carboxylate (ACC) deaminase is considered to be one of the major
mechanisms employed by PGPB to favor plant growth under stress conditions. Bacterial
exopolysaccharide (EPS), protects microorganisms from drought stress due to its water
retention ability and regulates the diffusion of organic carbon sources (Whipps ef al.,
1990). Other metabolites produced by PGPB are potentially involved in supporting plant
growth under stress conditions include siderophores, organic acids and antioxidant
enzymes. All drought tolerant bacterial isolates were further tested for plant growth
promoting traits such as siderophore production, zinc solubilization, phosphate

solubilization, ACC deaminase activity and EPS production.

Among nine drought tolerant bacterial isolates RRCI5, MRCII6, RRNII2,
RRCII3, SRK14 and SRPIII1 showed higher efficiency for all tested PGPR traits
(Table 4.2). Six were positive for siderophore production, seven were positive for zinc
and phosphate solubilization, five were positive for ACC deaminase activity and all
nine bacterial isolates positive for EPS production. EPS production is a common trait of
PGPR and it’s a property of rhizospheric bacteria. In the present study after incubation
in tryptic soy broth media for 5 days, the maximum amount of EPS production was
observed in isolate RRCII3 i.e. 15.2 mg/ml under drought stress conditions (Table 4.2).
However, remaining bacterial isolates produced good amount of EPS in the range of
10.6 mg/ml to 14.6 mg/ml. Under non stress conditions RRNII2 produces highest
amount of EPS i.e. 10.2 mg/ml. it was observed that under stress conditions the
bacterial isolates produced more EPS as compare to the non-stress conditions. As EPS
are known to be useful to improve the moisture-holding capacity which may be good
candidate to develop bioinoculant for drought conditions. Vardharajula and sKz
(2014) reported that the increase in EPS production in three Bacillus sp. strains
increased with increasing water stress, indicating correlation between drought stress
tolerance and EPS production. On the basis of efficiency of plant growth promoting
traits final six bacterial culture viz. RRCI5, MRCII6, RRNII2, RRCII3, SRK14 and
SRPIII1 were selected further for consortia development and their morphological and

biochemical characterization.
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Table 4.2: Plant growth promoting properties of selected potential bacterial isolates

EPS production
Bacterial |Siderophore | Phosphate Zinc ACC mg/ml
S.N. isolates roduction |solubilization | solubilization | deaminase
p With | Without
PEG PEG
1 SRM 7 - ++ + - 10.6 7.2
2 SRM 11 - - - - 10.0 7.2
3 SRK 14 ++ ++ ++ - 12.4 8.4
4 SRP1I17 ++ - - - 11.2 9.6
5 SRPO1II 1 - +++ +++ +++ 10.8 7.6
6 RRCIS +++ +++ +++ +++ 14.6 9.0
7 MRCII 6 +++ +++ +++ +++ 12.2 7.8
8 RRCII3 +++ +++ +++ +++ 12.6 10.2
9 RRNII2 +++ +++ +++ +++ 15.2 94

+++ = Highest efficiency, ++ = Moderate efficiency, + = Low efficiency, - = no efficiency

4.4. Consortia preparation

The six best potential bacterial strains viz. SRPII9I, SRK14, MRCII6, RRNII2,
RRCIS and RRCII3 were selected for the development of microbial consortia on the
basis of biocompatibility of strains with each other (Figure 4.1). The consortium was
prepared by adding equal amount of respective bacterial culture (ODgponm = 1.0) and
used for further plant growth promontory studies. Total five consortia were developed
and named Consortia 1, Consortia 2, Consortia 3, Consortia 4 and Consortia 5,
mentioned in the Table 4.3. Since, the employment of microbial consortium offers
considerable advantage over the use of pure cultures in plant growth promotion
considering its multifunctional ability to fulfill the task in an efficient way than single-
strain inoculation and can be more robust to environmental changes (Guetsky et al.,
2002; Shenoy and Kalagudi, 2003). So in the present study, we analyze the
comparative capabilities of consortia and single strains in plant growth promotion

under drought stress.
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Table 4.3: List of bacterial consortia and their respective bacteria

Laboratory name for the

S.N. consortia Bacterial isolates
1 Consortia 1 SRK14, MRCII6
2 Consortia 2 SRPI II 1, RRCI5
3 Consortia 3 RRNII2, SRK14, SRPIII1
4 Consortia 4 RRCII3, SRPIII1
5 Consortia 5 RRNII2, RRCI5

4.5. Morphological characterization of the selected bacteria

All six selected bacterial isolates which were used in the preparation of bacterial

consortia were morphologically characterized and summarized in Table 4.4.

Table 4.4: Cultural characteristics of the screened bacterial isolates.

a) Colony morphology

Bacterial Colony characteristics
SN isolates Shape Edge Elevation Surface | Chromogenesis

1 | SRPIII1 Circular Entire Raised Smooth White

2 RRCI5 Circular Entire Convex Shiny Creamy

3 | MRCII6 Circular Entire Convex Smooth Pale yellow

4 RRN 112 Circular Entire Raised Smooth White

5 RRCII3 Irregular Undulate Raised Shiny Creamy

6 SRK14 Circular Entire Flat Smooth Pale yellow

b) Cell morphology

S.N. | Bacterial isolates | Gram reaction Cell morphology | Arrangement

1 SRPOII 1 Negative Short rods Scattered

2 RRCI5 Negative Short rods Scattered

3 MRCII 6 Negative Short rods Scattered

4 RRN 112 Negative Short rods Scattered

5 RRCII3 Negative Short rods Chain

6 SRK14 Negative Short rods Scattered
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4.6. Biochemical characterization of the screened bacteria
4.6.1. Production of extracellular enzyme

Screened and selected potential bacterial cultures were further characterized for
production of extracellular enzymes. Recent studies on hydrolytic enzymes showed their
ability to control plant pathogens (Shaikh and Sayyed, 2015; Shaikh et al., 2016).
Hydrolytic enzymes like chitinase, glucanase, protease and cellulase are able to degrade

the fungal cell-wall and cause the cell lysis of fungal pathogens.

Extracellular enzyme production assay performed in the present study
confirmed that only isolates SRP9II1 was positive for amylase production (Table 4.5.1;
Figure 4.2 a). SRP9II1, RRCIS, MRCII6, RRNII2 were positive for gelatinase (Table
4.5.1; Figure 4.2 b). SRPIII1, MRCII6, RRNII2 were positive for ceasinase (Table
4.5.1; Figure 4.2 ¢).Only SRK14 positive for H,S production (Table 4.5.1; Figure 4.2
d). No bacterial isolates were found to be positive for pectinase and laccase enzyme
activity. RRCIS, RRNII2 and SRK14 were positive for cellulose (Table 4.5.1; Figure
4.2 e). Urease was produced by SRPIII1, RRNII2, MRCII6 and SRK14 (Table 4.5.1;
Figure 4.2 f). SRPIII1, MRCII6, SRK14 and RRNII2 were positive for lipase activity
(Table 4.5.1; Figure 4.2 g). Whereas, all bacterial isolates were positive for catalase

production (Table 4.5.1; Figure 4.1 h).
4.6.2. IMVIC

All selected bacterial isolates were examined for indole, methyl red, voge’s-
proskauer, citrate utilization test through IMVIC Kit (Himedia, India) summarized in
(Table 4.5.2; Figure 4.2 i). Out of six bacterial isolates, SRK14 was positive for indole
test, SRPIII1, RRCI5, RRNII2 and SRK14 were positive for methyl red test. SRPIIII,
RRCII3 and SRK14 bacterial isolates were positive for voge’s proskauer test, SRPIIII,
RRCIS, RRNII2, RRCII3 and SRK14 were positive for citrate utilization. All bacterial
isolates were also tested to metabolize various sugars. SRK14 was able to utilize
glucose whereas all other bacterial isolates were able to metabolize wide range of

sugars via production of various enzymes (Table 4.6; Figure 4.2 i).
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Table 4.5.1: Biochemical characteristics of selected potential bacterial isolates

