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ABSTRACT
Potato is among the most important crops globally and ranked at 4 th in food
crops after rice, wheat and maize. But unfortunately it is being affected by number
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of diseases of which bacterial wilt (Ralstonia solanacearum) is of prime
importance affecting over 1.53 million hectares of potato worldwide. In this study,
we intended to inhibit pathogen growth and activity through antagonistic
rhizobacteria and also explore rhizobacteria that can prime plant defense by
inducing systemic resistance (ISR) and thus a two-way defense can be achieved.
The study was initiated with survey and collection of samples (rhizospheric soil and
wilted plants) from major potato growing areas of Punjab (Okara, Sahiwal,
Pakpattan, Jhang, Faisalabad, Sialkot, Lahore and Kasur) and the highest incidence
was found at Okara (24.4 %). The isolation of R. solanacearum (Rs) from the
collected samples retrieved 43 isolates and pathogenicity/virulence test confirmed
three isolates (Rs9, Rs17 and Rs43) as highly virulent. Rhizobacteria isolation
retrieved 221 isolates in total which were screened for antagonism against highly
virulent strains of R. solanacearum. Eleven isolates came out to be highly
antagonistic (> 8 mm zone of inhibition in radius) against either of strain of R.
solanacearum. The antagonistic isolates were characterized for plant growth
promoting (PGP) traits and also screened for ISR effects. Two antagonistic isolates
(B28 and B85) having antagonistic, PGP and ISR abilities were identified on
molecular basis (16S rRNA gene). The isolate B28 had 99 % similarity index with
Bacillus subtilis and B85 having 98 % similarity with Bacillus pumilus. The isolates
were applied individually and in combination with and without R. solanacearum
under greenhouse conditions and in total 12 treatments were applied. Analysis of
defense enzymes, Peroxidase (POD), Polyphenol oxidase (PPO) and Phenylalanine
Ammonia Lyase (PAL) was done on day 1, 5 and 10 in all
treatments. The results revealed significant rapid increase in all enzymes in salicylic
(SA) and pathogen (Rs) treated plants as compared to control while increase in
rhizobacteria treated plants was slow. Increase in the enzyme activity in pathogen
containing treatments was slightly higher than their respective nonpathogen
controls. POD activity increased significantly in SA and Rs treated potato plants

17

while in PGPR treated plants, significant increase in POD activity was recorded in
B85 treatment. PPO activity was elevated maximum on day 5 and
decreased slightly on day 10. During analysis of PAL activity, highest activity was
recorded in SA and pathogen treated plants followed by B85 treatment and no
significant change in PAL activity was found with B28 treatment. Real time
expression analysis of two defense genes; PR1b1 (salicylic acid responsive) and
Coi-1 (jasmonic acid responsive) using 18S rRNA gene as reference gene was done
and results revealed that the expression of PR1b1 and Coi1 enhanced significantly
after the application of Rs as compared to their respective non-pathogen controls. In
PGPR treated plants four-fold increase in PR1b1 expression was recorded in B85
treatment while three times upregulation in expression of Coi1 was observed in B28
treated plants as compared to control. The results showed that B. subtilis B28 and
B. pumilus B85 have the ability to induce systemic resistance in potato plant through
activating jasmonic acid and salicylic acid pathways. Induced resistance has played
its role in reducing the impact of pathogen as observed by reduced disease incidence
which was found as low as 11.4 % as compared to control. Hence we conclude that
B. subtilis B28 and B. pumilus B85 have not only deterred R. solanacearum directly
but it has also induced resistance in potato
plants.
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Chapter 1

INTRODUCTION
Potato (Solanum tuberosum L.) is a tuberous, starchy crop belonging to the
family Solanaceae containing carbohydrates, fat, proteins, minerals (iron, calcium,
magnesium, zinc, phosphorus, potassium and sodium) and several vitamins except
vitamin A and D. Potato, among vegetables, is the most consumed vegetable and
generally in food crops the fourth most important crop following wheat, rice and
maize. With rough estimate, potato yield is half of the world’s annual total yield of
tuber crops (Patil et al., 2012). According to FAO, during 2013 the annual yield of
potato around the world increased significantly as compared to previous year with
figure of 368 million tonnes (FAOSTAT, 2014) with China and India contributing
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nearly a third of the world's potatoes (Hijmans and Spooner, 2001). The year 2008
was declared as International potato year keeping in view the nutrition and
production ability potato possesses that could serve the nutrition for rampantly
increasing population. Potato has been extremely variable with respect to locality
though it has been considered as essential crop in Europe which still stands at top
because of per capita production of potato. In recent decades it has also been favored
by farmers in southern and eastern Asia.
In Pakistan, increasing trend in potato cultivation has been observed since the
establishment of Pakistan. Currently (2013-14), potato is cultivated on 160 thousand
hectares with annual production of 2901 thousand tons (GOP, 2014). This increase
in production may be attributed to several social, economic and environmental
factors. Potato is usually vegetatively propagated with tuber. Agro-

1

ecologically, Pakistan is divided into eight zones on the basis of potato cultivation
(Table 1). Agro-ecological zone II which comprises the central Punjab and east
Khyber Pakhtoon Khwa (KPK) is the major potato growing area of Pakistan
contributing more than 80 % in total potato production (Rauf et al., 2007). In
Pakistan, major part of the propagating material is imported from other countries of
the world. According to the report of Federal Seed Certification & Registration
Department (FSC&RD) mentioned in Economic Survey of Pakistan (GOP, 2014),
there is no availability of potato seed locally/domestically, and 18674 metric tonnes
of potato has to be imported to meet the requirement.
The production of potato per acre is highest among the cultivated crops where
the calories obtained by potato are about 9.2 million which are far higher than other
food crops like maize (7.5 million), rice (7.5 million) and wheat (3 million). Despite
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having the highest production, much of crop is being destroyed by several interfering
factors that include diseases and insect pests among the biotic stresses and high
temperature, high humidity, excessive rainfall, drought among the abiotic factors
(Patil et al., 2012). In Pakistan, in addition to these constraints, there are several other
factors like unavailability of seed, poor quality seed, managerial problems which
amplifies the limitations of potato production. All these factors contribute to low
yield of potato but the predominating factors in potato production among biotic
stresses are diseases. Potato, by virtue, is attacked by number of pathogens reducing
its yield to major extent. It is anticipated that by controlling the disease problems of
potato that reduce the yield by approximately a quarter, the overall yield of potato
could exceed 400 million tons (Patil et al., 2012). Potato is reported to be invaded by
hundreds of pathogens that include fungi, bacteria, nematodes and viruses. Among
fungi, late blight (Phytophthora infestans) is the most chaotic one. While considering
bacterial diseases, bacterial wilt caused by Ralstonia solanacearum (Rs) is the most
widely prevalent disease of potato. The pathogen is omnipresent and serves a major
limiting factor in certain geographical locations of the world. Its losses in tropical,
sub-tropical and temperate areas are higher than other geographical zones and it can
also cause disease at higher elevations (Elphinstone, 2005).
Bacterial wilt has been infecting more than 200 plant species in over 50
botanical families with highest losses being imparted to banana, tomato, potato,
eggplant and chili. In potato, the disease is reported to be infecting 1.53 million
hectares of potato and according to a rough estimate causing losses over $950 million
per annum in 80 countries of the world (Elphinstone, 2005). The presence of disease
in six continents out of seven is not an unusual fact because of its host range and
diversity among the isolates (Fegan and Prior, 2005). Many of countries and
organizations have categorized this pathogen as the strictly quarantined pathogen and
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its movement across the port, land is strictly observed specially with race 3 biovar 2.
Among these organizations are Animal and Plant Health Inspection Service (APHIS)
of the United States Department of Agriculture (USDA), North American Plant
Protection Organization (NAPPO) and European Plant Protection Organization
(EPPO) (Champoiseau et al., 2009). In developing countries, this disease is among
top five priorities which pose serious challenges for potato production. Due to
uncheck import of propagating material from over the world with latent infections,
bacterial wilt has also established in Pakistan. In Pakistan,
BW is well established in northern areas whereas minor infestation was also reported
from major potato growing areas of central Punjab in 1992. Since then, the disease
incidence has been increasing and in recent surveys an average of 13.8 % incidence
was recorded all over Pakistan in several vegetable crops while in potato 10.5 %
incidence has been reported (Begum et al., 2012).
Keeping in view the diversity and host range of pathogen, several measures
have been worked to find something promising for management of this pathogen.
Among which the most important control measure is resistant varieties but
unfortunately only Solanum phureja has got the resistance genes against bacterial
wilt which has also been transferred to other cultivated varieties and varieties from
moderate to highly resistant have been released but still latent infections in tubers is
serious problem. Furthermore, these resistant varieties do not resist all the diversified
strains of the pathogen and also are not adaptable to all agro-climatic zones (Patil et
al., 2012). Other measures that have been considered are healthy seed, better
agronomic practices, biocontrol with its own strains and antagonists and integrated
management (Elphinstone and Aley, 1993). Chemical control using germicide seems
to be effective measure but serious environmental hazards are associated to it and
further there are no chemicals to control bacterial wilt effectively. Eventually the
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measure successful in one area may not work in other and thus measure is not
universal and hence it cannot be used for its control in any other area. Thus it is
imperative to explore the management strategies to find the effective one for specific
environment.
By virtue, soil sheltering the pathogen also shelters other microorganisms that
can inhibit the pathogen by possessing any character that is inhibitory to the pathogen
either directly or indirectly and thus not allowing the pathogen to reach a level that
can incite the disease by either killing it or not allowing it to multiply. Recently, this
type of disease control has been the attention of scientists because it is environment
friendly unlike the harmful chemicals, safe for workers and also cheap (Fravel,
1988). Plant Growth Promoting Rhizobacteria (PGPR) are among those beneficial
microorganisms that soil shelters and which can be proved helpful for conducive
plant environment. These are naturally present in many environments and are
associated to many plant species. These rhizobacteria are associated to specific crops
because roots exude specific compounds on which they feed on and in turn they do
not cause any harm to plant and hence an intimate association can be developed
(Kloepper et al., 1999). Some plant growth promoting rhizobacteria (PGPR) have
been used extensively as biological agents to control many soil-borne plant
pathogens (Rajkumar et al., 2005).

