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Chapter-1

INTRODUCTION

Capsicum annuum L. commonly known as bell pepper or sweet pepper or
shimla mirch is a domesticated species of genus Capsicum, belongs to nightshade
family i.e. Solanaceae. This crop is native to Mexico with secondary centre of
origin at Gautemela (Jean et al. 2013).

Bell pepper is the second-most consumed vegetable worldwide. In India, it
is raised over an area of 32,000 hectares with annual production of 1,83,000
metric tons. In Himacha Pradesh, capsicum is being cultivated as an important
summer season vegetable crop, providing rich dividends to the farmer with an
annual production of 34,130 metric tons over an area of 2,070 hectares (NHB,
2015).

Bell pepper is an important agricultural crop, not only because of its
economic importance, but aso for the nutritional value of its fruits, as is
characterized by its high levels of vitamin C (ascorbic acid), pro-vitamin A
(carotene) and calcium (Mateos et al. 2013). Capsicum is consumed as salads,
cooked, mixed, stuffed vegetable and is appreciated worldwide for its flavour,
aroma and colour. It is also recommended for the treatment of dropsy, toothache
and cholera (Peirce, 1987).

The crop requires warm, uniform soil moisture conditions and well drained
sandy loam soil with pH range 5.5 to 6.8. A frost free period of about 130-150
days with temperature range of 15-35°C is optimum for its cultivation (Sood et al.
2007).

Rapid industrialization and urban development is the maor threat to
existing agricultural land and irrigation water (Tallapragada et al. 2011). In order
to meet the growing demands of burgeoning population, the rampant use of
chemical fertilizers contributes to the deleterious effects on agro-ecosystem as
well as productivity of the crop (Zayed et al. 2013).



The ever increasing cost of pesticides or fertilizers coupled with consumer
preference for organic food has led to supplementation and/or substitution of these

inputs with organic or biodegradabl e inputs.

Severa biotic and abiotic stresses contributes to lower yield of capsicum
in our state. The pest resistance against applied pesticides and inoculum
development due to continuous growing of same group of vegetable crops on a
unit piece of land have led to the development of diseases like bacteria wilt
(Ralstonia solanacearum) Phytophthora collar rot (Phytophthora capsici),
anthracnose (Colletotrichum capsici) and dampimg off (Pythium spp.), which

have turned out to be the major bottlenecks for its low productivity.

Water stressis among the most influential abiotic factors affecting the crop
yield. Under stress conditions an increase in the generation of reactive oxygen
species (ROS), usualy takes place which lead to oxidative stress through the
disturbance of redox homeostasis in plant cells (Hu et al. 2010). Long dry periods
are likely to result in flower shedding and fruit fall. Thereby, using available water
efficiently in order to get maximum profit from per unit area has become an

important consideration.

In the frame of modern agriculture, micro flora of soil is of great
significance because it has both beneficial and detrimenta influence on mankind.
Therefore, current trends in agriculture are focused on one of the most acceptable
and environmentally conscious approach i.e. manipulation of beneficial microbial

population in the rhizosphere (Mrkovacki and Bjelic, 2011).

Plant growth promoting rhizobacteria are therefore gaining importance as
cost-effective, ecofriendly, non-hazardous and non-bulky agri-inputs in site
specific integrated nutrient management system which can supplement about 25-
50 per cent of chemica fertilizers and decreases the deleterious effects of
environmental stresses through various modes of action such as biofertilization
(increasing the availability of nutrients to plant), phytostimulation (production of

phytohormones) and biocontrol (controlling diseases, mainly by the production of



antibiotics, antifungal metabolites and induction of plant defense responses)
(Nihorimbere et al. 2011).

Many rhizospheric bacterial species have been tested and found to be
beneficial for plant growth, yield and crop quality (Ahemad and Kibret, 2014).
The most predominant rhizosphere colonizing bacteria belongs to Pseudomonas
and Bacillus species because of their association with soil organic matter,

nutritional diversity and rapid growth rate (Vijayapal et al. 1998).

The PGPR isolated from native rhizosphere are, in general, better adapt
themselves as compared to non-indigenous bacterial strains. The studies on
isolation and characterization of PGPR from capsicum rhizosphere (Ponmurugan
and Gopi, 2006; Datta et al. 2011, Gupta et al. 2014; 2015) further, emphasized
on beneficial effects of rhizospheric microbes on crop growth and yields.
However, there is no, commercia biofertilizers/PGPR formulations for capsicum
crop which may be used in different agro-climatic zones of Himacha Pradesh

both under open and pol yhouse conditions.

The integrated use of chemica fertilizers, organic manures and bio
fertilizers hold great promise in securing high level of crop productivity with good
quality and also to protect soil health from deterioration and pollution hazards.
Therefore, there is an urgent need to develop an effective inoculum of plant
growth promoting rhizobacteria (PGPR) for capsicum with multiple PGP traits
along with optimum doses of chemica fertilizers, which may go a long way in

building of soil fertility and productivity of bell pepper.

Keeping in view al the above points, the present investigations were
undertaken to isolate indigenous isolates of PGPR with multiple plant growth
promoting traits and to study the effects of inoculation of PGPR’s on
biotic/abiotic stress and with different levels of N and P fertilizers on growth of
capsicum with the following objectives:

1) Screening and molecular characterization of indigenous PGPR isolates
associated with capsicum.



To study the effect of indigenous PGPR inoculant’s for physiological
efficacy under water stress conditions.

To study the efficacy of indigenous PGPR to control major soil borne
disease(s) of capsicum.

To study the effect of PGPR and chemical fertilizers on soil health and
productivity of capsicum.



Chapter-2

REVIEW OF LITERATURE

In modern cultivation process indiscriminate use of fertilizers exerts
deleterious effects on soil microorganism, soil productivity and pollutes the
environment (Youssef and Eissa, 2014). Long term application of chemical
fertilizers often leads to reduction in pH and disturbance in equilibrium of
exchangeable bases thus making them unavailable to crops which ultimately
reduced the productivity of crop. To obviate this problem, researchers have been
throwing up unique innovative interesting ideas for research in the thin layer of
soil immediately surrounding plant roots known as rhizosphere, where, the
physical, chemical and biological properties have been changed by root growth
and their activities, thereby, providing the stimulating growth environment for
microbia populations capable of exerting beneficial, neutral or detrimental effects
on plant growth (Mai and Chakarbartty, 2014). The indispensable part of
rhizosphere biota that competitively colonize plant roots, stimulates plant growth
and reduces the incidence of plant diseases are termed as plant growth promoting
rhizobacteria (Kloepper and Schroth, 1978).

The enhancement of plant growth by application of root colonizing
microorganisms is well evident (Gray and Smith, 2005; Bhattacharya and Jha,
2012; Gupta et al. 2015). In recent years, the biological approaches for improving
crop production are ganing strong status among agronomists and
environmentalists following integrated plant nutrient management system. In this
context, there is an ongoing rigorous research worldwide with greater impetus to
explore awide range of rhizobacteria possessing multiple plant growth promoting
traits like phytohormone, siderophore, 1-amino-cyclopropane-1-carboxylate
deaminase, hydrogen cyanate (HCN), ammonia production, nitrogenase activity,
phosphate solubilization, salinity tolerance, biological control of phytopathogens
etc. (Ahemad and Kibret, 2014). Various genera of PGPR like Pseudomonas,
Enterobacter, Bacillus, Variovorax, Klebsiella, Burkholderia, Azospirillum,
Serratia and Azotobacter have been reported worldwide to play a significant role
in enhancing plant growth and development (Hayat et al. 2010).



The pertinent literature available is reviewed under the following heads:

21 PGPR: Root colonization and mode of action

2.2 PGPR asbhiofertilizersfor enhanced growth and yields
2.3  PGPR asbiocontrol agents

24  PGPR asdrought stress alleviators

2.1 PGPR: ROOT COLONIZATION AND MODE OF ACTION
211 PGPR asroot colonizers

Microbia attachment to and proliferation on roots is generally referred to
as root colonization. Root colonization is an important factor in plant pathogenesis
of soil-borne microorganisms as well as in beneficial interactions used for
microbiological control, biofertilization, phytostimulation and phytoremediation
(Thomas et al. 2008). The degree of proximity between the PGPR and host plant
can vary depending on where and how they colonizes the host plant. The

rel ationships can be categorized into two levels of complexicity:

1) Rhizospheric
2) Endophytic

In rhizospheric relationship, the PGPRs can colonize the rhizosphere, the
surface of the roots or even the superficial intercellular spaces of plant roots
(McCully, 2001). Rhizobacteria are rhizosphere competent bacteria that
aggressively colonize all the ecological niches found on the roots at al the stages
of plant growth and able to multiply in presence of competing microflora. During
the process of root colonization bacteria multiply in the spermosphere (region
around the seed) in response to seed exudates rich in nutrients (carbohydrate,
amino acids etc.), get attached to root surface and colonize the developing root
system (Kloepper et al. 1980).

The most predominant rhizosphere colonising bacteria belong to the genus
Pseudomonas and Bacillus because of their association with soil organic matter,
nutritional diversity and rapid growth rate (Vijaypal et al. 1998). It is only due to
the changes in different soil physical and chemical properties (pH, moisture

6



content, temperature, redox, salinity, texture, stability of aggregates, fertility,
organic matter content), presence or absence of pesticides/other xenobiotic
substances, soil fauna, the nutrient status of rhizosphere, nature of root exudates as
compared to the bulk soil that in turn can affect the ability of introduced PGPR
strains to colonize and proliferate in the rhizosphere (Saharan and Nehra, 2011).

In endophytic relationship, endophytes entered the plant tissue primarily
through the roots, however, aeria portions of plants such as flowers, stems, and
cotyledons, are also used for their entry (Bell et al. 1995). PGPR enter into the
plant roots by three putative pathways i.e. root tips, point of emergence of lateral
roots and the axils of emerging or developing lateral roots (James, 1998). These
endophytes, either become localized at the point of entry or consistently colonize
the internal plant tissue of their host and can live within cells, in the intercellular
spaces or in the vascular system, without causing harm to the host (Sharma et al.
2005). Endophytic bacteria have the advantage of being protected from high
physical and chemical stress, competitive environment and induce greater growth
promotion than the bacteria restricted to rhizosphere and/or to the root surface
(Austin and Nobel, 2003). Bacterial endopohytes have also been shown to prevent
the disease development by modifying biochemicals produced by plants and
through endophyte mediated de novo synthesis of structural compounds such as
fungitoxic metabolites (Sturz et al. 2000). Researchers have found bacterial
endophytes in potato (Garbeva et al. 2001), maize (Fisher et al. 1992), rice
(Stoltzfus et al. 1997) and cucumber (Mahafee and Kloepper, 1997).

2.1.2 PGPR: Mechanism of action

PGPR mediated plant growth promotion occurs by the alteration of the
whole microbial community in rhizosphere niche either facilitating resource
acquisition, modulating plant hormone levels or by decreasing the inhibitory
effects of various pathogens through various direct/ indirect modes of action
(Castro et al. 2009).

Direct stimulation includes biological nitrogen fixation, producing
phytohormones (auxins, cytokinins, gibberellins), solubilizing minerals



(phosphorus, iron), production of enzymes while indirect stimulation is basically
related to biocontrol, including antibiotic production, chelation of available Fe in
the rhizosphere, synthesis of extracellular enzymes to hydrolyze the fungal cell
wall, competition for niches within the rhizosphere and induction of systemic
resistance (Loon Van, 2007).

2.1.2.1 Nitrogen fixation

Nitrogen (N) is the most vital nutrient for plant growth and productivity.
The biological process responsible for reduction of molecular nitrogen into
ammonia using nitrogenase complex is referred to as biological nitrogen fixation
(BNF) which is contributing 180 x 10° metric tons/year globally (Rubio and
Ludden, 2008). Out of which 80% comes from symbiotic associations and the rest
from free-living or associative systems. The ability to reduce and siphon out such
appreciable amounts of nitrogen from the atmospheric reservoir and enrich the
soil is confined to bacteria and archaea (Tilak et al. 2005). These include
symbiotic nitrogen fixing forms namely: Rhizobiumin leguminous plants, Frankia
in non-leguminous trees and non-symbiotic No-fixing forms (diazotrophs) such as
cyanobacteria, Azospirillum, Azotobacter, Acetobacter diazotrophicus, Azoarcus
etc. (Park et al. 2005).

The nitrogen-fixing bacterial community can be varied by various abiotic
and biotic factors such as plant species, biomass, root exudates, soil pH, water
content, microbial biomass and nutrients (Zhan and Sun, 2011). The colony
forming units (cfu) of the cultured nitrogen-fixing bacteria have been found
ranging from 5.0x10° to 1.5x10 cfu g™* from soil samples of Wamena Biological
Garden (Suliasih and Widawati, 2005); 0.97x10° to 12.78x10° cfu g* ail, in the
Potentilla parvifolia shrubland of north-western China (Tai et al. 2013).

2.1.2.2 Phosphate solubilization

Phosphorus is among the primary essential nutrient elements required by
the plant in optimum amount for its proper growth and development. Although
average P content in soil is about 0.05% but only 0.1% of the total P present is
available to the plants because of its immobilization, chemical fixation and low

8



solubility (Kundu et al. 2002). Under such conditions, several phosphate
solubilizing microorganisms (PSMs) convert the insoluble form of phosphorus to
soluble form through acidification, secretion of organic acids, protons chelation,
exchange reactions and synthesis of enzymes like phosphatase,
phosphohydrol ases, phytase, phosphonoacetate hydrolase, D-a-
glycerophosphatase and C-P lyase (Richardson et al. 2009).

Phosphate solubilizing bacteria (PSB) are commonly found in most soils
but their establishment and performances are severely affected by soil and
environmental factors (Ahemad and Khan, 2012). For instance, phosphate
solubilization efficiency of the P-solubilisers from chickpea rhizosphere have
been from 2.2 to 227.2 pg/ml (Kundu et al. 2009), whereas, in tea rhizosphere it
ranges from 40.62 + 1.1 t0 136.73 £ 1.7 mg/l (Sharma et al. 2012).

Bacterial genera like Azotobacter, Bacillus, Beljerinckia, Burkholderia,
Enterobacter, Erwinia, Flavobacterium, Microbacterium, Pseudomonas,
Rhizobium and Serratia are reported as the most significant phosphate solubilizing
bacteria (Bhattacharyya and Jha, 2012). Muhammad et al. (2013) studied five
promising PSB strains i.e. Burkholderia sp., Bacillus sp., Pseudomonas sp.,
Flavobacterium sp. and Pseudomonas sp. and reported significant increase in
plant growth, grain yield, rhizosphere phosphatase activity, mineralization of

organic P and soil available P over uninoculated control.

2.1.2.3 Sider ophor e production

Iron is required as a cofactor for a large number of enzymes and iron-
containing proteins in microbial metabolism. In the aerobic environment, iron
occurs principally as Fe** and is likely to form insoluble hydroxides and
oxyhydroxides, thus making it inaccessible to both plants and microorganisms
(Rajkumar et al. 2010).

Under iron limiting conditions, PGPR produces low molecular weight
compounds called siderophores to acquire ferric ions (Whipps, 2001). Binding of
the siderophore to a metal increases the soluble metal concentration. Plants
assimilate iron from bacterial siderophores by means of different mechanisms, for

9



instance, chelate and release of iron, the direct uptake of siderophore-Fe
complexes or by a ligand exchange reaction (Schmidt, 1999). Further,
siderophores restrict the growth of pathogenic microorganisms by limiting the
iron availability as it bind to the available form of iron (Fe*") in the rhizosphere
(Ahmad et al. 2008). Numerous studies of the plant growth promotion and disease
resistance as a result of siderophore producing rhizobacterial inoculations have
been reported (Rajkumar et al. 2010). Sharmaet al. (2003) assessed the role of the
siderophore-producing Pseudomonas strain GRP3 on iron nutrition of Vigna
radiata. After 45 days, reported decline in chlorotic symptoms and increased
chlorophyll a and chlorophyll b content in Pseudomonas strain GRP3 inocul ated

plants over control.

Similarly, significant diseases reduction and plant growth in wheat
(Munazza and Hafeez, 2012) and rice (Meera and Balabaskar, 2012) has been
reported with inoculation of siderophore producing rhizospheric Pseudomonas

isolates.

Not only iron, siderophores also form stable complexes with other heavy
metals that are of environmental concern, such as Al, Cd, Cu, Ga, In, Pb and Zn as
well as with radionuclides including U and Np (Neubauer et al. 2000). Hence,
bacterial siderophores help to aleviate the stresses imposed on plants by high soil
levels of heavy metals (EI-Azeem et al. 2007).

2.1.2.4 Phytohor mone production/ phytohor monal modification

IAA has been implicated in virtually every aspect of plant growth and
development, as well as defense responses (Santner et al. 2009). Generadly,
indole-3-acetic acid (IAA) affects plant cell division, extension, differentiation,
stimulates seed germination, control processes of vegetative growth, initiates
lateral/adventitious root formation, mediates responses to light, gravity and

resistance to stressful conditions.

Microbia synthesis of the phytohormone auxin (indole-3-acetic acid) has
been known for a long time. It is reported that 80% of microorganisms isolated
from the rhizosphere of various crops possess the ability to synthesize and release
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auxins as secondary metabolites. Azotobacter and Azospirillum has been reported
to produce IAA in range of 19.4 to 30.2ug/ml (Fatimaet al. 2009).

IAA production by PGPR causes modifications in root system architecture
by increasing the number of root tips and the root surface area, thus increasing
water/nutrient  acquisition (Egamberdieva and Kucharova, 2009). Plants
inoculated with Pseudomonas putida were able to survive drought stress due to
the production of IAA (Marulanda et al. 2009). It has also been reported that
bacterial VOCs from Bacillus subtilis strain GB03 cause growth promotion in
Arabidopsis by upregulating transcripts involved in auxin homeostasis (Zhang et
al. 2010).

Also, biocontrol activity of IAA involves inhibition of spore germination
and mycelial growth of pathogenic fungi (Uneo et al. 2004). Not only this,
rhizobacteria IAA loosens plant cell walls and as a result facilitates an increasing
amount of root exudation that provides additional nutrients to support the growth
of rhizosphere bacteria (Spagpen and Vanderleyden, 2011).

The amino acid tryptophan, identified as the main precursor for IAA
stimulates the level of IAA biosynthesis (Zaidi et al. 2009), while, anthranilate, a
precursor for tryptophan, reduces IAA synthesis. This can be illustrated by
increased indole production by Pseudomonas fluorescens AK1 and Pseudomonas
aeruginosa AK2 with increase in tryptophan concentration (Karnwal, 2009).

2.1.2.5 Aminocyclopropane-1-car boxylate (ACC) deaminase

Generaly, ethylene is an essential metabolite for the normal growth and
development of plants (Khalid et al. 2006). Under stress conditions like salinity,
drought, water logging, heavy metals and pathogenicity, the endogenous level of
ethylene is significantly increased due to the activity of indole acetic acid (IAA)
induces the activity of ACC synthase to convert S-adenosylmethionine to 1-
aminocyclopropane-1-carboxylic acid (ACC), an immediate precursor of ethylene
biosynthetic pathway (Zapata et al. 2007). Increased ethylene induces defoliation
and other cellular processes that may lead to reduced crop performance
(Bhattacharyya and Jha, 2012).
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Plant growth promoting rhizobacteria which possesses the enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deaminase, take up the ACC upon its
exudation by the plant roots and convert it into 2-oxobutanoate and NH3 (Arshad
et al. 2007). As the concentration of ACC outside the root decreases due to its
degradation, more ACC is exuded by the plant roots, so deleterious effect of
ethylene is abated by the removal of ACC, thus ameliorating plant stress and
promoting plant growth (Glick, 2007). Currently, bacterial strains exhibiting ACC
deaminase activity conferring the tolerance towards draught stress and enhanced
plant growth have been reported worldwide such as Enterobacter cloacae and
Pseudomonas putida in tomato (Grichko and Glick, 2001), Achromobacter
piechaudii ARV8 in pepper and tomato (Mayak, 2004) Pseudomonas fluorescens
TDK1 in groundnut (Govindasamy et al. 2008), Bacillus spp. in Brassica
campestris (Ghosh et al. 2003) and pepper (Hui and Kim, 2013) etc.

2.1.2.6 HCN production

A secondary metabolite produced commonly by rhizosphere
microorganisms is hydrogen cyanide (HCN), a gas known to negatively affect
plant root metabolism and growth except host plants. For instance, HCN
producing P. fluorescens has been reported as potential biological weed control
reducing more than 90% of root and shoot growth in weeds (Ramette et al. 2003).
HCN affects the sensitive organisms by inhibiting the synthesis of ATP-mediated
cytochrome oxidase (Knowles, 1976). Thereby, participating tremendously in the
reduction of phytopathogens and del eterious rhizobacteria (Rudrappa et al. 2008).
Therole of cyanide production in Pseudomonad virulence against fungal pathogen
(F. moniliforme) (Suprgja et al. 2011), Ralstonia solanacearum antagonism (Zhou
et al. (2012) and enhanced plant growth (Wani et al. 2007) has been well
documented.

2.1.2.7 Antibiotis and lytic enzyme production

The antibiotics and lytic enzymes production are among the major defence
mechanisms used by plant growth promoting bacteria against different types of
microbes. The production of antibiotics such as polymyxin, pyrrolnitrin,
pyoluteorin, viscosinamide (Glick et al. 2007), lipopeptide biosurfactants
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(Raaijmakers et al. 2010), 2,4-diacetylphloroglucinol (Zhou et al. 2012; Asadhi et
al. 2013) by various Bacillus and Pseudomonads strains against various
phytopathogens has been well documented.

Lytic enzymes production such as chitinase and chitobiase by Mucor,
Trichoderma and Pseudomonas (Uthao and Peberdy, 1991), B-1,3-glucanases,
cellulases, lipase, chitinases and proteases by Paenibacilllus strains (Budi et al.
2000), chitinase by B. subtilis BS2 (Loganathan et al. 2014) pectinase by
Rhizobium, Azospirillum, Yersinia and Frankia (Guo et al. 2015) etc. has been
well related to their antagonistic behavior against various phytopathogens.

Severa abiotic factors such as oxygen, temperature, carbon and nitrogen
sources and micro-elements have been identified to influence antibiotic
production by bacterial biocontrol agents (Raaijmakers et al. 2010). Kumar et al.
(2012) reported that among twenty eight hydrolytic enzymes producers (Bacillus
sp.) isolated from tomato rhizospheric soil isolate DPNSB-18 exhibited the
highest (4.65 1U/ml) chitinase activity, isolate DPNSB-15 produce highest (0.79
IU/ml) protease activity, isolate DPNSB-20 exhibited the highest (0.39 1U/ml) (3-
glucanase activity and highest (0.75 1U/ml) cellulase production was made by
isolate DPNSB-3.

2.1.2.8 Induced systemic resistance

One of important method of indirect mechanism used by PGPR is the
induced systemic resistance (ISR), which results from the specific recognition of
bacterial determinant(s) like lipopolysac-charides (LPS), flagella, siderophores,
cyclic lipopeptides (2,4-diacetylphloroglucinol, homoserine lactones and volatiles
like acetoin, 2,3-butanediol) by plant receptor(s) on the roots and is manifested as
areduction of the number of diseased plants or in disease severity as stimulate the
host plant’s defense responses by jasmonate and ethylene signaling pathways
which induce pathogenesis-related proteins in plants such as phenylaanine
ammonia lyase, peroxidase, polyphenol oxidase [catechol oxidase], beta -1,3
glucanase and phenolics (Loganathan et al. 2014) upon subsequent infection by a
pathogen (Ongena et al. 2007; Lugtenberg and Kamilova, 2009).
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Reduced bacterial canker in tomato (Girish and Umesha, 2005), Fusarium
wilt (Liu et. al. 1995) and angular leaf spot in cucumber (Wel et al. 1996),
Xanthomonas oryzae pv. Oryzae invasion in rice (Chitrashree et al. 2011) has
been reported due to enhanced production of various defence related proteins
induced in host plant by pretreatment with PGPR.

2.1.29 Reduced activity of plant antioxidant defence and Increased

accumulation of osmolytesin plants

Generally, during ideal growth conditions, generation of reactive oxygen
species (ROS) such as super oxide radicals, hydrogen peroxide and hydroxyl
radicals occurs at low levels (Apel and Hirt, 2004). Water deficit conditions
disrupt photosynthetic machinery and increase photorespiration, thus altering the
normal homeostasis of cells, subsequently resulting in amassed production of
ROS. Excess ROS results in enhanced lipid peroxidation and subsequent damage
to proteins, DNA and lipids (Pompelli et al. 2010), but ROS also act as a signal
for the activation of stress-response and defense pathways involving the activation
of enzymatic components like superoxide dismutase (SOD), catdase (CAT),
ascorbate peroxidase (APX), glutathione reductase (GR) and non-enzymatic
components like cysteine, glutathione, ascorbic acid etc. (Pitzschke et al. 2006).
Therefore, significant relation exits between drought stress and antioxidant
enzyme activity. PGPR have been reported to mitigate the adverse effect of
drought stress by lowering the antioxidant enzyme activity in the plant (Han and
Lee 2005; Liu et al. 2007). For instance, reduced activity of the antioxidant
enzymes APX (Vardhargula et al. 2011), APX, CAT (Naseem and Bano, 2014)
conferring protection against drought stress in maize plants inocul ated with PGPR
has been well documented.

Plants under water deficit conditions accumulates osmolytes such as
proline, glycine betaine and trehalose in order to alleviate cell turgidity losses
(Rodriguez et al. 2009; Farooq et al. 2009). Elevated levels of amino acids and
sugars, due to inoculation of PGPR have been reported in maize (Vardhargjula et
al. 2011), pepper and wheat (Y adav et al. 2005).
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22 PGPR AS BIOFERTILIZERS FOR ENHANCED GROWTH,
YIELDSAND FRUIT QUALITY
Biofertilizers are the substances, prepared from living microorganisms
which, when applied to the seeds or plant surfaces adjacent to soil can colonize

rhizosphere or the interior parts of the plants and thereby promotes root growth.

PGPR inoculants currently commercialized as novel solution for plant
growth enhancements. The various direct/indirect mechanisms involved have a
significant plant growth promoting potential, retaining more soil organic N and
other nutrients in plant—soil systems, thus reducing the need of N and P fertilizers
(Kennedy et al. 2004) and enhancing the release of nutrients (Lynch, 1990).

The effect of PGPR in crop productivity varies under laboratory,
greenhouse and field trials. Because, soil is an unpredictable environment and an
intended result is sometimes difficult to achieve. Climatic variations also have a
large impact on the effectiveness of PGPR but sometimes unfavorable growth
conditions in the field are to be expected as normal functioning of agriculture
(Zaidi et al. 2009). Evidences are there on the maintenance of soil fertility by the
rhizobacterial isolates to increase the availability of nutrients for plants. Under
both natural agro-ecological niches and controlled soil environments, significant
increase in yields of different crop plants has been observed following PGPR
applications (Minorsky, 2008).

Inoculation of Capsicum plants with Bacillus spp. and Streptomyces spp.
has resulted in remarkable increase in total number of fruits, fruit-weight and
yields over uninoculated control (Datta et al. 2011). Increased seed germination,
seedling vigour, plant growth and yield of tomato plants by Pseudomonas
fluorescens (Girish and Umesha, 2005; Minorsky, 2008) and Bacillus spp.
(Girish and Umesha, 2005; Guillen et al. 2006) has also been reported widely.
PGPR inoculation to plants not only increased the plant growth, yield parameters
but aso improve the fruit quality and plant nutritional status. For instance,
improved lycopene content and texture of tomato with B. subtilis BS2
(Loganathan et al. 2014), antioxidant activity and potassium contents of tomato
with Pseudomonas + Azotobacter + Azosprillum + AMF (Ordookhani et al. 2010),
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enhanced upatake of Fe, Zn, Mg, Ca, K and P by rice plants on application of
Pseudomonads and Acinetobacter (Esitken et al. 2006), has been waell

documented.

Fertilizers are essential in large quantities for plant growth and
development in agricultural fields. However, excessive application of chemical
fertilizers has led to a world-wide concern about environmental degradation.
Therefore, eco-friendly PGPR can provide an alternative to chemical fertilizers
(Ahanthem and Jha, 2008). Phosphate solubilising bacteria along with 100 per
cent recommended dose of NPK in cabbage resulted in maximum plant height,
number of leaves, total chlorophyll content, biologica yield, volume of head,
average weight of head, yield of head per hectare, NPK content and available
nitrogen, phosphorous content in soil after harvest of crop over absolute control,
100%RD of chemical fertilizers and biofertilizers alone (Kumawat et al. 2012).