S.N | Bacterial isolates | Amylase | Gelatin | Catalase | Pectinase | Laccase | Cellulose H,S Urease Lipase Ceasinase
1 SRPIII 1 + + + - - - - + + +
2 RRCIS5 - + + - - + - - - -
3 MRCII 6 - + + - - - - + + +
4 RRN I12 - + + - - + - + + +
5 RRCII3 - - + - - - - - - -
6 SRK14 - - + - - + + + + -
Table 4.5.2: IMVIC test of selected potential bacterial isolates by using Hi-IMVIC Kit
S.N Biz;f:izl;ial Indole M:;:filyl pr‘(])(s)lg(;:lser Citrate | Glucose | Adonitol | Arabinose | Lactose | Sorbitol | Mannitol | Rhamnose | Sucrose
1 | SRPIII1 - + + + + + + - + - _ +
2 | RRCIS - + - + - - + + + + + -
3 | MRCII6 - - - - + + + - + + + +
4 | RRNII2 - + - + + - + + + + + +
5 RRCII3 - - + + + + + + + + + +
6 SRK14 + + + + + _ _ _ _ _ _ _




Fig 4.2: Results of biochemical characterization
a) Amylase production, b) Gelatinase, c¢) Casinase, d) Urease,
e) Cellulase, f) H,S, g) Lipase, h) Catalase and i) IMVIC test
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4.7. Characterization of bacterial isolates and consortia for PGPR traits
4.7.1 Qualitative assay of siderophore production

All selected bacterial isolates and consortia incubated on CAS (Chrome azurol S)
agar medium. All positive siderophore isolates showed different zone diameter which defines
the different level of siderophore production. The CAS dye chelates ferric form of iron by
complex formation and appear as color change form blue to orange halo zone. Therefore, a
result of siderophore production was interpreted on the basis of the size of the orange halo
zone around the bacterial colonies presented in Table 4.6; Figure 4.3. However, the
siderophore production efficiency of single bacterial and consortia were almost in the same
range, Out of which RRCI5 showed highest efficiency i.e. 188.8% followed by consortia 4
which showed 157.7% siderophores production efficiency. Saisirekha and Srividya (2016),
detected siderophore production using CAS agar which showed orange-coloured colonies
after 24 h of incubation due to the siderophoral removal of Fe from the dye which primarily

indicated the ability of P. aeruginosa FP6 to produce siderophore.

Table 4.6: Iron solubilization potential of bacterial isolates and microbial consortium
on CAS agar medium

Iron chelation
S.N. Bacterial isolates Colony Clearing Solubilization
diameter (cm) Zone (cm) efficiency (%)
1 SRPI II 1 0.9 1.4 155.5
2 RRCIS5 0.9 1.7 188.8
3 MRCII 6 1.0 1.1 110
4 RRN 112 0.8 1.3 162.5
5 RRCII3 0.6 0.9 150
6 SRK14 1.1 1.0 90.9
7 Consortia 1 1.9 2.2 115.7
8 Consortia 2 1.8 24 133.3
9 Consortia 3 2.0 24 120
10 Consortia 4 1.9 2.2 157.7
11 Consortia 5 1.7 2.1 123.5
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4.7.2. Quantification of solubilized iron

After evaluating the efficiency of siderophore production by bacterial isolates and
consortia qualitatively, the same were further analyzed for quantitative estimation of iron
chelation efficiency through spectrophotometric analysis (Table 4.7). Consortia 1
showed highest 67.88% siderophore unit whereas individual isolate RRNII2 showed
maximum 54.45% siderophore unit in single culture. Efficiency of siderophore
production observe to be more in the consortia as compare to the single bacterial isolates

i.e. ranged from 54.63% to 67.88% and 41.39% to 54.45%, respectively (Table 4.7).

Similar results were reported by Jha and Saraf (2012), where siderophore
production under the mixed coinoculation of B. Brevis (MS1), B. licheniformis (MS3)
and A. calcoaceticus (MS5), was 67.59 L g/ml after 96 h. whereas MS5 and MS53
alone produced the maximum amount of siderophore, that is, 321 g/ml and 22L g/ml,
respectively after 96 h. Siderophore production of MS3 increased by the mutualistic

association with MS5 during coinoculation.

Table 4.7: Quantitative analysis of siderophore produced by bacterial isolates and
bacterial consortia

Absorbance of Absorbance of %
S.N. | Bacterial isolates sample at reference at .
630 nm (As) 630nm (Ar) | Siderophore
1 |SRPIII1 0.893 1.638 45.48
2 |RRCIS 0.773 1.638 52.80
3 |MRCII6 0.913 1.638 44.26
4 |RRNII2 0.746 1.638 54.45
5 |RRCII3 0.919 1.638 43.89
6 |SRK14 0.960 1.638 41.39
7 | Consortia 1 0.526 1.638 67.88
8 |Consortia 2 0743 1.638 54.63
9 |Consortia 3 0.840 1.638 48.71
10 |Consortia 4 0.630 1.638 61.53
11 |Consortia 5 0.674 1.638 58.85
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4.7.3 Zinc solubilization

Zinc solubilizing bacteria solubilize complex zinc compounds by production of
organic acids, sequest the zinc cations and decrease the pH (Alexander, 1977). All six
isolates and consortia were further screened for zinc solubilization activity by formation
of clear halo zone on basal agar medium supplemented with 0.1% ZnCO; and ZnO. All
six bacterial isolate and five bacterial consortia were highly efficient and showed clear
halo zone around bacterial colony after 4-5 days of incubation (Table 4.8). Individually
MRCII 6 showed highest Zn solubilization efficiency i.e. 233.3 % in ZnO and 300 % in
ZnCOs amended medium (Table 4.8; Figure 4.4a and b). Consortia 1 showed maximum
efficiency of ZnO solubilization i.e. 300 %. Whereas in ZnCOj3 supplemented medium
the efficiency was 260%. The results of the present study confirmed that microbial

consortia solubilize more zinc as compared to single bacterial isolate.

Table 4.8: Zinc solubilization potential of bacterial isolates on plate assay

Zinc oxide (ZnO) Zinc Carbonate (ZnCOj;)
S.N. li;:ocgtf:l Colony | Clearing | Solubilization| Colony | Clearing | Solubilization
Diameter | Zone efficiency |Diameter| Zone efficiency
(cm) (cm) (%) (cm) (cm) (%)
1 SRPIII1 0.3 0.5 166.6 0.3 0.6 200
2 RRCII3 0.6 0.7 116.6 0.5 0.6 120
3 RRCI5 0.3 0.7 233.3 0.3 0.9 300
4 RRNII2 0.3 0.6 200 04 0.8 200
5 MRCII6 0.3 0.5 80 04 0.6 150
6 SRK14 0.3 0.3 100 0.3 04 1333
7 | Consortia 1 0.5 1.5 300 0.5 1.3 260
8 | Consortia 2 0.5 1.3 133 0.7 0.5 71.4
9 | Consortia 3 0.6 1.2 200 0.5 1.1 220
10 | Consortia 4 0.5 1.2 240 0.5 0.8 160
11 | Consortia 5 0.3 0.5 166.6 0.3 0.6 200
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4.7.4 Quantification of zinc solubilization by AAS

All six bacterial isolates and bacterial consortia were further tested for their zinc
solubilization potential in broth assay amended with ZnO and ZnCO; Zinc
solubilization after 14 days of incubation all the consortia and bacterial isolates showed
significantly better potential Zn solubilization and the values of solubilizing zinc was at
par for both ZnO and ZnCO3 amended medium, except SRK14 which showed lowest
Zn solubilization i.e. 10.51mgL'1 and 4.97 mgL'1 in ZnO and ZnCO3; amended broth,
respectively (Table 4.9). In ZnCO3 amendment broth, consortia 2 showed highest Zn
solubilization 17.32+0.01 mgL'l. Present study also showed a different solubilization
potential that were found among the different microbial isolates in ZnO and ZnCO;
containing media. Zinc solubilization in broth and in plate assay was improved in
consortia as compare to single bacterial isolates.