In close association with plant, these PGPRs can confer many beneficial
effects on plants and since the discovery of these PGPRs several functions and role
have been described. The mechanisms of PGPRs have been categorized as direct and
indirect with respect to plant-microbe interaction (Gupta et al., 2000). Few of the
functions and mechanisms that have been described in PGPR that can be active at
one or other stage of plant life are; (1) solubilization of mineral nutrients that plant
can readily uptake and run its functions smoothly without any distress on plant; (2)
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suppression/inhibition of pathogens by releasing hydrogen cyanide, antibiotics etc.;
(3) enabling the plant to withstand drought, salinity or metal toxicity; (4) synthesis
of phytohormones like auxin; (5) induction of systemic resistance (ISR) (Gupta et
al., 2000).
Table 1: Agro-ecological zones of potato cultivation in Pakistan (Zanoni, 1991)
Zone

Areas

I

Irrigated plains of Sindh, Southern Punjab and Baluchistan

II

Irrigated plains of Central Punjab and South East KPK

III

Irrigated and rainfed plains of KPK and Northern Punjab

IV

Irrigated lower valleys of KPK

V

Rainfed high valleys and hill sides of KPK, Northern Punjab and
Azad Kashmir

VI

Irrigated high valleys of KPK, Gilgit Baltistan and Azad Kashmir

VII

Irrigated high valleys of Northern Areas and KPK around Mastuj

VIII

Irrigated high valleys of Baluchistan, South and North Waziristan

Beside other benefits imparted by PGPR to plants, Induced resistance is
interesting character that few PGPRs possess. Induced resistance is just like an
immunity that is pre-activated before the attack of pathogen, this enhanced resistance
acquired in response to elicitor is called induced systemic resistance (ISR) or
systemic acquired resistance (SAR) (Hammerschmidt and Kuc, 1995). If elicitor is
rhizobacteria it is known as ISR while if pathogen is known as SAR (Van Loon et
al., 1998). It was initially thought that ISR is operable only through jasmonic acid
(JA) pathway but later studies revealed other pathways operated by ethylene (ET) or
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salicylic acid or together with JA and ET. The increased level of signaling molecules
JA, SA and ET have been found associated to ISR which
elaborates the pathway being activated by elicitors. The activation of ISR is not just
only the increase in chemical compound but it consequently contributes to alteration
in plant’s physical or mechanical strength through changing physiological and
biochemical reaction which can be structural modifications in plant’s cell and
accumulation of pathogenesis related (PR) proteins (Van Loon et al., 1998). The
enhanced level of these signaling molecules in turn activates the specific genes which
then synthesize compounds to strengthen plant defense. Each pathway activated by
SA, JA or ET is characterized by activation of specific responsive genes and are said
to be marker genes for that pathway. For salicylic acid PR1, PR2 and PR5 are key
genes, for jasmonic acid it can be Lox, Coi1, Jar1 etc and for ethylene are ERF3, Ein
etc. Pathways of SA (Fig. 1) and JA (Fig. 2) are given. Since the discovery of ISR,
in several studies different bacterial determinants have been found linked with ISR
activation like bacterial flagella, production of either lipopolysaccharides by
rhizobacteria or secretion of salicylic acid, siderophores, antibiotics or release of
volatile compounds like 2,3-butanediol,
2,4-diacetylphloroglucinol etc. (Ramamoorthy et al., 2001).

Figure 1: Salicylic acid (SA) pathway (Chong et al., 2001)
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Figure 2: Jasmonic acid (JA) pathway (Pi et al., 2008) Present study focused at
exploring the biological control by using the antagonistic rhizobacteria to mitigate
the bacterial wilt disease and also prime plant defense by ISR and that can be
applied keeping in view the safety of environment.

Hypothesis

Following were the hypotheses of the study:

1. Antagonistic rhizobacteria can inhibit R. solanacearum in vitro and in
greenhouse conditions.
2. Antagonistic rhizobacteria can induce systemic resistance in potato
plant.
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Objectives

Keeping in view the above mentioned hypotheses, following objectives were
designed.

1. Screening of antagonistic rhizobacteria against R. solanacearum
2. In vitro and greenhouse evaluation of antagonistic rhizobacteria against
R. solanacearum
3. Monitoring jasmonic acid and salicylic acid pathways in PGPR treated
and untreated plants

Chapter 2

REVIEW OF LITERATURE
2.1

BACTERIAL WILT
Bacterial wilt was very firstly described by Erwin Frink Smith in 1896 when

he saw wilted potato, tomato and eggplant (Smith, 1896). Since then to now, this
disease is the most important bacterial disease. The origin and perpetuation of disease
has been undetermined since the initial reports were documented towards the end of
19th century in Asia, South America, USA and Australia, where it was already
seemed to be well-established (Kelman, 1953). It has been suggested that it preexists
in geologically different continents as the pathogen has been found in virgin jungle
in South America and Indonesia (Hayward and Hartman, 1994). Ralstonia
solanacearum (Rs) is now known as a specie complex since it possesses variability
at different serological, physiological, genetic features and host range levels (Fegan
and Prior, 2005). After that, culturing the susceptible hosts in conducive
environments have made it easy for perpetuation of disease (Kelman, 1953).
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The pathogen of bacterial wilt has been retrieved from over 200 plant species
belonging to 53 botanical families with worldwide geographical distribution and yet
new reports infecting the new hosts are not uncommon (Elphinstone, 2005). It has
been reported to from banana and plantain, eggplant, groundnut, Heliconia spp.,
potato, tobacco, and tomato (EPPO, 2004). Huge economic losses are associated to
this pathogen around the world (Elphinstone, 2005).