Biofertilizers helped to save 25 per cent NP, as treatment of cabbage cv.
Golden Acre with PSB + 75 per cent P + recommended dose of N & K or
Azospirillum/Azotobacter + 75 per cent N + recommended dose of P & K
reported a significant increase in plant height, non wrapper leaves, head weight
and head shape over recommended doses of fertilizers (Gill et al. 2011). Kaushal
and Kausha (2013) reported that the application of MK5 isolate at 75%
recommended dose of NP fertilizers not only increased the yields of cauliflower
by 24% but aso saved 31kg N/ha and 8 kg P/ha fertilizers over control
(recommended doses of NPK). Similarly saving of 20% N and P fertilizers by
incorporating the developed INM module (80% RD of NP fertilizers and PGPR)
in capsicum have also been reported by Gupta et al. (2015).

23 PGPR ASBIOCONTROL AGENTS

The resulting intensive application of pesticides on crops affects the
environment and health of humans and animals (Oliveira et al. 2008). Biocontrol
is an emerging trend aimed at reducing chemical input while increasing plant
fitness, productivity and resistance to diseases in sustainable agriculture involving
several mechanisms such as improved nutrient availability, production of cell wall
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lytic enzymes, competition for nutrients and prevention of growth of pathogens or
induction of systemic resistance (Nihorimbere et al. 2011). Co-inoculation of
PGPR has been demonstrated as a sustainable approach in plant health
management. Prudent application of PGPR inoculants can expand the spectrum of
biocontrol activity (Datta et al. 2011).

Kloepper et al. (1993) treated cucumber seeds with rhizobacterial strains
like Pseudomonas putida 89B-27 and Serratia marcescens 90-166 and recorded a
significant decrease in incidence of bacteria wilt. Cho and Chung (1998)
investigated effects of rhizobacteria on the early growth of cucumber and tomato
plug seedlings and reported that Azospirillum spp., Pseudomonas spp. inhibited
the growth of Fusarium spp., Pythium spp. and Rhizoctonia spp. on both plants.
Yuan and Zhou (2006) reported that the rhizospheric isolates collected from
tomato and pepper growing areas showed antagonistic activity against Botrytis
cinerea, F. graminearum, Colletotrichum capsici, Alternaria solani, P. capsici

and Mycosphaerella melonis.

Inoculation of plants with Pseudomonas spp. has been reported with
significant reduction in Fusarium wilt in radish (Bakker et al. 2007), halo blight in
beans (Alstroem, 1991), bacterial wilt in cucumber (Kloepper et al. 1993),
Fusarium wilt in tomato (Cho and Chung, 1998), Damping off in tomato (Cho
and Chung, 1998), tomato spotted wilt virus (TSWV) incidence in tomato
(Hanafi and Fellah, 2006; Kandan et al. 2005), bacterial wilt of eggplant (Ramesh
et al. 2009) and bacteria wilt of tomato (Guo et al. 2004).

Plants treated with Bacillus spp. resulted in reduced soft rot incidence in
pepper (Park et al. 2013), fruit rot caused by B. cinerea in tomatoes (Sadfi et al.
2007), anthracnose caused by Colletotrichum gloeosporioides in pepper (Hong et
al. 2002) phytophthora blight caused by Phytophthora spp. in pepper (Park et al.
2013; Lin et al. 2010), infestation of root not nematode M. incognita infecting
eggplant (Dai et al. 2009; Shalaby and Sedik, 2008), bacterial wilt of eggplant
(Ramesh et al. 2009) and tomato (Guo et al. 2004).
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24  PGPR ASDROUGHT STRESSALLEVIATORS

Abiotic stresses are considered to be the main source of plant growth and
yield reduction; however, the intensity of these stresses varies with a number of
soil and plant factors. A water deficit causes diminished water potential and turgor
loss which results in stomatal closure, decline in the rate of photosynthesis,
disruption of membrane integrity, protein denaturation and osmotic stress (Bartels
and Sunkar 2005; Alcazar et al. 2011). Drought stress apart from photosynthesis
inhibition, causes changes in chlorophyll contents, damages the photosynthetic
apparatus, increases ethylene concentration and reduces the root growth (lturbe-
Ormaetxe et al. 1998). Reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide and hydroxyl radicals are produced, which can cause cellular
damage through oxidation of lipids and proteins, chlorophyll bleaching, damage
to nucleic acids, ultimately leading to cell death (Ashraf, 2009).

Plants develop self defense mechanisms by producing antioxidant
enzymes like superoxide dismutase, ascorbate peroxidase, glutathione reductase
and catalase (Abdel Latef, 2011) and non-enzymatic antioxidants like cellular
redox buffers, carotenoids, flavonoids, tocopherols, ascorbate, glutathione, etc.
also protect the plant from stress-induced adverse effects (Amirjani, 2012). The
efficiency of antioxidant defense systems is related to the degree of plant tolerance
against astress (Gill and Tuteja, 2010).

Inoculation of plants with PGPR can amplify productivity of crops under a
drought stress environment (Chanway and Holl, 1994). PGPR mitigates the
impact of drought stress on plants through a process called rhizobacterial-induced
drought endurance and resilience (RIDER), which includes physiological and
biochemical changes. Various RIDER mechanisms include modification in
phytohormonal levels, antioxidant defense, bacterial exopolysaccharides (EPS),
and those associated with metabolic adjustments encompass accumulation of
several compatible organic solutes like sugars, amino acids, polyamines etc.
Production of heat-shock proteins (HSPs), dehydrins and volatile organic
compounds (VOCs) adso plays significant role in the acquisition of drought
tolerance (Kausha and Wani, 2015). Increased length of latera root as well as
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density and length of root hairs with PGPR strain led to a greater exchange
surface area with soil and thus a higher water flux through the whole root system
up to the leaves of the plant (Kechid et al. 2013).

Tomato plants when inoculated with the bacterium Achromobacter
piechaudii under water stress conditions, reported a significant increase in fresh
and dry weight of inoculated plants (Mayak et al. 2004). Significantly reduced
ethylene production and increase in the fresh and dry weights of both drought-
treated tomato and pepper seedlings with PGPR strain Achromobacter piechaudii
ARV 8 has been reported (Kohler, 2008).

Similar increase in root dry matter and aerial parts in canola (Brassica
napus) whose seeds were inoculated with Pseudomonas asplenii is reported by
Reed and Glick (2005). Figueiredo et al. (2008) reported that seed inoculation
with two strains of P. polymyxa singly or in mixture enhanced the plant growth,
nitrogen content and nodulation of bean under drought stress compared to
uninoculated control. Marcia et al. (2008) reported enhanced phosphatase, nitrate
reductase, Peroxidase (POD), Catalase (CAT) activity and proline accumulation
under moderate and severe drought stress with inoculation of lettuce plants with
Pseudomonas mendocina. Inoculation of seeds of Phragmites australis with
Pseudomonas asplenii improved germination and protect the plants from growth
inhibition under drought stress (Bashan et al. 2008).

Wang et al. (2012) reported that inoculation of cucumber plants with
consortium of three plant-growth-promoting rhizobacterium strains (Bacillus
cereus AR156, Bacillus subtilis SM21 and Serratia sp. XY 21), could induced
systemic tolerance to drought stress in cucumber plants, by protecting plant cells,
maintaining photosynthetic efficiency, root vigor and increasing superoxide
dismutase (SOD) activity along with leaf proline content. Similarly, enhanced the
proline, chlorophyll and water content in basil plants (Ociumum basilicum L.)
inoculated with consortium of Pseudomonades sp, Bacillus lentus and
Azospirillum brasilens under stress conditions have been reported by Heidari et al.
2011.
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Chapter-3

MATERIALS AND METHODS

The present investigations entitled “Impact of indigenous plant growth
promoting rhizobacteria and chemical fertilizers on soil health and
productivity of capsicum (Capsicum annuum L.)” were conducted in the
section of Microbiology (Basic Sciences) and Soil Microbiology Laboratory (Soil
Science and Water Management) at Dr Y S Parmar University of Horticulture and
Forestry, Nauni-Solan, Himacha Pradesh during the years 2013-2016. A brief
accounts of the materials used and methodol ogies adopted are presented under the
following heads:

31 SAMPLE COLLECTION

The rhizospheric soil samples and roots of capsicum (Capsicum annuum
L.) plants were collected from the eleven locations of agro-climatic zone-I, eight
locations of agro-climatic zone-I1 and nine locations of agro-climatic zone-I11 of
Himachal Pradesh taken for my research work (Fig. 1). In each location two sites
and two sub-sites of each site were selected for sampling purposes. The samples
were placed in plastic bags and stored in Soil Microbiology Laboratory of
Department of Soil Science and Water Management for further isolation and

analysis work.

Details of soil / root samplesfor isolation:

Agro climatic zones= 3
Locations = 28

Sites = 56

Rhizospheric soil samples =112

o ~ W NP

Root samples =112



Agro climatic Zone-]
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lthizpsphere soil & Koot
samnple

| Agro climatic Zone 1l |»

Arki ” Kandaghat || Rajearh | | Nahan

| Sihunta | | Sarkaghat | |P:|]a|n])u1' | | sundm‘lm;:;arl |

*

Rhizosphere soil & Root
sanphe

| Agro climatic Zone |[||

Bhadra | | Bajoura | |N:||'all<zn | | I'heog | | Jhalta | | Kolwa

Banikhet | [ Bharmour | [ pactiknu

Rhizosphere soil & Rool
sample

Fig. 1 Different locations of different agro-climatic zones of Himachal
Pradesh used for sample (rhizospheric soil and capsicum root)
collection
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3.2 MEDIA
Composition of the media (Atlas, 1995) used for the study are as follows:
CONSTITUENTS GRAM/LITRE

321 Nutrient Agar (NA)

Beef extract 3.0
Peptone 5.0
NaCl 5.0
Agar 20.0
pH 6.5
322 Malt Extract Agar (MEA)
Malt extract 20.0
Agar 20.0
pH 5.6+ 0.01
323 Pikovskaya’s (PVK) Broth
Glucose 10.0
Cag (PO4)2 5.0
(NHy)2 SO, 05
KCI 0.2
MgS0O,.7H,0 0.1
MnSO, 0.004
FeSO, 0.002
Y east extract 0.5
Bromocresol purple 0.1

3.24 Pikovskaya’s (PVK) Agar
Pikovskaya’s broth + 20 g agar
3.25 Jensen’s Medium (N-free medium)

K>HPO, anhydrous 10
MgS0O,.7H,0 1.0
NaCl 0.5
FeSO, 0.1
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Sucrose
Ca(COs)2
Agar

3.2.6 Chrome-azurol-S Agar

3.2.7

3.2.8

3.29

3.2.10

CAS

HDTMA

HCI

FeCl;

Agar

King’s Medium B
Proteose peptone
K2HPO,(anhydrous)
MgS0O, 7H,0
Glycerol

Agar

pH

Potato Dextrose Agar Medium (PDA)

Dextrose
Potatoes extract
Agar
LuriaBertani (LB) Agar
Tryptophan

Y east extract
NaCl

Agar

pH

Minimal Agar
KH,PO,
Na;HPO,

NaCl

NH4CI
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20.0
2.0
20.0

0.06
0.07
0.02
0.2
20.0

20.0
15
15

15.0

20.0
7.2

20.0
40.0
20.0

10.0
5.0
5.0

20.0
7.5

3.0
6.0
5.0
2.0



MQ(SOq)2
Glucose
Agar

pH

3.211 Tributyrin Agar

3.2.12

3.2.13

3.2.14

3.2.15

Peptone
Beef extract

Tributyrin

Agar

Protease Medium
Pancreatic digest of casein
Y east extract

Glucose

Skim milk

Agar

Starch Agar Medium
Starch (soluble)
Peptone

Beef extract

Agar

Czapek Mineral Salt Agar Medium

NaNO;
KH,PO4/K,HPO,
MgSO4.7H,0
KCl

Carboxymethyl cellulose (CMC)

Peptone

Dworkin and Foster Minimal Salt Medium

KH,PO,
NagHPO4
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0.1
8.0
15.0
7.0

5.0
3.0
1.0
15.0

5.0
2.5
1.0
0.7g/10 ml (autoclaved

separately)
20.0

20.0
5.0
3.0

20.0

2.0
1.0
0.5
0.5
5.0
2.0

4.0
6.0



Citric acid 2.0

Gluconic acid 2.0
MgSO,4,7H,0 0.2
Glucose 2.0
Agar 15.0
3.216 Pectinase Screening Agar Medium
Pectin 10.0
Diammonium ortho-phosphate 3.0
KH,PO, 2.0
MgSO, 0.1
Agar 15.0
pH 75

3.3 CHEMICALSAND REAGENTS
Analytical grade (AR) chemicals and reagents obtained from standard company were
used for different experiments under present investigations.
34 MICROBIOLOGICAL METHODS
34.1 Sterilization

Glasswares used were thoroughly washed in detergent water, running tap water
followed by rinsing in distilled water. Glasswares were sterilized in hot air oven at 170°C
temperature for 20 min. All the media, water blanks were sterilized in autoclave at 15 pounds
per square inch pressure of pure steam for 25 minutes unless mentioned otherwise. Laminar
airflow chamber was sterilized by disinfectant followed by ultra violet (UV) radiation for
atleast 30 min before start of the work.

3.4.2 Isolation and enumeration of rhizospheric and endophytic rhizobacteria

Isolation of rhizospheric and endophytic rhizobacteria from soil and root samples of
capsicum was done by serial dilution method on nutrient agar medium.
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3.4.2.1 Preparation of serial dilution

One gram of soil from each sample was taken and transferred to 9 ml sterilized water
blank under aseptic condition and then agitated intermittently for 5-10 minutes on a shaker,
which provided 10™ dilution and further dilutions were prepared using sterile 9 ml blanks.

3.4.2.2 Detection of microbial count

Microbia count was performed by standard plate count technique (Wollum, 1982) by
employing different mediafor different groups of microorganisms.

Suspension of 0.1ml from dilution blank was spread over pre-poured solid media
viz., Nutrient Agar, Jensen medium (Jensen, 1987) and Pikovskaya’s medium (Pikovskaya,
1948) with the help of glass spreader under aseptic conditions for enumeration of bacteria,
free nitrogen fixing bacteria and phosphate solubilizing bacteria, respectively. Plates were
incubated in inverted position at 28+2°C for 48 hours. After the incubation period, the
microbial count was expressed as colony forming unit per gram of soil (cfug™ soil).

3.4.2.3 I solation of endophytic rhizobacteria

The root sample was surface sterilized by 0.2 per cent mercuric chloride (HgCl.) for
two min followed by repeated washing at least 6-7 times in sterilized distilled water. The
surface sterility of roots was cross checked by incubating the surface sterilized roots in
sterilized nutrient agar medium for 24 h at 28+2°C. One g of surface sterilized root sample
was crushed in some amount of distilled water to produce slurry by using pestle and mortar
under aseptic conditions and then the volume was to made to 10ml with sterilized distilled
water. A known amount (0.1ml) of suspension was spread on pre-poured solid agar medium
viz., Nutrient Agar, Jensen medium and Pikovskaya’s medium with the help of glass
spreader under aseptic conditions as in case of rhizosphere and the microbia counts were

expressed as colony forming unit per gram of root (cfug™ root).

3.4.3 Maintenance of the cultures

The isolated bacterial isolates were purified by streak plate method and maintained on
the dants of respective medium at 4°C in refrigerator. The culture of Phytophthora capsici,
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Fusarium oxysporum, Rhizoctonia solani and Pythium spp. were procured from Department of
Plant Pathology, Dr. Y S Parmar University of Horticulture and Forestry, Nauni, Solan. The
culture of Colletotrichum capsici (Sydow) (ITCC no. BI0O004) and Ralstonia Solanacearum
(Smith) (ITCC no. 6490) were procured from Division of Plant Pathology, Indian Type Culture
Collection (ITCC), IARI, New Dehi. The funga cultures were maintained on malt extract
agar at 4°C. The bacterial culture was maintained on nutrient agar at 4°C. Sub-culturing of all
cultures was done once in fortnight on respective medium at incubation temperature of
28+2°C.

35 MEASUREMENT OF GROWTH

3.5.1 Preparation of inoculum

A bacterial cell suspension (OD 1.0 at 540 nm) of 48 h old culture grown on nutrient
broth at the rate of 10 per cent was used as inoculum in al experiments, unless mentioned

otherwise.

3.5.2 Turbidity

Growth was monitored by measuring the change in absorbance of the inoculated
broth at 540 nm using un-inocul ated broth as blank.

3.5.3 Viablecount

Appropriate dilutions of bacterial cell suspension were used to seed nutrient agar
plates. The number of viable cells in the initia population was obtained by counting the
number of colonies developed after incubating the plates and multiplying this figure by
dilution factor.

3.6 SCREENING OF BACTERIAL ISOLATES FOR MULTIFARIOUS PLANT
GROWTH PROMOTING TRAITSUNDER IN VITRO CONDITIONS

3.6.1 Phosphate solubilization

3.6.1.1 Qualitative estimation of phosphate solubilization

The P-solubilization ability of the isolates was carried out by method outlined by
Pikovskaya’s (1948).
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The ability of bacteria to solubilize phosphorus was tested by streaking on the PVK
agar plates containing known amount of tri-cacium phosphate (Cag(PO,)2) and was
incubated for 72 h at 35 = 2°C. Colonies showing solubilization halos (>0.1mm diameter)
were selected. The halo diameter around the colony was calculated by subtracting colony size

from total size.

3.6.1.2 Quantitative estimation of phosphate solubilization

PVK broth was used to study the solubilization of phosphorous. 50 ml of medium
was dispensed in 250 ml of Erlenmeyer flask containing 0.5 per cent tri-calcium phosphate
(TCP) and autoclaved at 15 pound per square inch of pure steam for 20 min. The bacterial
inoculum was prepared by streaking 48 h old growth of bacterial inoculum on nutrient agar
dants. The flasks were inoculated with 10 per cent (5 ml) of the bacterial suspension (OD 1.0
at 540 nm) and incubated at 30+2°C on rotating shaker at 100 rpm for 72 h. Flasks were
withdrawn after 72 h and contents were centrifuged at 15,000 rpm for 20 min at 4°C. The
culture supernatant was used for determination of the phosphorous as per method described
by Bray and Kurtz (1945).

The procedure essentially consists of estimating soluble phosphorus formed by the
action of phosphate solubilizing bacteria on tri-calcium phosphate. The soluble phosphorus
formed was estimated spectrophotometrically and the results were extrapolated by standard
curve drawn using di-hydrogen phosphate (Appendix 1.1). An aiquot (1.0 ml) from the
culture supernatant was taken in 25 ml volumetric flask and diluted to about 5 ml with
distilled water. Then 5 ml of ammonium molybdate was added and the mixture was
thoroughly shaken and evolved CO; is released. The contents of the flasks were diluted to 20
ml. Added 1.0 ml of working solution of SnCl, and immediately the volume made to 25 ml.
Then after 5-10 minutes as color develop, the color intensity was measured on
spectrophotometer after 10 minutes at 660 nm using red filter.

3.6.2 Nitrogen fixing ability

Each of the purified isolate were seeded in a straight line on Jensen’s medium and
was incubated for 72 hr at 28+2°C and the plates showing growth of bacteria in the form of

bacterial colony were sel ected.
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3.6.3 Siderophore production

The siderophore production was carried out by method outlined by Schwyn and
Neilands (1987).

3.6.3.1 Qualitative estimation of siderophore by Chrome-azurol-S (CAS) plate assay

Siderophore production was detected by CAS plate assay method. Sterilized CAS
blue agar was prepared by mixing CAS (60.5 mg/50ml distilled water) with 10 ml iron
solution (ImM FeCl3.6H,O in 10 mM HCI). This solution was slowly added to
hexadecyltrimethyl ammonium bromide (HDTMA) solution, (HDTMA was prepared by
dissolving 72.9 mg HDTMA in 40 ml distilled water). Thus, 100 ml CAS dye was prepared.
750 ml nutrient agar was mixed with 1,4 piperazine diethane sulphonic acid (30.24 g) and pH
6.8 was adjusted with 0.1N NaOH. It was autoclaved separately and then mixed with Chrome
azurol- S (100 ml) under aseptic conditions and then the plates were prepared for further

experiments.

A bit of 72 h old culture of each test bacterium was placed on prepoured blue
coloured chrome-azurol-S agar (CAS) plates. Plates were incubated at 30 £ 2°C for 24 h and

observed for production of orange halo around the bit.

Per cent siderophore production efficiency = % X 100
Where,

Z = Size of halozone (mm)

C = colony size (mm)

3.6.3.2 Quantitative estimation of siderophore using Chrome-aszurol-S (CAS) liquid

assay method

Cell free extract of culture supernatant (0.1ml) was mixed with 0.5 ml Chrome-
aszurol-S (CAS) assay solution along with 10ul of shuttle solution (0.2 M 5-Sulfosalicyclic
acid). It was kept at room temperature for ten minutes and absorbance was recorded at 630
nm. The minimal medium was used as a blank and the reference (r) was prepared using
exactly the same component except the cell free extract of culture supernatant. The
siderophore units were calculated using formula.
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Per cent siderophoreunit = <==x 100

Where,

Ar is defined as absorbance at 630 nm of reference
Asis absorbance at 630 nm of the test

3.6.4 Quantitative estimation of I ndole-3-acetic acid (IAA)

The quantitative estimation of IAA production was carried out by method outlined by
Gorden and Palleg (1957). Bacterial cultures were grown in modified Luria Bertani broth
amended with (5 mM L-tryptophan, 0.065per cent sodium dodecyl sulphate and 1per cent
glycerol) and incubated at 35°C under shaking conditions for 72 hours. The cultures were
centrifuged at 15,000 rpm for 20 minutes and supernatant were collected and stored at 4°C.

In measuring IAA equivalents, 3 ml of supernatant was pipette into test tube and 2 ml
Salkowski reagent (2 ml 0.5 M FeCl3z + 98 ml 35 per cent HCIO,4) was added to it. The tubes
containing the mixture were left for 30 minutes (in dark) for color development. Intensity of
color was measured spectrophotometrically at 535 nm. Similarly, color was also developed in
standard solution of IAA (10-100 pg/ml) and a standard curve was established by measuring
the intensity of this color (Appendix 1.2).

3.6.5 HCN Production

The HCN production was carried out by method outlined by (Bakker and Schippers,
1987). Bacteria cultures were streaked on pre-poured plates of King’s B medium amended
with 1.4 g/l glycine. Whatman No.1 filter paper strips were soaked in 0.5 per cent picric acid
in 2 per cent sodium carbonate and were placed in the lid of each petriplates and plates were
sealed with parafilm and were incubated at 35+2°C for 1-4 days. Un-inoculated control was
kept for comparison of results. Plates were observed for change in color of filter paper from
yellow to orange brown.

3.6.6  Ammonia production

The ammonia production was carried out by method outlined by (Lata and Saxena,
2003). Bacteria cultures were grown in peptone water (5 ml) in tubes. Tubes were incubated
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at 30°C for 4 days. After 4 days, 1ml of Neissler’s reagent was added to each tube and

observed for presence of yellow to brown color which indicated anmonia production.

3.6.6 ACC (1-aminocyclopropane-1-car boxylic acid) - deaminase activity

Screening for ACC deaminase activity of bacterial isolates was done based on their
ability to use ACC as a sole nitrogen source. The bacterial isolates were spot inoculated on
petri plates containing modified Dworkin Foster minimal salts medium (Dworkin and Foster,
1958) as amended with 10 ml micronutrient solution (CaCl,- 200mg; FeSO,4.7H,0O- 200mg;
H3BOs- 15mg; ZnSO,4 7H,0- 20mg; NaMoO,4- 10mg; K- 10mg; NaBr- 10mg; MnCl,- 10
mg; CoCl,- 5mg; CuCl,- 5mg; AlCls- 2mg; NiSO,4- 2 mg; distil. water- 1000 ml). 3mM ACC
was used as sole nitrogen source. Plates containing only DF salts minima medium without
ACC as negative control and with ammonium sulphate (NH4).SO, (0.2per cent w/v) as
positive control. The plates were incubated at 28°C for 72 h. Growth of isolates on ACC
supplemented plates was compared to negative and positive controls and was selected based

on growth by utilizing ACC as nitrogen source.
3.6.7 Antagonistic activity of bacterial isolates against test pathogens

Agar streak plate method was used to test the efficacy of bacterial isolates against the
test fungus. A loop full of 48 h old culture of each isolate were streaked a little below the
centre of the prepared MEA petri plate and incubated at 35°C for 24 h to check
contamination. Mycelial disc of 7 days old culture of the test fungal pathogen (Fusarium
oxysporum (Martius), Rhizoctonia solani, Pythium spp., Phytophthora capsici and
Colletotrichum capsici (Sydow) was placed separately on one side of the streak in each plate.
A check inoculated with the test pathogen only was kept for comparison. Then plates were
incubated at 28+1°C for 7 days and per cent growth inhibition was calcul ated as described by
Vincent (1947).

C-T
I = x 100
C
Where;
I = Per cent growth inhibition
C = Growth of fungusin control
T = Growth of fungus in treatment
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The anti-microbial activity against the bacterial pathogen Ralstonia solanacearum
was evaluated by measuring the inhibition zones around the antagonistic bacteria, in the lawn
of the pathogen prepared by spreading 24h old culture of the pathogen on the nutrient agar
plate. A bit of 24 hr old culture of each test bacterium was placed on the prepared lawn of the
test bacterial pathogen. Plates were incubated at 28+1°C for 72hr and observed for

production of clear zone around the bit.

3.7 MORPHOLOGICAL, PHYSIOLOGICAL AND METABOLIC
CHARACTERIZATION OF SELECTED BACTERIAL ISOLATES

The most efficient bacterial isolates selected on the basis of plant growth promoting
traits and in vitro antagonistic activity against test pathogens were subjected to
morphological, physiological and biochemical characterization by criteria of Bergey’s
Manual of Systematic Bacteriology (Claus and Berkley, 1986).

3.7.1 Morphological characterization

Morphological characteristics of isolates including colony morphology, Gram’s
reaction and cell shape were investigated.
3.7.2 Physiological characterization of selected isolates

Separate experiments were performed for optimization conditions (pH, temp. and
salinity) for growth of selected bacteria isolates.
3.7.2.1 Effect of pH on growth

3 ml nutrient broth was taken in 5 ml test tubes. The medium was adjusted to various
pH (2, 3,4, 5,6, 7, 8and 9) using 0.1 N NaOH or 0.1 N HCI as the case may be. Each tube
was inoculated with 0.1 ml of 48 h old bacterial cell suspension (OD 1.0 at 540 nm) of
selected isolates and observed for turbidity.

3.7.2.2 Effect of temperatureon growth

3 ml of nutrient broth was taken 5 ml test tubes and inoculated with 0.1 ml of 48 h old
bacterial cell suspension (OD 1.0 a 540 nm). Each culture is incubated at various
temperatures (20, 25, 30, 35, 40 and 45°C) and observed for turbidity.
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3.7.2.3 Effect of salinity on growth

Nutrient broths with various concentration of NaCl (2, 4, 6, 8 and 10 per cent) were
prepared. 3 ml of nutrient broth was taken 5 ml test tubes, separately and inoculated with 0.1
ml of 48 h old bacterial cell suspension (OD 1.0 at 540 nm) and observed for turbidity.

3.7.3 Metabolic characterization of selected isolates
3.7.3.1 Cell wall degrading enzyme production
3.7.3.1.1 Chitinase assay

The Chitinase assay was carried out by method outlined by Robert and Selitrennikoff
(1988).

Preparation of colloidal chitin
Colloidal chitin was prepared by the method (Berger and Reynolds, 1958) given

below:

1. Powdered chitin was digested overnight with conc. HCI at 4°C.
2. After digestion, distilled water was added carefully and mixed thoroughly,
centrifuged and the supernatant was removed carefully (the first two-three wash is

highly acidic).

3. Washing was continued with distilled water until the pH of solution reaches around
4.0.

4, pH of the colloida chitin solution was adjusted to pH around 6-6.5 by using 2N
NaOH.

5. The chitin suspension in water was centrifuged and the pellet was collected, dried and

used at 0.3 per cent in minimal salt media.

The bacterial cultures were spotted on to the prepared minimal agar medium amended
with 0.3per cent colloidal chitin and the plates were incubated at 30°C for 7 days.
Development of halo zone around the colony after addition of iodine was considered as

positive for chitinase enzyme production.
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3.7.3.1.2 Proteolytic enzymes

The proteolytic activity was carried out by method outlined by Fleming et al. (1975).
All the bacterial isolates were screened for proteolytic activity by plate assay method on skim
milk agar (nutrient agar (100 ml) supplemented with separately sterilized skim milk). Spot
inoculation with 24 h old bacteria culture was done on skim milk agar plate. Plates were
incubated at 37°C for 24-48h and observed for proteolysis i.e. clear zone (diameter, mm)

produced around the spot.