Table 4.9: Zinc solubilizing potential of zinc solubilizing bacterial (ZSB) isolates
and consortia with different insoluble zinc compounds

S.N. Treatments ZnO (mgL'l)* ZnCO; (mgL'l)*
1 SRPIII1 18.31 15.77
2 RRCII3 18.31 14.66
3 RRCI5 15.53 16.34
4 RRNII2 15.73 15.77
5 MRCII6 18.30 17.26
6 SRK14 10.51 497
7 Consortia 1 18.31 15.75
8 Consortia 2 16.76 17.26
9 Consortia 3 18.13 17.20

10 Consortia 4 18.24 17.32
11 Consortia 5 16.95 15.77
C.D. (5%) 0.54 0.42

SE(m) 0.18 0.14

C.V. (%) 1.77 1.48

*Value indicates the mean of three replicates
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Fig 4.3: Siderophore production by consortia and bacterial isolates

Fig 4.4 a): ZnO solubilization potential of consortia and bacterial isolates
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Fig 4.4 b): ZnCOs; solubilization potential of consortia and bacterial isolates

Fig 4.5 a): Phosphate solubilization by consortia and bacterial isolates
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4.7.4. Phosphate solubilization

The phosphate solubilizing ability of all six test bacterial isolates and consortia

were determined by formation of clear halo zone on pikovaskaya’s agar medium

supplemented with TCP (tri-calcium phosphate). All six test bacterial isolates showed the

formation of clear halo zone out of which MRCII6 showed highest solubilization

efficiency of 475% (Table 4.10). However, Consortia 1 showed maximum phosphate

solubilization followed by consortia 3 i.e. 233.3% and 216.6%, respectively (Table 4.10;

Figure 4.5 a).

Table 4.10: Phosphate solubilization potential of bacterial isolates

) Phosphate solubilization
S.N. Bizsl(f]t;:::l Colony diameter Clearing Zone Solubilization
(cm) (cm) efficiency (%)
1 SRPIII 1 0.6 1.8 300
2 RRCIS 1.2 1.0 83.3
3 MRCII 6 0.4 1.9 475
4 RRN II2 0.6 0.6 100
5 RRCII3 0.4 0.5 80
6 SRK14 0.4 0.3 75
7 Consortia 1 0.6 1.4 233.3
8 Consortia 2 0.8 1.0 125
9 Consortia 3 0.6 1.3 216.6
10 Consortia 4 0.9 0.7 145.4
11 Consortia 5 0.6 0.8 133.3

4.7.3) Quantitative estimation of P solubilization

Phosphate solubilizing activity was

estimated by using NBRIP broth

supplemented with 1000 pg insoluble P/ml in the form of TCP at pH 6.8. NBRIP broth

reported to have higher efficiency as compared to Pikovaskaya’s medium (Nautiyal,
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1999), has been used by various other workers (Johri et al., 1999; Chatli ef al., 2005;

Singh et al, 2013). After inoculation with P-solubilizing bacteria, the insoluble

phosphate was solubilized and measured as soluble phosphate. The amount of P

solubilization by six bacterial isolates and five consortia are presented in Table 4.11;

Figure 4.5b.

Table 4.11: Quantitative assay of phosphate solubilization and pH changes
exhibited by different bacterial isolates and their consortia in NBRIP

broth medium

3™ day of 5™ day of 7™ day of 9™ day of
incubation incubation incubation incubation
S.N. | Treatments
P | g | P | Gugmd | P | Gugimb | P Gugimd

1 SRPIII 1 4.7 149.9 4.0 166.5 25 343.6 33 288.8
2 RRCIS 43 166.4 3.7 187.1 2.8 297.3 4.3 277.3
3 MRCII6 4.6 142.5 5.3 142.8 3.8 170.9 3.5 204.9
4 RRN 112 4.5 174.0 3.7 203.8 33 202.3 4.2 182.0
5 RRCII3 6.1 112.6 4.7 166.8 4.8 151.2 5.8 137.8
6 SRK14 5.2 118.6 44 142.9 35 246.9 3.3 2434
7 Consortial | 3.7 201.6 3.4 2454 2.4 385.0 3.1 3324
8 Consortia2 | 4.3 195.1 4.8 125.4 35 2479 3.4 248.2
9 Consortia3 | 5.5 156.7 3.6 198.3 25 302.6 3.2 282.8
10 | Consortiad | 4.4 156.5 4.0 164.3 3.4 247.0 44 211.2
11 | Consortia5 | 4.1 177.0 2.6 381.8 44 175.5 3.3 164.7

Value indicates the mean of three replicates

Maximum isolates and consortia showed highest solubilization on the 5™ and 7"

day of incubation and their maximum values were varied from 166.8 to 385.0 ug P/ml,

where maximum phosphate solubilization was shown by consortia 1 i.e. 385.0 pg P/ml at

7 day of incubation. Consortia 5 showed maximum phosphate solubilization i.e. 381.8

ug P/ml at 5™ day of incubation. After a maximum point of solubilization bacteria and

consortia showed decrease in solubilization efficiency. Several other workers also
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reported such an increasing and decreasing trend in phosphate solubilization (Gaur,
1990; Yadav and Singh, 1991; Goenadi et al., 2000).The reason for this trend may be
attributed to the fact that when the rate of uptake of phosphate is higher than that of
solubilization, a decrease in phosphate concentration in the medium could be observed.
On the contrary, when the uptake rate decreases, the level of phosphate in the medium
increases (Rodriguez and Fraga, 1999).The decrease in soluble phosphorus at later
incubation period might be due to decreased solubilizing activity of microorganisms or
increased P-absorption. Change in pH of the bacterial culture as well as consortia were
observed with incubation days from initial value of 6.8 pH to 2 pH was observed to be
lowest on the day of maximum of solubilization. Vora and Shelat (1996) also reported
similar changes in the pH of the growth medium. A drop in pH of the broth during
solubilization of inorganic phosphatic compounds has also been reported by various

workers (Gerretsen, 1948; Ahmad and Jha, 1968; Pandey ef al., 2006).
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Fig 4.4 b: Trend of a) phosphate solubilizing kinetics with b) pH changes as
exhibited by efficient isolates and bacterial consortia.

4.8. Functional characterization of drought tolerant bacterial isolates and

bacterial consortia

All six drought tolerant isolates and bacterial consortia were further tested for
their functional characteristics such as IAA production, HCN production and ammonia

production (Table 4.12).
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Table 4.12: Functional characteristics of bacterial isolates

Test for functional characteristics
S.N. Treatments HCN Ammonia IAA
production production production
1 SRPIII 1 - + +
2 RRCIS - + +
3 MRCII 6 - + +
4 RRNII 2 - + +
5 RRCII 3 - + +
6 SRK 14 - + +
7 Consortia 1 - + +
8 Consortia 2 - + +
9 Consortia 3 - + +
10 Consortia 4 - + +
11 Consortia 5 - + +
4.8.1. TAA production

In the present study IAA production by of single bacterial isolate and consortia
was carried out. It was found that all selected bacterial culture and consortia were able to
produce IAA (Table 4.12.1; Figure 4.6 a). SRK14 showed highest production of IAA
i.e. 165.4+1.13 pg/ml whereas in co-inoculation with MRCII6 the IAA production in
decreased (Table 4.12.1; Figure 4.6 a). Same as with RRRCIS individually produces
41.82 pg/ml IAA whereas in consortia 2 and 5 co—inoculation with SRP9II1 and RRCII2
respectively the IAA production decreases (Table 4.12.1; Figure 4.6 a). Production of
auxins (IAA) depends upon the strain and age of the microorganism. The promotion and
expansion of root growth is one of the major markers by which the beneficial effect of
plant growth promoting bacteria is measured (Glick, 1995). It has been reported by
various workers that the precursor, L-tryptophan is necessary for IAA production by
microorganisms (Bent ef al., 2001; Asghar et al., 2002; Park et al., 2005; Tsavkelova
et al, 2007). Supplementation of culture medium with tryptophan helps the
microorganisms to produce IAA. In the present study also, the assessment of IAA was
performed in the presence of L-tryptophan. Under natural conditions, L-tryptophan may
be available in root exudates as noticed by Beniziri ef al. (1998) which is inducing the

microorganisms to produce IAA in the rhizosphere.
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Table 4.12.1: Quantitative estimation of IAA production by bacterial isolates and

consortia
S.N. Bacterial isolates TIAA production (pg/ml)*

1 SRPIII 1 22.5
2 RRCIS 41.82
3 MRCII 6 14.19
4 RRN II2 15.52
5 RRCII3 21.74
6 SRK14 165.4
7 Consortia 1 27.92
8 Consortia 2 35.16
9 Consortia 3 33.57
10 Consortia 4 42.94
11 Consortia 5 39.57
SE(m) 1.62

C.D. (5%) 0.53

C.V. 2.09

*Value indicates the mean of three replicates
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Fig- 4.5a): Quantitative estimation of TAA production by bacterial isolates and
bacterial consortia
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4.8.2. Ammonia production