10

2.1.1 The Pathogen (R. solanacearum)
Initially E. F. Smith (1896) classified the bacterium as Bacillus and named it
as B. solanacearum in 1896 but recent phylogenetic and polyphasic phenotypic
analyses suggested its accommodation in the new established genus of Ralstonia, in
1995 (Yabuuchi et al., 1995). Since then, the bacterium is named R. solanacearum
and placed in new family Ralstoniaceae included in the βsubdivision of the
Proteobacteria (Stackebrandt et al., 1988). On the basis of geographical prevalence
of pathogen and its 16S-23S intergenic spacer (ITS) region, R. solanacearum has
been divided in four phylotypes. Further discrimination of strains within each
phylotype was obtained from the sequence of the endoglucanase (egl) gene (defining
so-called sequevars), as this region showed sufficient diversity (Fegan and Prior,
2005).
2.1.2 Pathogenicity
Several factors contribute to successful infection and subsequent
establishment of the pathogen within the host. Pathogenicity of R. solanacearum is
dependent upon several genes that control and determine the infection process. Of
them, cell wall degrading enzymes to ingress the host has key importance. R.
solanacearum possesses several cell wall degrading enzymes secreted by type two
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secretion system (T2SS) which helps the pathogen to enter the host (Kersten et al.,
1998). After getting entry in the host, colonization of the pathogen is attributed to
secretion of extracellular polysaccharides (EPS) which is the main determinant of its
establishment. The secretion of EPS causes choking of the vascular tissues and exerts
hydrostatic pressure breaking the vessels (Schell, 2000). Induction of disease
development and hypersensitive reaction is controlled by hrp genes. Hrp genes are
clustered on megaplasmid and are responsible for rapid and programmed cell death
(Nimchuk et al., 2003). Conserved genes of hrc genes on clustered hrp clusters are
speculated to be involved in forming core of type three secretion system (T3SS)
which is important in pathogenesis. It is known to produce effector proteins
translocated inside host cells. These proteins when elicit HR due to specific plant
resistance genes are known as avirulence (Avr) proteins (Keen, 1990).
2.1.3 Life Cycle of R. solanacearum
The pathogen moves to the roots of host plant in response to the stimuli from
plants via root exudates, amino acids, organic acids (Yao and Allen, 2006). The
attachment to the roots occurs either due to pili or LPS and flagella is also suspected
to be involved in attachment (Romantschuk, 1992). After root colonization, pathogen
ingresses the plant through injuries or natural openings and invades intercellular
spaces of root cortex where it obtains nutrients through pectinolytic enzymes activity
(Schell, 2000). Bacteria advances from cortex to vascular parenchyma and colonizes
the xylem (Yao and Allen, 2006), which needs secretion of cell wall-degrading
enzymes and extracellular polysaccharides (EPS) governed by a controlling network
that uses PhcA (Schell, 2000). After damaging the host, Rs comes back to the
environment and either live in soil, water or debris (Denny, 2000). Pathogenicity of
Rs is dependent upon its densities and within the plant after reaching to certain level
it activates pathogenicity genes which in low densities would not be activated
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(Schell, 2000). R. solanacearum survives in different forms under non-favorable
conditions. These may be; viable but nonculturable (VBNC) forms (Oliver, 2005),
starved cells (Heim et al., 2002), PC-type and biofilms (Yao and Allen, 2006).
2.1.4

Losses by R. solanacearum

R. solanacearum, ranked as the second most important bacterial pathogen, cause a
vascular wilt and is considered most devastating pathogen to date because it rapidly
stimulates fatal wilting in host plants. Rs completely choke the transport system of
plant thus making its machinery ineffective in providing nutrients and water to the
working units and as a result whole plant collapse finally causing huge economic
losses (Kelman, 1998). The highest losses to date have been reported in banana
which range from 80-100 % while in other important crops like tomato, potato and
tobacco the losses range from 0-91 %, 33-90 % and 10-30 % respectively; and in
monetary terms losses over one billion US$ are being incurred by this pathogen
(Elphinstone, 2005). However, the losses vary depending upon the host plant, plant
variety, prevailing climatic conditions, soil type, cropping pattern and strain. In
addition, the control measures adopted are also important in determining the losses.
Complications in controlling this pathogen are being faced because of the complex
pathogenicity mechanism possessed by Rs, its ability to grow endophytically,
perpetuation in soil and its deep layers, dispersion with water, and its association
with weeds (Wang and Lin, 2005a).
2.2

DISEASE MANAGEMENT
Keeping in view the economics of the losses caused by pathogen, several

strategies have been adopted and investigated with focus on cultural measures,
chemical methods, physical methods and biological control but to date no individual
method has been found promising and if achieved, are not applicable to every region.
With special reference to biological control, several studies have reported substantial
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control of disease but in field, several factors interfere with it which needs to be
studied.
2.2.1 Resistant Cultivars
Breeding for resistance is thought to be highly promising approach for the
management of diseases for durable resistance. In case of bacterial wilt in potato, the
only resistance was found in S. phureja which was introduced to various lines
through introgression breeding and hybridization by International Potato Center
(CIP). Through somatic hybridization of S. tuberosum and S. phureja, potato
genotype BP9 was produced which efficiently reduced (90-100 %) bacterial wilt
(Fock et al., 2000). In another study, somatic hybrid potato was produced by
electrical fusion of mesophyll chloroplasts which was found tolerant to bacterial wilt.
Genetic engineering of crops have also been investigated and a study was conducted
in which NPR1 gene from Arabidopsis was introduced in tomato and as a result it
was found resistant to R. solanacearum reducing wilt by 70 % (Lin et al., 2004).
Despite being resistant, high populations of Rs in plants were found without any
physical appearance of wilt (Prior et al., 1996) but in resistant plants, multiplication
of the pathogen was highly suppressed thus not allowing it to move from primary
xylem to other xylem tissues (Nakaho et al., 2004). Protein analysis of resistant and
susceptible plants was done to unravel the molecular interactions in cell walls and
higher concentrations of defense proteins were found in resistant plant’s cell walls
(Dahal et al., 2010). However, this resistance is controlled by few genes and is
specific to one or more strains of bacterium (Patil et al., 2012).
Furthermore, the varieties resistant to BW are confined to few regions due to
environmental limitations and unfortunately, breeding resistant varieties take time
and usually the resistance is not stable due to evolution of pathogen. Moreover an
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important aspect revealed was that resistance was negatively correlated to agronomic
characters (yield and quality) thus concerning farmers and consumers.
2.2.2

Crop Rotation

The rationale behind crop rotation is basically to maintain soil structure and organic
matter, reduce soil erosion and to maintain soil nutrient balance which also affects
the microbial communities residing in the rhizosphere (Janvier et al., 2007). Monocropping, on the other hand, with continuous same vulnerable host will lead to
increased population of pathogens which otherwise would have been mitigated with
non-host crop. Thus crop rotation with non-host causes starvation of the pathogen
and does not allow the pathogen to multiply (Janvier et al., 2007; Kurle et al., 2001).
In a study, the incidence of bacterial wilt delayed by 1 or 3 weeks and severity of
bacterial wilt was decreased by 20-26 % in vulnerable tomato cultivar grown after
corn, okra and cowpea (Adhikari and Basnyat, 1998). Similarly cultivation of potato
in rotation with sweet potato, wheat, carrots, maize and sorghum lessened bacterial
wilt by 64 to 94 % thereby increasing the yield by one to three fold as compared to
mono-cultured potatoes (Katafiire et al., 2005).
Whereas in multiple cropping, susceptible tomato was grown with Chinese chive
(Allium tuberosum) and 60 % reduction in disease incidence was recorded which was
attributed to possible allelopathic effects caused by root exudates from Chinese chive
(Yu, 1999).
2.2.3