3.7.3.1.3 Amylolytic enzymes

The amylolytic activity was carried out by method outlined by Shaw et al. (1995). All
bacterial isolates were screened for amylolytic activity by plate assay method. Spot
inoculation with 24h old bacterial culture was done on starch hydrolysis agar plate. Plates
were incubated at 37°C for 24-48h. lodine was poured on the agar plates after incubation.
Agar plates were observed for starch hydrolysis i.e. clear zone (diameter, mm) produced

around the spot.

3.7.3.1.4 Céllulalytic enzymes

The cellulolytic activity was carried out by method outlined by Ghose et al. (1987).
All bacterial isolates were screened for cellulolytic activity by plate assay method. Spot
inoculation with 24h old bacteria culture was done on Czapek Mineral Salt Agar medium.
Plates were incubated at 37°C for 24-48h. HDTMA was poured on agar plates after
incubation. Agar plates were observed for starch hydrolysis i.e. clear zone (diameter, mm)

produced around the spot.

3.7.3.1.5 Lipase enzymes

Lipase activity was carried out by method outlined by Kumar et al. (2012). All
bacterial isolates were screened for lipase production by plate assay method. Spot inoculation
with 24h old bacterial culture was done on TBA medium. Plates were incubated at 37°C for
24-48h. Agar plates were observed for clear zone (diameter, mm) produced around the spot.
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3.7.3.1.5 Pectinase enzymes

Pectinase activity was carried out by method outlined by Raju and Divakar (2013).
All bacterial isolates were screened for pectinase production by plate assay method. Spot
inoculation with 24h old bacterial culture was done on pectinase screening agar medium.
Plates were incubated at 37°C for 24 h. The plates were flooded with 50mM iodine solution
and incubated for 15 min at 37°C. Agar plates were observed for clear zone (diameter, mm)

produced around the spot.

3.7.3.2 Biochemical characterization

Biochemical characteristics of the isolates like methyl- red test, citrate utilization,
starch, casein, gelatin hydrolysis, hydrogen sulphide production, catalase test and ability to
ferment sugars were carried out by standard methods.

3.8 PREPARATION OF LIQUID FORMULATION AND SEED TREATMENT

3.8.1 Procurement of seeds

Seeds of capsicum (Capsicum annuum L.) variety California Wonder were procured
from Seed Technology and Production Centre of Dr Y S Parmar University of Horticulture
and Forestry Nauni, Solan (H.P.).

3.8.2 Seed surface sterilization

Capsicum seeds were surface sterilized in 0.2 per cent mercuric chloride (HgCl»)
solution for five minutes and rinsed several times with sterilized distilled water. Sterilization
was checked by placing surface sterilized and unsterilized seeds on nutrient agar plates. The
bacterial growth, if any, around the seeds was recorded after 48 h of incubation.

3.8.3 Preparation of liquid formulation

The population density (1.5 OD at 540 nm) that resulted in formation of 108 cfu/ml of

Bacterial isolate was used for preparation of liquid formulation.

3.84 Seed inoculation

Seeds were soaked in liquid culture of different bacterial formulations in sterilized

petri plate and thereafter the seeds were sown as per different experimental details.
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3.9 NET HOUSE STUDIES
3.9.1 Preparation of potting mixture

Soil obtained from a furrow dlice (0 to 15 cm depth) from a forest block of
Department of Silviculture and Agroforestry, UHF, Solan was sieved through 2 mm sieve
and used for pot culture experiment. The potting mixture was prepared by mixing sand, soil
and farm yard manure (FYM) in aratio of 1:2:1 and mixture was sterilized by 3 successive
autoclave cycles of 1h each at 121°C. 1.8 Kg of potting mixture was filled in 15cm diameter

pots.

The soil mixture was neutral in reaction (pH 6.6), EC in normal range (0.42 dSm™),
medium organic carbon (0.92 per cent) content with sandy loam texture having available N
(298.7 kg ha') and K (194.9 kg ha) contents in medium range, whereas, P content (24.6 kg
ha') in high range.

3.92 To study the efficacy of selected bacterial antagonists for the control of
Capsicum bacterial wilt under net house conditions

Five selected strains of bacteria with the greatest inhibition under in vitro test were
further tested in net house on capsicum plants to evaluate their ability to control bacterial wilt
in planta.

A) At seedling stage

1.8 Kg of the sterilized potting mixture, was mixed with 100 ml of R. solanacearum
(10° cfu/ml) by culturing Ralstonia solanacearum in nutrient broth for 48h at 28°C (10°
cfu/ml) at 120 rpm on rotary shake and placed in 15cm diameter pots. One week after
incorporation of the pathogen into the soil and one day before transplanting the seedlings,
antagonists were incorporated in the soil at the rate of 75 ml per pot at 10°cfu ml™. Four
weeks old capsicum seedlings were root dipped in antagonistic bacterial suspension
(10%fu/ml) for 60 min and transplanted into pathogen-antagonist mixture soil (Lemessa and
Zdller, 2007).

B) At maturity stage

Capsicum plants at the maturity stage in all treatments were inoculated with the
pathogen by punching each plant with sterilized needle at the base of stem above upper
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secondary root, subsequently 80 ml of the suspension were poured in every pot over
wounded area. After inoculation, al pots were covered by polyethylene bags for 24 h to
maintain high humidity as suggested by Algam et al. (2010).

Treatments were replicated four times with three plants per pot with only pathogen

inoculated as control.

Treatments:

T1: Only Pathogen

T,: Inoculated with PGPR1
Ts: Inoculated with PGPR2
T4: Inoculated with PGPR3
Ts: Inoculated with PGPR4
Te: Inoculated with PGPR5

Total treatments: 6
Replications: 3
Design: Completely Randomized Design (CRD)

Observations:

1 Seed germination

2 Vigour index

3. Disease severity

4 Total biomass and NPK content

3.9.3 To study the effect of indigenous PGPR inoculum for physiological efficacy
under water stressconditions
Field capacity was determined by using tensiometer method and also confirmed by
draining the soil for 72 h after saturation. Three levels of water stressi.e. 80, 60 and 40 per
cent of the field capacity (FC) was determined and maintained as described by Ghorbanpour
et al. (2013). Two efficient PGPR isolates of capsicum were used for seed inoculation. The
control seeds will be treated with sterilized culture broth. The experiment will be carried

under net house conditions out by taking the following treatments:
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Treatments:

T1: 100 per cent of field capacity

T,: 80 per cent of field capacity

Ts: 80 per cent of field capacity + PGPR 1
T4: 80 per cent of field capacity + PGPR2

Ts: 60 per cent of field capacity

Te: 60 per cent of field capacity + PGPR1

T+: 60 per cent of field capacity + PGPR2

Tg: 40 per cent of field capacity

To: 40 per cent of field capacity + PGPR1

T1o: 40 per cent of field capacity + PGPR2
Total treatments: 10

Number of replications: 3

Experimental Design: Completely Randomized Design (CRD)

Observations:
Root/shoot length and biomass

N, P content and their uptake
Relative water content in leaves
Total chlorophyll content

Total amino acid content

o a b~ w DN PF

Antioxidant enzyme assays: Superoxide dismutase, Peroxidase and Catalase

3.94 To study the influence of selected PGPR at varying levels on N and P on

productivity of capsicum and soil properties

The applications of N and P fertilizers were made through urea (46 per cent N) and
single super phosphate (16 per cent P,Os) as per treatment. For 100 per cent, 80 per cent and
60 per cent recommended doses of fertilizers (RDF) urea was applied @ 165.95 mg, 132.76
mg and 99.57 mg per pot, respectively, whereas, single super phosphate was applied @
362.62 mg, 290.09 mg and 217.57 mg/pot, respectively. A blanket application of full doze of
K i.e @ 68.70 mg/pot was applied through muriate of potash (60 per cent K,0).
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Treatments:

T1: 100 per cent recommended dose (RD) of N and P
To: 80 per cent RD of N and P

Ts: 60 per cent RD of N and P

T4: 40 per cent RD of N and P

Ts: 80 per cent RD of N and P + PGPR1
Te: 80 per cent RD of N and P + PGPR2
T+: 80 per cent RD of N and P + PGPR3
Tg: 80 per cent RD of N and P + PGPR4
Tg: 60 per cent RD of N and P + PGPR1
T10: 60 per cent RD of N and P + PGPR2
T11: 60 per cent RD of N and P + PGPR3
T12: 60 per cent RD of N and P + PGPR4
T13: 40 per cent RD of N and P + PGPR1
T14: 40 per cent RD of N and P + PGPR2
T1s: 40 per cent RD of N and P + PGPR3
T16: 40 per cent RD of N and P + PGPR4

Total treatments: 16
Replications: 3
Experimental Design: Completely Randomized Design (CRD)

Observations;

A: Plant parameters
1) Plant traits such as root\shoot Iength and biomass.

2) Total NPK content in plant and their uptake.

3) Yield contributing factors like number of fruits per plant and fruit weight.
B: Soil properties

1) Available NPK content of soil

2) pH and EC

3) Organic carbon

4) Total microbial counts

5) Microbial biomass
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3.10 FIELD STUDIES

3.10.1 Studies on the efficacy of best PGPR isolates and with the optimum NP doses as
recorded from net house studies
To study the effect of selected PGPR with optimum doses of N and P chemica
fertilizers on productivity of Capsicum field trials a Dharja, (Solan) was carried out by
taking the following treatments:

Treatments:

T1: Control (100 per cent recommended dose (RD) of NPK + FYM")
T2: 80 per cent RD + PGPR1
T3: 80 per cent RD + PGPR2
T4: 80 per cent RD + PGPR1 + PGPR2
T5: 60 per cent RD + PGPR1
T6: 60 per cent RD + PGPR2
T7: 60 per cent RD + PGPR1 + PGPR2
Total treatments: 7
Replications: 3
Experimental Design: Randomized Block Design (RBD)
(*Recommended dose of N, P,Os and K,O was 100, 76 and 45 Kg ha, respectively. FYM
(20-25 t ha') and dose of K will be applied as per recommended level given in package of
practices).
The soil was neutral in reaction (pH 7.1), EC in norma range (0.32 dSm™*), medium

organic carbon (0.42 per cent) content having available N (290.7 kg ha*) and K (214.6 kg ha
1) contents in medium range, whereas, available P content (35.3 kg ha™) wasin high range.

Observations:
A: Plant parameters

1) Plant traits such as root\shoot Iength and biomass.
2) Total NPK content in plant and their uptake.
3) Yield contributing factors like number of fruits per plant and fruit weight.
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B: Soil Properties

1 Available NPK content of soil

2) pH and EC

3) Organic carbon

4) Total microbial count

5) Microbia biomass

6) Soil enzymes: Dehydrogenase, phytase and phosphatase

3.11 PLANT PARAMETERS
3.11.1 Germination per cent

Germination per cent was calculated as the number of seeds sown and the number of
seeds germinated. It was expressed in percentage.

3.11.2 Vigor index

The vigor index was calculated using the formula as described by Abdul Babi and
Anderson (1973).

Vigor index = (Mean root length + Mean shoot length) x Germination (per cent)

3.11.3 Analysis of seedling traits
One month old, capsicum seedlings (three from each pot of each replication) were

obtained for the analysis of different traits such as. shoot and root characteristics.

3.11.3.1 Shoot characteristics
3.11.3.1.1 Shoot length
The shoot length of the seedlings was measured in centimeters (cm) from soil line to
the highest tip of the seedling.
3.11.3.1.2 Shoot biomass

The seedlings were washed with water. Excess of water was wiped out by placing it
between the folds of filter paper. Then the seedlings were cut at collar with a secateurs and
shoot fresh weight was taken and expressed in mg/plant.
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3.11.3.2 Root characteristics
3.11.3.2.1 Root length
The length of tap root was recorded in centimeters (cm) using measuring scale by
placing it horizontally on the ground.
3.11.3.2.2 Root biomass

The seedlings were washed with excess of water was wiped out by placing it between
the folds of filter paper. Then the seedlings were cut at collar with a secateurs and root fresh

weight was taken and expressed in mg/plant.
3.11.4 Analysis of plant parameters

3.11.4.1 Plant characteristics

Shoot/root length and biomass were observed in similar manner as those of seedlings.

3.11.4.2 Fruit characteristics
3.11.4.2.1 Number of fruits per plant

Numbers of fruits harvested from plants at each harvest were counted and freshly

summed up to work out the average number of fruit per plant.

3.11.4.2.2 Fruit weight (g)

The weight of the fruits from each plant at each picking was recorded and expressed

in grams (g). The average of each treatment is worked out to calculate average fruit weight.

3.11.4.3Yidd per plant (kg)

The weight of the fruits from each plant at each picking was recorded and the total
yield from all the pickings gave the fruit yield/plant, expressed as kg plant™.

3.11.5 Leaf characteristics

3.115.1 Leaf area

Total leaf area of three randomly selected leaves from each treatment was measured
using leaf areameter (LI-Cor-3100) and average area per leaf expressed in cm?.
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3.11.5.2 Estimation of Chlorophyll

The chlorophyll content was determined by following the methods given by Withem
et al. (1971). 1 gm of fresh leaves both from treatment and control were dipped in 10 ml of
80 per cent acetone and kept at room temperature overnight. Then absorbance was read at
663 and 645 nm for chlorophyll a and b, respectively. The quantity of chlorophyll content
was calculated by using standard formulae and expressed as mg of chlorophyll per gram
fresh weight of leaf tissues.

Chlorophyll a=12.70 (A663) — 2.69 (A 645) x VV/w x 1000

Chlorophyll b =22.9 (A645) — 4.68 (A 663) x V/w x 1000

Total chlorophyll = 20.0 (A645) + 8.02 (A 663) x V/w x 100
where, A 663 =optical density at 663

A645= optical density at 645

V=Final volume of 80 per cent acetone chlorophyll extract

W=Fresh weight in gm of tissue extract

3.11.5.3 L eaf relative water content (RWC)

The 4™ fully expanded leaf (from the top) was weighed immediately after cutting
(FW), hydrated to full turgidity by floating in distilled water, kept a room temperature
(22°C) for 24 h to obtain turgid weight (TW) and finaly oven dried for 48 h at 70°C to
measure dry weight (DW). RWC was calculated by the following formula as described by
Jeon et al. (2006):

RWC = [(FW - DW) / (TW - DW)] x 100.
3.11.5.4 Antioxidant enzyme extraction and assays

3.11.5.4.1 Superoxide dismutase (SOD, EC 1.15.1.1)

Superoxide dismutase activity was assayed by measuring its ability to inhibit the
photochemical reduction of nitroblue tetrazolium (NBT) as described by Beauchamp and
Fridovich (1971). One gram of samples were homogenized in 10 ml of 0.1M Tris-HCI buffer
(pH 7.5) containing 1 mmol EDTA, 3 per cent polyvinyl pyrrolidone and 1 mmol CaCl,in a
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pre-chilled pestle and mortar. The homogenates were filtered through four layers of cheese
cloth and centrifuged at 10,000 rpm for 20 minutes at 4°C. Supernatants thus obtained were

used as crude extract for assay.

The reaction mixture contained 1.98 ml of 50 mmol Tris-HCI (pH 7.8), 0.2 ml of 14
mmol methionine, 0.2 ml of 0.1 mmol EDTA, 0.1 ml of 60 mmol nitroblue tetrazolium
(NBT) and 0.02 ml of enzyme extract. 0.1 ml of 3 mmol Riboflavin was added just before
initiation of the reaction by switching on light (60 W-flurescent lamps). After 5 minutes of
incubation the reaction was terminated by switching off the light. Identical solutions that
were kept under dark, did not develop color served as blanks. The absorbance was read at
560 nm in the spectrophotometer against the blank. One enzyme unit is defined as the
amount of enzyme, which could cause 50 per cent inhibition of the photochemical reduction

of NBT. The activity was expressed as unit/gm fresh weight.

Per cent inhibition = {(V-v) x 100 x dilution} /V
Where,

V = Rate of non-irradiated reaction mixture

v = Rate of irradiated reaction mixture

Activity (units/ml) = (percent inhibition) / (50 percent x V's)

Activity (units/gm fresh weight) = (units/ml) / { gm sample/total enzyme extract (ml)}
Where,

Vs = sample volume (ml)

50 per cent = inhibition of the rate of NBT reduction as per the unit definition

3.11.5.4.2 Catalase (CAT, EC 1.11.1.6) activity

Total CAT activity was assayed according to the method of Chandlee and Scandalios
(1984). Five hundered mg of frozen leaves were homogenized in 5 ml of ice cold 50mM
sodium phosphate buffer (pH 7.5). The extracts were centrifuged at 12,500 rpm for 20
minutes at 4°C. Supernatants thus obtained were used for measuring enzyme activity. The
assay mixture contained 2.6 mL of 50 mmol L™ potassium phosphate buffer (pH 7.0), 0.4
mL of 15 mmol L™ H,O, and 0.05 mL of enzyme extract. Decline in absorbance at 240 nm
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per minute was observed. Unit activity was taken as the amount of enzyme, which
decomposes 1 mole of H,O, in 1 min. The enzyme activity was expressed in U g™ fresh
weight.

Activity (units/ml) = (AA / min x 1000) / (¢ x Vs)
Where,

€=43.6

Vs = sample volume (ml)

Activity (units/gm fresh weight) = (units/ml) / { gm sample/total enzyme extract (ml)}

3.11.5.4.3 Peroxidase (POX, EC 1.11.1.7) activity

The assay was carried out as described by Addy and Goodman (1972). One hundered
mg of frozen leaves were homogenized in 2 ml of 50 per cent ethanol in pre-chilled pestle
and mortar and the homogenate was centrifuged at 10,000 rpm for 10 minutes at 4°C. The

supernatant thus obtained were used within 4 hours for estimation of enzyme activity.

The reaction mixture contained 3 ml of buffered pyrogallol (0.05 M of pyrogallol in
0.1 M phosphate buffer, pH 7.0), 0.1 ml of H,O, (0.1 per cent v/v) and 0.05 ml of enzyme
extract. The change in optical density was measured at 430 nm after every 30 seconds for 2
minutes. One enzyme unit is defined as that amount of enzyme which catalyses the oxidation
of one mole of pyrogallol per minute. The enzyme activity was expressed in U g™* fresh
weight.

Activity (units/ml) = (AA / min x Vt x dilution factor) / (¢ x Vs)
Where,

V't = assay mixture volume (3.15 ml)

Vs = sample volume (ml)

£=255

4 = derived from unit definition and principle

Activity (units/gm fresh weight) = (units/ml) / { gm sample/total enzyme extract (ml)}
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3.11.5.5 Estimation of soluble protein

Soluble protein was estimated in the above enzyme extracts as described by Lowry et
al. (1951). 5 ml of freshly prepared reagent (50 ml sodium carbonate (2per cent w/v) in 0.1 N
sodium hydroxide, 0.5 ml of copper sulphate (1per cent, w/v) and 0.5 ml of sodium
potassium tartrate (2per cent w/v) was added to 1 ml of suitably diluted enzyme extract and
mixed immediately. After 10 minutes, 0.5 ml of 1 N Folin’s reagent was added and the test
tubes were shaken vigorously to ensure proper mixing. Intensity of the color developed was
measured after 10 minutes at 660 nm against the reagent blank. The amount of protein was
calculated from the standard curve prepared using bovine serum albumin (20-200 pg mi™)
(Appendix 1.3).

3.11.6 Total nutrientsanalysis (N, P and K) in plant material
3.11.6.1 Sample collection and preparation

The samples collected were immediately weighed and brought to the laboratory in
paper bags. All the samples were washed in series, first with tap water then 0.1 N HCI
followed by distilled water. The washed samples were allowed to dry in air subsequently in
oven at 60 C till constant weight. Oven dried samples of shoots and roots were ground and

sieved (40 meshes) and stored in butter paper bags for chemical estimation.

3.11.6.2 Digestion of samples
3.116.2.1Total N

The digestion of 0.50 g samples for estimating nitrogen was carried out in the
concentrated H,SO, in presence of digestion mixture having following composition:

Potassium sul phate (K2S0,) = 400 parts
Mercuric oxide (HgO) = 3 parts
Copper sulphate (CuSO,4.5H,0) = 20 parts
Selenium powder (Se powder) = 1 part

3.11.6.2.2 Total P and K

For the estimation of P and K, 0.5 g plant sample was digested in diacid mixture
prepared by mixing nitric acid and perchloric acid (4:1) taking all relevant precautions as
suggested by Piper (1966).
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3.11.6.3 Estimation of nutrient e ements

The nitrogen was estimated in Kel Plus Classic Dx. Auto Analyzer. Phosphorus was
determined by Vanado molybdo-phosphoric yellow colour method and potassium was

determined by flame-photometer (Jackson, 1973).

3.11.6.4 Nutrient uptake
The total nutrient uptake (NU) by plant on dry weight basis was worked out by using

the formula:
NU per cent NC x Biomass (g) (root) + per cent NC x Biomass
(mg/plant) = (g) (shoot) + per cent 1I\é)8 x Biomass (g) (fruit) 1000

3.11.6.5 Disease assessment (Bacterial wilt caused by R. solanacearum)

Disease ratings were recorded two weeks after pathogen challenge according to the

scale given by Kempe and Sequeira (1983).

Scale Rating
0 - No symptoms
1 - 1-25 per cent wilting
2 - 26-50 per cent wilting
3 - 51-75 per cent wilting
4 - 76 -100 per cent wilted or dead

The disease incidence and biocontrol efficiency were calculated as follows:

_ Total no. of diseased plants

= x 100
Total no. of plants observed

Dl

Disease severity = {> (rating x no. of plants rated)/Total no. of plants observed x highest
rating} x 100

Biocontrol Efficacy = {Disease incidence of control - Disease incidence of plants treated

with antagonist/Disease incidence of control} x 100
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3.12 PHYSICO-CHEMICAL PROPERTIES, AVAILABLE NUTRIENTS, SOIL
ENZYMES AND MICROBIOLOGICAL STATUS OF POTTING MIXTURE
AND FIELD SOIL
3.12.1 Sail physico-chemical properties
The physico-chemical properties were recorded before and at the end of the
experiment. The details of methods adopted for different physico-chemical properties are as.
3.12.1.1 pH and electrical conductivity
The soil pH was determined in 1:2.5::s0il: water suspension and the electrica
conductivity of the supernatant liquid was recorded and expressed in dSm™ (Jackson, 1973).
3.12.1.2 Organic carbon
Organic carbon (OC) was determined by chromic acid titration method of Walkley
and Black (1934).
3.12.1.3 Available Nitrogen
Available N was determined by alkaline potassium permanganate method of Subbiah
and Asija (1956).
3.12.1.4 Available Phosphor ous
0.5 N NaHCO;3 at 8.5 pH was used to extract available P (Olsen et al. 1954) and
determined spectrophotometrically.
3.12.1.5 Available Potassium
Available K was extracted by normal neutral ammonium acetate (Merwin and Peech,
1951) and determined on flame photometer.
3.12.2 Soil Enzyme
3.12.2.1 Phosphatase

The phosphtase enzyme estimation was carried out by method given by Tabatabai and
Bremner (1969). One gram of soil taken in test tube was incubated with 1ml of 5mM
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buffered sodium p-nitrophenyl phosphate in acetate buffer (pH 5.2) and 0.3ml toluene at 37
°C for 1 hour. Determination of p-nitrophenol involved the colorimetric analysis of the
extract obtained by treating the incubated soil sample with 4 ml water, 10 ml of 0.5 M NaOH
and by filtering it through Whatman no. 42 filter paper. Asorbance of yellow colour of p-
nitrophenol released was determined spectrophotometrically at 420 nm wavelength. The
standard curve was prepared by p-nitrophenol (10-100 ppm) (Appendix 1.4). The result was
expressed as p mole of p-nitrophenol released per gram soil per hour (pmole p-nitrophenol g

soil h ).

3.12.2.2 Dehydrogenase

The dehydrogenase enzyme estimation was carried out by method given by Casida L
E (1977). One gram of air-dried soil was taken in air-tight screw capped test tube, was
incubated with 0.2 ml of 3 per cent 2,3,5 — Triphenyl tetrazolium chloride (TTC) and 0.5 ml
of 1per cent glucose solution a 28 + 0.5°C for 24 h, followed by addition of 10 ml of
methanol and alowed to stand for 6 h. Clear pink coloured supernatant liquid was withdrawn
and readings were taken spectrophotometerically at a wavelength of 485 nm (blue filter).
Extrapolate Triphenyl formazen (TPF) formed from the standard curve drawn in the range of
10 to 90 pg TPF ml™ (Appendix 1.5). The results were expressed as TPF (mg) formed per h

per g soil.

3.12.2.3 Phytase

The phytase enzyme estimation was carried out by method given by Boyce et al.
(1964).

3.12.2.3.1 Inorganic phosphate standard curve

Phosphate standard solutions are conveniently prepared by initially making a1 mM
stock solution of KH,PO, in water. This may then be diluted to prepare a range of phosphate
standard concentrations ranging from 200 to 1,000 nmol/ml phosphate. To 1.0 ml of each
reference standard is added 1.0 ml of 0.5 M tri-chloroacetic acid (TCA) solution and 1 ml of
reagent A (prepared fresh by dissolving 5.0 g of FeSO,4.7H,0 in 90 ml of distilled water and

adding 10.0 ml of 8.0per cent (w/v) ammonium molybdate. The 8.0per cent ammonium
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molybdate solution is prepared by dissolving 8.0 g of ammonium molybdate in 50 ml of
distilled H2O. Then, 27.0 ml of 10 M H,SO, is added and the solution is brought to 100 ml
with distilled water). After standing at room temperature for 5 min, the absorbency of each
was determined at 660 nm (Appendix 1.5).

3.12.2.3.2 Phytase assay

0.5 gm soil was inoculated with 0.5 ml of freshly prepared sodium phytate solution
(0.1per cent (w/v) sodium phytate made up in 200 mM sodium acetate buffer, pH 5.5) for 15
min at 50°C. The individua assay component solution was pre-equilibrated to 50°C
immediately prior to assay commencement. Assay was terminated by the addition 1.0 ml of
0.5 M TCA solution. Blank was prepared by separate incubation of substrate and enzyme at
50°C over the 15-min assay period, with subsequent addition of TCA followed by substrate
addition. Color development was achieved by adding 1.0 ml of reagent A to all tubes (assay
and blank) after assay termination and absorbency at 660 nm was determined after standing
for 5 min at room temperature. The number of nanomoles of inorganic phosphate produced
under the assay conditions used was determined using the standard curve generated
(Appendix 1.6).

Enzyme unit pmol mi™ min™ = {y /(1000 x 15)} x 2
3.12.3 Total microbial count

1g of soil mixture was taken in 9 ml of sterilized water blank and the soil suspension
was diluted in 10 fold series, then microbial count was determined by standard pour plate
technique on nutrient agar media as described by (Subba Rao, 1999). The population was

expressed as colony forming units per gram of soil (cfu/g soil).

3.12.4 Microbial biomass

Microbia biomass-C was determined by soil fumigation extraction method detailed
by Vance et al. (1987). In this method, 20g of soil was fumigated with 50 ml chloroform in
vacuum desicator for 24 hr in dark and other 20g soil sample was refrigerated, then both the
samples (fumigated and un-fumigated) were extracted with 80 ml of 0.5M K,SO,, for half an
hour and filtered through Whatmann no.1 filter paper. To 8 ml filter added 66.5 mM K,Cr,O;
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and 5 ml digestion mixture containing H,SO, and ortho-phosphoric acid (2:1) and heated on
hot plate at 120°C for 30 min. After that final volume was made to 250ml with distilled
water. 2-3 drops of ferroin indicator was added and titrated against 0.005 N Ferrous
ammonium sulphate (FAYS).

MB-C (ug/g soil) ={EC (F) - EC (UF)} / K

Where,

K = 0.25 = 0.05 (factor which represents the efficiency of extraction of microbial biomass
carbon)

EC (F) = Total amount of extractable carbon in fumigated soil samples

EC (UF) = Total amount of extractable carbon in un-fumigated soil samples

313 MOLECULAR CHARACTERIZATION OF SELECTED ISOLATE BY 16S
rRNA SEQUENCING

3.13. 1 Genomic DNA extraction by conventional method (Sambrook et al. 1989)

Bacterial isolates was grown overnight at 37°C in nutrient broth at 200 rpm. The cells
were harvested and processed for DNA isolation.

Requirements:

96-100 per cent Ethanol

Sterile, DNase- free pipette tips and microcentrifuge tubes

RNase A (50 mg/ml)

10 per cent SDS

Phenol:Chloroform (1:1)

Extraction buffer (20 mg/ml lysozyme, 100 mM Tris HCI, 50 mM EDTA, 500 mM
NaCl)

TE buffer (10 mM TrisHCI, 1 mM EDTA)

Procedure

1 5 ml of overnight grown culture was transferred to a microcentrifuge tube and
centrifuged at 13,000 rpm for 1 min and supernatant was discarded.