Ammonia production is an important characteristic of PGPR, which indirectly
influences plants growth (Yadav et al., 2010). Ammonia production assay was carried
out for single bacterial isolate as well as in bacterial consortia. All six selected bacterial
isolates and consortia were positive for ammonia production (Table 4.12; Figure 4.6
b). Ammonia also considered one of the plant growth promoting substances produced

by various microbes inhabiting rhizosphere.
4.8.3. HCN production

Hydrogen cyanide is secondary metabolite, part of antifungal compounds
produced by plant growth promoting rhizobacteria and involved in biological control
(Hass and Defago, 2005). HCN affects cellular functionality by blocking cytochrome
oxidase pathway and inhibit growth of the other microorganism (Defago et al., 1990).
However, role of cyanide production is contradictory as it may be related with
beneficial as well as deleterious rhizobacteria (Bakker and Schippers, 1987; Alstrom
and Burns, 1989). In the present study no bacterial isolates and consortia were found

to produce HCN.
4.9. Antibiosis assay

Antibiosis has been postulated to play an important role in disease suppression
by rhizobacteria (Gutterson et al., 1986). In the present study, out of six bacterial
isolates, four showed inhibition of mycelial growth of Fusarium oxysporum (Table 4.1;
Figure 4.7), while no bacterial isolate were found to suppress mycelial growth of
Sclerotium rolfsi, Fusarium oxysporum fungi causes head blight of wheat, on the other
hand Southern blight, caused by the soilborne fungus Sclerotium rolfsii. Many
rhizospheric bacterial strains have ability to inhibit mycelial growth of phytopathogens
of crops via production of various extracellular enzymes, antibiotics, nutrition
competitions, antibiosis parasitism and induced systemic resistance (Whipps, 2001)
employing biocontrol activity and protect the crop plants from the adverse effect of the
phytopathogens. Antimicrobial compounds produced by Pseudomonas cepacia were
reported to inhibit the radial growth of some important soil borne pathogens like
Fusarium oxysporum, Macrophomina phaseolina, Sclerotium rolfsii, Rhizoctonia

solani and Pythium ultimum (Baligh et al., 1999).
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Fig 4.8: Antibiotic sensitivity test of bacterial isolates
T- Tetracycline (30pg/disc), A- Ampicillin (10pg/disc)
P- Penicillin (10pg/disc), G- Gentamicin (10pg/disc)
S- Streptomycin (25pg/disc), C- Chloramphenicol (50pg/disc)
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Table 4.13: Antagonistic activities of bacterial isolates against plant pathogenic

fungi
S.N. Bacterial isolates Fusarium oxysporum Sclerctonia rolfsii
1 SRPI 1T 1 + -
2 RRCIS5 + -
3 MRCII 6 - -
4 RRN 112 + -
5 RRCII3 + -
6 SRK14 - -

4.10. Antibiotic sensitivity test

In the present study antibiotic sensitivity test of bacterial isolates was checked
by using antibiotics disc (Penicillin, Chloramphenicol, Gentamicin, Ampicillin,
Streptomycin, Tetracycline) from Himedia, India. The results were interpreted on the
basis of formation of clear zone around the antibiotic discs on bacterial lawn.

Formation of clear zone shows sensitivity of bacteria towards particular antibiotics.

Table 4.14: Antibiotic sensitivity test of bacterial isolates

Bacterial | Penicillin | Chloramphenicol | Gentamicin | Ampicillin | Streptomycin | Tetracycline
S.N | isolates |(10pg/disc) (50png/disc) (10pg/disc) | (10pg/disc) | (25pg/disc) (30pg/disc)
1 | SRPOII1 - + + - + +
2 | RRCI5 - + + ; + +
3 | MRCII6 - + + - + -

4 | RRNII2 - + + - - -
5 | RRCII3 - - + - + +
6 | SRK14 - - + - + -

+ = Sensitive - = Resistant

All bacterial strains were sensitive towards gentamicin. Except RRNII2 all bacterial
isolates were sensitive towards streptomycin. SRPIII1, RRCI5 and RRCI3 show
sensitivity towards tetracycline. RRCII 3 and SRK14 did not show sensitivity towards
chloramphenicol, but remaining isolates were sensitivity towards chloramphenicol. All

cultures were resistance towards penicillin and ampicillin (Table 4.14; Figure 4.8).
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4.11. Greenhouse pot experiment

All of five prepared potential bacterial consortia were further selected for green
pot experiment on late variety of wheat (Triticum aestivum var. PBW373) on the basis
of their in-vitro plant growth promoting traits. After 21 days of emergence, all

treatments were subjected to drought stress by discontinuous watering to pots.

4.11.1. Biochemical analysis of leaf

Drought affect plant growth negatively results in decrease in relative water
content, total chlorophyll content, photosynthesis rate and increased proline
content with the increase in the intensity of drought stress on wheat cultivars
reported by Keyvan (2010) and Abdoli et al. (2013). Din et al. (2011) also
reported reduction in chlorophyll content under drought stress conditions. Drought
and other abiotic stresses are responsible to cause oxidative damage in plants by
formation of ROS pose serious threat to the cell functioning by damaging lipids
and proteins. Moran et al. (1994) reported four times increase in lipid and protein
peroxidation under drought stress as compared with normal conditions in pea
plant. Therefore, to examine the effect of inoculation of PGPR consortia in wheat
plants under drought stress conditions various biochemical studies like chlorophyll
content, carotenoid content, proline content, % relative water content, lipid
peroxidation and catalase activity were performed to observe the effect of drought
stress in growth and physiology of plants. Sampling was done at 45™ and 75"day

from the sowing of seeds.

4.11.1.1 Chlorophyll content and carotenoid content

In present study Chlorophyll (Table 4.15; Figure 4.9 a, b, ¢ and d) and
carotenoid content were estimated at 45™ and 75" day. Consortia 1 showed highest
chlorophyll a i.e. 3.67 mg/g which was 102.76% improved over negative control,
chlorophyll b i.e. 1.97 mg/g which was 258.1% improved over negative control and total
chlorophyll was 5.43mg/g which was 129.11% higher as compare to negative control. All
consortia treated treatments showed improve chlorophyll content under drought stress
conditions. Carotenoid content was highest in consortia 4 i.e. 0.41 ug/g FW, 57.69%
higher than negative control at 45™ whereas at 75" consortia 3 showed 0.51pg/g FW of

carotenoid content which was 96.15% higher than negative control. Present study
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Table 4.15 : Chlorophyll and carotenoid content in leaf sample

Chl a (mg/g) Chl b (mg/g)
Treatments +45™ day %inc.rease over 75" day %inc‘rease over 45" day %inc.rease over 75 day %inc.rease over
negative control negative control negative control negative control
Positive control 3.96 - 3.98 - 2.11 - 1.87 -
Negative control 1.81 - 1.98 - 0.55 - 0.59 -
Consortial 3.67 102.76 3.61 82.32 1.97 258.1 0.85 65.45
Consortia2 3.38 86.74 3.38 70.70 0.81 47.27 1.20 103.3
Consortia3 3.19 76.24 3.66 84.84 0.85 54.54 0.85 44.06
Consortiad 3.5 93.37 3.33 68.18 0.91 65.45 0.8 44.06
Consortia5 2.76 52.48 3.45 74.24 1.20 118.18 1.97 233.9
SEmz+ 0.09 0.08 0.08 0.13
CD (5%) 0.24 0.24 0.27 0.38
CV% 4.26 4.12 12.83 19.03
*Value indicates the mean of three replicates
Table 4.15 : Contd...
Total chl (mg/g) Carotenoid (ug/g)
Treatments 445" day %inc.rease over 75" day %inc_rease over | st day %inc_rease over 75" day %inc_rease over
negative control negative control negative control negative control
Positive control 6.32 - 5.86 - 0.45 - 0.53 -
Negative control 2.37 - 2.57 - 0.26 - 0.26 -
Consortia 1 5.43 129.11 4.45 73.15 0.39 50 0.39 50
Consortia 2 4.26 79.74 4.52 75.87 0.37 42.30 0.42 61.5
Consortia 3 3.79 59.91 4.52 75.87 0.34 30.76 0.51 96.15
Consortia 4 4.42 86.49 4.13 60.7 0.41 57.69 0.36 38.46
Consortia 5 3.71 56.54 5.43 111.28 0.32 23.07 0.47 80.76
SEmz+ 0.13 0.03 0.02 0.06
CD (5%) 0.40 0.12 0.07 0.02
CV% 5.35 1.52 11.41 2.58