Chemical Control
Plant disease control has been largely dependent on application of

pesticides as they are robust and quick acting. Several pesticides like algicides,
fumigants and plant stimulators inducing systemic resistance have been investigated
against bacterial wilt and promising results have been obtained. In a study conducted

32

by (Fortnum and Martin, 1998), they applied methyl bromide, 1,3dichloropropene,
or metam sodium with chloropicrin and they observed 72-100 % disease reduction
in tomato and in consequence increasing the yield 2 to 2.5 folds higher than untreated
tomato (Santos et al., 2006).
Bactericide (triazolothiadiazine @ 0.5 - 12 mM) (Khanum et al., 2005),
streptomycin (@400 mg/kg soil) (Lin et al., 2010), and chemical like bleaching
powders (@ 30 kg/ha) as sterilizer (Sharma and Kumar, 2000) have also been found
effective in destroying microorganisms. In China, R. solanacearum is usually
controlled by application of streptomycin (Diogo and Wydra, 2007; Chen et al.,
2008) but its regular use can render the pathogen and other bacteria insensitive to it
making soil plentiful of resistant bacteria. Edwards-Jones (2008) reported that it is
usually thought that chemical control measures offers greater advantages than any
other control measure but it has not always been the scenario as environmental
retention of pesticides/chemicals over many years poses serious hazards to the
environment and be toxic to farmers and consumers (Dasgupta et al.,
2007).
2.2.4 Biological Control
Bacterial wilt, being soil borne and globally distributed having wide host
range makes its control challenging and is hard to repress with chemicals and
agronomic practices (Grimault and Prior, 1994). Therefore biological control has
attracted the scientific community which holds more advantages than any other
control measure. Biological control agents are self-sustaining, proliferate on their
own once established and effective for longer time periods without imposing any
unpleasant effect on environment.
Biological control agents have been widely investigated for several
pathogens including virus, fungi, bacteria and nematodes and promising results have
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been observed in some cases. However field efficacy of biocontrol agents is still a
question mark for scientists. In studies for biocontrol of R. solanacearum, researchers
have investigated avirulent mutant strains of R. solanacearum (Dong et al., 1999),
antagonistic rhizobacteria such as Bacillus spp. (Hu et al., 2010); (Almoneafy et al.,
2014), Pseudomonas spp. (Guo et al., 2004; Götz et al., 2006), Serratia spp. (Xue et
al., 2013), and Streptomyces spp. (El-Abyad et al., 1996), genetically engineered
antagonistic bacteria (Kang et al., 1995), and arbuscular mycorrhizal (AM) fungus
Glomus versiforme (Zhu and Yao, 2004) have been explored but variable results have
been obtained. The differential efficacy against R. solanacearum is thought to be
because of genetic diversity of Rs. Genomic diversity in 319 R. solanacearum strains
acquired from 15 Chinese provinces was studied (Xue et al., 2011). Further studies
were carried out by Xue et al. (2013) to investigate the effect of genetic diversity of
pathogen on biocontrol efficiency of biocontrol agents. It was noticed that Serratia
sp. XY21 shown maximum of 70 % efficacy against only JS57 isolate of pathogen
and huge deviation among other isolates was seen. Interestingly, the isolates having
high genetic similarity were differentially antagonistic to even same strain of R.
solanacearum.
The efficacy of biocontrol agents, particularly bacteria is due to release of
wide array of chemicals that modifies the root niche and thus suppress the pathogen.
Many PGPR from the soil could release secondary metabolites to inhibit plant
pathogenic bacteria, fungi and oomycetes (Raaijmakers et al., 2002; Haas and
Défago, 2005). Pseudomonas fluorescens have currently gained worldwide
consideration due to the release of a wide range of compounds i.e., fluorescent
pigments (Stanier et al., 1966); siderophores (Neilands and Leong, 1986);
antimicrobial volatile compounds such as HCN (Defago and Haas, 1990), antibiotics
such as phenazine-1-carboxylic acid (Huang et al., 2009); pyoluteorin (Hu et al.,
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2005); phenazine-1-carboxamide, viscosinamide and tesin (Woeng et al., 2003); 2,4diacetylphloroglucinol (DAPG) (Shanahan et al., 1992) and lytic enzymes. In
addition to synthesis and release of such antimicrobial compounds in soil, another
important aspect of these PGPR is induction of systemic resistance which could be
observed in plants treated with these PGPRs.
2.3

INDUCED SYSTEMIC RESISTANCE (ISR)
Among the most interesting phenomenon of PGPR described in literature is