2. Bacteria pellet was suspended in 500 pl of extraction buffer and 50 pl of 10 per cent
SDS. Cell pellet was resuspended by vortexing or pipetting.
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10.
11.

12.
13.

14.

15.

Incubation at 65°C water bath was done for 30 min until the sample lysate becomes
clear. During incubation, tube was inverted at every 3 min.
After 65°C incubation, 2 pl of RNase A (50 mg/ml) was added to sample lysate and
mixed by vortexing. Then incubated at room temperature for 5 min.
To the lysate equal volume of phenol:chloroform (1:1) was added and mixed well.
Centrifuged the above mixture at 10,000 rpm for 5 min at room temperature. Two
layers were formed. Upper aqueous layer was collected in new eppendorf tube with
the help of pipette.
The phenol:chloroform extraction step was repeated.

Centrifuged the above mixture at 10,000 rpm for 5 min at room temperature. Two
layers were formed. Upper agueous layer was collected in another new eppendorf
tube with the help of pipette.

1/10 volume of 5M NaCl and 2.5 volume of absolute ethanol was added to agueous
phase collected in eppendorf tube.

Incubation was done at -20°C overnight.

Centrifuged the above mixture at 12,000 rpm for 20 min at room temperature and
supernatant was discarded.

The DNA pellet was washed with 1 ml of 70 per cent ethanol.

Centrifuged the above mixture at 12,000 rpm for 5 min at room temperature and
supernatant was discarded.

DNA pellet was air dried for about 15 min until all the residual ethanol got
evaporated.

Finally the DNA pellet was suspended in appropriate amount of TE and quantify.

3.13.2 Gdl electrophoresis

The isolated DNA was finally suspended in 100 pul of elution buffer and quantified on

1per cent agarose gel.

3.13.3 Primer Designing

isolate.

Universal primers were used for the amplification of 16S rDNA from bacterial
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(1375-F 5’-GCAAGTCGAGCGGACAGATGGGAG?3’)
(1375-R 5’-AACTCTCGTGGTGTGACGGGCGGT3’)
The primers were synthesized from IDT, USA.

3.13.4 PCR amplification of 16SrDNA

PCR reaction was carried out in 20 pl reaction containing ~50ng of template DNA,
20 pmoles of each primers, 0.2 mM dNTPs and 1 U Tag polymerase (Genei, Banglore) in
1xPCR buffer. Reaction were cycled 35 times at 94°C for 30 s, 58°C for 30 s, 72°C for 1 min
30 s followed by final extension at 72°C for 10 min. The PCR products were analyzed on
1per cent agarose gel in IXTAE buffer, run at 100V for 1 h. Gels were stained with ethidium
bromide and photographed. Amplified PCR products were eluted from the gel using gel
extraction kit (Hi Yield Gel/ PCR DNA Extraction Kit from Real Genomics).

3.13.5 Gd eution wasdoneby Hi Yield Gel/ PCR DNA Extraction Kit Gel dissociation

Agarose gel dlice containing relevant DNA fragments was excised and extra agarose
was removed to minimize the size of the gel slice. 300 mg of the gel dlice was transferred
into a microcentrifuge tube. 500 ul of DF buffer was added to the sample and mixed by
vortexing. Incubation was done at 55 °C for 10-15 min until the gel slice gets completely
dissolved. During incubation, the tube gets inverted at every 2-3 min and dissolved sample

mixture get cool down to room temperature.

3.13.6 DNA binding

A DF column was placed in 2 ml collection tube. 800 ul of sample mixture (from
above step) was applied into the DF column and centrifuged at 13,000 rpm for 30 seconds.
Flow through was discarded and DF column was placed back in 2 ml collection tube.

3.13.7 Wash

600 pl of wash buffer (ethanol added) was added into DF column and centrifuged at
13,000 rpm for 30 seconds. Flow through was discarded and DF column was placed back in
2 ml collection tube. Centrifuged again for 3 min at 13,000 rpm to dry the column matrix.
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3.13.8 DNA dution

Dried column was transferred into a new microcentrifuge tube. 15-30 ul of elution
buffer or distilled water was added into the center of column matrix. Stand for 2 min until
elution buffer or distilled water was absorbed by the matrix. Centrifugation was done for 2
min at 13,000 rpm to elute purified DNA. Eluted fragment was then sequenced using PCR

primers.

The sequence of 16S rDNA from bacterial isolateswere then analyzed using BLAST
analysis (http://www.ncbi.nlm.nih.gov/blast) and maximum homology with bacterial strainis
determined.

3.13.9 Sequence analysis

Sequencing was done from commercia sequencing facility Xcleris, Ahemdabad
according to the protocol of manufacturer (Xcleris lab). The sequence was aligned with
corresponding sequences of 16S rDNA from the database using BLAST from the website
http://www.nchi.nim.nih.gov/blast (Altschul et al. 1997). Multiple alignments were generated
by the MULTALIN program from the web site:
http://prodes.toulouse.inra.fr/multialin/multialin.html (Corpet, 1988).

3.14 STATISTICAL ANALYSIS

The data recorded under laboratory and net house conditions on various parameters
was subjected to statistical analysis as per methods outlined by Gomez and Gomez (1984).
The LSD at 5 per cent level was used for testing the significant differences among the treated

means.



Chapter-4

RESULTS AND DISCUSSION

The results obtained during the course of investigations are presented in

this chapter under the following heads:

4.1 Isolation and enumeration of microbial population.

4.2  Screening of bacterial isolates for multifarious plant growth
promoting activities.

4.3 Morphological, physiological and biochemical characterization of
selected bacterial isolates.

4.4  To study the efficacy of indigenous PGPR to control bacterial wilt of
capsicum.

45 To study the effect of PGPR and chemical fertilizers on soil health and
productivity of capsicum.

4.6  To study the effect of indigenous PGPR inoculum for physiological
efficacy under water stress conditions.

4.7  Molecular characterization (16S rRNA gene sequencing) of selected

bacterial isolates.

41 ISOLATION AND ENUMERATION OF MICROBIAL
POPULATION

Isolation of microorganisms was carried out from the rhizosphere and
roots of the capsicum (Capsicum annuum L.) collected from different locations of
agro-climatic zones (I-111) of Himachal Pradesh using modified replica plate
method (Plate 1). The population capable of growth on different media was
counted and reported as cfu/g of rhizosphere soil or cfu/g root. A summary of
microorganisms colonizing the capsicum rhizosphere and roots of three

agroclimatic zones of Himachal Pradesh is presented in Table 1.

Among various locations, Sarkaghat had the highest count (118.50 x 10°
cfu/g soil), whereas, Bhadra had the lowest count (61.00 x 10° cfu/g soil) on the
Nutrient Agar (NA) medium. The highest (70 x 10°cfu/g soil) count of free living

nitrogen fixers on Jensen’s media were recorded from Paontasahib, wheresas,



minimum (30.67 x 10° cfu/g soil) count were recorded from Arki. On the PVK
medium highest count (84.00 x 10° cfu/g soil) were recorded from Sirmour,
whereas, minimum count (43.50 x 10° cfu/g soil) were recorded from Dehra and
Bhadra. Among all the locations, the maximum phosphate solubilisers (93.74 per
cent) were recorded from the Nahan.

Maximum endophytes (96.00x10% cfu/g root) were recorded from the
capsicum root samples from Mehatpur and Neri, whereas, Bhadra had the lowest
count (62.50x10% cfu/g root) on the Nutrient Agar (NA) medium. Maximum
(46.00x10? cfu/g root) free living nitrogen fixers on the Jensen’s medium were
recorded from Nalagarh, whereas Fatehpur had the lowest count (27.00x10% cfu/g
root). On the PVK medium highest count (71.67 x10® cfu/g root) were recorded
from Rajgarh, whereas, minimum count (33.50 x10% cfu/g root) were recorded
from Paontasahib. Among al the locations, maximum endophytic phosphate

solubilisers (91.18 per cent) were recorded from the Sundernagar.

The bacterial community can be affected by a number of abiotic and biotic
factors. The total microbia count in general were more in rhizosphere (118.50 to
61.00 x 10° cfu/g soil) as compared to endophytic count (96.00 to 62.50 x 107
cfu/g root). This variation in rhizosphere and roots may be attributed due to
positive influence exerted by root exudates, environmental conditions, age of
plant, variety/cultivar type, time of sampling and physico-chemica properties of
soil. The results are in confirmation with Gupta et al. (2014), who also reported
that under natural conditions, the microbia count in capsicum rhizosphere (94.67
to 84.33 x 10° cfu/g soil) and plant roots (86.00 to 70.33 x 10 cfu/g root) varied
significantly with location. Sharma (2009) and Kaushal (2011) have also reported
greatest variation in microbia population with respect to location/plant parts used
for isolation purpose. Gupta (2012), also reported that the population of phosphate
solubilizing microorganisms varied from 20-24 per cent of the total population

and in some soilsit may be up to 85 per cent of the total population.
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Plate 1. Isolation of bacterial isolates on different medium

(Modified Replica Plate Method)



Tablel. Enumeration of rhizospheric and endophytic bacterial population
associated with capsicum under different agro-climatic zones of
Himachal Pradesh

Rhizospheric soil bacterial population Endophytic bacterial population
(x10°cfulgsoil) (x102cfulg root)
L ocations, Distt Nutrient Jensen’s | Pikovskaya’s P- Nutrient |Jensen’s| Pikovskaya’s P-
Agar (NA)|Medium (JM)| Medium |Solubilizing| Agar |Medium| Medium [Solubilizing
(PVK) bacteria (NA) M) (PVK) bacteria
(per cent)** (per cent)**
Agroclimatic-zone |
DehraKangra 76.00 35.00 43.50 (29.0)* 66.67 65.00 29.50 | 36.00 (22.0)* 61.11
Fatehpur,Kangra 71.25 3450 46.00 (30.0) 65.22 6350 | 27.00| 3650(260)| 71.23
Rakkar,Kangra 81.50 45.00 52.50 (33.0) 62.86 75.50 36.00 | 43.50(31.0) 71.26
Mataur,Kangra 92.00 57.00 70.00 (64.0) 91.43 69.00 34.00 | 45.00(35.0) 77.78
Mehatpur, Una 75.00 44.00 55.00 (34.0) 61.82 96.00 34.50 | 55.00(43.0) 78.18
Nadaun, Hamirpur 103.00 42.00 66.50 (39.0) 58.65 80.50 36.00 | 51.50 (36.5) 70.87
Neri,Hamirpur 86.00 43.00 63.50 (44.5) 70.08 96.00 36.50 | 51.00 (36.5) 7157
Ghumarwin,Bilaspur 104.00 44.00 65.00 (41.0) 63.08 90.00 30.50 | 60.00 (45.5) 75.83
Parwanoo,Solan 97.00 35.00 70.50 (57.0) 80.85 69.50 29.00 | 46.00 (35.0) 76.09
Nalagarh, Solan 100.00 35.50 57.00 (41.5) 72.81 65.00 46.00 | 55.00 (44.0) 80.00
Paontasahib, Sirmour 104.00 70.00 81.50 (65.5) 80.37 67.50 30.50 | 33.50(27.5) 82.09
Agroclimatic-zonel |
Sihunta, Chamba 89.00 52.50 51.00 (45.5) 89.22 67.00 | 28.00 | 36.00(30.5) 84.72
Palampur,Kangra 96.50 59.00 68.50 (61.5) 89.78 71.00 | 3250 | 47.00(39.0)| 82.98
Sarkaghat,Mandi 118.50 57.50 80.00 (74.0) 92.50 94.00 33.00 | 57.50(50.5) 87.83
Sundernagar,Mandi 101.50 59.00 76.50 (69.5) 90.85 83.00 | 31.00| 51.00(46.5) 91.18
Arki,Solan 84.33 30.67 68.67 (63.5) 92.47 70.33 30.33 61.67 (44) 71.35
Kandaghat,Solan 86.67 40.67 79.00 (73.5) 93.04 75.67 34.67 | 56.67(47.5) 83.82
Rajgarh,Sirmour 94.67 42.33 84.00 (76.5) 91.07 86.00 | 44.33| 71.67(450)| 62.78
Nahan,Sirmour 89.33 33.33 74.67 (70.0) 93.74 83.67 36.67 | 58.00 (46.0) 79.31
Agroclimatic-zone I 11

Banikhet,Chamba 89.5 50.50 61.50 (53.0) 86.18 78.50 34.00 | 42.50(35.5) 83.53
Bharmour,Chamba 68.50 42.00 45.50 (33.5) 73.63 94.00 29.00 | 43.00(38.5) 89.53
Bhadra,Kullu 61.00 34.50 43.50 (24.5) 56.32 62.50 29.00 | 37.50(25.5) 68.00
Bgjaura, Kullu 75.50 44.00 49.50 (36.0) 72.73 64.00 29.00 38.00 (22) 57.89
Patlikhul ,Kullu 68.50 46.00 52.00 (35.0) 67.31 66.50 38.00 | 41.50(24.5) 59.04
Sarahan,Kullu 71.00 41.00 68.0 0 (46.0) 67.65 63.50 32.00 42.50 (26) 61.18
Theog,Shimla 95.50 42.50 64.50 (43.5) 67.44 63.50 31.50 | 51.50(31.5) 61.17
Jhalta,Shimla 81.00 37.00 56.00 (41.0) 73.21 91.00 30.50 | 48.50(34.0) 70.10
Rohru,Shimla 80.50 40.00 64.50 (38.0) 58.91 70.50 33.00 | 48.00(36.0) 75.00

* Number of colonies forming halozone on PVK medium

** P.golubilisers ( per cent) = (Number of colonies forming halozone on PVK medium/ Total number of colonies
on PVK medium) x 100
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4.1.1 Selection of mor photypes on the basis of plant growth promoting traits

Among all three agroclimatic zones of Himachal Pradesh, total of 157
most predominant, morphological distinct isolated colonies were screened for
various plant growth promoting traits (PGPTs) viz. P-solubilisation, N-fixation

and siderophore production.

Percentage of PGPR possessing various PGPTs among different
agroclimatic-zones has been depicted in Fig. 2. Among the total isolates, 53.5 per
cent (84/157) were able to solubilise phosphorus, 72.61 per cent (114/157) were
able to fix nitrogen on N-free medium and 47.77 per cent (75/157) were able to
synthesize siderophores on CAS medium. The highest (60.0 per cent) P-
solubilisers was recorded from agroclimatic-zone 111 and lowest (45.0 per cent)
from agroclimatic-zone |. The highest (95.0 per cent) N-fixers were recorded from
agroclimatic-zone Il and lowest (61.4 per cent) from agroclimatic-zone II.
However, highest (63.3 per cent) siderophore producers was recorded from
agroclimatic-zone | and lowest (32.5 per cent) from agroclimatic-zone Il1. The
results are in confirmation with Antoun et al. (1998) who observed that out of 266
strains of rhizobia 54 per cent were able to solubilize insoluble phosphates while
58 per cent and 83 per cent were N-fixers and siderophores producers,

respectively.

As, frequencies of PGPRS possessing plant growth promoting traits vary
with respect to agroclimatic-zones of Himachal Pradesh, so, PGPTs are expressed
in terms of single, binary and triple traits (Table 2). It was observed that
combination of binary traits of P-solubilisation and N-fixation was highest (32.5
per cent) for agroclimatic-zone 111, whereas, combination of binary traits like P-
solubilisation and siderophore production was highest (7.0 per cent) for
agroclimatic-zone Il. However, combination of binary trait like N-fixation and
siderophore production was found highest (23.3 per cent) for agroclimatic-zone I.
Ratios of PGPR showing triple traits of P-solubilisation, N-fixation and
siderophore production were highest among the rhizobacteria isolates of
agroclimatic-zone-111 (30.0 per cent).

This variation may be attributed to the varied soil characteristics and

climatic conditions at each agroclimatic zone of Himachal.
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Table2. Characterization of
agroclimatic zones of Himachal Pradesh

bacterial

isolates from different

No. of isolates with No. of isolates with No. of
single PGP activity binary PGP traits isolates

AGROCLIMATIC tW.'th
ZONES riple

PGP

traits
P N S P+N P+S N+S | P+N+S

Agroclimatic- zonel 9/60 10/60 | 9/60 3/60 | 1/60 | 14/60 | 12/60
(15.0) | (16.67) | (15.0) | (5.00) | (1.67) | (23.33) | (20.00)

Agroclimatic- zone | 11/57 | 14/57 | 7/57 8/57 | 4/57 | 3/57 10/57
(19.29) | (26.31) | (12.28) | (14.03) | (7.01) | (5.26) | (17.54)

Agroclimatic- zonelll 1/40 13/40 | 0/40 | 13/40 | 1/40 | 3/40 12/40
(2.50) | (32.50) | (0.0) | (32.50) | (2.50) | (7.50) | (30.00)

Total 21/157 | 37/157 | 16/157 | 24/157 | 6/157 | 20/157 | 34/157
(13.37) | (23.57) | (10.19) | (15.29) | (3.82) | (12.74) | (21.65)

Figure in parentheses are per cent of isolates with plant growth promoting (PGP) traits.

4.2 SCREENING OF BACTERIAL ISOLATES FOR MULTIFARIOUS
PLANT GROWTH PROMOTING ACTIVITIES

A total of 34 morphological distinct isolates (12 isolates from
agroclimatic-zone |, 10 isolates from agroclimatic-zone 11 and 12 isolates from
agroclimatic-zone 11) possessing triple traits viz. P-solubilisation, N-fixation and
siderophore production were further screened for multifarious plant growth
promoting traits viz. Indole-3-acetic acid (IAA), ammonia, 1-aminocyclopropane-
1-carboxylic acid (ACC)-deaminase, hydrogen cyanide production (HCN)
production (Table 3, Plate 2) and antagonistic activity against six test pathogens
i.e. Fusarium solani (Martius), Rhizoctonia solani, Pythium spp., Ralstonia
solanacearum, Phytophthora capsici and Colletotrichum capsici (Sydow) (Table
4 and Plate 3). Similar to Ruchi et al. (2012), it was found that the majority of the
rhizospheric isolates regularly produced 1AA, siderophores, anmonia, HCN and
solubilized tri-calcium phosphate.

Phosphorus and nitrogen are among the essential nutrients of the crop.
Available form of phosphorus to plants is phosphate anions, which are mostly
trapped via precipitation with cations such as Mg®*, Ca®*, Al*" and Fe** and so
become insoluble and unavailable to plants in these forms. The plants depend on
biological nitrogen fixation (BNF) for available nitrogen as plant species is

capable for fixing atmospheric dinitrogen into ammonia and expend it directly for
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its growth. The results presented in Table 3 reveded that P- solubilisation
efficiency of the selected isolates ranged from 26.96 to 95.24 per cent. Maximum
phosphate solubilisation efficiency (95.24 per cent) was recorded for isolate
ROH14, whereas, minimum activity (26.96 per cent) was noted for FATy and
BHA 3 isolates. All the isolates are able to grow on N-free media. Similar results
of P-solubilisation by bacterial isolates of capsicum in range of 5.9 to 123.8 per
cent in solid Pikovskaya’s medium have been reported by Gupta (2012).

Iron is a vita nutrient for amost all forms of life. In the aerobic
environment, iron occurs principally as Fe** and is likely to form insoluble
hydroxides and oxy-hydroxides, thus making it generally inaccessible to both
plants and microorganisms. Commonly, bacteria acquire iron by the secretion of
low-molecular mass iron chelators referred to as siderophores which have high
association constants for complexing iron. The siderophore production of the
bacterial isolates was estimated qualitatively on the basis of colored zone on CAS
medium. Variation was observed in per cent siderophore unit which ranged
between 86.67 per cent to 28.97 per cent. Maximum siderophore unit was
produced by isolate JHAs (86.67 per cent), whereas, minimum siderophore unit
(28.97 per cent) was produced by isolate BAJs. Our findings are in line with
those of Joseph et al. (2007), Kirti (2013) and Bhardwaj (2013) who also reported

that bacteria produce siderophores.

PGPR are well known to stimulate the plant growth by acting as
phytostimulators. I1AA has been implicated in virtually every aspect of plant
growth and development, as well as defense responses. This diversity of function
is reflected by the extraordinary complexity of 1AA biosynthetic, transport and
signaling pathways. Perusal of data embedded in Table 3 revealed that 52.94 per
cent (18/34) exhibited IAA production activity on Luria Bertani Broth. The level
of IAA production in the selected isolates ranged from 31.33 pg/ml to 10.33
pg/ml. The isolate SARAg produced maximum concentration of 1AA (31.33
pg/ml) and the minimum 1AA (10.33 pg/ml) production was recorded for isolate
RAKg after 72 hours of incubation. Comparable amount of IAA and siderophore
for Bacillus and Pseudomonas sp. have been reported by Jarak et al. (2012).
Further, the results are in line with the findings of Kaur and Sharma (2013) who

also reported IAA production in range of 2.09 to 33.28 pumol/mil.
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Apart from being a plant growth regulator, ethylene has also been
established as a stress hormone as the endogenous level of ethylene is
significantly increased during stress which negatively affects the overall plant
growth. Plant growth promoting rhizobacteria which possess the enzyme, 1-
aminocyclopropane-1-carboxylate (ACC) deaminase, facilitate plant growth and
development by decreasing ethylene levels, as take up the ethylene precursor
ACC and convert it into 2-oxobutanoate and NH3 inducing salt tolerance and
reducing drought stress in plants. Among all, 55.88 per cent (19/34) isolates were
able to grow on DF minima sat medium having 1-aminocyclopropane- 1-
carboxylic acid (ACC) as sole source of nitrogen. Similar ACC deaminase activity
by bacterial isolates has been reported by Grichko and Glick, 2001 and Hui and
Kim, 2013.

Microbial production of ammonia and HCN has been suggested as an
important biofertilizer and biocontrol feature to enhance the plant growth. Only
twelve (35.29 per cent) isolates were ammonia producers and five (14.70 per cent)
isolates were HCN producers. The production of HCN by different isolates of
Bacillus sp. from Cauliflower has been reported by Kaushal (2011) and Bhardwag
(2013).

Bacteria isolates exhibited variation in antifungal and antibacterial
activity against the test pathogens (Table 4; Plate 3). Except THE;7 isolate, al the
tested isolates were able to inhibit the growth of one or more test pathogens.
However, none of the tested isolates was able to inhibit the growth of all the test
pathogens.

Among all, 50 per cent (17/34), were found to inhibit mycelia growth of
Fusarium oxysporum Maximum (60.74 per cent) mycelia growth inhibition
against Fusarium oxysporum was recorded for MATg isolate and minimum (20.74
per cent per cent) for NAH- isolate. 17.65 per cent (6/34) isolates were able to
inhibit the growth of Rhizoctonia solani. Maximium (33.33 per cent) growth
inhibition was noted for isolate PAR,, whereas, minimum (24.44 per cent) for
RAKg isolate. Twelve isolates (35.29 per cent) were found to possess antagonistic
activity against Pythium spp. Maximum (57.04 per cent) mycelia growth

inhibition was recorded for PAL isolate and minimum (17.78 per cent) for FAT;
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and BHA 3 isolate 44.12 per cent (15/34) were found to inhibit the growth of
Ralstonia solanacearum. Maximum (84.85 per cent) bacterial pathogen growth
inhibition was recorded for ROHg isolate and minimum (18.18 per cent) for RAKg
isolate. 50.0 per cent (17/34) were found to inhibit mycelia growth of
Phytophthora capsici. Maximium (51.85 per cent) growth inhibition was noted for
isolate JHAs which was statistically at par with SIHg and NER, isolates, whereas
minimum (20.00 per cent) for two isolates i.e. BAN;; and ARKjg isolate. Twelve
isolates (35.29 per cent) isolates were found to have antagonism against
Colletotrichum capsici. Maximum (57.04 per cent) mycelia growth inhibition
was recorded for PAL~ isolate and minimum (20.74 per cent) for SARAg isolate.
The formation of zone may be due to secretion of antifungal substances that might
have diffused in the medium and inhibited the fungal growth. The results are in
line with that of Sharma (2009), Duffy et al. (2004), Wen et al. (2010) and Kirti
(2013) dso reported micro-organisms as effective biological control agents

against pests/diseases.

4.2.1 Quantitative estimation of plant growth promoting traits

Out of 34 isolates only fifteen isolates i.e. RAKg, MATg, NER,, PAR,,
PAO,, SIHg, PAL;, KAN11, BHAR4, PATg, PAT13, SARAg, JHAs ROHg and

ROH;4 possessing maximum PGP traits were selected for further studies.

Selected fifteen bacterial isolates were assessed for quantitative estimation
of PGP traits after 72h of incubation at 37°C and pH 7 under shaking conditions
(110 rpm) and were compared on the basis of their P-solubilization activity

(ng/ml), per cent siderophore unit and lytic enzyme activity.

From the data presented in Appendix 2.1 and Fig.3, it is clear that in PVK
broth, TCP solubilisation ranged from 169.84 pg/ml to 59.00 pg/ml. Maximum
(169.84 pg/ml) P-solubilization was recorded for isolate JHAg with corresponding
viable count (30.27 x10 cfu/ml) and decrease in final pH to 5.17 from initial pH
7.0., however, P-solubilisation activity which was at par with isolate ROH14
(245.77 pg/ml). The minimum (59.00 pg/ml) TCP-solubilization was recorded for
isolate PAO, with corresponding viable count (11.96 x10” cfu/ml) and final pH
6.77. The results are also in line with those of Sharma et al. (2012) who also
recorded the P-solubilization in Pikovskaya’s broth ranged from 34.47 to 128.32
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pg/ml by different isolates. Similar results have also been recorded by (Dipta,
2013) while working with PGPR isolates belonging to Bacillus sp.