*Value indicates the mean of three replicates




agreed with the findings of Megala and Paranthaman (2017), who observed the
different treatments, inoculation of PGPR T11-consortium (Azospirillum lipoferum SAz
9+ Agzotobacter chroococcum Sat 1+ Bacillus megatirium 18+ Pseudomonas
fluorescens SPf21) recorded the maximum plant chlorophyll. Inoculation PGPR
consortia (Azospirillum+ Pseudomonas) showed highest value for carotenoid content in

normal and stress conditions (Ahmadi et al., 2013).
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Fig 4.9 a) Chlorophyll a content (% increase over negative control) at 45" and 75" day
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Fig 4.9 b) Chlorophyll b content (% increase over negative control) at 45™ and 75" day
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Fig 4.9 d) Calll'otenoid content (% increases over negative control) at 45" and
75" day
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4.11.1.3. Relative water content

Relative water content was determined to check plant water status,(Table
4.16; Figure 4.10) shows the effect of different treatments on the % relative water
content in leaf samples at 45 and 75 days interval. The plant treated with bacterial
consortia 1 showed highest i.e. 78.45% and 80.56% which was enhanced by 43.4%
and 41.35% over negative control at 45™ and 75™ day respectively. However all
inoculated treatment also significantly showed significantly improved the relative
water content as compared with negative control. Cura ef al. (2017) shows the
RWC (%) of the plants according to inoculation status and hydric conditions. The
RWC was higher in plants inoculated with either PGPR in both watered and drought
conditions. In the watered condition, plants inoculated with Azospirillum brasilense
had the highest RWC (10% higher) versus control plants. In the drought condition,
plants inoculated with Herbaspirillum seropedicae had the highest RWC (5.5%

higher) versus control plants.

4.11.1.4. Catalase activity

In the present study, the experiment was carried out to determine the level of
catalase activity in plants inoculated with bacterial consortia (Table 4.16; Figure 4.11).
At 45™ and 75™ day Consortia 4 showed highest catalase activity i.e. 43.91 and 59.87,
respectively which was increased by 85.04% at 45™ day and 128.51% at 75" day,
compared with negative control. With respect to the negative control all treatments
showed improved catalase activity. Positive control showed lowest catalase activity
indicates non stress conditions due to regular watering. Increased catalase activity in
drought conditions in plants inoculated with PGPR consortia, might indicate that
catalase is major enzyme detoxifying hydrogen peroxide in wheat leaves. Similar
results were reported by Heidari and Golpayegani (2012) and Sairam ef al. (2005) for

other abiotic stresses.
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Table 4.16: Relative water content and catalase activity in leaf sample

Relative water

Catalase activity

%increase over

%increase over

%increase over

%increase over

Treatments *45" day negative control *75" day negative control *45" day negative control *75" day negative control
Positive control 87.44 - 84.29 - 14.15 - 15.49 -
Negative control 54.70 - 56.99 - 23.73 - 26.20 -

Consortia 1 78.44 434 80.56 41.35 31.93 34.55 28.32 8.09

Consortia 2 76.12 39.15 80.33 40.95 30.28 27.60 37.36 42.59

Consortia 3 69.19 36.15 75.50 3247 41.81 76.19 36.58 39.61

Consortia 4 57.49 5.10 67.99 19.30 43.91 85.04 59.87 128.51

Consortia 5 61.62 12.65 70.33 23.40 39.91 68.18 35.12 34.04

SEmz+ 0.77 0.94 028 0.45
CD (5%) 2.34 2.85 0.87 1.37
CV% 1.93 2.20 0.54 2.29

*Value indicates the mean of three replicates
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Fig 4.10: Relative water content (% increase over negative control) at 45" and
75" day
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4.11.1.5. Proline content

Proline is an indicator of osmoregulation, higher accumulation of proline in
PGPR inoculated treatment indicates there higher tolerance to water stress conditions
(Gusain et al., 2015). In present study proline content was measured during the
experiment the results are indicated in (Table 4.17; Figure 4.12). At 45" day treatment
Consortia 5 showed 55.43% increase in proline accumulation i.e. 45.06 umole/gm fw,
as compared with the negative control and on 75™ day Consortia 3 showed maximum
proline accumulation 53.81+0.75 pmole/gm fw which was 64.35% higher compared
with negative control. All five PGP bacterial consortia treated treatments in drought
stress condition observed to accumulate more proline as compare to negative control.
Similar results were reported by Gusain et al. (2015), in severe drought stress
conditions treatment inoculated with bacterial consortia showed higher proline
accumulation. Armada et al. (2014) also reported that under drought stress conditions
inoculation of PGPR B. thuringiensis (Bt) enhanced shoot proline content in

Lavandula dentate compared to control plants under drought stress.
4.11.1.6. MDA content

MDA acts as a lipid peroxidation indicator in present study MDA was quantified
in order to assess the integrity of the cellular membranes. It is known that in drought
stress conditions membrane peroxidation in leaf tissues enhance, resulting in increase in
the MDA content. Therefore, in the present study determination of the leaf MDA content
was carried out in plants treated with potential bacterial consortia. MDA content (Table
4.17; Figure 4.13) in negative control was 18.23pmole g'lFW and 16.13umoleg'1FWat
45™ and 75" day, respectively which was highest among all the treatments. At 45" day
consortia 5 showed 12.42|,tmoleg'1FW MDA content which was 31.87% lower than the
negative control, similarly, consortia 1 at 75" day showed 12.13pmole g'lFW MDA
content which was 24.79% lower than the negative control. All treatment inoculated with
bacterial consortia showed less MDA content as compare to the negative control,
indicating that inoculation with bacterial consortia helps in overcoming membrane
damage. These results agree with Wang et al. (2007), who reported that MDA content in
cucumber treated with BBS under drought stress conditions decreased by 38.5%
compared with the control plants. MDA in the inoculated plants showed 15.9% decrease

compared to the non-inoculated control treatments by Chen et al. (2017).
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Table 4.17: Proline content and MDA content in leaf sample

Proline content (umole/g FW)

MDA content (umole/g FW)

%increase over

%increase over

%decrease over

%decrease over

Treatments 45" day negative control 75" day negative control 45" day negative control 75" day negative control
Positive control 23.82 - 20.86 - 7.88 - 6.23 -
Negative control 28.99 - 32.74 - 18.23 - 16.13 -

Consortia 1 43.21 49.22 50.97 55.68 14.55 -20.18 12.13 -24.79

Consortia 2 33.64 16.04 46.70 42.63 13.28 -27.15 13.20 -18.16

Consortia 3 40.11 38.35 53.81 64.35 16.37 -10.20 15.36 -4.77

Consortia 4 37.29 28.63 43.08 31.58 12.55 -31.15 16.00 -0.80

Consortia 5 45.06 55.43 50.36 53.81 12.42 -31.87 14.22 -11.844

SEm+ 0.22 0.22 0.15 0.20
CD (5%) 0.67 0.66 0.47 0.62
CV% 1.06 0.89 2.00 2.68

*Value indicates the mean of three replicates
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4.11.2. Effect of bacteria consortia on the growth characteristics of wheat.