the association between manifestation of defense-related responses and disease
reduction by ISR. Upregulation of defense genes transcriptions has been presumed
as molecular evidence of induced resistance (Kim and Zhang, 2004; Park and
Kloepper, 2000). ISR is relies on activation of jasmonic acid (JA), ethylene (ET) and
in few cases salicylic acid (SA) also acted as signaling molecule. SA acts to be a
critical plant signaling molecule during exposure to pathogen and disease resistance
(Durner et al., 1997; Wildermuth et al., 2001), whereas jasmonic acid
(JA), a lipoxygenase pathway product, is an effective regulator that also conveys
plant responses to mechanical damage and pathogenesis (Liechti and Farmer, 2002).
PGPR-stimulated ISR was firstly observed in carnation with decreased
susceptibility to Fusarium wilt (Van Peer and Schippers, 1992), in common bean
with decreased vulnerability to halo blight (Alstrom, 1991), and in cucumber with
lessened susceptibility to Colletotrichum orbiculare (Wei et al., 1991).
PGPRstimulated ISR has since been stated for several other phytopathogen systems
(Liu et al., 1995; Leeman et al., 1996; Benhamou and Bélanger, 1998). Several seed
treated PGPRs that colonize roots of plants and defend plants against foliar diseases
include P. fluorescens, P. putida, B. pumilus, and S. marcescens (Liu et al., 1995;
Raupach et al., 1996; Kloepper et al., 1999; Pieterse et al., 2002). Several studies on
rhizobacteria-mediated ISR have indicated the role of common defense enzymes
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such as peroxidase (POD) (EC1.11.1.7), phenylalanine ammonia lyase (PAL)
(EC4.3.1.5) and lipoxygenase (LOX) (EC1.13.11.12) in the induction of systemic
resistance (Ramamoorthy et al., 2001; Silva et al., 2004; Jetiyanon, 2007). These
enzymes play vital role in regulating the synthesis and accrual of antifungal
compounds, like phenolic metabolism products (i.e. lignin, phytoalexins, and PR
proteins) in plants (Cai et al., 2009). Further, the compounds used as substrate by
these enzymes are precursors for the production of SA, JA and ET and hence one can
monitor these enzymes for possible induction of resistance.
PGPR can also stimulate systemic protection in response to bacterial
diseases. Seed application with P. fluorescens strain 97 secured beans against
Pseudomonas syringae pv. phaseolicola (a halo blight pathogen) (Alstrom, 1991),
while applying P. putida strain 89B-27 and S. marcescens strain 90-166 on cucumber
seeds reduced the incidence of bacterial wilt disease (Kloepper et al., 1993). In
addition to P. putida 89B-27 and S. marcescens 90-166 two other rhizobacteria
Flavomonas oryzihabitans INR-5 and Bacillus pumilus INR-7 induced systemic
resistance in cucumber against angular leaf spot (P. syringae pv. lachrymans) by
reducing the diameter of the lesion as compared to untreated plants (Liu et al., 1995).
In addition to bacterial and fungal pathogens, ISR has also been reported to
be induced against viral diseases in tobacco and cucumber. The application of P.
fluorescens 89B-27 and S. marcescens 90-166 as seed application has decreased the
incidence of cucumber mosaic virus (CMV) consistently and also caused delay in
symptom development in tomato and cucumber (Raupach et al., 1996). The
application of P. fluorescens strain CHAO has protected tobacco against tobacco
necrosis virus (TNV) when applied in soil (Maurhofer et al., 1998). Fewer reports
have been found with Bacillus isolates in account of ISR elicitation. The species B.
pumilus, B. amyloliquefaciens, B. pasteurii, B. mycoides, B. subtilis, B. cereus, and
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B. sphaericus reduced the incidence or severity of various diseases significantly on
diversified hosts. The data from previous literature identifies several cases of ISR
elicitation by several PGPRs against fungal, bacterial and viral diseases in several
crops. But it is not understood why one strain stimulates ISR in one host and not in
other.
2.3.1 Mechanism of ISR
The activation of ISR is characterized by several responsive alterations in host that
can be physical or mechanical strength in cell wall by bringing physiological or
biochemical modifications in the host against the pathogen.
2.3.1.1 Cell wall modifications in host plants
Plant’s cell wall is the first line defense against the pathogens but after invasion from
pathogen, the success of defense depends on how actively plant builds a line of
defense to protect its cell walls to check the spread of pathogen (Benhamou et al.,
1996). It has been documented that PGPR bring about structural and physiological
modifications in the cell wall against pathogen attack (Benhamou, 1996; M'piga et
al., 1997). It was observed that PGPR lignified the cell wall in bean when applied as
seed treatment (Anderson and Guerra, 1985). Similarly seed treatment of pea with
P. fluorescens strain 63-28 formed cell wall apposition (papillae), newly prepared
callose deposited at the attacking site and also increased concentration of phenolic
compounds in response to attack of Pythium ultimum and F. oxysporum f. sp. pisi
(Benhamou et al., 1996). Structural changes like deposition of callose, cell wall
thickening and accumulation of phenolic compounds was also recorded in treated
tomato that ultimately checked that spread of F. oxysporum f. sp. radicis-lycopersici
from epidermal cell and outer cortex in the root (M'piga et al., 1997). Seed treatment
of B. pumilus SE 34 strengthened epidermal and cortical cell walls of tomato in
response to F. oxysporum f. sp. radices-lycopersici resulting in reduced fungal
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colonization. Newly formed barriers were also observed away from the site of fungal
infection which contained higher phenolic compounds, large amount of callose
depositions and cell wall appositions. Further analysis using transmission electron
micrograph showed that phenolic compounds accumulated in host cell walls, in
intercellular gaps and on the surface and inside of the attacking pathogen’s hyphae
(Benhamou and Bélanger, 1998). Such a prompt defense reaction at sites of pathogen
entry interrupts the infection process and permits sufficient time for the host to
integrate other defense responses to limit pathogen growth to the outer most layer of
root tissue.
2.3.1.2 Biochemical or physiological alterations in host plants
Treatments of PGPR have resulted in biochemical or physiological
alterations in the plants. Generally ISR by PGPR is related with the synthesis of PR
proteins (Maurhofer et al., 1994; Benhamou, 1996; M'piga et al., 1997; Viswanathan
and Samiyappan, 1999), production of phytoalexin and other secondary compounds
(Van Peer and Schippers, 1992; Zdor and Anderson, 1992). The presence and
colonization of fluorescent bacteria in bean roots is associated with synthesis of PR
proteins and systemic resistance against Botrytis cinerea (Zdor and Anderson, 1992).
Maurhofer et al. (1994) described that in tobacco, ISR by P. fluorescens CHAO
against tobacco necrosis virus was correlated with increase of PR proteins viz. β-1,3
glucanases and endochitinases. They also showed that ineffective strain P3 did not
increased PR proteins demonstrating relation of PR proteins in induced resistance.
Seed treatment of pea seed with P. fluorescens strain 63-28 has synthesized
hydrolytic enzymes (chitinases and β-1,3-glucanases). These host lytic enzymes
gather at the site of infiltration of F. oxysporum f. sp. pisi and consequently
destroying the fungal cell wall (Benhamou et al., 1996). Application of the same
PGPR strain in tomato plants has likewise stimulated the synthesis of plant chitinases
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when applied the wilt pathogen, F. oxysporum f. sp. radicislycopersici (M'piga et al.,
1997). ISR has been linked with a two-fold upsurge in activity of PR peroxidase and
chitinase proteins. The induction of two peroxidase and one chitinase (35 kDa)
isoforms in rice have been reported in the PGPR-treated plant inoculated with
Rhizoctonia solani (Nandakumar et al., 2001). Also, in sugarcane, PGPR-stimulated
ISR against C. falcatum, increased quantities of chitinase and peroxidase were
detected and specific generation of two new chitinase isoforms were observed when
challenged with C. falcatum (Viswanathan and Samiyappan, 1999). In ISR, not only
PR proteins are induced but other chemicals associated to plant defense are also
produced. As seen in radish plant exhibiting ISR, no PR protein accumulation was
observed after treatment with P. fluorescens strain WCS417r in response to F.
oxysporum f. sp. raphani (Hoffland et al., 1996). Similarly no PR accumulation was
observed in Arabidopsis thaliana following treatment with P. fluorescens strain
WCS 417r (Pieterse et al., 1996).
Though induced resistance was imparted to wild type and transgenic (expressing
NahG gene) Arabidopsis but no PR gene activation was observed in response to
WCS 417r and WCS 358r strains (Van Wees et al., 1997). This elaborates that there
are perhaps other chemicals also involved in induced systemic resistance in the hosts
other than PR proteins that either solely or with PR proteins synthesized by the host
during the expression of ISR. Involvement of increased phytoalexin was reported in
carnation in response to treatment with Pseudomonas sp. strain WCS 417r
challenged with wilt pathogen and significant reduction in disease incidence was
observed (Van Peer and Schippers, 1992). Enhanced activity of peroxidase and
increased number of mRNAs encrypting phenylalanine ammonia lyase (PAL) and
chalcone synthase was observed in phase of initial interaction between bacterial
endophytes and bean roots (Zdor and Anderson, 1992).
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In short, induced systemic resistance expressed by structural (specifically in
soil-borne pathogens) and or biochemical changes (PR gene expression and/or
phytoalexins) that