Table3. Screening of selected PGPR isolates for their multifarious plant
growth promoting traits

P-solubilisation | Sderophore IAA ACC-deaminase
Isolate efficiency F;;?ﬁ:lfr:g; production activity Ammonia HCN
(per cent) (per cent) (Hg/ml)
Agroclimatic Zonel
FAT, 26.96 (31.11) 75.30 (60.35) 0.00 - - -
FAT; 38.03 (38.02) 73.50 (59.65) 0.00 - + -
RAK, 65.08 (53.82) 41.03 (39.80) 0.00 - + -
RAKs 36.47 (37.09) 85.71 (76.34) 10.33 + + +
MATg 93.17 (77.66) 55.56 (48.23) 23.67 + + -
*MEH, 36.06 (36.58) 33.24(35.03) 0.00 - - -
NER, 86.19 (68.55) 40.94 (39.61) 13.00 + + +
*GHUe 45.32 (41.97) 65.17 (54.28) 0.00 - + -
PAR; 78.02 (62.21) 80.59 (64.10) 19.00 - - -
PAR, 31.87 (34.19) 56.03 (48.57) 0.00 - - -
PAO, 82.59 (61.03) 75.40 (60.40) 0.00 - - -
PAQs 33.33(35.25) 33.73 (35.37) 0.00 - - -
Agroclimatic Zonel |
SlHs 84.92(67.14) 85.71 (71.59) 12.33 + - -
BAN1 43.38 (41.16) 43.38 (41.16) 15.00 + - -
PAL; 58.52 (50.08) 77.98 (62.54) 21.67 + + -
ARK; 72.94 (59.17) 75.18 (60.56) 13.67 + + -
ARKg 42.07 (40.34) 30.92 (33.67) 0.00 - - -
ARKgq 4356 (41.19) 34.03 (35.54) 19.00 + . .
KANy 74.76 (60.30) 73.89 (59.25) 0.00 - - -
KANy 90.11 (74.87) 78.57 (62.94) 25.00 + . .
NAH, 43.96 (41.51) 55.56 (48.23) 0.00 - - -
NAH; 78.02 (62.21) 58.52 (50.08) 0.00 - + -
Agroclimatic Zone |11
BHAR, 81.06 (64.23) 81.62 (64.67) 22.33 + - +
BHAZ 26.96 (30.98) 33.24 (35.03) 25.67 + - -
BAJs 58.52 (50.08) 28.97 (32.51) 24.67 + - -
PAT, 72.94 (59.17) 78.27 (66.98) 0.00 + - -
*PAT13 34.34 (35.86) 79.80 (63.42) 0.00 - + -
SARA, 82.74 (69.98) 74.90 (60.32) 31.33 + - -
THEy 81.27 (64.66) 49.21 (44.47) 0.00 - - -
THE;;s 45.71 (41.00) 61.59 (51.77) 13.00 + + -
JHAs 94.87 (82.27) 86.67 (76.89) 21.00 + . +
JHAe 30.16 (33.28) 30.92 (33.67) 0.00 + . +
ROHs 92.31 (80.40) 37.82 (37.92) 21.33 + . .
ROH.4 95.24 (82.56) 84.44 (66.84) 23.67 + + -
CDoos 22.50 (17.14) 20.74 (15.89) 144 - - -

Figuresin the parentheses are arc sin transformed val ues.
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Table4. Screening of selected PGPR isolates for antagonism against various
test pathogens under laboratory conditions

Antagonistic activity against various pathogens

Isolates Fusarium Rhizoctonia Pythium Ralstonia Phytophthora Colletotrichum
OoXysporum solani . solanacearum capsici capsici
Agroclimatic Zone
FAT, 0.00 (0.00) 0.00 (0.00) 18.52 (25.47) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
FAT, 28.89 (32.46) 0.00 (0.00) 17.78 (24.90) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
RAK: 23.70 (29.06) 0.00 (0.00) 0.00 (0.00) 24.24 (29.39) 0.00 (0.00) 0.00 (0.00)
RAKS, 24.44 (29.62) 24.44 (29.62) 0.00 (0.00) 18.18 (24.75) 31.85 (34.30) 42.22 (40.50)
MATg 60.74 (51.19) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 24.44 (29.56)
*MEH, 45.19 (42.20) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
NER, 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 41.67 (40.19) 51.11 (45.62) 42.96 (40.94)
*GHUs 0.00 (0.00) 31.11(33.88) 0.00 (0.00) 33.33(35.20) 0.00 (0.00) 0.00 (0.00)
PAR; 35.56 (36.55) 33.33(35.22) 0.00 (0.00) 41.67 (40.19) 0.00 (0.00) 0.00 (0.00)
PAR, 0.00 (0.00) 30.37 (33.41) 24.44 (29.60) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
PAO, 36.30 (37.02) 29.63 (32.94) 53.33 (46.89) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
PAOg 33.33(35.22) 0.00 (0.00) 28.89 (32.49) 0.00 (0.00) 0.00(0.00) 0.00 (0.00)
Agroclimatic Zone
SIHs 45.93 (42.64) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 51.11 (45.62) 24.44 (29.60)
BANy 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 20.00 (26.53) 26.67(31.07)
PAL, 43.70 (41.36) 0.00 (0.00) 57.04 (49.03) 0.00 (0.00) 0.00 (0.00) 57.04 (49.03)
ARK; 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 36.36 (36.97) 26.67 (29.60) 0.00 (0.00)
ARKs 22.96 (28.54) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
ARKq 22.22 (28.04) 0.00 (0.00) 0.00 (0.00) 36.36 (37.07) 20.00 (27.58) 0.00 (0.00)
KAN1o 23.70 (29.06) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
KAN1 0.00 (0.00) 0.00 (0.00) 27.41 (31.55) 30.30 (33.34) 24.44 (27.07) 0.00 (0.00)
NAH, 22.96 (28.54) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
NAH- 20.74 (27.07) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Agroclimatic Zonellll
BHAR, 47.41 (43.50) 0.00 (0.00) 18.52 (25.47) 36.36 (36.97) 0.00 (0.00) 0.00 (0.00)
BHA2; 0.00 (0.00) 0.00 (0.00) 17.78 (24.90) 36.36(37.07) 21.48 (27.58) 0.00 (0.00)
BAJs 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 20.74 (27.07) 0.00 (0.00)
PAT, 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 66.67 (54.76) 26.67 (31.07) 26.67 (31.07)
*PAT3 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 48.48 (44.11) 46.67 (43.07) 31.85(34.33)
SARA, 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 36.36 (36.97) 20.74 (27.07) 20.74 (27.07)
THE:, 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
THE:s 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 21.48 (27.59) 21.48 (27.59)
JHA 54.81 (47.75) 28.89 (32.49) 0.00 (0.00) 0.00 (0.00) 51.85 (46.04) 54.07 (47.32)
JHA 0.00 (0.00) 0.00 (0.00) 24.44 (29.60) 0.00 (0.00) 22.96 (28.58) 0.00 (0.00)
ROHs 0.00 (0.00) 0.00 (0.00) 53.33 (46.89) 84.85 (67.30) 24.44 (29.60) 53.33 (46.89)
ROH14 0.00 (0.00) 0.00 (0.00) 28.89 (32.49) 72.73 (59.40) 41.48 (40.08) 0.00 (0.00)
CDogs 5.16 (3.19) 2.02 (1.26) 2.09 (1.35) 7.62 (5.14) 3.14 (1.97) 2.56 (1.59)

Figures in the parentheses are arc sin transformed values.

Results of quantitative estimation of siderophore using CAS liquid assay

presented in Appendix 2.1 and Fig. 4, revealed that maximum (56.36) percent

siderophore unit corresponding to maximum viable count (16.14 x 10’ cfu/ml) and
final pH 4.64 was obtained for isolate JHA after 72 h of incubation which was
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Plate 2. Screening of bacterial isolates for multifarious plant growth promoting traits
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Control Fusarium oxysporum
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Antifungal activity of bacterial isolates Antifungal activity of bacterial isolates
against Fusarium oxysporum against Rhizoctonia solani
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Antifungal activity of bacterial isolates Antifungal activity of bacterial isolates
against Phytophthora capsici against Colletotrichum capsici

Plate 3. Screening of selected PGPR isolates for antagonism against various
test pathogens
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significantly higher than al other isolates. The minimum (12.79 per cent)
siderophore unit was recorded for isolate PAR, with viable count of 8.30 x 10’
cfu/ml and final pH 4.53 as compared to initial pH of 7.0.

The selected fifteen isolates were also screened for production of different
lytic enzymes viz. amylase, pectinase, protease, cellulase, lipase and chitinase
(Plate 4, Appendix 2.1 and Fig 5). Out of fifteen isolates, eight (53.33 per cent)
exhibited amylase activity. Significantly higher amylase enzyme activity (1.95)
was recorded for isolate PAO, followed by the enzyme activity recorded for
isolate ROHg (1.45). Pectinase enzyme activity was exhibited by four isolates
(26.67 per cent) with enzyme activity index (EAI) ranging from 1.82 to 1.36.
Maximum (1.82) pectinase activity was recorded for isolate JHAg followed by
KAN1; (1.45). Among all nine isolates (60.00 per cent) were protease producers,
maximum (1.95) enzyme activity was recorded for isolate PAO, which was found
significantly at par with PAL; and ROH, isolates, whereas only two isolates
(PAO, and BHAR,) was found to exhibit cellulase activity. Seven (46.67 per cent)
isolates exhibited lipase activity in range of 1.86 to 1.27, maximum (1.86) being
possessed by PAL - isolate, which was statistically at par with BHAR, isolate. For
chitinase activity five isolates (33.33 per cent) showed the enzyme index ranging
from 1.27 to 1.95. Maximum EAI (1.95) was recorded for isolates PAL; and
ROHjg, whereas, minimum (1.27) was observed for RAK isolate. The production
of lytic enzyme has been considered with defense related mechanisms which has
been documented by Jetiyanon (2007) who found that a mixture of B.
amyloliquefaciens strain IN937a and B. pumilus strain IN937b induced the
production of defense related enzymes against the pathogen.

43 MORPHOLOGICAL, PHYSIOLOGICAL AND BIOCHEMICAL
CHARACTERIZATION OF SELECTED BACTERIAL ISOLATES

The selected fifteen isolates were subjected to morphological,
physiological and biochemical characterization.

4.3.1 Morphological characterization of selected isolates
Theresultsin Table 5 depicts the colony morphology, Gram’s reaction and
cell shape of selected isolates. The isolates showed variation w.r.t. Gram’s

reaction and were rods, cocci and cocco-bacillus in shape. From the results it was
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revealed that all the selected isolates possess variable morphological features with
respect to their form, elevation, margin, surface and color and appeared as
circular, undulate, flat, creamish, irregular, umbonate, raised, curled, white, entire,

|obate, convex and erose.

Table5. Morphological characterization of selected bacterial isolates from
different agro-climatic zones of Himachal Pradesh

. ) Gram’s Cdl
Isolates Form Elevation Margin Surface Colour Reaction shape Arrangement
RAK Punctiform Flat Entire Smooth Cream + CO(.:CO' Single
° bacillus
) Yellowish ’
MATs Irregular Flat Entire Smooth Brown - Rod Chains
NER4 Punctiform Raised Entire Smooth Cream + Cocci Single
PAR; Circular Flat Entire Smooth Cream + CO(.:CO' Single
bacillus
. Cocco- "
PAO, Rhizoid Flat Erose Smooth Cream bacillus Single
SlHs Irregular Raised Curled Rough Cream + Rods Single
PAL, Irregular Flat Undulate | Smooth Cream + t?aoctl:ﬁﬁ-s Single
KAN;; Irregular Flat Undulate | Smooth Cream - Rods Single
BHAR, Circular Convex Entire Smooth Cream + CO(.:CO' Single
bacillus
: Yellowish . )
PAT, Irregular Flat Entire Smooth Brown Cocci Single
Yellowish Cocco- !
PAT3 Irregular Flat Undulate | Smooth Brown - bacillus Single
SARA Circular Flat Entire Smooth Cream + Rods Single
JHAe Irregular Flat Entire Smooth Yg:ngv':h Rods Single
ROHg Irregular Flat Undulate | Smooth Cream + Coccus Single
ROH;4 Irregular Flat Undulate | Smooth Cream + Rods Single

4.3.2 Physiological characterization of selected isolates
The results in Table 6 indicated the growth of selected fifteen isolates at

varied levels of temperature (20 — 45°C), pH (5.0 - 9.0) and sdlinity (2 per cent to
10 per cent). All the isolates were able to grow in atemperature range of (20 — 40
°C), however, were unable to grow at 45 °C. All the isolates grew well from pH
(5.0 - 8.0), however, none was found to grow in the acidic condition of pH 2.0 and
alkaline conditions of pH 9.0. Further, al the selected isolates grew well at 2-6
per cent salt concentration, eight isolates were able to grow at salt concentration

of 8 per cent, however, none was in a position to grow at 10 per cent salinity.
4.3.3 Biochemical characterization of selected isolates

Biochemica characterizations of the selected fifteen isolates were carried
out on the basis of biochemical tests (Table 6). Except four i.e. SIHs, KAN,
ROHgs and ROH14 isolate, all isolates were able to hydrolyse gelatin. Eleven (73.3

per cent) isolates showed positive response for oxidase test, only five (33.33 per
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Amylase production by bacterial Pectinase production by bacterial
isolates on starch hydrolysis agar isolates on pectinase screening agar
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medium
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Lipase production by bacterial Chitinase production by bacterial
isolates on tributyrin agar medium isolates on colloidal chitin agar
medium

Plate 4. Screening of selected bacterial isolatesfor variouslytic enzyme
production
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cent) isolates gave positive response for citrate utilization, seven (46.67 per cent)
isolates were found to be H,S producers. All the isolates gave positive results for
catalase test except ROHy4. Expect three (BHAR,4, JHAs and ROHg) isolates all
exhibited urease activity, four (26.67 per cent) isolates gave positive response for
methyl red test and except one isolate i.e. ROHy4 all were found negative for
Voges Proskauer test. In case of carbon utilization, all the isolates were observed
to ferment dextrose except JHAG, ten (66.67 per cent) isolates were able to
ferment sucrose, lactose and fructose as carbon source. Among al only six
isolatesi.e. NERy, SIHg, PAL7, BHAR,, SARAg and ROH14 were able to ferment
all the test carbohydrates (sucrose, dextrose, lactose and fructose).

Similar morphological, physiological and biochemical characteristics of
PGPR isolates have been reported by Datta et al. (2011). The utilization of diverse
carbon sources by bacterial isolates might indicates their metabolic and ecological
diversity, presupposing their success of survival and competency in the
environment when applied or introduced as a biofertiliser/biocontrol agent.

44 TO STUDY THE EFFICACY OF INDIGENOUS PGPR TO
CONTROL BACTERIAL WILT OF CAPSICUM

Out of fifteen previously selected and characterized isolates (Table 5, 6)
ten isolates possessing antagonistic activity against the bacterial pathogen
Ral stonia solanacearum were selected for further studies. Data appended in Table
7 reveded that out of ten selected isolates, maximum (84.85 per cent) growth
inhibition was recorded for ROHg isolate which was at par with isolate SARAg
(72.73 per cent) and minimum (18.18 per cent) growth inhibition was recorded for
isolate RAK .

4.4.1 Antibacterial activity of selected antagonistic isolates against Ralstonia
solanacearum at different concentrations of cell free supernatant

Antibacterial metabolite production against the pathogen i.e. Ralstonia
solanacearum was tested at different concentrations of cell free supernatant
(Table 7) viz. 0.125 per cent (v/v), 0.250 per cent (v/v), 0.375 per cent (v/v) and
0.5 per cent (v/v). A large difference was observed in terms of zone of inhibition
at concentration of 0.125 per cent ranged from 1.0 to 6.67 mm with maximum
(6.67 mm) inhibition zone by ROHg isolate and minimum (1.0 mm) inhibition

zone by isolate PAR..
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Table 6. Physiological and metabolic characterization of selected bacterial isolates from different agroclimatic zones of Himachal Pradesh

Tests | RAKs | MATs | NER; | PAR, | PAO, | SIHs | PAL; | KANy | BHAR;, | PAT, | PATi | SARAq | JHA; | ROHs | ROHy
Temperature (°C)*
20 + + + + + + + + + + + + + + +
25 + + + + + + + + + + + + + + +
30 + + + + + + + + + + + + + + +
35 + + + + + + + + + + + + + + +
40 + + + + + + + + + + + + + + +
pH*
2 - - - - - - - - - - - - - - -
3 + + - - - - - - - - - - - - -
4 + + - - - + + - + + + - - + -
5 + + + + + + + + + + + + + + +
6 + + + + + + + + + + + + + + +
7 + + + + + + + + + + + + + + +
8 + + + + + + + + + + + + + + +
Salinity (per cent)*
2 + + + + + + + + + + + + + + +
4 + + + + + + + + + + + + + + +
6 + + + + + + + + + + + + + + +
8 - + - - + - + - - + + - + + +
Biochemical Characteristics**
Gelatin hydrolysis + + + + + - + - + + + + + - -
Oxidase test + + + - + + + + - + + - + - +
Citrate utilization - - - - - + - + - + + +
Catalase test + + + + + + + + + + + + + + -
H,S production - + - + + - + - + - - - - + +
Urease test + + + + + + + + - + + + - - +
Methyl red - - + + + - - - - - - - - + -
Voges Prausker - - - - - - - - - - - - - - +
Sucrose + - + + + + + + + - - + - - +
Dextrose + + + + + + + + + + + + - + +
Lactose - + + - - + + + + + + + - - +
Fructose + - + + + + + - + - - + - + +

* Growth present (+), Growth absent (-); **Activity present (+), Activity absent (-)
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At concentration of 0.25 per cent, zone of inhibition ranged from 2.67 to
10.0 mm whereas maximum (10.0 mm) zone of inhibition was exhibited by ROHg
isolate and minimum (2.67 mm) inhibition zone was exhibited by KAN;. At
concentration of 0.375 per cent, the inhibition zone ranged from 2.00 to 12.33
with maximum (12.33 mm) zone of inhibition by ROHg isolate and minimum
(2.00 mm) zone by RAKj isolate. For concentration of 0.5 per cent zone inhibition
range was found to be 2.67 to 15.67 mm having maximum (15.67 mm) inhibition
zone by ROHg isolate and minimum (2.67 mm) inhibition zone by isolate RAKG.
It was observed that antibacterial metabolite production was not much affected by
further increase in (v/v) concentration of supernatant for all the isolates, hence 0.5

per cent (v/v) concentration could be further used for the study.

Table7. Evaluation of antibacterial metabolite from selected antagonistic
bacterial isolates against Ralstonia Solanacearum

Isolates Per cent Inhibition | Inhibition Inhibition | Inhibition | Inhibition
growth zone at zone at zone at zone at zone at
inhibition conc. conc. 0.250 | conc. 0.375 | conc. 0.5 conc.
0.125 per per cent per cent per cent | 0.625 per
cent (v/v) (viv) in (viv) inmm | (v/v)in cent (v/v)
in mm mm mm inmm
RAKg 18.18 (24.75)* - - 2.00 2.67 2.68
NER,4 41.67 (40.19) 2.33 5.00 11.00 12.67 12.67
PAR, 41.67 (40.19) 1.00 3.67 8.33 8.67 8.67
KAN; 30.30 (33.34) - 2.67 7.33 8.00 8.01
BHAR, 36.36 (36.97) 2.00 4.67 6.67 6.67 6.73
PATq 66.67 (54.76) 2.33 5.67 10.00 10.67 10.87
PAT 3 48.48 (44.11) 2.67 5.33 11.00 12.00 12.02
SARAq 72.73 (59.40) 2.33 5.67 11.33 13.67 13.75
ROHg 84.85 (67.30) 6.67 10 12.33 15.67 15.73
ROH, 36.36 (36.97) 6.00 7.3 9.00 9.00 9.01
CDgos5 13.26 (9.09) 0.79 1.04 1.16 0.98 0.86

*Figure in parenthesis () are arc-sin transformed values

Similarly, Lemessa and Zeller (2007) and Alyie et al. (2008) found growth
inhibition of R. solanacearum by Pseudomonas spp., Bacillus spp. and

Paenibacillus macerans under in vitro conditions.

4.4.2 Net house studies
4.4.2.1 Biocontrol studies

Evaluation of best five antagonistic strains (NER4, PATg, PAT13, ROH14
and ROHg) against R. solanacearum revealed that the tested strains decreased
disease incidence of bacteria wilt of pepper under net house conditions (Plate 5).

The pathogen inoculation was done separately at the two stages i.e. one set pot
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treatments were inoculated with the pathogen at the time of the transplantation
and the other set of PGPR inoculated plants received the pathogen after six weeks
of the transplantation.

The perusal of data embedded in Table 8 revealed that maximum (93 per
cent and 734.11) germination per cent and vigor index were recorded in treatment
Ts whose seeds were inoculated with ROH44 isolate, followed by treatment T4
receiving PAT3 isolate. At the seedling stage, al the antagonistic bacterid

isolates showed no significant decrease in disease incidence over control.

On inoculation of the pathogen after six weeks of transplantation, the
disease incidences of all treatments were significantly lower than the control (Fig
6). The minimum disease incidences (25.0 per cent) were found in treatment Tg
receiving ROHg isolate which was at par with the treatment T3, T4 and Ts
receiving PATy, PAT;3 and ROH,, isolates, respectively. However, maximum
disease incidence (83.3 per cent) and disease severity (79.2 per cent) were
recorded with the treatment receiving only pathogen (control). The biocontrol
efficacy of antagonist bacterial isolates towards the pathogen strain ranged from
29.2 per cent to 70.8 per cent. A strong in vitro antagonistic activity of the
antagonist towards the different R. solanacearum strains correlated with a high
biocontrol efficacy. The highest biocontrol efficacies of 70.8 per cent were
observed for isolate ROHg, which was at par with isolate ROH14 (58.3 per cent).

The in vivo inhibitory activity of the bacterial isolates against R.
solanacearum in this study isin line with that of Hu et al. (2010) and Almoneafy
et al. (2012) who aso reported the antibacterial activity of suspension of B.
amyloliquefaciens against capsicum bacterial wilt in green house and field.
Similarly, Feng et al. (2013) aso reported the 84.5 and 50.0 per cent control
effect of two bacterial antagonistic isolates, X-3 and X-6, respectively, isolated
from Xiahong-1 in tomato soil against R. Solanacearum. Ramesh et al. (2009)
recorded 80 per cent and 70 per cent reduction of the same disease on eggplant
(Solanum melongena L.) under greenhouse condition using Pseudomonas and
Bacillus strains, respectively. Also, Lemessa and Zeller (2007) also reported that
application of B. subtilis B2G and fluorescent pseudomonads APF1 significantly
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Plate 5. Biocontrol potential of antagonistic bacterial isolates against Ralstonia
solanacearum (net house conditions)



reduced bacterial wilt in tomato by 56 per cent and 60 per cent besides increasing
the plant biomass.

4.4.2.2 Growth promotion

Studies on effect of antagonistic bacterial isolates on plant biomass and
NPK content were carried after the pathogen inoculation at the fruit set stage of
the plant (Table 8). Treatments receiving the bacterial inoculum significantly
increased plant biomass over the pathogen control. Maximum plant biomass
(31.90 g) was recorded for treatment Ts receiving ROH44 isolate which was found
statistically at par with treatment Tg receiving ROHg isolate. Seedling inoculation
with the bacteria isolates significantly increased the nutrient content of the plant
over the control. Maximum N (1.47 per cent), P (0.30 per cent) and K (2.05 per
cent) content was recorded for the treatment Tg receiving ROHg isolate. The
disease suppression by antagonistic bacterial isolates might be due to induction of
systemic resistance in tomato plant which is mediated by jasmonic acid (JA) and

ethylene (ET) hormones.

Table 8. Effect of antagonistic bacterial isolates on plant growth parameters

and nutrient content of capsicum infested with Ralstonia
Solanacearum
Treatment Germination \(igour bti))lr%natss N content P content K content
(per cent) index © ( per cent) ( per cent) ( per cent)
T, (Control) | 58(49.59)* | 375.13 19.40 1.12 (1L.06)** | 0.20 (0.45)** | 0.89 (0.94)**
T, (NERy) 86 (68.26) 660.01 24.64 1.45 (1.20) | 0.28(0.53) 1.71 (1.30)
T3 (PAT,) 83 (65.65) 695.80 25.67 1.34 (1.16) 0.25 (0.50) 1.76 (1.33)
T4(PAT 1) 91 (72.85) 709.06 24.83 1.36 (1.17) 0.26 (0.51) 1.84 (1.35)
Ts(ROHy) | 93(74.76) 734.11 31.90 1.44 (1.20) 0.28 (0.53) 2.02 (1.42)
Ts (ROHg) 80 (63.60) 712.69 30.87 1.47 (1.20) 0.30 (0.53) 2.05 (1.43)
CDgs 5.65 (4.87) 58.05 2.90 0.26 (0.11) 0.06 (0.07) 0.42 (0.16)

*Figurein parenthesis () are arc-sin transformed values
**Fjgure in parenthesis () are square root transformed values

Almoneafy et al. (2012) had documented similar findings where
antagonistic isolates supported high values of plant height and biomass when
compared with the control treatment. Similar results were recorded by Wel et al.
(2011) and Xue et al. (2012) who suggested antagonistic activity of the bacterial
isolate as the major mechanism of inhibition of R. Solanacearum. Amaresan et al.
(2012), Walia et al. (2012) also suggested the production of siderophore, HCN
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and other plant growth promoting substances e.g. IAA by test antagonist as among
the magor elicitors of induced systemic resistance (ISR) in plants. Furthermore,
Baysal et al. (2003), Jetiyanon (2007) reported breakdown products of the
pathogen and/or plant cell wall components released by the activity of Iytic

enzymes as elicitors of plant defence responses.

45. TO STUubY THE EFFECT OF PGPR AND CHEMICAL
FERTILIZERS ON SOIL HEALTH AND PRODUCTIVITY OF
CAPSICUM

4.5.1 Screening of selected PGPR isolates under net house conditions
4.5.1.1 Effect of PGPR on growth parameters

Six isolates (MATg, NER4, KAN1;, BHAR,, JHAs and ROH14) possessing
maximum P-solubilising ability revealed a significant increase in various seedling
parameters over control (un-inoculated absolute control) under net house
conditions (Table 9; Plate 6(a)).

The maximum (92.0 per cent) seed germination was recorded for JHAg
isolate, however, was statistically at par with MATg, KAN7; and ROH14 isolates.
Similarly, maximum (768.20) value of vigour index was recorded for JHA isolate
treated seeds, followed by MATg isolate (666.06) and the minimum value (57.33
per cent) seed germination and (366.15) vigour index, respectively was obtained
with un-inoculated absolute control. Our findings are in conformity with those of
Sakthivel et al. (2009) who has reported that seed bacterization with
Pseudomonas fluorescens improved the seed germination and vigour index of
tomato. Similarly, Ashrafuzzaman et al. (2009) aso reported that seed treated

with bacterial isolates have better germination and emergence of rice seedlings.

The application of bacteria isolate registered a significant increase in
seedling length and biomass over un-inoculated control. The maximum (7.6 cm)
seedling shoot height and (76.8 mg/plant) biomass was noted for JHAg isolate
treated seeds, which was at par with ROH14 isolate. The maximum (6.0 cm) root
length and (6.6 mg/plant) biomass was noted for ROH,, isolate treated seeds,
whereas, the minimum (6.0 cm and 60.2 mg/plant) seedling height and biomass,

(2.8 cm and 3.6 mg/plant) root length and biomass, respectively, was recorded for

72



un-inoculated absolute control. The 54.55 and 30.72 per cent increase in seedling
length and biomass, respectively, with PGPR isolates over absolute control are in
accordance with Suryanto et al. (2010) who have recorded increased seedling

height and seedling biomass with bacterial isolates over control.

Table9. Effect of bacterial inoculum on capsicum seedling growth
parameters (net house conditions)

Germination | Viaour Shoot Shoot Root Root
Treatments ( per cent)* in%ex length biomass length biomass
P (cm) (mg/plant) (cm) (mg/plant)

Absolute | 57 33 49.90) | 366.15 6.0 60.2 2.8 36
Control

MAT, 86.67 (68.60) | 666.06 7.0 71.2 31 4.0

NER, 77.33(61.56) | 549.60 6.6 67.0 3.2 4.2

KANy; 88.00 (69.88) | 645.38 6.9 67.3 55 5.8

BHAR, 62.67 (52.32) | 364.15 6.2 62.9 4.9 5.2

JHAG 92.00(73.89) | 768.20 7.6 76.8 57 5.4

ROH 4 86.67 (68.88) | 661.14 75 72.1 6.0 6.6

CD o5 6.30 (5.45) 92.50 0.5 5.6 0.4 0.3

*Figure in parenthesis () are arc-sin transformed values

45.1.2 Efficacy of selected PGPR at different doses of N and P on

productivity of capsicum

On the basis of germination percentage and seedling growth parameters,
four best performers bacteria isolates (MATg, KANy, JHAg and ROHy,4) were
further evaluated for capsicum productivity in combination along with varied
levels (40, 60 and 80 per cent) of Recommended Doses (RD) of N and P
fertilizers under net house conditions (Plate 6(b)). The periodic data pertaining to
growth, yield of capsicum, soil physico-chemical and microbiological properties
due to co-inoculation of bacterial isolates at varying doses of N and P fertilizers

have been presented under the following sub heads:-

4.5.1.2.1 Plant growth parameters

The various growth and yield characters of capsicum were, in general,
significantly influenced by the application of bacterial isolates along with N and P
fertilizers (80, 60 and 40 per cent of recommended doses) levels over control
treatment (Table 10).
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Height of the plant is one of the important factors determining yield and
harvest duration. Taller plants are considered to be more desirable because they
lead to more number of branches which ultimately bear more number of fruits and
result in increased productivity. The maximum (77.0 cm, 39.27g and 2.48g) shoot
length, shoot biomass and root biomass, respectively, were recorded with Tg (80
per cent NP + ROHy,) treatment, which was statistically at par with T, (100 per
cent RDF) and T~ (80 per cent NP + JHAg) treatments. Maximum (31.02 cm) root
length was recorded with T7 (80 per cent NP + JHAg) followed by Tg treatment
receiving isolate ROH;4 along with 80 per cent NP, whereas, minimum (44.9 cm)
shoot length, (22.35 g) shoot biomass, (16.8 cm) root length and (1.21 g) root
biomass were recorded with T, treatment (40 per cent RDF).

The Tg treatment (80 per cent NP + ROHy4) produced 5.62 per cent taller
plants as compared to treatment T, (100 per cent RDF). The possible reasons for
better shoot/root length and their biomass might be due biofertilization (increasing
availability of the soil nutrients particularly N (asymbiotic N-fixation), P (P-
solubilisation) and Fe (siderophore production) to plant by the direct mechanisms
of application of PGPR inoculum in the rhizosphere. The increased availability
might have contributed for more absorption of the same, which further resulted in
enhanced cell division, cell enlargement, development of greater amount of fine
roots and ultimately the better plant stands. Further, PGPR applied with inorganic
fertilizers improved the effectiveness of chemical fertilizers. Application of PGPR
helps in improving number of biological activities of desired microorganisms in
soil, suppression of soil borne pathogens and improves growth of bell pepper
plants. Similar results were aso reported by Hernandez and Chailloux (2004),
who recorded that the dry weight of tomato transplants grown in the greenhouse
with 75 per cent fertilizer plus two co-inoculated PGPR was significantly greater
than those with full fertilizer rate without PGPR. These findings are in conformity
with Jackson et al. (1964), Mandal et al. (2003) and Poinkar et al. (2006).