Wheat seeds were treated with the bacterial consortia and the outcome of
inoculation of potential plant growth promoting consortia on wheat expressed
significant enhancement of plant growth parameters i.e. root length, shoot length, plant

dry weight. Effect on wheat plant growth under inoculation of potential PGPR are

shown in Table 4.18; Figure 4.14.
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Table 4.18 Growth attributing characters of wheat plants

#Shoot %oincrease *Root % increase %oincrease
over over *Plant dry over
Treatments length . length . . .
negative negative | weight (g) | negative
(cm) (cm)
control control control
Positive control | 44.93 - 26.56 - 2.75 -
Negative control | 37.26 - 18.23 - 1.85 -
Consortia 1 42.26 13.41922 24.33 33.46133 2.08 12.43243
Consortia 2 40.30 8.158884 22.76 24.84915 1.67 -9.72973
Consortia 3 44.26 18.7869 21.73 19.19912 1.92 3.783784
Consortia 4 44.66 19.86044 23.03 26.33022 2.56 38.37838
Consortia 5 40.50 8.695652 19.8 8.612178 1.88 1.621622
SEmz+ 0.68 0.75 0.18
CD (5%) 2.08 2.27 0.57
CV% 2.86 5.82 15.56

*Value indicates the mean of three replicates
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To reduce the effect of drought stress and provide drought tolerance to plants
PGPR significantly enhances the root length of plants. The effect of and Consortia 4 was
maximum in respect to shoot length which was significantly increased by 19.86% over
negative control even the effect of this consortium was at par compared to positive
control (Table 4.21; Figure 4.14). However, the effect of the other consortium on shoot
length was also significant compared to negative control and the least value was recorded
for consortia 5, able to increase shoot length by 1.87% over negative control (Table 4.18;
Figure 4.14) Maximum root length was observed in Consortia 1, which was significantly
increased by 33.46% over negative control and decreased by 8.77% over positive control.
Plant dry weight was highest for Consortia 4 was significantly increased by 38.37% over
negative control and decreased by 6.9% over positive control (Table 4.18; Figure 4.14).
Chen et al. (2017) also reported similar results in which the plants inoculated with
LTYR-11ZT showed 17.1%, 41.8% and 112% increase in shoot length, root length and
total plant fresh weight, respectively, as compared to the non-inoculated stressed control.
Rajsekar and Elango (2011) observed significant increased plant height and root length
of Withania somnifera inoculated with consortia of Bacillus, Pseudomonas, Azotobactor

and Azospirillum, compared to single inoculation and negative control.

4.12. Shelf-life of bacterial consortia in talc and sugarcane bagasse, based
formulations

The bio-formulations generally composed of active material which must be
preserved or maintained in viable condition to produce its biological effect these
active material is mixed with carrier materials such as talc, clay, oil and water or
others to develop the formulation. Moreover, the bio-formulations are safer to handle,
easier to apply, storage and when required, can be applied at the site of action.
Formulations are incorporated with, enrichment materials comprising of nutrient-rich
medium such as, sucrose, trehalose, maltose and molasses. Formulations that transfer
the growth promoting activities of rhizobacteria from laboratory to field have a major
impact in agriculture. In the present study, the viability of consortium was evaluated
in the form of talc and sugarcane bagasse based formulation for a period of 90 days
stored at 4°C, room temperature and outside conditions under shade. Viability and
population density of these formulations were tested in interval of 15 days, up to 90
days. Number of colonies appeared on NA for each dilution was counted. Results are

recorded in Table 4.19 a and b.
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In the present study results showed that maximum CFU of bio formulation of
bacterial consortia was found in zero days as compare to other days and was seen up to
90 days. The initial population density of all talc and bagasse based formulation was
lOlO/g. Gradual declining trend of population density was observed up to 90 days in all
prepared formulation. Present study agreed with Kumar ef al. (2013) who reported the
same trend of gradually declining of cfu count with the time of storage in the different

bioformulation.

In talc based bioformulation TL3 showed maximum cfu at 90" day i.e.159x10"
and TL1 showed lowest cfu i.e.178x10’stored at 4°C. At room temperature TRS5 and
TR3 showed highest and lowest cfu i.e. 244x10® and 88x10°® respectively. Talc based
bioformulation stored outside under shade conditions showed maximum decrease in the
cfu at 90" day where lowest cfu was observed in TO3 i.e.139x10". Moreover, in
bagasse based formulation stored at 4°C BL1 showed highest cfu i.e. 261x10°* and
lowest cfu was observed in BL5 105x10°. At room temperature BR1 showed highest
cfu i.e.144x10’and lowest cfu in BR3 i.e.170x10°. Whereas, BO1 showed highest
84x10° cfu and BO1 showed lowest 264x10°cfu. Compare to sugarcane bagasse based
formulation talc based formulation showed high efficiency to maintain viability of
consortia stored in same conditions. Earlier workers reported shelf life of different
formulation up to 9 and 6 months at different storage conditions. Karunanithi et al.
(2001) reported shelf life of Talc and gypsum based formulation up to 150 days at room

temperature.

The shelf-life of Talc based formulation and sugarcane bagasse based
formulations was relatively prolonged in cold storage (4°C) than at room temperature
and outside conditions. At temperature below 5°C, the metabolic activities of
microorganisms are ceased and the cell division is almost stopped (Madigan and
Martinko, 2006). Storage of bio formulations in a storehouse without refrigerator in
the range of 5 to 30°C usually causes reduction in microbial shelf life. Sandikar and
Awasthi (2010) prepared Pseudomonas and Bacillus bioformulations and stored at
room temperature (30°C) and cold conditions (4°C), after each month tested for
viability and concluded that storage of bioformulations at 4°C was found significant

than at room temperature.
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Table 4.19 a): Shelf life of talc based formulation stored at different condition

CFU/g ( days)
Conditions Formulation
0 15 30 45 60 75 90

TL1 288x 10" 272x 10" | 242x 10" | 221x 10" | 198x 10" | 163x10" | 178x10°

TL2 272x 10" | 256x 10" | 175x 10" | 169x 10" | 265x10° | 219x10° 193x 10°

4oC TL3 298x 10" | 252x10'" | 200x 10" | 175x10" | 187x 10" | 166x10" | 159x 10"

TL4 252x 10" | 236x 10" | 201x10' | 184x 10" | 148x10" | 255x10° 180x 10°

TL5 249% 10" | 214x 10" | 195x 10" | 156x 10" | 134x 10" | 278x10° | 245x10°

TR1 286x 10" | 274x 10" | 204x 10" | 107x 10" | 226x10° 192x 10° 176x 10°®

TR2 298x 10" 253% 10" | 202x 10" | 249x10° 208% 10° 179x 10° 156x 10°®

Room temperature TR3 242x 10" | 252x x 10° 221x 10° 178x% 10° 174x 10°® 156x 108 88x 10°
TR4 242x 10" | 244x 10" | 236x10' | 170x10° 136% 10° 105% 10° 134x 10°®

TR5 276x 10" | 248x 10" | 224x 10" | 178x10" | 238x10° 162x10° | 244x10°

TO1 289x 10" | 222x 10" 142x 10" | 228x10° 176x 10° 226% 108 180x 107

TO2 294x 10" | 248x 10" | 178x 10" | 202x 10° 162x10° | 234x10% | 261x 10

Outside in shade TO3 284x 10" 214x 10" 118x 10" | 186x 10° 159%x 10° 108x 10° 139%x 107
TO4 262x 10" | 265x 10" | 212x 10" | 184x 10" | 206x 10° 199% 10°® 145% 107

TO5 272x 10" | 238x 10" | 200x 10" | 164x 10" | 217x 10’ 184x 10° | 228x10°




Table 4.19 b): Shelf life of sugarcane bagasse based formulation stored at different conditions

CFU/g ( days)
Conditions Formulation
0 15 30 45 60 75 90
BL1 256x 10" | 178x10" | 128x 10" 232x 10° 204x 10° | 192x10°* | 244x 10®
BL2 297x 10" | 234x10'" 212x 10° 162x 10° 94x 10° 186x 10% | 148x 10°
BL3 285x 10" | 232x10' | 218x10" 188x 10" | 246x10° | 226x 10’ 170x 10
4C BL4 239x 10" | 241x 10" | 174x 10" 218% 10° 184x 10° | 208x 10° 176x 10
BLS5 278x 10" | 276x 10" 200x 10° 118x 10° 276x 10% | 200x 10° 105x 10°
BR1 256% 10" 178x 10" 228% 10° 232% 10° 204x 10° | 252x 107 | 144x 10’
BR2 297x 10" | 234x 10" 212x 10° 162% 10° 94x 10° 186x 107 | 128x 107
Room temperature BR3 285x 10" | 232x10' | 218x10" 188x 10° 146x 10* | 226x107 | 170x 10°
BR4 239x 10" | 241x 10" 174x 10" 218x 10° 184x 10 | 218x10% | 176x10°
BR5 280x 10" 126x 10" 165x 10° 118x10°® 78x 10° 100x 107 | 184x 10°
BO1 239% 101 210x 10°® 182x 10® 204x 108 217x10° | 117x 10’ 84x 10°
BO2 245% 10"° 187x 10° 264% 10° 155x 10°® 102x 107 | 174x10° | 186x 107
Outside in shade BO3 267x 10" | 144x10" 168x 10° 134x 10* 148x 107 | 194x10° | 122x10°
BO4 243% 10" 108x 10° 224% 10° 268% 10’ 190x 107 | 238x10° | 264x10°
BO5 234%x 10" 192x 10° 186x 10°® 264% 10" 126x 107 | 141x 10° 86x 10°
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Chapter 5 SUMMARY AND CONCLUSION