ultimately

intervenes

in

pathogen

development and
establishment also play vital role in disease reductions.
2.3.2 ISR Determinants
The elicitation of ISR has been found associated to several bacterial determinants
among which lipopolysaccharides are the most important and the others like
siderophores, salicylic acid, and volatile compounds etc. are also found associated to
ISR elicitation (Van Loon et al., 1998).
2.3.2.1 Lipopolysaccharides (LPS)
Lipopolysaccharides are major component of gram negative bacteria that
participates in structural integrity of bacteria and in certain gram negative PGPRs are
the chief factors for ISR. P. fluorescens WCS 417 inducing resistance to carnation
challenged with F. oxysporum f. sp. dianthi is known to elicit ISR through its LPS
(Van Peer and Schippers, 1992). Likewise, strains WCS 374 and WCS 417 of P.
fluorescens elicited ISR in radish and LPS was found the reason of elicitation against
F. oxysporum f. sp. raphanin (Leeman et al., 1995). They further created the mutant
of WCS 417 deficient in O-antigen side chain of LPS and results elucidated no
induction of ISR in radish plant demonstrating the involvement of O-antigen side
chain of LPS as an elicitor in radish. On the contrary, P. putida WCS 358 possessing
O-antigen side chain did not elicit ISR in radish. In another study, strain WCS 417r
and its mutant lacking O-antigen side chain of LPS both stimulated ISR in
Arabidopsis (Van Wees et al., 1997). These variable results indicate that functioning
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of LPS is variable with respect to host plant and LPS is not the only feature that
ensures elicitation of ISR, there might be other features involved.
2.3.2.2 Siderophores
Siderophores are small, high affinity iron chelating compounds produced by
fungi, bacteria and grasses and are secreted under conditions of low iron availability
(Leeman et al., 1996). Under adequate availability of iron, P. fluorescens WCS 374
and WCS 417 induced resistance in radish and LPS was associated to elicitation of
ISR but when iron was limiting, LPS was not playing any role in ISR elicitation. A
pyoverdine type siderophore, pseudobactin, secreted by strains was found
stimulating ISR effects in radish. When purified pseudobactin
(extracted from strain WCS 374) was applied alone it induced resistance in radish.
Hence it can be said that several bacterial determinants play their role in stimulation
of ISR in plants by PGPRs and it is likely that contribution of one character in ISR
is masked by other.
2.3.2.3 Salicylic acid
Salicylic acid (SA) is the phenolic plant hormone playing vital role in plant’s
life it is also a key molecule in plant signaling during pathogen attack. The very first
report of SA reducing the disease development was observed in 1979 when its
application in tobacco inhibited the development of TMV (White, 1979). It was
observed that application of SA induced systemic resistance (Kessmann et al., 1994,
Schneider et al., 1996). The production of SA has also been observed in some PGPR
strains capable of inducing resistance (Maurhofer et al., 1994). P. aeruginosa
7NSK2, capable of synthesizing SA, induced resistance in bean against Botrytis
cinerea and when strain lacking in SA production ability was applied ISR effect was
not observed (De-Meyer and Höfte, 1997). When genes (pchA and pchB) coding for
synthesis of SA were introduced in P. fluorescens P3, it became capable of SA
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synthesis and consequently it significantly enhanced its ability to induce resistance
against TNV in tobacco. A strain P. fluorescens CHAO, naturally capable of
synthesizing SA, also induced systemic resistance in tobacco against TNV under iron
deficient conditions (Maurhofer et al., 1998). Interestingly, S. marcescens 90-166,
both wild type and mutant (not capable of producing SA) strains induced the ISR
equally in cucumber and tobacco. Same strain capable of producing SA induced
resistance in both wild type and transgenic tobacco (NahG) (Press et al., 1997).
Likewise, SA producing strains of P. fluorescens WCS 417r and WCS 358r elicited
ISR in both wild type and transgenic (NahG expressing) Arabidopsis plants (Van
Wees et al., 1997). This indicates that strains WCS 417r and WCS 358r do not
require SA production in Arabidopsis for induction of systemic resistance and their
might be some other pathway being activated by these strains. Further studies
showed that for inducing systemic resistance, strain WCS 417r relies on ethylene
mediated signaling instead of SA (Knoester et al., 1999). In a study of B. pumilus T4
(Park and Kloepper, 2000) that induced systemic resistance in tobacco plant
challenged with Pseudomonas syringae pv. tabaci causing wild fire, ISR relied on
SA pathway. To confirm this, transgened tobacco possessing GUS reporter gene and
PR1a promoter was applied with T4 strain and resultantly reduced incidence was
observed and PR1a promoter was activated. In further studies for determining the
pathways for ISR with special reference to
Bacillus isolates, several Bacillus strains B. pumilus T4 and SE34, B.
amyloliquefaciens IN937a, and B. subtilis GB03 were investigated against two
pathovars (tomato and maculicola) of P. syringae (Ryu et al., 2003). The results
elucidated that strain T4 and SE34 induced systemic resistance in Arabidopsis
against both pathovars while no elicitation was observed on any pathovar with strains
IN937a and GB03. When strains were bacterized to NahG expressing transgenic
Arabidopsis, both strains T4 and SE34 still induced systemic resistance against P.
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syringae pv. maculicola and strain T4 only induced resistance against P. syringae
pv. tomato DC3000. Hence after reviewing several determinants of PGPR that can
possibly induce systemic resistance through several pathways used by these PGPRs
that varied in plant pathogen systems and even PGPRs lacking in that character were
still able to induce ISR indicates that still there are other bacterial determinants that
are contributing to ISR in host plants.
2.3.2.4 Other determinants
Although several bacterial determinants have been found to induce ISR, still
there are many studies where no determinant is known to induce ISR effects and it is
possible that other compounds are associated to it. In a study to explore other factors
involved in ISR, a team investigated the role of volatile compounds released by
rhizobacteria in elicitation of ISR against Erwinia carotovora (Ryu et al., 2003).
They found that exposing Arabidopsis seedlings to volatile compounds from B.
subtilis GB03 and B. amyloliquefaciens IN937a considerably decreased the disease
severity and when analysis of volatile compounds was done, it showed 2,3butanediol,
a growth promoter, and other low weight hydrocarbons. For further confirmation,
2,3-butanediol was applied exogenously and similar results were observed. Mutant
strains releasing decreased emissions of 2,3-butanediol were not as effective as wild
strains. In a study with P. aeruginosa strain 7NSK2, ISR was observed in tomato
plants against Botrytis cinerea and it was found that the compound Pyocyanin, an
antibiotic, is associated with ISR in addition to
Pyochelin, a siderophore (Audenaert et al., 2002) and similar reports were reported
(Siddiqui and Shaukat, 2004) against Meloidogyne javanica in tomato and the same
compounds were determined for ISR effects. In other studies with P. fluorescens
CHAO (Iavicoli et al., 2003) and P. fluorescens Q2-87 (Weller et al., 2007),
2,4diacetylphloroglucinol was observed inducing ISR effects.
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In conclusion, the ISR effects are not determined by presence or absence of
any of the above mentioned characters. In fact it is a complex phenomenon not well
understood why some strains produce ISR effects in some specific crops and/or
against specific pathogens and not in others. Also ISR by these bacterial determinants
varies with iron-limiting conditions, bacterial strains, pathogens, host plants, and
their cultivars. But it is clear that there are some characters that if possessed by
bacteria, can induce ISR and protect it from pathogens by priming the defense by
activation of either of pathway (JA, ET and SA) or by structural modifications in
hosts.

Chapter 3

MATERIALS AND METHODS
The laboratory work was performed in Department of Plant Pathology,
PMAS-Arid Agriculture University Rawalpindi, Pakistan and Mid-Florida Research
and Education Center, University of Florida, USA.
3.1

SURVEY

Survey of major potato growing areas of Punjab (Pakistan) was conducted during
year 2012-13 and 2013-14 (Table 2). Survey was done systematically in each
district/area (Fig. 3) by selecting at least three different sub-areas to get a
comprehensive picture of the disease in an area and also determine the factors that
could possibly be involved in favoring or reducing the disease. In each sub-area, five
fields were randomly selected and in each field, approximately 50 plants were
inspected. The wilted plants were collected for further processing in the laboratory.
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3.1.1 Assessment of Disease Parameters
Disease prevalence (DP) and disease incidence (DI) were given by the
following formulae:
Disease prevalence (%) =

Number of fields infected

x

100

Total number of fields surveyed

Disease Incidence (%) =

No. of plants wilted

x 100

Total no. of plants inspected
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Table 2: List of areas and locations of Punjab, Pakistan visited during 2012-13
and 2013-14
District/Area