The main objective of cultivation of a crop is to have maximum
marketable yield for better returns. An examination of Table 10 indicated that
various fruit parameters are a so influenced significantly with the treatments under
investigation. Maximum (11.3 cm, 22.9cm and 94.57 g) fruit length, breadth and
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weight, respectively, was recorded in T7 (80 per cent NP + JHAg) treatment which
was dtatistically at par with T, (100 per cent RDF) and Tg (80 per cent NP +
ROH4) treatments. The minimum (6.11 cm) fruit length, (13.2 cm) fruit breadth
and (56.45 g) fruit weight were recorded with T, treatment (40 per cent RDF).

There was a significant and linear increase recorded in capsicum yield by
increase in chemical fertilizers levels from 60 to 80 per cent NP with conjoint
application of PGPR isolates. The maximum (13.8) number of fruits per plant and
hence, yield (1.27 kg/plant) was recorded for Tg (80 per cent NP + ROH14)
treatment which was statistically at par with T, (100 per cent RDF) and T (80 per
cent NP + JHA) treatments and the minimum (8.4) number of fruits per plant and
(0.49 kg/plant) yield was recorded under T, treatment (40 per cent RDF).

Table10. Effect of PGPR and chemical fertilizerson capsicum plant growth
parameters and yield (net house conditions).

Treatments Shoot Shoot Root Root Fruit Fruit Fruit Fruit Fruit
length | biomass | length | biomass | length | breadth | weight number yield

(cm) (g/plant) | (cm) | (g/plant) | (cm) (cm) (9) (no./plant) | (kg/plant)
ng(éoo pereent |\ 759 | 3701 | 203 2.40 10.7 221 | 90.28 133 1.20
LZD(%O percent | 577 | 2041 | 232 | 186 85 | 172 | 7135 103 0.74
;B(go per cent 5.7 | 2035 | 208 1.67 76 154 | 6299 9.2 058
;‘I‘D(é)o percent | 449 | 2235 | 168 | 121 61 | 132 | 5645 84 0.49
;ﬁﬁ%ﬂaMC;'\”Ttg) 633 | 3230 | 255 2.04 93 189 | 79.24 11.3 0.90
;gﬁ%‘ﬁ&eﬁn) 653 | 3332 | 263 211 96 195 | 8203 117 0.96
;gﬁ%ﬂegﬁi‘:) 747 | 3806 | 310 | 243 | 113 | 229 | 9457 130 123
;*E()%’pr;g”:m 770 | 3927 | 299 2.48 109 | 216 | 9225 138 1.27
;Séﬁppf&i‘%) 567 | 2890 | 228 1.83 83 169 | 69.95 101 0.71
;B(Sg ﬂe{&a‘N‘n) 533 | 2720 | 215 172 78 159 | 6531 95 0.62
Tu(ed ﬁegﬁi":) 603 | 3077 | 243 | 194 | 88 | 180 | 7506 | 108 081
;15(82, ﬂe;%ﬂ‘l) 503 | 3026 | 239 | 191 87 | 177 | 7367 106 0.78
;B(ﬁg EHMC;‘\”TZ) 480 | 2448 | 193 155 7.0 143 | 57.88 8.6 0.50
;15(32, ﬂe[(CAe”Ntn) 487 | 2482 | 196 | 157 71 | 145 | 5881 8.7 051
;15(,32, Eegﬁi":) 513 | 2618 | 207 1.65 75 153 | 6252 9.2 057
Ls(e0 ﬁe;%e'}ltm) 517 | 2635 | 208 | 167 76 | 154 | 6299 9.2 058
CDoss 42 2.84 2.2 0.8 0.8 17 7.76 10 0.13
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It is pertinent to note that Tg treatment recorded 5.83 per cent higher fruit
yield as compared to T, (100 per cent NPK) treatment. Superimposition of PGPR
over the inorganic fertilizers had a spectacular effect on the crop yield which was
higher as compared to other treatments. This increase in yield and other fruit
parameters with PGPR and NPK could be attributed to improve vegetative
growth, better availability of nutrients at vital growth period, better absorption and
mobilization of nutrients within the plant and increase in number fruits per plant.
Similarly, Datta et al. (2011) aso reported that inoculation of capsicum plants
with rhizospheric Bacillus spp. results in increased number of fruitg/plant, fruit
length, width and weight as compared to control. Further, results are in
conformation with Kaushal and Kaushal (2013) who also observed significantly
higher curd yield by inoculation of PGPR with 75 per cent doses of fertilizers over
control (un-inoculated plants).

4.5.1.2.2 Total nutrient (N, P and K) content and their uptake

Significant variations among total nutrient content and uptake were
observed due to various treatment combinations (Table 11). The maximum (5.46
per cent and 78.0 mg/plant) N content and uptake was recorded under Tg (80 per
cent NP + ROH34) which was at par with T3 (100 per cent RDF) and T (80 per
cent NP + JHAg). The maximum (0.59 per cent and 8.7 mg/plant) P content and
uptake, was recorded under T7 (80 per cent NP + JHAg) treatment which was at
par with T; (100 per cent RDF) and Tg (80 per cent NP + ROHy4) treatments.
Treatment comprising 100 per cent recommended doses of chemical fertilizers
(T4) resulted in maximum (3.79 per cent and 52.7 mg/plant) K content and uptake
followed by Tg (80 per cent NP + ROH14), whereas, minimum N and P content
(2.57 per cent and 0.32 per cent) and their uptake (13.1 and 1.6 mg/plant),
respectively, were recorded under T, treatment (40 per cent RDF).

The increased the N content (6.8 per cent) and uptake (6.7 per cent) in Tg
and P content (7.3 per cent) and uptake (12.9 per cent) in T; over T, (100 per cent
NPK) treatment might be attributed to microbial inoculation, inducing significant
changes in the rhizosphere and creates favorable conditions for mineral uptake by
plants. In general, PGPR promote the growth of the plant and increase the root
surface area or the general root architecture. Plants growing better in turn release

higher amounts of C in root exudates. The release of more C prompts increase in

76



microbia activity and this process continues in a cycle. The whole process makes
more N available from the soil pool, influencing N flux into plant roots and the
plant is able to take up more available N. The increase in P uptake may be
attributed to increase in available P content that might have resulted due to P-

solubilization activity by the applied bacteria isolates.

Table11. Effect of varied levels of NP on NPK content and their uptake
in capsicum (net house conditions)

. S .
Treatments . Nutrient clgntent (%) - NNutrlent upt;apke (mg/plant)K

T1 (100 per cent RDF 511 0.55 3.79 73.10 7.70 52.70
T2 (80 per cent RDF) 4.10 0.47 2.85 39.50 450 25.50
Ts (60 per cent RDF) 3.39 0.40 2.16 24.20 2.80 15.10
T4 (40 per cent RDF) 257 0.32 2.05 13.10 1.60 11.00
Ts (80 per cent RDNP + MATe) 435 0.49 2.99 47.30 5.30 31.10
Te (80 per cent RDNP + KANy) 451 051 2.86 52.20 5.80 34.60
T~ (80 per cent RDNP + JHAe) 5.25 0.59 338 77.10 8.70 48.20
Ts(80 per cent RDNP + ROH44) 5.46 0.57 3.40 78.00 8.20 50.00
To(60 per cent RDNP + MATz) 353 0.41 239 26.90 3.10 20.50
T1o(60 per cent RDNP + KANyy) 3.80 0.44 2.46 32.60 3.80 16.50
T11(60 per cent RDNP + JHA) 4.02 0.46 257 37.10 4.20 21.60
T12(60 per cent RDNP + ROH14) 3.88 0.45 264 34.00 3.90 23.80
T13(40 per cent RDNP + MATS) 3.09 0.37 1.84 18.90 2.30 11.80
T14(40 per cent RDNP + KANyy) 314 0.38 1.80 20.10 2.40 14.40
T15(40 per cent RDNP + JHAG) 3.36 0.40 2.05 24.10 2.80 14.50
T1s(40 per cent RDNP + ROH14) 3.39 0.40 2.02 24.90 2.90 14.60

CDoos 0.46 0.04 0.38 5.42 143 231

The results are in confirmation with Han et al. 2006 who also reported that
integrated rock P with inoculation of PSB increased the availability of P and K in
soil, the uptake of N, P and K by plant and the growth of pepper and cucumber.
Similar findings were observed by Srivastava and Verma (1984), who have aso
reported that inoculation with P-solubilizers increase the P concentration in plant.
Sridevi and Mallaiah (2009), Zabihi et al. (2011) aso reported significant increase
in nutrient availability, their uptake and yield components in wheat by inoculation

of PGPR over the un-inoculated control

4.5.1.2.3 Soil physico-chemical properties

The data presented in Table 12 explicit that none of the tried treatment
influenced significantly the physico-chemical properties (pH, EC and OC) of soil,
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however, registered significant increase in available nutrient (N and P) of soil
over recommended doses of chemical fertilizers.

The probable reason for non significant changes in most of the physico-
chemical properties might be shorter time period (4 - 5 months) between sowing
and harvesting of the crop. The studies conducted by Badhulkar et al. (2000),
Selvi et al. (2005) and Bajpai et al. (2006) also clearly revealed that only long-
term experimentation brought changes in fundamental physico-chemical
properties of soil.

Increasing fertilizer levels and integration with PGPR isolates resulted in
higher available nutrient contents of soil. The available N and P content under net
house conditions increased significantly with the incorporation of 80 per cent
chemical fertilizers in combination with PGPR over 100% recommended doses of

chemical fertilizers (control).

The perusal of data appended in Table 12 revealed that the maximum
(405.6 kg ha') amount of available N and (49.8 kg ha'*) available P was observed
in treatment Tg, which was statistically at par with T, Ts and T;. ROHy,
inoculated plants receiving 80 per cent NP doses recorded 106.9 kg ha*and 25.2
kg/ha more available N and P over initia value. The maximum (256.7 kg ha)
available K content of soil after the harvest of crop was recorded with T, which
was 61.8 kg ha' more than initial value and minimum (249.80, 25.60 and 166.10
kg ha®) available N, P and K content of soil was registered with T, treatment (40
per cent RDF).

The Tg treatment recelving ROH;4 isolates with 80 per cent NP doses
resulted in increased available N (6.01 per cent) and P (7.52 per cent) contents
over T, treatment receiving 100 per cent RDF. This increase in available N may
be attributed to higher microbial activity of integrated nutrient management
(INM) treatments which favored the conversion of atmospheric nitrogen by
asymbiotic nitrogen fixation phenomenon and partially by mineralization of
organically bound nitrogen to inorganic forms. Similar increase in available N in
soil due to addition of microbial inoculum was observed by Gupta et al. (2015) in
capsicum crop. Our results are further in conformation with those of Asokan et al.
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(2000), Smith and Read (1997) who aso reported accumulation of N in soil by
mineralization of organic matter and fixation of atmospheric nitrogen by soil

microbes.

Table 12. Effect of PGPR and chemical fertilizers on soil physico-chemical
characteristics (net house conditions)

Treatments pH EC ocC AvailableN | AvailableP | AvailableK
(dsm™) (%) (kg ha'!) (kg ha'!) (kg ha')
T, (100 per cent RDF) 6.75 0.46 112 | 382.63(83.9) | 46.28(21.7) | 256.7 (61.8)
T, (80 per cent RDF) 6.92 0.56 136 | 369.69(70.9) | 40.41(15.8) | 213.72(18.8)
T (60 per cent RDF) 6.97 0.53 130 | 339.73(41.0) | 351(105) | 171.36(-23.5)
T4 (40 per cent RDF) 6.95 0.52 1.26 249.8(-48.9) | 2566 (L1) | 166.1(-28.7)
Ts (80 per cent RDNP + MATs) 6.97 0.52 1.27 379.63(80.9) | 44.28(19.7) | 213.72(18.8)
Te (80 per cent RDNP + KAN1y) 6.77 0.51 124 | 371.68(73.0) | 42.6(18.0) | 228.82(33.9)
T+ (80 per cent RDNP + JHAg) 6.84 0.50 121 | 390.65(91.9) | 47.93(23.4) | 235.79 (40.9)
T&(80 per cent RDNP + ROH_) 6.60 0.52 126 | 40564 (106.9) | 49.76 (25.2) | 236.95 (42.1)
To(60 per cent RDNP + MATz) 6.83 051 124 | 319.74(21.0) | 3145(6.9) | 182.36(-12.5)
T10(60 per cent RDNP + KANyy) 6.82 0.51 124 | 34572(47.0) | 36.2(116) | 193.98(-0.9)
T11(60 per cent RDNP + JHA) 6.80 0.50 123 | 35571(57.0) | 38.02(135) | 195.75(0.9)
T12(60 per cent RDNP + ROH14) 6.82 0.49 118 | 361.71(63.0) | 39.12(14.6) | 206.75(119)
T15(40 per cent RDNP + MATj) 6.75 0.47 115 | 287.77(-109) | 26.6(2.0) 169.2 (-25.7)
T14(40 per cent RDNP + KANyy) 6.82 0.48 1.16 307.75(9.0) | 29.26(4.7) | 170.1(-24.8)
T15(40 per cent RDNP + JHA) 6.78 0.47 114 | 309.75(11.0) | 29.62(5.1) | 168.7(-26.17)
T16(40 per cent RDNP + ROH1,) 6.80 0.48 116 | 291.76 (-6.94) | 26.33(1.8) | 170.4(-24.47)
CDoos NS NS NS 3341 6.11 15.80

*Figure in parenthesis () represents increase/decrease in (kg ha™) over initial value

Increase in the P availability might be due to activities of phosphate
solubilising microorganisms, might have brought some P from unavailable pool to
available pool. The release of various organic acids might have solubilized the
insoluble P fractions and thus, resulting into a significant increased content of
available P in the soil. The increase in phosphorus availability from insoluble
sources by application of P-solubilizer Pseudomonas striata has also been
reported by Singh and Gupta (2001). These findings are in conformation with
Richardson (2001) and Qureshi et al. (2012) who aso reported that phosphate
solubilizing bacteria are common in the rhizosphere and facilitates the conversion
of insoluble forms of P to plant available forms and ultimately increased

availability to host plants.
4.5.1.2.4 Microbiological parameters
4.5.1.2.4.1 Total bacterial count in soil

Total bacterial count in soil microbial population viz. rhizospheric and

endophytic bacterial population was significantly enhanced by the application of
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conjoint use of PGPR and chemical fertilizers after harvest of crop (Appendix 2.3
and Figure 7). The maximum count (121.06 x 10° cfu/g soil) on NA medium was
noted in rhizosphere of plants whose seeds were treated with Tg (ROH14 + 80 per
cent NP) treatment. For endophytic bacterial population maximum (99.27 x 107
cfu/g root) colonies on NA medium were recorded for seed bacterisation with T
(JHAg + 80 per cent NP) treatment. Whereas, the respective minimum value (53.4
x 10° cfu/g soil and 38.4 x 107 cfu/g root) was recorded in T, (40 per cent RDF)
treatment.

The application of efficient inoculum of PGPR with high viable count (10°
~10" cfu/ml) coupled with adequate amounts of N and other nutrients might have
contributed to increase in the total microbial population. These results are in
conformation with those of Patil and Varade (1998), Selvi et al. (2004) and
Qureshi et al. (2005). They have reported that 100 per cent N aone and un-
inoculated control treatment had minimum microbial population over balanced

fertilization i.e. 100 per cent NPK + FYM and/or biofertilizer.

45.1.2.4.2 Microbial biomass-carbon

The conjoint application of bacterial inoculant with chemical fertilizers
significantly influenced the microbial biomass-carbon over chemica fertilizers
aone (Appendix 2.3 and Figure 7). The maximum (68 mg MB-C/100g soil)
microbia biomass was recorded under treatment Tg (ROH14+ 80 per centNP),
whereas, the minimum (46.8 mg MB-C/100g soil) microbial biomass-C was
recorded with T, treatment (40 per cent RDF). These findings are in accordance
with those of Anderson and Domsch (1978) who reported the microbia biomass
carbon in agricultural soil from 15 to 240 mg MB-C/100 g soil.

452 EFFICACY OF SELECTED BACTERIAL ISOLATES ALONG
WITH CHEMICAL FERTILISERS ON PRODUCTIVITY OF
CAPSICUM (FIELD CONDITIONS)

The periodic data during the year 2014 and 2015 pertaining to growth and
yields of capsicum, soil nutrient status and microbiologica properties by the co-
inoculation of best two bacterial isolates (JHAs and ROH3y4) alone and in consortia
with two levels 60 and 80 per cent of RD doses of N and P fertilizers have been

presented under the following sub heads:-
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4.5.2.1 Effect on plant growth parameters

The application PGPR isolates at different levels of N and P significantly
influenced the plant growth and yield parameters (Plate 6). A perusal of data
(Table 13) revealed maximum (71.7 cm) plant height and (36.2 gha) dry matter
accumulation was recorded for T, treatment (80 per cent NP+PGPR consortia),
which was statistically at par with Ty, T, and T3 treatments. Increased plant height
and dry matter accumulation in treatments receiving 80 per cent recommended
doses of N and P with bacterial isolates either singly (T, T3) or in consortia (T,)
over T, (unicoluated control with 100 per cent RDF) may be due to increased
availability of phosphorus and nitrogen by inoculation of the bacterial isolates and
added fertilizers, which might have resulted in better plant growth, improved
photosynthetic and metabolic activity.

The conjoint application of PGPR isolate at 80 per cent NP fertilizers
significantly influenced plant growth and yield over T, treatment i.e. 100 per cent
recommended dose of NPK (N(00), P2Os76) & K20us). Maximum (18.0 t ha')
yield was recorded under T, treatment, followed by T3 (16.0 t ha®) treatment.
Higher yield under these treatments may be attributed to more number of fruits
per plant (9.9 and 9.5) and average fruit weight (76.1 and 70.6 g), respectively.

The increased yield parameters due to application of chemical fertilizersin
conjunction with PGPR may be attributed to improved vegetative growth, better
availability of nutrients, enhanced photosynthetic activity and improvement in soil
physical properties which led to better soil physical health. The results are also in
conformity of the findings of Sharma (1986), Paramaguru and Natargjan (1993),
Dekha et al. (1996), Chandrappa et al. (2007), Khan and Parari (2012), and Gupta
et al. (2015) who have also recorded increased plant height, biomass yield of
chilli due to biofertilizer application including NPK.

4.5.2.2 Effect on plant nutrient content and their uptake

Perusal of data presented in Table 14 reveded that N, P and K content in
plant was significantly influenced by conjoint application of bacterial isolate (s)
and 80 per cent NP in comparison to recommended doses of fertilizers. The
maximum (5.2 per cent) N content was recorded in T, (PGPR consortia + 80 per
cent NP) which was statistically at par with T3, while minimum (3.8 per cent) N
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Table 13. Effect of PGPR and chemical fertilizerson plant growth parametersand yield of capsicum (field conditions)

Plant height Plant biomass No. of fruits Fruit weight Yield
Treatments (cm) (q ha®) (fruit plant™) (9) (t ha?)
2014 2015 Mean 2014 2015 Mean 2014 2015 Mean 2014 2015 Mean 2014 2015 Mean
T1 (100 per cent RDF) 62.0 60.6 66.3 277 26.9 331 9.2 9.3 9.3 64.0 64.3 64.1 14.2 14.4 14.3
T (80 per cent RDNP + JHAg) 63.8 65.4 69.0 30.6 284 355 9.3 9.4 9.3 69.7 70.0 69.9 155 158 15.7
T (80 per cent RDNP + ROH 1) 68.4 69.2 68.8 32.7 36.0 34.4 9.4 95 95 70.2 70.9 70.6 15.9 16.2 16.0
T4(80 per cent RDNP JHAs + ROH14) 70.2 733 717 343 38.0 36.2 9.8 9.9 9.9 74.8 774 76.1 177 183 18.0
Ts (60 per cent RDNP + JHAg) 535 55.4 54.4 23.6 25.1 244 8.1 84 8.3 42.1 45.0 43.6 8.2 9.1 8.7
Te (60 per cent RDNP + ROH4) 54.4 56.9 55.6 24.4 25.3 24.8 8.2 8.3 8.2 447 46.7 457 8.7 9.3 9.0
T7 (60 per cent RDNP JHAg+ ROH14) 56.8 58.0 57.4 257 26.2 26.0 8.3 84 84 458 479 46.9 9.2 9.7 94
CDoos 6.8 6.7 6.2 37 37 33 05 0.4 0.3 30 31 23 1.0 10 0.7
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content was recorded in Tg treatment. The T, treatment had maximum (0.48 per
cent) P content which was statistically at par with T, and T3 (either of two PGPR
with 80 per cent NP) treatments, whereas, minimum (0.41 per cent) P content was
recorded in treatment Ts (JHAs with 60 per cent NP). The maximum (4.78 per
cent) K content was recorded with T; treatment (100 per cent RDF), whereas,
minimum (3.71 per cent) K content was observed with treatment Ts (ROH14 + 80
per cent NP).

Similarly, application of N and P nutrients at 80 per cent levels of
recommended doses of chemical fertilizers in combination with PGPR recorded
significantly higher uptake of N, P and K over sole application of 100 per cent
recommended doses of fertilizers. The treatment T4 resulted in maximum N, P and
K uptake (189.3, 16.32 and 172.83 kg ha, respectively), whereas, the respective
minimum value was recorded in Ts (JHAg + 60 per cent NP) treatment.

The application of consortia of two PGPR (JHAg and ROH14) with 80 per
cent NP doses increased the N and P content by 10.6 and 47.1 per cent and their
uptake by 6.7 and 34.0 per cent, respectively, over sole application of 100 per cent
recommended doses of chemical fertilizers (RDF). This increase may be
attributed to more availability of N (atmospheric N fixation) and P (converting
insoluble phosphate to soluble form through secretion of organic acidsin soil) asa
result of inoculation with efficient isolate(s) and increase in root length, root hairs
development which might have explored the virgin horizons of soil for absorption
and uptake of these nutrient elements.

Further, the enhanced uptake by increase in specific ion fluxes at the root
surface in the presence of plant growth promoting rhizobacteria has also been
reported by (Kim et al. 1998), Bertrand et al. (2000). The findings are in line with
those of Han et al. (2006), Tayeb Rezvani (2013) who also reported that the
conjoint application of biofertilizers and chemical fertilizers increases N and P
content in pepper plant over un-inoculated plants.

4.5.2.3 Effect on soil physico-chemical properties and available nutrient
contents

The data pertaining to effect of 60 and 80 per cent recommended levels
of N and P fertilizers along with bacteria isolate (s) on physio-chemical
properties of soil at Nauni (Dharza) at the termination of experiment have been
presented in Table 15.
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Table 14. Effect of PGPR and chemical fertilizerson total nutrient content (NPK) and their uptake in capsicum (field conditions)

Nutrient content (%)

Nutrient uptake (mg/plant)

Treatments
N P K N P K

2014 2015 | Mean 2014 2015 | Mean | 2014 2015 | Mean 2014 2015 | Mean | 2014 2015 | Mean 2014 2015 | Mean
T (100 per cent RDF) 4.7 4.7 47 0.45 0.45 0.45 4.93 4,63 4,78 1305 | 127.0 | 1287 | 1257 | 11.79 | 12.18 | 136.73 | 124.60 | 130.67
T2 (80 per cent RDNP + JHAg) 4.8 4.8 4.8 0.47 0.46 0.47 415 4,50 4.32 146.3 | 137.8 | 1421 | 1439 | 1314 | 13.76 | 127.00 | 127.20 | 127.10
T3 (80 per cent RDNP + ROH14) 52 51 51 0.47 0.48 0.47 412 452 4.32 1708 | 1816 | 176.2 | 1548 | 1460 | 14.44 | 134.58 | 163.08 | 148.83
T4 (80 per cent RDNP JHA + ROH14) 53 5.2 5.2 0.48 0.49 0.48 4.38 454 4.46 182.1 | 1965 | 189.3 || 16.49 | 16.15 | 16.32 | 150.25 | 172.83 | 161.54
T5 (60 per cent RDNP + JHAg) 38 39 39 041 041 041 3.72 3.70 371 109.1 | 112.7 | 1109 || 1011 9.40 9.76 87.79 | 9297 | 90.38
T6 (60 per cent RDNP + ROH34) 37 38 38 0.42 0.41 0.42 3.81 3.72 3.76 112.2 | 1155 | 1138 | 10.18 9.94 10.06 | 92.78 | 94.30 | 93.54
T7 (60 per cent RDNP JHAg+ ROH14) 4.2 4.2 42 0.44 0.42 0.43 3.94 3.77 3.85 1193 | 1215 | 1204 || 11.34 | 10.71 | 11.03 | 10150 | 98.86 | 100.18
CDo.0s 0.2 0.5 0.23 0.03 0.05 0.03 0.13 0.42 0.19 11.4 14.2 10.1 1.32 231 178 1290 | 16.01 | 10.18
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b) Efficacy of selected PGPR (MATg, KAN;;, JHA; and ROH,4) and chemical fertilizer on capsicum
(net house studies)

(field conditions)

Plate 6. Effect of PGPR and chemical fertilizerson soil characteristics and productivity of
capsicum



The minimum amount (274.72 and 34.64 kg ha*) of available N and P was
obtained in Tstreatment. Further, treatment T, registered maximum (283.72 kg ha
1y available K and minimum (222.86 kg ha') available K was obtained in Ts
treatment.

Apparently, synergistic effect of chemical fertilizers and PGPR could have
brought significant improvement in soil available nutrients. The significant
increase in available N and P may be attributed to more asymbiotic nitrogen
fixation, phosphate solubilization by bacterial isolates that might have brought
some P from unavailable pool to available pool. The enhanced nutrient
availability especially N and P in the presence of PGPR has al so been reported by
Gopinath et al. (2009).

4.5.2.4 Effect on microbiological parameters
4.5.2.4.1 Total bacterial count in soil

The soil harbors a dynamic population of microorganisms. Ther
abundance in rhizosphere gives an indication of their possible role in
decomposition of organic matter, fixation of atmospheric nitrogen, phosphate

solubilization, transformations of nutrient e ements, etc.

The results presented in Appendix 2.4 and Figure 9 revealed that the
application of chemical fertilizers along with PGPR inoculants registered a
significant increase in total microbia population over 100 per cent recommended
levels of chemical fertilizers. The maximum (140.7 x 10’ cfu/g soil) count on NA
medium were noted in rhizosphere of plants whose seeds were treated with
consortium of two PGPR isolates i.e. JHAs and ROH14 and receiving 80 per cent
recommended doses of NP, whereas, the respective minimum value (89.7x10’

cfu/g soil) was recorded in control (RDF).

Endophytic bacterial population was found to be significantly higher in
case of seeds treated with PGPR in comparison with un-inoculated control (RDF).
Maximum bacterial count (78.6 x 107 cfu/g root) on NA medium was recorded
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Table 15. Effect of PGPR and chemical fertilizers on soil physico-chemical characteristics and available nutrient (NPK) content (field

conditions)
H EC ocC Available Nitrogen Available Phosphorus Available Potassium
Treatments P (dsm™) per cent (kg ha™) (kg ha®) (kg ha'®)
2014 | 2015 [ Mean | 2014 | 2015 | Mean | 2014 | 2015 | Mean | 2014 | 2015 | Mean | 2014 | 2015 | Mean | 2014 | 2015 | Mean
;13,1:)00 pereent  lg73  |671  |6.72 0.43 042 (043 043 (045 |044 [310.11 (32923 |319.67 4121 |4242 |41.82 |284.96 [282.47 [283.72
RoNP ey 690|673 |682 042 041 042 [045 (044 (044 31827 (33087 |32457 (4538 (4590 |4564 24081 |25454 |247.68
%ﬁ%ﬁ%‘gﬂt 686 |6.75 |6.81 0.42 042 (042 045 (045 |045 [325.96 |344.90 |33543 4850 |47.28 |47.89 |244.79 |260.01 [252.40
14)
T4 (80 per cent
RDNP JHA + 688 |6.80 |6.84 044  |044 |044 046 |046 [046 [341.76 |352.82 [347.29 |52.34 (4864 |5049 |252.96 [262.00 |257.48
ROH.)
LSD(ZOPFL“J;TE) 675 |6.73 |6.74 0.42 041 (041 044 (045 |045 [276.70 (27273 |274.72 |34.18 3510 (3464 |221.18 [22454 [222.86
;ﬁéﬁl‘;ﬂ%‘g‘}j 682 [668 |6.75 0.42 042 (042 044 (044 044  [277.46 (27462 |276.04 |3667 (3742 |37.04 22337 [228.838 [226.12
14)
T+ (60 per cent
RDNP JHAg+ 658 |6.63  |6.61 0.43 043 (043 045 (045 |045 [291.83 |278.87 |28535 3865 (3841 [3853 |227.03 [23356 [230.29
ROH4,)
CDoys NS NS NS NS NS |NS NS NS  |NS 2401 (2872 |2841 |535 |462 |398 |27.20 (2671 [25.02
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in T4 (PGPR consortia + 80 per cent NP) treatment, whereas, minimum count
(55.2x10? cfu/g root) was recorded in T (RDF) treatment.