Plant growth promoting bacteria, reside in the vicinity of root known as
rhizobacteria. They adapt to tolerate drought stress and also help to plants to mitigate
the impact of environmental stress or drought stress by means of various mechanisms
to maintain the plant growth and productivity under water deficit conditions. Based on
the area of affected land and number of people affected then among any other
environmental stresses, drought is considered as most deleterious stress. Numerous
physiological and morphological changes appears due to the effect of drought stress
which includes enhanced osmotic potential, loss of stability and integrity of membrane,
production of free radicals which reacts with macromolecules and leads to the
dysfunction of such molecules. PGPR assist host plants to cope up drought stress and
significantly help plant to promote vigor index, seedling emergence and productivity by
the production of exopolysaccharide, ACC deaminase activity, osmolyte accumulation,
phytohormone secretion, ion homeostasis, antioxidant enzyme production and induced
systemic resistance. PGPR enhances the soil fertility and health by mobilization of
macro and micro nutrients such as iron, zinc, phosphate, nitrogen etc by means of
organic acid production. The present study was aimed to explore the determination of
in-situ drought tolerant and plant growth promoting properties of five potential
bacterial consortia and determining the shelf life of these consortia in two different
carrier, stored in three different conditions. To carry out present study, initially eighteen
cultures were obtained from departmental culture collection and all cultures were
retrieved and screened for the drought tolerance ability. Out of which nine drought
tolerant bacterial cultures were selected. Then these drought tolerant bacterial isolates
tested for plant growth promoting characteristics such as siderophore production, zinc
solubilization, phosphate solubilization, EPS production and ACC deaminase activity
and finally six potential bacterial isolates were selected due to their marvelous
properties. These selected six bacterial isolates than utilized for consortia development,
on the basis of their bio-compatibility test five bacterial consortia were developed.
Plant growth properties of consortia were determined over single bacterial isolates.

Moreover, functional properties such as indole acetic acid, ammonia, HCN production
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and antagonistic capacity of consortia were determined at par with bacterial isolates. To
determine the beneficial effect, the consortia were subjected to in situ pot experiment
under greenhouse conditions on wheat (Triticum aestivum var. PBW-373). These five
consortia were further used for talc and sugarcane bagasse bio formulation preparation
stored in different conditions for shelf life determination. Some salient findings of

current study are summarized below:

» All retrieved bacterial isolates were screened, on the basis of appearance of growth

on nutrient broth amended with ploy ethylene glycol (PEG).

» Screened nine drought tolerant bacterial isolates were further tested for plant
growth promoting traits. Among nine bacterial isolates, six were positive for
siderophore production, seven were positive for zinc and phosphate solubilization,
five isolates were positive for ACC deaminase activity and all nine bacterial

isolates positive for EPS production.

» Final six potential bacteria viz. SRP II 9 I, SRK14, MRC II 6, RRN I 2, RRC I 5
and RRCII3 were selected on the basis of their plant growth promoting traits 3 and
utilized to develop five bacterial consortia on the basis of biocompatibility of

strains with each other.

» Morphological characterization of screened six bacterial isolates conformed that all
bacteria are gram negative, showed different colony morphologies and
pigmentation on nutrient agar plate. Endospore staining of the bacterial isolates

confirmed that no isolate was endospore producer.

» All six bacterial isolates were further characterized for their ability to produce
extracellular enzymes, confirmed that only one isolate SRP9II1 was positive for
amylase production. SRPIII1, RRCI5, MRCII6, RRNII2 were positive for
gelatinase. However, all isolates were positive for catalase production. No bacterial
isolates were positive for pectinase and laccase enzyme activity. RRCIS, RRNII2
and SRK14 were positive for cellulase. Only SRKI14 was positive for H,S
production. MRCII6, SRPOII1, RRNII2 and SRKI14 were positive for urease
production. SRPIII1, MRCII6 and RRNII2 were positive for ceasinase, whereas
SRPIII1, MRCII6, RRNII2 and SRK14 positive for lipase production.
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» In IMVIC test out of six bacterial isolates, only one bacterial isolates was positive
for indole test, four were positive for methyl red test, three bacterial isolates were
positive for voge’s proskauer test, five were positive for citrate utilization. All
bacterial isolates were also tested to metabolize various sugars. All the bacterial
isolates were able to metabolize wide range of sugars via production of various

enzymes, except SRK14 which only utilize glucose.

» Antibiosis assay was carried out by dual plate method for bacterial isolates and
consortia, out of six bacterial isolates, four bacterial isolate showed inhibition of
mycelial growth of Fusarium oxysporum, while no bacterial isolate were found to

suppress mycelial growth of Sclerotium rolfsii.

» Antibiotic sensitivity was determined by disc diffusion method, using antibiotic discs
[Tetracycline  (3opg/disc) ampicillin  (10pg/disc), Gentamicin  (10pg/disc),
Chloramphenicol (50pg/disc), Streptomycin (25pg /disc), Penicillin-G (10pg/disc)]. No
bacterial strains showed resistant towards gentamicin. Except RRNII2 all bacterial
isolates were sensitive towards Streptomycin. All bacterial isolates were sensitive for
gentamicin. Except RRCII3 and SRKI14 all isolates showed sensitivity towards

Chloramphenicol. All cultures were resistance towards Penicillin and Ampicillin.

» Comparative study between single bacterial isolates and consortia were carried out
for siderophore production, zinc solubilization, phosphate solubilization, TAA
production, ammonia production and hydrogen cyanide production, quantitatively

and qualitatively

» Qualitative siderophore production efficiency of single bacterial and consortia were
in the same range, Out of which RRCI5 showed highest efficiency i.e. 188.8%
siderophores production. Siderophore production also quantified by liquid assay in
which consortia 1 showed highest 67.88% siderophore unit whereas individual

culture, RRNII2 showed maximum 54.45% siderophore unit.

» Zinc solubilization was tested on basal medium amended with 1% ZnO and
ZnCO3. Individually MRCII6 showed highest Zn solubilization efficiency i.e.
233.3% in ZnO and 300% in ZnCOsmedium. Consortia 1 showed maximum
efficiency i.e. 300% in ZnO and 260% in ZnCOs;medium. In broth assay of

quantitative zinc solubilization after 14 day of incubation consortia 1, RRCII3,
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MRCII6, SRPIII1 showed significantly highest Zn solubilization i.e. 18.31mgL'1
which was at par to each other, whereas, lowest Zn solubilization was observed in

SRK14 i.e. 10.51 mgL" in ZnO and 4.97 mgL™" in ZnCO3 amendment broth.

» MRCII6 showed highest phosphate solubilization efficiency of 475%. Consortia 1
showed maximum phosphate solubilization followed by consortia 3 i.e. 233.3% and
216.6% respectively. However, in quantitative P solubilization most of the isolates
and consortia showed highest solubilization on the 5™ and 7thday of incubation.
Consortia 1 showed maximum phosphate solubilization i.e. 385 pg P/ml with pH 2

on 7"day of incubation.

» All bacterial isolates and consortia were further tested for functional characterization
such as ammonia production, IAA production, and HCN production. Exceptionally
SRK14 showed highest production of IAA i.e. 165.4 ng/ml whereas in co-inoculation
with MRCII6 in consortia 1 the IAA production in decreased to 27.92 pg/ml. same as
with RRRC I5 individually it produces 41.82pg/ml IAA whereas in consortia 2 and
consortia 5 co—inoculation with SRPIII1 and RRNII2, IAA production decreases. All
bacterial strains and all five consortia were positive for ammonia production.

Moreover, no bacterial isolates and consortia were found to produce HCN.

» Inoculation of all consortia of potential drought tolerant bacteria significantly
improved plant growth in compared with negative control. Consortia 4 showed
maximum shoot length which was significantly increased by 19.86% over negative
control. Maximum root length was observed in consortia 1, which was significantly
increased by 33.46% over negative control. Plant dry weight was highest for

consortia 4 and increased by 38.37% over negative control.