Sub-areas

Okara

Burj Jeeway Khan, Qadirabad, Bhuman Shah, Moza
Ameer Aman, Salwal

Sahiwal

Chak 91/6R, Chak 95/6r, Chak 30/14L, Chak 86/6r

Sialkot

Chicharwali, Partan Wali, Khagga, Dhilam, Gunah,
Sehjokala, Ghoinkey

Pakpattan
Kasur
Faisalabad

Shahu Baloch, Chak 39/SP, Chak 86/D
Chitti Khui, Nizam pura, Dullay wali
Sadhar, Pansara, Tandianwala, Chaba, Buraywala

Jhang

Chak 267, Chak Lailiana, Chak 460

Lahore

Mujaki, Mangaal, Lakhodair, Gurki, Awan, Ganja
Sinduwa

45

Figure 3: Location of major potato growing areas of Punjab surveyed
Disease severity was assessed by following scale (Priou et al., 1999)
1 = no symptoms;
2 = wilting of 1-25 % leaves;
3 = wilting of 26-50 % of leaves;
4 = wilting of 51-75 % of leaves;
5 = >76 % leaves wilted
3.1.2 Collection of Samples
Disease samples were collected on the basis of wilt symptoms and the
plants were uprooted and preserved in polyethylene bags. Initially the wilted plants
were uprooted, cut from stem base transversally and dipped in water to see any
possible oozing of bacteria from infected tissues. The wilted plants not showing any
oozing were also preserved. Rhizospheric soil samples were collected by uprooting
the plants and removing the soil adhering to the roots, the soil in close proximity
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with roots was collected in separate polyethylene bag. Samples were preserved at 4
ºC (for maximum 2 months) till further processing.
3.2

ISOLATION OF PATHOGEN

Isolation of R. solanacearum was done by using rhizospheric soil and infected plant
tissues

on

2,3,5-triphenyltetrazolium

chloride

(TTC)

medium

(Kelman,

1954)(Appendix 1). On TTC medium, R. solanacearum gives
characteristic reddish-pink centered colonies which were purified using dilution
streaking technique. The isolation was done by the following ways.
3.2.1 Isolation from Soil
Isolation from soil was performed using serial dilution technique. One gram of soil
was added to 10 ml of sterile distilled water (SDW) in a test tube and a drop of tween
20 was added. The mixture was vortexed and 1 ml of aliquot was transferred to next
test tube containing 9 ml of SDW. Dilutions were prepared upto 10 -8 and 0.1 ml
aliquot from dilutions 10 -7 and 10-8 was placed on TTC media. The plates were kept
in incubator at 30 ºC for 2 days and observed for appearance of reddish centered
colonies.
3.2.2 Isolation from Roots and Stem
From the infected tissues, isolation was done by two methods; a) The tissues were
cut into small pieces, surface disinfected with 1 % chlorox and placed on TTC
medium; b) The surface disinfected (1 % chlorox) tissues (roots and stem) were
macerated in small amount of SDW and 0.1 ml aliquot was placed on TTC medium.
The plates were kept under incubation for 2-4 days at 30 ºC. The plates were
observed for presence of reddish centered colonies. The characteristic colonies of R.
solanacearum were purified by dilution streaking technique.
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3.3

PATHOGENICITY TEST OF R. solanacearum

Pathogenicity or virulence test was conducted to assess the virulence of the isolates
prevalent in major potato growing areas of Punjab.
3.3.1 Preparation of Inoculum
Inoculum of all the R. solanacearum isolates was prepared in nutrient broth
(NB) medium (Appendix 2) for two days on incubator shaker at 30 ºC and 200 rpm.
The cultures were centrifuged at 10,000 rpm for 10 minutes and the cells were
suspended in 0.85 % saline solution (prepared in SDW) and final concentration was
adjusted to 108 cfu/ml at OD600 using spectrophotometer.
3.3.2

Growing and Inoculation of Potato Plants

Potato (S. tuberosum cv. Désirée) tubers were obtained from the National
Agriculture Research Centre, Islamabad, Pakistan and were stored at 4 ºC for further
use. The tubers, with sprouting eyes, were grown in sterilized soil in pots under
controlled conditions (Temperature (d/n) = 28/24 ºC). Inoculations were done on 30
day old potato plants by applying 30 ml of prepared Rs suspension (10 8 cfu/ml) as
soil drenching and the experiment was performed with 5 replications.
3.3.3 Disease Assessment
Disease parameters such as incidence and severity were assessed following the same
procedure as described above. The plants were kept under observation for 4 weeks
after inoculation with the test isolates and isolates were characterized as highly
virulent (‘+++’ wilt symptoms appeared within 10 days), moderately virulent (‘++’
wilt symptoms appeared within 11-20 days), mildly virulent (‘+’ if wilt symptoms
appeared within 21-30 days) and non-virulent (‘-‘ if no signs of wilting appeared
before 30 days).
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3.4

CHARACTERIZATION OF PATHOGEN
All R. solanacearum isolates were characterized biochemically and race and

biovars were subsequently confirmed.
3.4.1

Biochemical Tests of R. solanacearum
Biochemical tests were conducted for the characterization of the isolates that

included Gram staining reaction, potassium hydroxide test, catalase oxidase test,
levan production from sucrose, Kovac's oxidase test, lipase activity on Tween 80
agar, oxidation / fermentation of glucose and gelatin liquefaction. All these tests were
performed as described by (Schaad et al., 2001)
3.4.2 Race Determination of R. solanacearum
Race determination of virulent R. solanacearum isolates was done using the
procedure of (Janse, 1991) (Table 3). The inoculum (10 8 cfu/ml) of each isolate was
prepared and applied to tomato plants by soil drenching and observed for wilting for
4 weeks and on tobacco leaves, hypersensitive reaction was observed after
infiltration with R. solanacearum. Tobacco leaves were observed for 2 weeks for
signs of hypersensitivity and the rating key described by Janse (1991) was used for
race determination.
3.4.3 Biovar Determination of R. solanacearum
Rs isolates were tested for utilization of disaccharides (lactose, maltose and
cellobiose) and hexose alcohols (mannitol, sorbitol and dulcitol), according to
(Hayward, 1964). Ten ml solution (10 %) of each sugar was prepared and heat
sterilized for 30 min. Basal medium (Hayward, 1964) was prepared, autoclaved and
cooled to 60 ºC followed by addition of 10 ml of each sugar solution to 100 ml basal
medium. In control, SDW was added to basal medium. The solution (5 ml) was

49

poured into separate labeled screw capped tubes and allowed to solidify. The
bacterial inoculum (~108 cfu/ml) of each test isolate was prepared from 48 h old
culture and 1-3 drops were added in each sugar solution. The experiment was
performed with three replications and the tubes were kept at 30 °C for 14 days.
Change of color from olivaceous green to orange was observed and biovars were
determined by using key in Table 4.
3.4.4 Molecular Characterization
3.4.4.1 Extraction of DNA
For DNA extraction, the isolates were grown in LB medium for 2 days and then
DNA extraction was done using Qiagen’s QIAamp DNA mini kit according to the
manufacturer’s protocol and extracted DNA was run on 1 % agarose gel to
check its integrity.
3.4.4.2 Polymerase chain reaction
Thermal cycler (Bio-Rad-T100) was used for PCR amplification and species
specific primers (i.e. 759/760) of R. solanacearum were used which amplifies the
specific 280 bp fragment (Fegan and Prior, 2005). Reaction mixture contained 1x
PCR buffer (10 mM Tris HCl with pH 8.3, 50 mM KHCl), 1.5 mM MgCl 2 , 0.05 mM
of each dNTP, 25 pmol of primers 759 (5’GTC GCC GTC AAC TCA CTT TCC3’)
and 760 (5’GTC GCC GTC AGC AAT GCG GAA TCG3’), 1 μl of genomic
template DNA and 0.5 U of Taq DNA polymerase. Samples were denatured at 94 °C
for 3 min, annealed at 53 °C for 1 min and extended at 72 °C for 1.5 min, followed
by 30 cycles of 94 °C for 15 s, 60 °C for 15 s, 72 °C for 15 s, and a final extension
of 72 °C for 5 min (Opina et al., 1997). PCR products were separated in 1.5 %
agarose gel using 100 bp DNA ladder as a size marker, stained with ethidium
bromide at 0.5 μg/ml and visualized and photographed under