The application of efficient inoculum of PGPR with high viable count
(108-10"fu/ml) coupled with adequate amounts of N and other nutrients might
have contributed to increase in the total microbial population. Boominathan and
Shivakumar (2015) recorded high microbial population level in the rhizosphere of
the inoculated plants over control. These results are in conformation with those of
Hong et al. (2002) who also reported that seed and soil treatment with bacterial
isolates resulted in significant increase in bacterial population in rhizosphere and
in the roots of plants. Results are also in line with the observation of Lal Bahadur
et al. 2012.

45.2.4.2 Microbial biomass-carbon

Perusal of data appended in Appendix 2.4 and Figure 9 revealed that
application of PGPR inoculants with 60 or 80 per cent NP chemical fertilizers
recorded significantly higher microbia biomass over control (100 per cent RDF).

The microbial biomass carbon ranged from 45.96 to 108.66 mg MB-C/100
g soil. The treatment T, (PGPR consortia + 80 per cent NP) recorded maximum
(108.66 mg MB-C/100 g soil) microbia biomass-carbon, whereas, the minimum
(45.96 mg MB-C/100 g soil) microbial biomass-carbon was recorded under
treatment T1 (100 per cent RDF).

These results are in confirmation with Saini et al. (2005) and Sparling
(1985) who also reported significant influence of integrated nutrient management

on microbia biomass carbon.

4.5.2.4.3 Soil enzymes (Dehydr ogenase, phytase and phosphatase) activity

The conjoint application of bacterial inoculants with chemical fertilizers
singnificantly influenced the soil enzymes (dehydrogenase, phytase and
phosphatase) activity over un-inoculated control (Appendix 2.5 and Fig. 10, 11
and 12). The maximum (73.26 pg TPF g'soil h) dehydrogenase activity was
recorded under T, treatment which was statistically at par with T3 treatment
whereas, minimum dehydrogenase activity (45.57 pg TPF g'soil h?) was
recorded in T; treatment. Similar significant increase in dehydrogenase activity
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due to more microbial activity in plant rhizosphere have been reported by
(Gopinath et al. 2008).

Phosphatases play an important role in P cycling, where organic P is more
due to limited biological mineralization of organic matter as a result of formation
of complexes of organic P with active Al and Fe and the amount of available P is
low. The soil enzyme phosphatase activity varied considerably among the
treastments. The maximum (102.41 ug pNP g'soil h) phosphatase activity was
recorded in T, treatment which was statistically at par with T, treatment, whereas,
minimum (44.21 ug PNP g*'soil h™) dehydrogenase activity was recorded in T,
treatment. Our result are consistent with Garcia-Gill et al. (2000), Turrion et al.
(2000) who aso reported similar phosphatase activity in mineral fertilized and

control sail.

The soil enzyme phytase activity varied considerably among the
treatments. The maximum (131.78 Enzyme unit pmol mi™ min™) phytase activity
was recorded in T, treatment followed by T3 treatment, whereas, minimum (33.56
Enzyme unit pmol mi™ min™) phytase activity was recorded in T; treatment. The
results are in collaboration with Bennitez (2000) and Gopinath et al. (2009) who
also reported the enhanced dehydrogenase, urease, phosphatase and phytase
activity with organic amendments over chemical fertilizers, in capsicum
rhizosphere. Similarly, Kaur and Reddy (2014) also demonstrated that inoculation
of PSB together with rock phosphate fertilization increased the activities of soil
enzymes such as dehydrogenase, acid phosphatase, alkaline phosphatase and

phytase as compared to diammonium phosphate treatment in maize.

4.5.2.5 Economics of developed PGPR technology for capsicum

The economics of capsicum production as affected by various treatments
(Appendix 2.6) revealed that maximum net return (Rs. 448417.0) and Benefit
cost ratio (2.73) was computed by the application of treatment T, (PGPR
consortia+ 80 per cent N & P + 100 per cent K), however, minimum net return
(Rs. 216626.46) and lowest Benefit cost ratio (0.83) was calculated in treatment
Ts (ROH14 + 60 per cent NP) due to minimum yield and high cost of fertilizers.

Thus, by taking the cost of cultivation in the application of consortium of
PGPR (ROH14 and JHA) at 80 per cent levels of NP, the farmers are getting a net
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profit of Rs. 92,315/ha extra over recommended levels of chemical fertilizers
besides saving 20 per cent dose of NP fertilizers.

The findings are in conformity with the results of the Khan and Pariari
(2012) who aso obtained highest value of cost:benefit ratio (1:3.02) with
treatment combination of Azospirillum + N7s per cent + PK, followed by treatment
receiving Azotobacter + Nio per cent + PK (1:2.85) while the least value (1:1.87)
was found in Azotobacter + Nsp per cent + PK, in Capsicum annuum L. Similarly,
Amirthalingam (1988), Dekha et al. (1996) recorded higher net returns due to

inoculation of Azospirillumin chilli.

46 TO STUDY THE EFFECT OF INDIGENOUS PGPR INOCULUM
FOR PHYSIOLOGICAL EFFICACY UNDER WATER STRESS
CONDITION

Two best isolates (ROH14 and JHAg) possessing maximum PGP traits
along with ACC-deaminase activity were selected further to study their effect on

capsicum plants exposed to various levels of drought stress.

Perusal of data embedded in Table 16 revealed that inoculation of
capsicum plants with both the PGPR strains resulted in a significant increase in
shoot/root length, biomass of plants exposed to drought stress (Plate 7). Maximum
(39.1 cm) shoot length and (10.55 g) shoot biomass was recorded in plants
inoculated with  ROHy4 and subjected to 80 per cent FC soil moisture level,
however, was statistically at par with T, (non-stressed, un-inoculated plants) and
T3 (plants inoculated with JHAg and grown under 80 per cent FC soil moisture
level) treatments. Maximum (16.4 cm) root length was observed for treatment Ts,
which was statistically at par with T, treatment. Maximum (10.9 mg) root biomass
was observed for T3 and T4 treatments receiving either of two bacteria isolates
and subjected to 80 per cent FC soil moisture level, which was statistically at par
with the treatment T, treatment (non-stressed, un-inoculated plants). The results
are in confirmation with Lim and Kim (2013), who reported that pepper plants
treated with Bacillus licheniformis K11 and exposed to drought stress had 50 per
cent higher shoot length and biomass than non-treated plants. Similarly, Mayak et
al. 2004 reported increased drought tolerance of tomato (Solanum lycopersicum
L.) and pepper (Capsicum annuum L.) seedlings with Achromobacter piechaudii
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ARV8 inoculation. The reduced “drought stress imposed effects” on various
growth variables with PGPR inoculation might be contributed due to asymbiotic
N, fixation, solubilization of inorganic phosphate and mineralization of organic
phosphate or other nutrients, modifying the phytohormone content like
decreasing ethylene production by the ACC-deaminase activity and changing the
balance of cytokinins and auxins or IAA signaling.

Data presented in Table 16 showed the effect of water stress, bacterial
strain and their interactions on leaf area. The obtained data revealed that the
drought stress substantially reduced the leaf area of the plants as compared to non-
stressed plants. However PGPR inoculated plants, mitigated the drought stress
effect by increasing leaf area (10-12 per cent; 16-22 per cent and 15-18 per cent)
over un-inoculated treatments with 80 per cent, 60 per cent and 40 per cent FC

soil moisture level, respectively.

On comparison of various un-inoculated water stress treatments (T, Ts
and Tg) with their inoculated counter-part treatments it can be concluded that
PGPR has increased the relative water content (RWC), thereby improving drought
tolerance of capsicum plants. Maximum (94.45 per cent) RWC has been noticed
for T3 treatment (plants inoculated with JHA and subjected to 80 per cent FC soil
moisture level), followed by T, treatment. Maximum (2.041 g/kg fresh leaves)
total chlorophyll content has been noticed for T4 treatment (plants inoculated with
ROHy4 and grown under 80 per cent FC soil moisture level), however, was
statistically at par with treatment T, (un-inoculated non-stressed plants) and T3
(plants inoculated with JHA and grown under 80 per cent FC soil moisture level)
treatments. Similar results have been reported by Vivas et al. 2003 who showed
that inoculation of bacterial strain increased stomatal conductance and chlorophyll
content of lettuce compared to a non-drought control. Grover et al. (2014) also
reported that sorghum plants treated with PGPR, Bacillus spp. strain KB 129
under drought stress showed 24 per cent increase in RWC over plants that were
not treated with PGPR. Higher RWC may help plants counteract the oxidative and
osmotic stresses caused by drought stress, potentially contributing to greater

productivity under stress.
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b) Effect of bacterial inoculumsat 80 per cent field capacity of soil moisturelevel

c) Effect of bacterial inoculums at 60 per d) Effect of bacterial inoculums at 40 per
cent field capacity of soil moisture level cent field capacity of soil moisture level

Plate 7. Effect of selected bacterial isolatesat varied levels of drought stress



The obtained data (Table 16) reveded that the concentration of total
soluble proteins was higher in plants grown under drought than well-watered
conditions. Further the leaves of un-inoculated capsicum plants, which suffered
from drought stress, had significant and substantial lower soluble proteins as
compared to their respective PGPR inoculated stressed plants. This tended to
occur regardless of bacterial strain. Maximum total soluble protein (0.384 mg/g
fresh leaves) has been noticed in ROH14 inoculated plants subjected to 40 per cent
of the field capacity. PGPR increased the active accumulation of organic and
inorganic maintain cellular turgor and help plants lower water potential without
decreasing actual water content. Thereby protects enzymes, proteins, cellular
organelles and membranes against oxidative damage and helps plants tolerate
drought-induced damage (Huang et al. 2014).

The water stress treatment caused a significant increase in the
concentrations of antioxidant enzymes in all comparisons (Appendix 2.7 and Fig
13). Maximum (82.62, 4.94 and 87.16 U/gm fresh weight) superoxide, peroxidase
and catalase enzyme activities, respectively, was recorded for plants inoculated
with ROH314 and subjected to 40 per cent FC soil moisture level followed by JHAg
inoculated plants grown under same stress level. The results are in confirmation
with Gururani et al. (2013) who also reported that treatment of potato plants with
two PGPR strains i.e. Bacillus pumilus str. DH-11 and Bacillus firmus str. 40,
induced an increase in the levels of ROS-scavenging enzymes including ascorbate
peroxidase and catalase under drought stress in PGPR-treated plants compared
with that non-treated plants. Similarly, Saravanakumar et al. (2011) reported an
increase in the activity of catalase in green gram plants treated with Pseudomonas
fluorescens Pf1 and Bacillus subtilis EPB. This increase was correlated with the
observed drought tolerance. Wang et al. 2012 aso reported an association of
antioxidant enzyme production and drought tolerance in cucumber plants.

Growth and nutrient concentrations usually determine the performance of
plants growing in any environment. The effects of water stress and bacterial
strains on NPK content embedded in Table 16 and Appendix 2.8 (Fig 14) reved ed
that mineral content and their uptake under water stress treatments in capsicum
was dgignificantly decreased compared to the non-water stress treatment.
Treatment with bacterial strains in the water stress treatment increased NPK

91



content and uptake per plant as compared to un-inoculated stressed plants.
Maximum (5.08 per cent) N content and its uptake (5.79 mg/plant) was recorded
in T, treatment (un-inoculated, non-stressed plants) followed by T, treatment.
Similar, results were recorded for K content and its uptake. However, maximum
(0.31 per cent and 0.36 mg/plant) P content and uptake, respectively, was
recorded for T3 and T, treatments followed by T treatment.

PGPR inoculated plants subjected to various drought stress levels
increased N-uptake (24-27, 15-24 and 33-45 per cent), P- uptake (27-28, 13-20
and 31-35 per cent) and K-uptake (18-19, 16-22 and 10-14 per cent) over
respective control treatments (un-inoculated plants held at 80 per cent, 60 per cent
and 40 per cent FC soil moisture level). Bacterial-induced aterations in root
architecture may lead to an increase in total root surface area and consequently
lead to improved water and nutrient uptake, with positive effects on plant growth
asawhole. Similar improved water and nutrient uptake in PGPR inocul ated plants
under draught stress have been reported by Timmusk et al. (2014). The results are
in confirmation with Vivas et al. (2003), who also reported increased N, P and K
concentrations by 5, 70 and 50 per cent, respectively in lettuce inoculated by
Bacillus sp. under drought stress conditions, as compared to the non-water stress

control.
4.7 MOLECULAR CHARACTERIZATION (16S rRNA GENE
SEQUENCING) OF SELECTED BACTERIAL ISOLATES

On the basis of 16S rRNA gene sequencing, JHA; isolate was identified as
Pseudomonas aeruginosa, ROH; isolate was identified as Providencia spp. and
ROH,, isolate was identified as Bacillus amyloliquefaciens.

4.7.1 Phylogenetic analysis of selected isolate by 16S rRNA gene sequence
analysis

Universal 16S rRNA gene primers were successfully used for the
amplification of 16S rRNA from bacterial isolates JHAs, ROHg and ROH;4. As a

result of amplication, an amplicon of expected size i.e. 1400 bp corresponding to
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Table 16. Influence of PGPR isolates on growth parameters and nutrient (NPK) content of capsicum at varied levels of drought stress

Treatments Shoot length | Root length Shoot Root biomass| Leaf area Relative water Total Total soluble Nutrient content
(cm) (cm) biomass (g/plant) (cm?) contentin leaves | chlorophyll protein (per cent)
(g/plant) (per cent) content (mg/g fresh
(g/kg fresh leaves) N P K
leaves)
T,: 100 per cent of field capacity 383 16.1 10.33 1.07 22.14 92.47 (80.51) 2.027 0.233 5.08(2.25) | 0.31(0.55) | 1.84(1.35)
T,: 80 per cent of field capacity 329 138 8.88 0.92 19.90 76.13 (61.64) 1.848 0.254 3.85(1.96) | 0.26(0.51) | 1.58(1.26)
T3 80 per cent of field capacity + JHAs 38.9 16.4 10.51 1.09 22.73 94.45 (78.79) 2.036 0.273 432(2.08) | 0.31(0.56) | 1.63(1.28)
T4 80 per cent of field capacity + ROHy4 39.1 15.2 10.55 1.09 24.07 91.90 (76.37) 2.041 0.274 448(2.12) | 0.31(0.56) | 1.64(1.28)
Ts: 60 per cent of field capacity 28.1 118 7.59 0.79 13.10 62.27 (57.19) 1.689 0.294 3.36(1.83) | 0.22(047) | 1.35(1.16)
Te: 60 per cent of field capacity + JHAg 318 134 8.60 0.89 16.83 68.41 (55.91) 1.713 0.317 350(1.87) | 0.25(0.50) | 1.53(1.24)
T+: 60 per cent of field capacity + ROH4 30.6 12.9 8.26 0.86 15.60 71.15 (57.86) 1.747 0.347 407 (2.02) | 024(049) | 147(121)
Ts: 40 per cent of field capacity 233 7.8 6.28 0.65 11.27 50.87 (45.44) 1.657 0.352 254(159) | 0.19(043) | 147(1.21)
To: 40 per cent of field capacity + JHAg 28.8 10.1 7.79 0.81 13.83 54.17 (47.40) 1671 0.384 3.77(1.94) | 0.23(048) | 1.38(1.18)
Tio: 40 per cent of field capacity + ROH14 28.2 9.9 7.62 0.79 13.23 51.76 (46.00) 1.685 0.379 3.17(1.78) | 0.23(048) | 1.36(1.16)
CDoos 2.02 10 0.55 0.06 121 28.82 (23.45) 0.068 0.02 0.57 (0.16) |0.016 (0.015) | 0.10(0.04)
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16S rDNA region of selected three strains were obtained and sequenced (Plate 8).
The sequences so obtained were corrected after deleting the unreadable and
ambiguous sequences. Finally, complete sequences of the selected three strains
were obtained. The sequences of the selected three strains are presented in figure
15, 16 and 17 and BLASTn search of these sequences revealed the identity of
strains with their closest match (Table 17).

The isolate JHAs, ROHg and ROH;4 showed 99 per cent homology with
NR118644.1, NR042415.1 and NRO75005.1 (Pseudomonas aeruginosa strain
SNP0614, Providencia vermicola strain OP1165 and Bacillus amyloliquefaciens
subsp. plantarum strain F2B42), respectively. The sequence of respective isolates
were submitted to the NCBI under accession no. KX447673 (JHAg), KX447672
(ROHg) and KX447671 (ROH14).

Table 17. Phylogenetic identification of the selected PGPR isolates

Isolates | Base | Accession Highest similarity Similarity

pairs | number (per cent)

JHAs 1195 | KX447673 | Pseudomonas aeruginosa 99 per cent

ROHe 633 | KX447672 | Providencia vermicola 99 per cent

ROHy | 238 | Kxaa7e7y | Bacllusamyldliquefaciens | gq o ooy
subsp. plantarum

To trace out the evolutionary patterns of the test isolate and to find out
relationship of the same with other selected sequences at NCBI, phylogenetic tree
was aso constructed using Neighbour-Joining (J) method with 100 bootstrap
samplings among 16S rRNA gene sequence of JHAg, ROHg and ROHy4. These
isolate were united with quite high statistical support by the boot strap method
estimates for 1,000 replications and values inferred greater than 40 per cent
phylogenetic tree (Fig. 18) further confirmed the identity of strains JHAs as
Pseudomonas aeruginosa, ROHg as Providencia spp. and ROHy4 as Bacillus
amyloliquefaciens, as it clustered closely with aready reported strains
Pseudomonas aeruginosa NR074828.1, Providencia vermicola NR042415.1 and
Bacillus amyloliquefaciens subsp. plantarum NRO75005.1 with the boot strap
value of 62, 73 and 46, respectively.
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Plate 8. Molecular identification of selected bacterial isolates based on 16S rRINA gene sequencing.



GGGGGATAACGTCCGGAAACGGGUGCTAATACCGCATACGICUTGAGGGAGAAAG
TGGGGGATCTTCGGACCTCACGCTATCAGATGAGCCTAGGTCGGATTAGCTAGTTG
GTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGATCA
GTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGOCAGCAGTGGGGAA
TATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCT
TCGRATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTG
TTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTA
ATACCGAAGGGTGCAAGCGTITAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTG
GTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCCAAAAC
TACTGAGCTAGAGIACGGTAGAGGGLIGGIGGAATTICCTIGIGTAGCGGLIGAAALGC
GTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTGAC
ACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGTITGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAGCTAA
CGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATT
GACGGGGGCCCGCACAAGCGGTGGAGCATCGTGGTTTAATTCGAAGCAACGCGAAG
AACCTTACCTGGCCTTGACATGCTGAGAACTTTCCAGAGATGGATTGGTGCCTTCGG
GAACTCAGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGIGAGATGTITGGG
TTAAGTCCCGTAACGAGCGCAACCCTITGTCCTTAGITACCAGCACCTCGGGTTGGCA
CTCTAAGGAGACTGCCGGTGACAAACCGCAGGAAGUGTOGGGATGACGTCAAGTCA
TCATGGCCCTTACGGCCAGGGCTACACACGTGCTACAATGGTCGGTACAAAGGGTT
GCCAAGCCGCGAGGTGGAGCTAATCCCATAAAACCGATCGTAGTCCGGATCGCAGT
CTGCAACTCGACTGCGTGAAGTCGGAATC

Fig. 15 Pseudomonas aernginosa (JHAg) 16S rRINA gene. partial sequence

CAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTTITGAAGAAGGCCCTTAGGGT
TGTAAAGTACTTTCAGTCGGGAGGAAGGCGTTGATGCTAATATCATCAAGATTGAC
GTTACCGACAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGG
AGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTGATT
AAGTTAGATGTGAAATCCCCGGGCTTAACCTGGGAATGGCATCTAAGACTGGTCAG
CTAGAGTCTTGTAGAGGGGGGTAGAATTCCATGTGTAGCGGTGAAATGCGTAGAGA
TGTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTCAGG
TGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAA
CGATGTCGATTTGAAGGTTGTITCCCTIGAGGAGTGGCTTITCGGAGCTAACGCGTTAA
ATCGACCGCCTGGGGAGTACGGUCGCAAGGTTAAAACTCAAATGAATTGACGGGG
GCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTAC
CTACTCTTGACATCCAGAGAA

Fig. 16 Providencia sp. (ROH;) 16S rRNA gene, partial sequence

GGGGTTITCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGT
ACGGTCGCAAGACTGACTACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGETGG
ATCATGTGGTTTAATTCTAASCAACGCGAAGAACCTTACCAGGTICTTGACATCCTICT
GACAATCCTAGAAATAGGACGTCCCCTTCGGGGGCAGAATGACAGGTGGTGATGGT
TGCCGTCACCTICIT

Fig. 17 Bacillus amyloiiquefaciens (ROH; ) 165 'RNA gene, partial sequence
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Chapter-5

SUMMARY AND CONCLUSION

The present investigations entitled “Impact of Indigenous Plant Growth

Promoting Rhizobacteria and Chemical Fertilizers on Soil Health and

Productivity of Capsicum (Capsicum annuum L.)” was carried out during the year

2013-16. The studies were aimed to isolate and characterize rhizospheric, endophytic

plant growth promoting bacteria and to test their bio-control efficacy against major
soil borne diseases(s) of capsicum. Secondly, to study the efficacy of PGPR isolates
at reduced doses of N and P fertilizers under net house and field conditions to have

higher crop yield and improved soil health. Thirdly, to study the effect of indigenous

PGPR inoculum for physiological efficacy under water stress conditions.

The salient features of the present investigations are as follows:

>

Significant variations in rhizospheric and endophytic bacterial population
were recorded in samples collected from different locationg/sites. The
bacterial count in rhizosphere ranged from 118.50 to 61.00 x 10°cfu/g soil,
however, the endophytic count varied from 96.00 to 62.50 x 107 cfu/g root.
Among 157 isolates, 34 isolates (12 isolates from agroclimatic-zone |, 10
isolates from agroclimatic-zone Il and 12 isolates from agroclimatic-zone 111)
possesses P-solubilising, N-fixation and siderophore production activity.

Out of the selected 34 isolates, only 52.9 per cent (18/34) isolates were IAA
producers with its content ranged from 31.33ug/ml to 10.33 pg/ml, 55.9 per
cent (19/34) isolates were ACC- deaminase producers, 35.3 per cent (12/18)
isolates were ammonia producers and only 14.7 (5/34) isolates were HCN
producer.

Except one isolate (THE;7) al the tested 34 isolates were able to inhibit the
growth of one or more test pathogens. Seventeen isolates showed antagonism
towards Fusarium oxysporum, six towards Rhizoctonia solani, twelve towards
Pythium sp., eleven towards Ralstonia Solanacearum, seventeen towards
Phytopthora capsici and twelve isolates towards Colletotrichum capsici.
However, no single isolate was able to inhibit the growth of all the six test
pathogens.



Fifteen isolates (RAKg, MATg, NER4, PAR, PAO;, SIHs, PAL7, KANjj,
BHAR,, PATy, PATi3, SARAg, JHAs ROHg and ROHi4) exhibiting the
maximum plant growth promoting and protection traits were further assessed
for quantitative estimation for P-solubilization (ug/ml), per cent siderophore
unit and lytic enzyme activity.

TCP solubilisation ranged from 169.84 to 60.16ug/ml and siderophore unit
production from 56.36 to 12.79 per cent. Maximum (169.84 pg/ml) P-
solubilization activity was recorded for isolate JHAg with corresponding
viable count (30.3 x 10’ cfu/ml) and decrease in final pH to 5.17 from initial
pH 7.0, however, was at par with isolate ROH14 (145.8 pg/ml). Significantly
higher siderophore unit (56.36 per cent) with viable count (16.1 x 107 cfu/ml)
was obtained for isolate SIHg after 72 h of incubation which was significantly
higher than all other isolates.

Among al, eight isolates (53.3 per cent) were amylase producers, four (26.7
per cent) were pectinase producers, eight (53.3 per cent) were protease
producers, two (PAO, and BHA,) isolates were cellulase producers, seven
(46.7 per cent) were lipase producers and five (33.3 per cent) were chitinase
producers.

All selected fifteen isolates varied for Gram’s reaction (9 isolates (G +ve) and
6 isolates (G —ve)), were rods, cocci and cocco-bacillus in shape, able to grow
in a temperature range of 20- 40°C, pH 5.0-8.0 and salt concentration @ 2-
6%.

Among fifteen isolates, best five isolates possessing antagonistic activity
against R. solanacearum (41.6-84.8 per cent) were selected to study their bio-
control efficacy against Ralstonia solanacearum causing bacterial wilt in
capsicum. The biocontrol efficacy of antagonist bacteria isolates towards the
pathogen strain ranged from 29.2 to 70.8 per cent. Minimum disease
incidences (25.0 per cent) were found in treatment receiving ROHg isolate
which was statistically at par with the treatment T3, T4and Ts receiving PAT,,
PAT.3 and ROH3y, isolate, respectively. However, maximum (83.3 per cent)
disease incidence and (79.2 per cent) disease severity were recorded with the
treatment receiving only pathogen (control).

Six isolates having maximum plant growth promoting traits were evaluated
under net house conditions for germination percentage and seedling growth
parameters, out of which four best performers (MATgs, KANy1, JHAg and
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ROH4) in combination along with varied levels (40, 60 and 80 per cent) of
Recommended Doses (RD) of N and P fertilizers with un-inoculated plants
receiving 100 per cent NPK as control were further evaluated for capsicum
growth and yield under net house studies.

Based on net house studies, two bacterial isolates (JHAg and ROH14) alone
and in consortia with variable (60 and 80 per cent) RD doses of N and P
fertilizers were further evaluated under field conditions for enhanced growth
and productivity of capsicum.

The experimental soil was nearly neutral (pH 7.1), norma EC (0.32 dSm™)
and low in organic carbon (0.42%), having medium available N (290.5 kg ha
1), K (214.6 kg ha') and high available P (35.3 kg ha'). The application of 80
per cent NP (NgoPs1) fertilizers in conjunction with PGPR isolates (JHAg or
ROH,4) aone and in consortia, in general, recorded significantly higher
growth and yields of capsicum over 100 per cent recommended level of
chemical fertilizers (N10o, P76& Kas).

Maximum capsicum fruit yield (18.0 t ha™) was recorded under T, (PGPR
consortia + 80 per cent NP), followed by T3 (ROH14 + 80 per cent NP),
which was 8.4% more compared to T; (100 per cent recommended level of
chemical fertilizers).

The total N, P and K uptake increased significantly with the conjoint
application of either of the PGPR isolate(s) and 80 per cent recommended
doses of chemical fertilizer over 100 per cent recommended doses of chemical
fertilizers (RDF).

The available nutrient status of soil increased significantly with combined
application of PGPR and chemical fertilizers over recommended doses of
chemical fertilizers. Maximum available N (347.3 kg ha') and available P
(50.5 kg ha) was recorded in T, (PGPR consortia + 80 per cent NP), which
was 56.8 kg ha™ and 15.2 kg ha higher over initial N and P soil test values,
respectively.

The conjoint application (chemical fertilizer + PGPR inoculant) significantly
influenced the soil enzymes (dehydrogenase, phosphatase and phytase)
activity, total bacterial count and microbia biomass-carbon over sole
application of chemical fertilizers. However, none of the treatments
significantly influenced the pH, EC and OC content of soil.
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Maximum net return (Rs 448417.0) and Benefit cost ratio (2.73) was noted for
T4 (PGPR consortia + 80 per cent NP + 100 per cent K) treatment, thus,
providing net profit of Rs.92,315 ha™ extra with over recommended levels of
chemical fertilizers besides saving 20 per cent dose of NP chemical fertilizers.
Two best isolates (ROH14 and JHAg) possessing maximum plant growth
promoting traits along with ACC-deaminase activity were further selected to
study their effect on water stress on capsicum plants exposed to 40, 60 and 80
per cent field capacity.

Maximum relative water content (94.45 per cent) has been recorded for Ts
treatment (plants inoculated with JHAg and subjected to 80 per cent field
capacity soil moisture level). Maximum (2.041 g kg™ fresh leaves) total
chlorophyll content has been noticed for T, treatment (plants inoculated with
ROHy4, and grown under 80 per cent field capacity soil moisture level),
however was dtatistically at par with treatments T; (un-inoculated non-
stressed plants) and T3 (plants inoculated with JHAg and grown under 80 per
cent field capacity soil moisture level). Maximum SOD (82.62 U g* fresh
weight), POD (4.94 U g fresh weight) and CAT (87.16 U g* fresh weight)
enzyme activities were recorded for plants inoculated with ROH;, and
subjected to 40 per cent field capacity soil moisture level followed by JHAg
inoculated plants grown under same stress level.