» Talc and sugarcane bagasse based bioformulation of all five consortia were
prepared and shelf life was determined up to 90 days stored at 4°C, room
temperature and outside in shade. Talc based bioformulation maintain prolonged
shelf life of bacterial consortia in all three conditions as compared with sugarcane

bagasse based bioformulation.

In present era, climatic conditions are continuously changing due to natural
and manmade activities. It leads to the various detrimental environmental stress such

as drought stress, limits plant growth and productivity, plant associated drought
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tolerant plant growth promoting rhizobacteria adapted various mechanisms to
mitigate the effect of drought stress and to stimulate plant growth and productivity. In
present study, consortia of potential drought tolerant bacteria showed significant plant
growth promoting activity in vitro over single bacterial isolates. All the consortia
significantly enhanced root and shoot length of wheat under drought stress
conditions. Hence the present study may conclude that all consortia were able to
confer drought tolerance in wheat plants under water deficit conditions. Among all
consortia 1 and 4 showed marvelous plant growth promotion. Talc based
bioformulation maintain higher shelf life, thus can develop as bioinoculant for
drought susceptible crops to mitigate the effect of drought stress and to improve plant

growth for sustainable agriculture practices.
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Appendix IT

Nutrient agar
Beef extract
Peptone

Agar

pH

Chrome azurol ‘S’ agar medium
Dye solution
(A) Chrome-azurol ‘S’
Distilled water
(B) ImM FeCl3.6H,0 in 10 mMHCI
(C) Hexadecyltrimethyl ammonium bromide (HDTMA)

Distilled water

Total volume of dye solution

3.0

5.0
20.0
7.240.2

60.60mg
50 ml
10.0 ml
72.90mg
40 ml

100 ml

Solution (A) was added to solution (B) then this solution was added to solution

(C). The resultant dark blue solution is autoclaved and added to 300 ml

autoclaved nutrient agar before pouring.

Pikovaskya’s agar
Yeast extract
Dextrose

Calcium phosphate
Potassium chloride
Magnesium sulphate
Manganese sulphate
Ferrous sulphate
Agar

pH

0.5
10.0
5.0

0.2

0.1
0.0001
0.001
20.0
7.0+0.2
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4. Glucose yeast extract peptone agar gl

Glucose 40.0
Peptone 5.0
Yeast extract 5.0
Agar 15.0
S. Skim milk agar gl'1
Skim milk powder 28.0
Casein enzyme hydrolysate 5.0
Yeast extract 2.5
Dextrose 1.0
Agar 15.0
pH 7402
6. EPS producing medium gl'1
Peptone 10.0
Meat extract 3.0
Sodium chloride 5.0
Sucrose 2.0
pH 6.5+0.2
7. CMC agar medium gl!
KH,PO4 1.0
MgS0,.7H,0 0.5
NaCl 0.5
FeS0O4.7H,O 0.01
MnS0O,4.H,O 0.01
NH4NO; 0.3
CMC 10.0
Agar 12.0
pH 7£0.2

At the end of the incubation, to visualize the hydrolysis zone, the agar medium
is flooded with an aqueous solution of Congo red (1% w/v) for 15 min. The Congo red
solution is then poured off, and the plates were further treated by flooding with 1 M
NacCl for 15 min.
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8. Christensen’s urea agar gl'1

Peptone 1.0
Dextrose 1.0
NaCl 5.0
Potasssium phosphate 2.0
Urea 20.0
Phenol red 0.012
Agar 15.0
pH 6.8+0.2

Directions: Suspend 24 grams in 950 ml distilled water. Boil to dissolve the
medium completely. Sterilize by autoclaving at 1150C for 20 minutes. Cool to

500C and aseptically add 50 ml of filter sterilzed urea solution and mix well.

9. Nutrient gelatin gl'1
Peptic digest of animal tissue 5.0
Beef extract 3.0
Gelatin 120.0
pH 6.8+0.2
10.  Pectin agar medium gl'1
Pectin 5.0
Yeast extract 1.0
Agar 15.0
pH 5.5£0.5
11. Potato Dextrose agar gl'1
Potato infusion 200
Dextrose 20.0
Agar 20.0
pH 5.6£0.2
12. Peptone water gl'1
Peptic digest of animal tissue 10.0
Sodium chloride 5.0
pH 7 £0.2
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13.  Zn solubilizing (mineral salt media) gl-1

Glucose 10.00
(NHa4)2 SO4 1.0
KCl 0.2
K, HPO, 0.1
MgS0,4.7H,O 0.2
Zn0O/ZnCos 0.1%
Agar 2.0
pH 6.0+0.2
14. NBRIP broth gl!
Glucose 10.0
Tricalcium phosphate 5.0
Magnesium chloride hexahydrate 5.0
Magnesium sulphate heptahydrate 0.25
Potassium chloride 0.2
Ammonium sulphate 0.1
15. Glucose yeast extract peptone agar gl'1
Glucose 40.0
Peptone 5.0
Yeast extract 5.0
Agar 15.0
16. Tryptic soy agar medium gl'1
Tryptone 17.0
Peptone (Soybean digest) 3.0
Glucose 2.5
NaCl 5.0
KH,PO, 2.5
Agar 15.0
pH 7.0£0.2
17.  Starch agar gl
Peptone 5.0
Beef extract 3.0
Soluble starch 10.0
Agar 15.0
pH 7.4+0.2
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Appendix 111

GRAM STAINING-
1. Crystal violet

Solution A
Crystal violet 2g
Ethyl alcohol (95%) 20ml
Solution B
Ammonium oxalate 0.8g
Distilled water 80ml
2. Gram’s iodine
Iodine g
Potassium iodide 2g
Distilled water 300ml
Sodium bicarbonate 3g

3. Destaining solution

Ethyl alcohol 95ml

Gram'’s iodine/Distilled water Sml

4. Safranin

Safranin 10ml
(2.5% solution in 100ml ethyl alcohol)
Distilled water 90ml
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Appendix IV

ENDOSPORE STAINING-
1. Malachite green

Malachite green

Distilled water

2. Destaining solution

Ethyl alcohol

Gram'’s iodine/Distilled water
3. Safranin

Safranin
(2.5% solution in 100ml ethyl alcohol)

Distilled water

0.5¢g
100ml

95ml
Sml

10ml

90ml
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ABSTRACT

Drought considered as one of the major abiotic stress that severely affects overall plant
growth and productivity worldwide compare to any other abiotic stress. Therefore, sustainable
approaches are needed to assist plants growth under drought stress in order to mitigate crop losses.
The present study was designed to develop microbial consortia of plant growth-promoting
rhizobacteria and their bio-protective effects on wheat and determined shelf life of microbial
consortia under different bioformulation preparations. In the current investigation nine bacterial
isolates were selected as prominent drought tolerant bacteria on the basis of better growth potential
in nutrient broth supplemented with 10% poly ethylene glycol (PEG). Drought tolerant isolates
showed remarkable plant growth promoting properties such as production of siderophore, ACC
deaminase, exopolysaccharide and efficient solubilization of zinc and phosphate and selected for
consortium development on the basis of their biocompatibility assay. These bacterial consortia and
their individual bacterial isolates were further tested comparatively for different plant growth
promotory functional traits. The biochemical study of the bacterial isolates also confirmed their
ability to produce various extracellular enzymes and utilization of diverse substrates as their carbon
source. Furthermore, plant growth promotory potential of microbial consortia were assessed
through in situ pot experiment in greenhouse with wheat (Triticum aestivum var. PBW 373) plants
inoculated with or without consortia under drought stress conditions. The results of in sifu pot
experiment confirmed the efficiency of consortia to confer drought stress tolerance and retained
higher biomass as compared to non-inoculated plants. Inoculated plants showed high content of
chlorophyll and carotenoids, higher relative water content and proline content, significantly lower
MDA content in the vegetal tissues hence confirmed the PGPR mediated amelioration of drought
tolerance in wheat. Furthermore, bioformulation of bacterial consortia were prepared by using talc
and sugarcane bagasse as carrier and evaluated for shelf life on different conditions for 90 days. The
survival rate of bacterial consortia was higher in talc-based bioformulation at 90™ day at 4 °C.
Above results demonstrated that these developed bacterial consortia could be used as bio-inoculant
after further evaluation under field conditions to enhance crop productivity under drought stress for

sustainable agriculture.
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