PGPR inoculated plants subjected to various drought stress levels increased
NPK-uptake over respective control treatments (un-inoculated plants held at
80, 60 and 40 per cent field capacity soil moisture level). Maximum (5.08%)
N content and its uptake (5.79 mg plant™) was recorded in T, treatment (un-
inoculated, non-stressed plants) followed by T, treatment (plants inocul ated
with ROH14 and grown under 80 per cent field capacity soil moisture level).
Similar, results were recorded for K content and its uptake. However,
maximum (0.31%) P content and uptake (0.36 mg plant™) was recorded for
treatment T3 (plants inoculated with JHA6 and grown under 80 per cent field

capacity soil moisture level).
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> On the basis of molecular characterization (16S rRNA gene sequencing), the
efficient strains ROHg, JHAs and ROH14 were identified as Providencia spp.,

Pseudomonas aeruginosa and Bacillus amyloliquefaciens, respectively.

CONCLUSION

From the present study, it may be concluded that the application of
Providencia spp. (ROHg) reduced the bacterial wilt disease incidence (Ralstonia
solanacearum) by seventy percent. The application of PGPR consortia (JHAg +
ROH;4) along with 80 per cent NP (Ngo Ps1 kg/ha) brought a significant increase in
yield by 10.89 q ha' (8.4%), available N (8.7%) and P (20.7%) content over
recommended doses (N100 and Pz kg/ha) besides saving 20 per cent (20 kg N/ha and
15 kg P/ha) of chemical fertilizers. Further, application of Pseudomonas aeruginosa
(JHAg) and Bacillus amyloliquefaciens (ROH14) induced the drought tolerance in
capsicum by increasing antioxidant enzymes (SOD, CAT and POD) activities under
drought stress.
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Capsicum is a renumerative crop to the farmers and is grown in both open fields and protective
structures. The nutrient requirements and its sensitivity to extremes of environment coupled with higher
incidence of diseases such as damping off (Pythium spp.), phytophthora collar rot (Phytophthora capsici),
fruit rot (Colletotrichum capsici) and bacterial wilt (Ralstonia solanacearum) resulted in sizeable yield losses.
The use of PGPR to supplement chemical fertilizers and pesticides is a potential aternative but no
commercial formulation is available for use. So, the present investigations entitled “Impact of indigenous
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collected from twenty eight locations of agro-climatic zone I, Il and 11l of Himacha Pradesh. Among 157
isolates, 34 morphological distinct isolates were selected for screening of possession of multifarious plant
growth promoting traits. Among selected isolates, all were P-solubilizers, nitrogen fixers, siderophore
producers, 18 isolates were able to produce 1AA, 19 isolates were ACC- deaminase producers, 12 isolates
were ammonia producers and only 5 isolates were HCN producer. Under laboratory conditions, except THE 7
isolate, al the tested isolates were able to inhibit the growth of one or more test pathogens i.e. Fusarium
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besides saving 20 per cent chemical fertilizers. The study, therefore, indicates the potentia of Bacillus
amyloliquefaciens (ROH,4) and Pseudomonas aeruginosa (JHAg) in partial replacement of N and P (~20%)
applied through chemical fertilizers, besides higher productivity of crops. Further, the application of selected
indigenous isolates (JHAg and ROH,,) can induce drought tolerance by increasing antioxidant enzymes
(superoxide dismutase, catalase and peroxidase) activities. Thus, the conjoint application of PGPR isolates at
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APPENDI X-I1

Appendix 2.1.Quantitative characterization of plant growth promoting traits of selected bacterial isolates

P-solubilization

Sider ophor e estimation

Lytic enzyme production (EAI)***

Viable Viable
Isolates | P-solubilization* count | Final | Siderophore | count | Final | Amylase | Pectinase | Protease | Cellulase | Lipase | Chitinase
(ng/ml) (x10’ pH unit (%)** (x10’ pH activity activity | activity | activity | activity | activity
cfu/ml) cfu/ml)

RAKg 85.25 15.34 4.63 33.19 11.97 4.85 1.27 0.00 0.00 0.00 1.27 1.27
MAT, 117.83 20.87 5.37 37.40 9.70 4.43 0.00 0.00 1.38 0.00 0.00 0.00
NER, 120.00 21.60 5.50 30.22 11.44 5.50 0.00 0.00 0.00 0.00 0.00 0.00
PAR, 86.06 15.49 4.65 12.79 8.30 4.53 1.36 1.36 0.00 0.00 1.36 0.00
PAO, 59.00 11.96 6.77 28.17 11.07 4.61 1.95 0.00 1.95 1.27 0.00 0.00
SIHg 62.70 11.30 5.20 31.76 11.72 4.45 1.36 1.36 0.00 0.00 0.00 0.00
PAL; 60.16 12.14 5.05 18.54 9.34 4.86 0.00 0.00 1.86 0.00 1.86 1.95
KAN; 120.20 21.64 5.39 51.80 15.32 5.37 0.00 1.45 1.45 0.00 1.45 0.00
BHAR, 98.94 17.81 5.33 37.43 12.74 5.44 0.00 0.00 0.00 1.45 1.78 0.00
PATq 64.27 11.57 5.47 35.29 12.35 5.29 1.32 0.00 1.32 0.00 1.32 0.00
PAT 5 93.25 17.11 5.02 20.57 12.73 5.40 0.00 0.00 0.00 0.00 1.65 1.33
SARAq 93.25 17.11 5.05 36.35 12.54 5.45 1.33 0.00 1.33 0.00 0.00 0.00
JHAg 169.84 30.27 517 56.36 16.14 4.64 1.36 1.82 1.46 0.00 0.00 1.36
ROHg 92.56 16.66 5.10 34.35 12.18 5.05 1.45 0.00 1.28 0.00 0.00 1.95
ROH, 145.77 26.26 4.80 51.77 15.50 5.37 0.00 0.00 1.83 0.00 0.00 0.00

CDo5 34.89 2.12 0.40 4.23 0.76 0.46 0.13 0.12 0.15 0.00 0.13 0.06

*P-solubilized = T-C; Where, T = P-solubilized in test, C = P-solubilized in control
**Per cent Siderophore Unit (%S.U.) =

Ar—
A

r

4
***Enzyme activity index (EAI) = e Where, A = Halozone diameter; B = colony diameter

A x 100; Where, Ar = Absorbance of reference at 630nm; As = Absorbance of test at 630nm.




Appendix 2.2 Effect of antagonistic bacterial isolatesin controlling the capsicum bacterial wilt
caused by Ralstonia Solanacearum (net house conditions)

At seedling stage At fruit set stage
Treatments (6 days after transplantation) (six weeks after transplantation)
Disease Biocontrol Disease Disease Biocontrol efficacy
incidence (%) efficacy (%) | incidence (%) severity (%) (%)

Control 100.00 (89.96)* | 0.00(0.00)* | 83.33(72.34)* | 79.17 (63.95)* 0.00 (0.00)*
NER, 91.67 (81.15) 8.33(8.81) 58.33(49.85) | 56.25 (48.61) 29.17 (28.87)
PAT, 83.33(72.34) 16.67 (17.63) | 50.00(44.98) | 37.50(37.48) 37.50 (33.74)
PAT 3 75.00 (67.47) 25.00 (22.49) | 50.00(44.98) | 39.58(38.68) 37.50 (33.74)
SARA, 66.67(58.66) 33.33(31.30) | 33.33(35.25) | 25.00(29.83) 58.33 (49.85)
ROHs 58.33 (49.85) 41.67(40.12) | 25.00(26.44) | 8.33(14.41) 70.83 (61.09)

CDogs 31.43 (27.64) 31.96 (27.84) | 24.76(19.86) | 19.68 (13.60) 30.88(26.79)

*Figurein parenthesis () are arc-sin transfor med values

Appendix 2.3 Effect of varied levels of NP on microbiological soil parametersin capsicum (net

house conditions)

Rhizospheric Endoph_ytic . N
Treatments population bacterllal Microbial bloma§s
(x10° cfulg soil) pc;pulat|on (mg M B-C/100g soil))
(x10° cfu/g root)

T, (100 per cent RDF 75.9 62.3 49.0
T, (80 per cent RDF) 69.3 47.5 54.0
T3 (60 per cent RDF) 58.7 2.7 49.0
T, (40 per cent RDF) 53.4 38.4 46.8
Ts (80 per cent RDNP + MATy) 114.2 94.1 55.1
Te (80 per cent RDNP + KAN1) 114.7 93.6 56.0
T (80 per cent RDNP + JHAg) 117.4 99.3 61.1
Tg(80 per cent RDNP + ROH ) 1211 96.2 68.0
Ty(60 per cent RDNP + MATg) 81.6 62.8 52.4
T10(60 per cent RDNP + KAN1;) 74.7 57.1 54.7
T11(60 per cent RDNP + JHAg) 83.7 65.4 58.7
T12(60 per cent RDNP + ROH14) 85.3 57.1 63.6
T15(40 per cent RDNP + MATyg) 57.5 50.5 54.0
T14(40 per cent RDNP + KAN11) 60.7 51.8 56.2
T15(40 per cent RDNP + JHAg) 70.8 44.4 529
T16(40 per cent RDNP + ROH 1) 72.4 43.1 52.2




Appendix 2.4 Effect of varied levels of NP on microbiological soil parametersand available
nutrients (field conditions)

Rhizospheric count Endophytic count Microbial biomass Z\Zi?jtr)]ltel r,lICILKEELOSVE'e?
Treatments (cfux10%) (cfux10%) (mg M B-C/100g soil) initial
2014 | 2015 | Mean 2014 2015 | Mean 2014 2015 | Mean N P K
T4 (100 per 88.9 90.5 89.7 54.7 55.8 55.2 45.33 46.58 45.96 10.04 18.47 3221
cent RDF)
T, (80 per
cent RDNP 1231 | 127.1 | 1251 713 73.7 725 | 100.78 | 103.05 | 101.91 | 1173 29.29 15.41
+ JHAg)
T3 (80 per
cent RDNP 1257 | 1371 1314 732 75.6 744 102.13 | 105.78 | 103.95 15.47 35.67 17.61
+ ROH,)
T, (80 per
gﬁn At\ RPNP 137.1 | 1443 140.7 76.3 81.0 78.6 107.92 | 109.40 | 108.66 19.55 43.03 19.98
6
ROH14)
Ts (60 per
cent RDNP 1068 | 1111 109.0 63.9 66.0 65.0 92.47 93.96 93.22 -5.43 -1.87 3.85
+ JHAg)
Te (60 per
cent RDNP 109.3 | 1134 | 1114 61.7 64.3 63.0 93.74 | 9500 | 94.37 -4.98 493 5.37
+ ROHy,)
T, (60 per
gﬁn'; FiDNP 1165 | 1195 | 1180 66.0 72.2 69.1 9743 | 9866 | 98.05 -1.77 9.15 7.31
6
ROH,4)
CDggs 10.7 10.7 6.81 8.6 87 5.28 5.46 4.70 3.44 - - -

Appendix 2.5 Effect of varied levels of NP on soil enzymesin capsicum (field conditions)

Dehydrogenase Phosphatase Phytase
TPF glsoil h* PNP glsoil h* Enzyme unit umol ml™* min
Treatments (g TPF g ) (hg PNP g ) (Enzy H )
2014 2015 Mean 2014 2015 Mean 2014 2015 Mean

T1 (100 per cent 4525 45.89 4557 43.44 44.98 44.21 32.44 34.67 33.56
RDF)
T2(80 per cent 64.42 66.64 65.53 90.18 92.56 100.41 75.11 78.78 76.94
RDNP + JHA)
T (80 per cent 70.98 72.73 71.86 99.37 101.45 91.37 116.43 117.77 112.10
RDNP + ROH,)
T4 (80 per cent
RDNP JHA + 72.56 73.95 73.26 101.59 103.22 102.41 131.11 132.44 131.78
ROH )
Ts (60 per cent 55.15 55.45 55.30 77.21 76.25 76.73 75.11 76.44 75.78
RDNP + JHA)
Te (60 per cent 56.32 56.90 56.61 78.85 78.35 78.60 89.78 91.11 90.44
RDNP + ROH,)
T+ (60 per cent
RDNP JHAg+ 60.75 62.94 61.84 85.05 87.16 86.10 95.00 96.33 95.67
ROH )

CDos 3.8 33 2.45 4.92 475 335 27.75 27.76 17.48

Vi




Appendix 2.6 Effect of PGPR and chemical fertilizers on benefit cost ratio

Viddof | o ot Benefit
Treatments Capsicqlm (Rsirgﬁ;e " etolj?n Total cost Net profit ((é(?sct)
(KgHa) ratio
T1 (100 per cent RDF) 14266.63 25.00 356665.87 | 120921.40 235744.47 1.95
T, (80 per cent RDNP + JHAg) 15656.05 25.00 391401.26 | 120358.46 271042.80 2.25
T, (80 per cent RDNP + ROH4,) | 16038.20 25.00 400954.93 | 120358.46 280596.47 2.33
;‘éﬁ%’“ centRDNPJHAs+ | 1703668 | 2500 | 448417.00 | 12035846 | 32805854 | 2.73
Ts (60 per cent RDNP + JHAg) 8665.06 25.00 216626.46 | 118571.64 98054.82 0.83
Te (60 per cent RDNP + ROH,) 9019.73 25.00 225493.27 | 118571.64 106921.63 0.90
;éﬁ%’er cent RONP JHAg+ 044461 | 2500 | 23611516 | 118571.64 | 11754352 | 0.99
Appendix 2.7 Effect of PGPR on antioxidant enzymes (SOD, POD, CAT) of capsicum at varied
levels of drought stress (net house conditions)
Treatments SOD POD Catalase
(U/gm fresh weight) (U/gm fresh (U/gm fresh
weight) weight)

T,: 100 per cent of field capacity 41.24 1.58 18.35
T,: 80 per cent of field capacity 45.35 2.37 27.52
T3 80 per cent of field capacity + JHAg 46.19 2.77 36.70
T4 80 per cent of field capacity + ROH 4 50.21 2.96 41.28
Ts: 60 per cent of field capacity 55.13 3.16 50.46
Te: 60 per cent of field capacity + JHA 59.41 3.76 59.63
T: 60 per cent of field capacity + ROHy4 64.40 3.95 55.05
Tg: 40 per cent of field capacity 72.26 4.35 77.98
Tg: 40 per cent of field capacity + JHA 74.59 4.74 82.57
To: 40 per cent of field capacity + ROH 4 82.62 4.94 87.16

CDoos 6.31 0.34 7.81

Appendix 2.8 Effect of PGPR on nutrient (NPK) uptake of capsicum at varied levels of drought

stress (net house conditions)

Treatments Nitrogen uptake | Phosphorus uptake Potassium uptake
(mg/plant) (mg/plant) (mg/plant)
T4: 100 per cent of field capacity 5.79 0.34 2.10
To: 80 per cent of field capacity 3.78 0.26 1.55
T 80 per cent of field capacity + JHAg 5.00 0.36 1.89
T4 80 per cent of field capacity + ROH 4 5.20 0.36 1.91
Ts: 60 per cent of field capacity 281 0.19 1.13
Te: 60 per cent of field capacity + JHAg 331 0.24 1.45
T+: 60 per cent of field capacity + ROHy,4 3.71 0.22 1.34
Tg: 40 per cent of field capacity 1.76 0.13 1.02
Tg: 40 per cent of field capacity + JHAg 3.24 0.20 1.19
T1o: 40 per cent of field capacity + ROH 4 2.65 0.19 1.14
CDo.s 0.46 0.03 0.21
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APPENDIX- 11

3.1 ANOVA of Table 3 (Screening of selected PGPR isolates for their
multifarious PGP traits)

Mean Sum of Squares
Source of Variation df P-solubilization | Sderophore | n o oduction
efficiency (%) | Production (ug/ml)
efficiency (%)
Treatment (T) 33 822.02 97252 351.70
Error 68 110.65 95.16 0.79
Tota 101

3.2 ANOVA of Table 4 (Screening of selected PGPR isolates for antagonism
against varioustest pathogens under laboratory conditions)

Source of _ _ _ _Mean Sum of S_quar% _
Variation df| Fusarium Rhlzoctqnla Pythium | Ralstonia Phytoph_thora Colletotr_l c_hum
oxysporum| solani p. solanacearum|  capsici capsici
Treatment|
) 33| 1079.98 488.57 864.51 1439.24 941.72 995.15
Error |68 3.84 0.59 0.69 9.95 1.47 0.96
Total (101

3.3 ANOVA of Appendix 2.1 (Quantitative characterization of plant
growth promoting traits of selected bacterial isolates)

Mean Sum of Squares
Sour ce of p- Viable| ) . . . . .
Variation f solubilization count [Final| Sider ophore| Viable count | Final| Amylase| Pectinase| Protease| Cellulase| Lipase[Chitinasq
(Hg/ml) (x107 | pH | unit (%) |(x10” cfu/ml)| pH | activity | activity | activity | activity |activity| activity
HY cfu/ml)
Treatment (T)14] 311378 | 91.36 [0.76| 454.20 1472|050 170 187 195 | 184 | 194 | 159
Error |30  437.89 162 [006| 642 0.21 007 001 0.01 001 | 001 | 001 | 0.001
Total 4

3.4 ANOVA of Table 7 (Evaluation of antibacterial metabolite from selected
antagonistic bacterial isolates against Ralstonia Solanacearum)

Mean Sum of Squares
Per cent | Inhibition | Inhibition | Inhibition | Inhibition
Source of Variation df growth zone at zone at zone at zone at
inhibition conc. conc. conc. |conc. 0.5%
0.125% |0.25% (v/v) 0.375% |(v/v)in mm
(viv) inmm| inmm |(v/v) in mm)
Treatment 9 1290.74 14.90 21.26 27.71 42.92
Error 20 60.60 0.17 0.33 0.47 0.33
Total 29
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3.5 ANOVA of Table 8 (Effect of antagonistic bacterial isolates on plant growth
parameters after the infestation by Ralstonia Solanacearum at fruit set stage)

Mean Sum of Squares
Sour ce of N . K
L df
Variation Germolnatlon Vigour index Plant bIOmaSSN content (% )P content (% )content
(%) (9) %)
Treatment| 5 323.002 87255.7 37.41 0.05 0.001 0.10
Error 18 10.73 1526.64 2.66 0.02 0.003 0.008
Total 23

3.6 ANOVA of Appendix 2.2 Effect of antagonistic bacterial isolates in
controlling the capsicum bacterial wilt caused by Ralstonia Solanacearum.

Mean Sum of Squares
At seedling stage At fruit set stage
Sour ce of - — - - - -
Variation df |Diseaseincidence |Biocontrol Disease Disease Biocontrol
(%) efficacy (%) [incidence |severity (% )lefficacy (%)
(%)
Treatment 5 972.22 972.22 966.45 1124.97 1732.67
Error 18 447.54 447.54 178.68 83.86 325.42
Total 23

3.7 ANOVA of Table 9 (Effect of bacterial inoculums on capsicum seedling
growth parameters (net house conditions)

Mean Sum of Squares
Sour ce of o Shoot Root
variatiod o Germ;nanon Vigour index Shoot length)  **— | Rootlength| . "~
(%) (cm) (mg/plant) (cm) (mg/plant)
Treatmen| 6 268.44 73355.69 6.76 576.49 34.50 34.50
Error | 14 9.70 2790.73 1.38 141.40 0.30 93.16
Total | 20

3.8 ANOVA of Table 10 (Effect of PGPR and chemical fertilizerson capsicum
plant parameters and yield (net house conditions)

Mean Sum of Squares
SOU_TC¢0fdf Shoot| Shoot | Root | Root |Fruit| Fruit |Fruitweight| Fruit |Fruit yield
\Variatior| | [ength | biomass| length | biomass|length breadth (9) number|(K gplant™)
(cm) | (9 (cm) (@ [(cm)| (cm)

Treatment 15 306.86| 79.75 | 49.77 0.31 |659| 27.17 523.86 9.78 0.22
(M)

Error (32 11.23| 292 1.82 0.01 |0.24| 0.99 21.80 0.36 0.01
Tota |47




3.9 ANOVA of Table 11 (Effect of varied levels of NP on NPK content and their uptake in
capsicum under (net house conditions)

Mean Sum of Squares

Sourceof Variation | df | (%)| Phosphorus | Potassium NU PU KU
9 ) (%) (%) (mg/plant) | (mg/plant) | (mg/plant)
Treatment 15 2.05 0.018 1.071 13.073 0.145 5.932
Error 32 0.08 0.0007 0.053 0.289 0.003 0.167
Total 47

3.10 ANOVA of Table 12 (Effect of PGPR and chemical fertilizerson soil physico-chemical
characteristics (net house conditions)

Mean Sum of Squares
Source of Variation df AvailableN (Kg| Available P (Kg|AvailableK (Kg
ha™) ha™) ha™)
Treatment (T) 15 5539.30 194.12 2624.76
Error 32 403.597 13.48 90.31
Total 47

3.11 ANOVA of Table 13 (.Effect of PGPR and chemical fertilizerson plant growth

parametersand yield of capsicum (field conditions))

Mean Sum of Squares
Source of df Plant biomass | No. of fruits | Fruit weight
Variati i ) i *
ariation Plant height (cm) (q ha?) (Fruit plant™) ©) Yield (t ha™)
Treatment (T) 6 267.36 130.84 2.33 4140.93 57.76
Interval (I) 1 19.61 10.70 0.19 17.93 2.02
T><I 5 3.3 6.90 0.01 1.60 0.09
Pooled error 28 6.09 3.08 0.06 3.59 0.38
Total 41

3.12 ANOVA of Table 14 (Effect of PGPR and chemical fertilizers on total nutrient content
(NPK) and their uptakein capsicum (field conditions))

Sour ce of df Mean Sum of Squares
Variation Nitrogen (%) [Phosphorus (%) Potassium (%) NU (Kgha?) | PU (Kgha') | KU (Kgha?)
Tre?_trr;ent 6 0.45 0.0045 0.99 5788.38 38.32 4669.28
Interval (1)| 1 0.04 0.003 0.02 104.45 4.98 400.46
TxI 6 0.01 0.0001 0.11 91.60 0.17 309.58
Pooled 8 0.04 0.0006 0.03 73.40 2.28 74.09
error
Total 41




3.13 ANOVA of Table 15 (Effect of PGPR and chemical fertilizerson soil physic-chemical
characteristics and available nutrient (NPK) contents (field conditions))

Mean Sum of Squares

Source of Variation df AvailableN (Kg| Available P (Kg | AvailableK (Kg
ha™) ha™) ha)
Treatment (T) 6 5285.86 210.30 2774.99
Interval (1) 1 377.13 0.65 555.04
TxI 6 236.37 4.47 55.53
Pooled error 28 242.52 512 207.05
Total 41

3.13 ANOVA of Appendix 2.4 (Effect of varied levels of NP on microbiological soil
parameters and available nutrients (field conditions))

Mean Sum of Squares
L. Microbial
Source of Variation df Rhizospheric count (cfu><107 (EC?SSES%UC count ?r:%nl\is;
C/100g soil)
Treatment (T) 6 1673.93 371.49 2681.84
Interval (1) 1 27157 99.05 34.17
Tx| 6 15.90 4.60 1.19
Pooled error 28 33.17 19.91 8.45
Tota 41

3.14 ANOVA of Appendix 2.5 (Effect of varied levels of NP on microbiological soil
parameters and soil enzymesin capsicum (field conditions))

Mean Sum of Squares

Dehydrogenase Phosphatase Phytase
Source of Variation df (g TPF g'soil h) (g PNP g'soil h™") (Enzyme unit
pmol ml™t min}
)

Treatment (T) 6 577.94 2322.93 6059.90
Interval (1) 1 17.71 14.69 33.78
TxI 6 0.95 2.71 1.19

Pooled error 28 4.27 8.01 218.69

Tota 41
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3.15 ANOVA of Table 16 (Influence of PGPR isolates on growth parameters and
nutrient content of capsicum under varied levels of drought stress.)

Mean Sum of Squares

Total

Sol f Relative Total soluble
Valrjiracg:n df Izhno?; IeRno?h biS:rggts biir(:]oets ;re:; water | chlorophyll | protein | Nitrogen | Phosphorus| Potassium
(cr%) (cr%) (gplant) | (gplant) | (cm?) content |content (g/kg| (mg/g (%) (%) (%)

(%) |freshleaves)| fresh

leaves)
Tre‘(’tT’;‘e”t 9| 8526| 2419| 2419 | 011 |7248| 54503| 008 | 0008 | 157 0.005 0.070
Error 20| 141 | 037 0.37 0.001 | 0.50 | 189.55 0.002 0.0002| 0.11 0.0001 0.004

Total

3.16 ANOVA of Appendix 2.7 (Effect of PGPR on antioxidant enzymes (SOD, POD, CAT)
of capsicum at varied levels of drought stress (net house conditions))

Mean Sum of Squares
Source of Variation df| SOD (U/gm fresh POD (U/gm fresh CAT (U/gm fresh
weight) weight) weight)
Treatment (T) 9 588.02 3.50 1656.01
Error 20 13.75 0.04 21.04
Tota 29

3.17 ANOVA of Appendix 2.8 (Effect of PGPR on nutrient (NPK) uptake of capsicum at
varied levels of drought stress (net house conditions))

. M ean Sum of Squares
Source of Variation df NU (mg/plant) PU (mg/plant) KU (mg/plant)
Treatment (T) 9 4.77 0.020 0.43
Error 20 0.07 0.0004 0.15
Total 29
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APPENDIX- 1V

Cost of cultivation of capsicum

A. Fixed cost for all thetreatments per hectare

Nursery:
1. | Cost of seeds 800g @ Rs 25000/Kg Rs. 20000/-
2. Eg(ljlsfumlgatlon formalin (1:7) 1L/bed @ Rs 125/L, for 10 Rs. 1250/-
3. | FYM-25Kg/bed, for 10 beds 250K g@ Rs 1/Kg Rs. 250/-
4. | PGPR 1It. @ Rs50/It Rs. 50/-
5. | Plant protection Rs. 100/-
6. | Labour charges @ Rs 230/day, for 25 labour Rs. 5750/-
Preparatory tillage:
1. | 4 ploughings @ Rs 1000/ploughing Rs. 4000/-
2. | 3 plankings @ Rs 150/planking Rs. 450/-
3. | Bedsand channels making labour 40@ Rs 230/day Rs. 9200/-
Transplanting:
1. | 25labour @ Rs 230/day Rs. 5750/-
2. | Irrigation 2 labours/day for 7 days or 14 labour @ Rs Rs. 3220/-
230/day
Manures and fertilizer Application:
1. | FYM 20-25t/ha @ Rs 1/Kg Rs. 25000/-
2. | 15laboursfor application @ Rs 230/day Rs. 3450/-
Cultural operations:
1. Weeding, Hoeing, gap filling 40 labours @ Rs 230/day Rs. 9200/-
2. | 6irrigations Rs. 2760/-
Plant protection:
1. | 5chemica spray Rs 4000/-
2. | For 5 chemical spray 20 labours @ Rs 230/day Rs 4600/-
Miscellaneous: Rs 8000/-
Harvesting:
| 30 labour @ Rs 230/day Rs 6900/-
Total Fixed cost Rs 113930/-
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B. Variable cost of cultivation of different doses of chemical fertilizers

100% RDF of NPK
Urea 217 Kg/ha @ Rs 4.70/Kg = 1019.9
SSP 475 Kg/ha @ Rs 10.22/Kg = 4854.5
MOP 90 Kg/ha @ Rs 11.30/Kg = 1017
PGPR 2 It. @ Rs 50/It = 100
Total = 6991.4
PGPR + 80% RD of N and P+ 100% K
Urea173.6 Kg/ha @ Rs4.70/Kg = 815.92
SSP 380 Kg/lha @ Rs 10.22/Kg = 3883.6
MOP 90 Kg/ha @ Rs 11.30/Kg = 1017
PGPR 2 It. @ Rs 50/1t = 100
Total = 6428.46
PGPR + 60% RD of N and P+ 100% K
Urea 130.2 Kg/ha @ Rs 4.70/Kg = 611.94
SSP 285 Kg/ha @ Rs 10.22/Kg = 2912.7
MOP 90 Kg/ha @ Rs 11.30/Kg = 1017
PGPR 2 It. @ Rs 50/It = 100
Total = 4641.64

C. Total cost of cultivation of different doses of chemical fertilizers

Treatment Fixed cost + Total cost of cultivation
variable cost (Rs)
100% RDF of NPK 113930 + 6991.4 120921
PGPR + 80% RD of N and P+ 100% 113930 + 6428.6 120358
K
PGPR + 60% RD of N and P+ 100% 113930 + 118572
K 4641.64

D. Benefit Cost ratio

448417-120358

Yield of Capsicum = 18.0t/ha

Salerate = Rs 25/Kg

Total return = Rs 448417 /-

Net Profit = Total return-Tota cost

Rs 328058/-

Benefit Cost (B:C) Ratio

Net Profit/ Total Cost

328058/120358

2.73
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