50

ultraviolet (UV) light.
Table 3: Race determination in R. solanacearum (Janse, 1991)
Race

1

2

3

Tomato/aubergine

Wilting

No reaction

Wilting

Tobacco cv. White Burley plants
(stem inoculation)

Wilting

No reaction

No
reaction

Tobacco cv. White Burley leaves
(hypersensitivity test)

Necrosis (48 h)
and wilting (7–8
days)

HR (12–24 h)

Chlorosis
(2–8 days)

Reaction in:

Table 4: Key for determining biovars of R. solanacearum
Sugar
B1
B2
B3

B4

B5

Lactose

-

+

+

-

+

Maltose

-

+

+

-

+

Cellubiose

-

+

+

-

+

Mannitol

-

-

+

+

+

Sorbitol

-

-

+

+

-

Dulcitol

-

-

+

+

-

3.5

ISOLATION OF RHIZOBACTERIA

The isolation of rhizobacteria was done from the samples collected during the survey
of potato growing areas of Punjab during 2012-13 and 2013-14 (Table 2). Following
methods were used for isolation of specific rhizobacteria.
3.5.1 Isolation of Bacillus spp.
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For isolating Bacillus spp., roots were cleaned of adhering soil, small sections (1-2
cm length) of roots were placed in test tubes containing 5 ml of sterile distilled water
(SDW), and test tubes were placed into a water bath at 80 ºC for 20 min. After
heating, a dilution series was plated onto Difco nutrient agar (NA) (Appendix 4)
amended with 5 % (w/v) sucrose and 200 ppm cycloheximide. Cultures were
incubated at 28 ºC for 48 h and individual colony types were selected. Individual
isolates were dilution streaked to assure purity and strains were revived on NA when
needed.
3.5.2 Isolation of Pseudomonas spp.
Isolation of Pseudomonas spp. was done on King’s media B (KMB) (Appendix 5)
amended with 200 ppm cycloheximide (King et al., 1954). Using serial dilution, 0.1
ml aliquot from dilution 10 -7 and 10-8 were placed on the KMB plates and incubated
at 30 ºC. The plates were observed for fluorescence under UV
light.
3.5.3 Isolation of Serratia spp.
Caprylate thallous agar (CTA) medium (Appendix 6) was prepared for
isolation of Serratia spp. from the collected samples. Serial dilution of samples was
done and 0.1 ml aliquot from dilutions 10 -7 and 10-8 was placed on the CTA plates
and incubated at 30 ºC for 5-7 days. The appearing colonies based on color, shape
and size were purified using dilution streaking method.
3.6

SCREENING OF ANTAGONISTS

For selection of efficient antagonistic rhizobacteria among the isolates of Bacillus
spp., Pseudomonas spp. and Serratia spp., dual culture plate technique was used to
initially identify the potential antagonists against highly virulent strains (Rs9, Rs17
and Rs43) of R. solanacearum.
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3.6.1 Dual Culture Plate Technique
The rhizobacterial and pathogenic isolates were revived on Nutrient agar (NA)
media 2 day before the test. Briefly, 0.1 % of suspension (OD 600 = 0.1) containing 5
× 107 cfu/ml of each R. solanacearum isolate was added to semicooled NA and
poured into the Petri plates. Bacterial suspension (OD 600 = 0.1~ 5 × 10 7 cfu/ml) of
each test rhizobacterial isolate was prepared in autoclaved deionized water and 2 µl
of suspension was dropped on each sterile paper disc (4 mm) placed equidistantly on
NA containing R. solanacearum. SDW treated plate served as a control and isolates
were also tested against R. solanacearum GMI1000. The plates were incubated for
3-4 days at 28 °C. Radius of zone of inhibition around the paper disc was observed
and measured in millimeters (Sinclair and Dhingra, 1995).
3.6.2 Culture Filtrate vs R. solanacearum
From the screened antagonists, the effect of culture filtrate (CF) of each
antagonist against R. solanacearum growth was studied as described by (Almoneafy
et al., 2014). All effective antagonistic isolates were cultured in LB broth at 200 rpm
for 48 h in incubated shaker at 30 °C. CF was obtained by centrifuging liquid culture
at 14000 rpm at 4 °C for 15 min and sterilized twice through 0.22 µm membrane
filter. To confirm sterilization of CF, 100 µl of CF was spread on NA plates and
incubated. Subsequently, 500 μl R. solanacearum culture (107 cfu/ml) was added to
a sterile 10 ml tube containing LB (3 ml) + CF (3 ml). The tubes were incubated on
a rotary shaker at 200 rpm at 28 °C. A tube containing LB + R. solanacearum was
used as a control. Growth of R. solanacearum was checked at 24 and 48 h by
measuring OD600.
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3.7

COMPATIBILITY TESTS AMONG ANTAGONISTS

The obtained antagonists were checked for compatibility with each other by using
dual culture plate technique. Each antagonist was co-cultured with all other
antagonists on NA and incubated for 3-4 days at 28 °C. Presence of inhibition zone
was considered as non-compatibility between isolates.
3.8

PLANT

GRWOTH

PROMOTING

(PGP) TRAITS

OF ANTAGONISTS
Plant Growth Promoting (PGP) tests serves to screen the isolates possessing plant
growth enhancing characters that can be harvested and conferred to plants upon
treatment with the isolate. We aimed to screen out the most efficient isolates
possessing more PGP characters that can provide biocontrol as well as enhance plant
growth. Following tests were conducted:
3.8.1 IAA Production
LB media was prepared and L-tryptophan (40 μg/ml) was added using 0.22
µm membrane filter. Each antagonistic isolate was cultured in LB media at 30 °C
and 200 rpm for 48 h in shaking incubator. After 48 h, the cultures were spin at
12000 rpm for 10 min and 1 ml of culture filtrate was added to Salkowski’s reagent
(1 ml). Salkowski’s reagent was prepared (FeCl3.6H2O 1.5 ml of 0.5 M solution, in
80 ml of 60 % H2SO 4). The mixture was allowed to stand at room temperature for 30
min and appearance of pink color was observed; presence of pink color indicates that
isolate can produce indole acetic acid (IAA). The concentration of IAA synthesized
by each isolate was determined spectrophotometrically at 550 nm and comparing
with IAA standard curve (Gordon and Weber, 1951).
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3.8.2 Siderophore Production
Qualitative detection of siderophores by antagonistic isolates was determined
on CAS blue agar medium (Appendix 7). The medium was prepared (Louden et al.,
2011) and loop full bacteria was inoculated on the medium and the plates were
incubated at 30 °C for 7-10 days. Appearance of orange halo zone was observed as
an indicator of siderophore production. The isolates were categorized as strong (≥ 5
mm represented as '+++'), week (2-5 mm represented as '++'), slight (1-2 mm
represented as '+') producers and non-siderophore producers (represented
as '-').
3.8.3 Phosphorus Solubilization
Phosphorus solubilization was studied using the National Botanical Research
Institute Phosphate (NBRIP) growth medium (Nautiyal, 1999) (Appendix
8). A loop full of test bacteria was inoculated on the solidified media surface and
kept in an incubator at 30 ºC for 4-7 days. Appearance of halo zone around the colony
was considered P solubilizer.
3.8.4

Biofilm Formation
All isolates were grown for 24 h on LB media at 30 °C and 200 rpm to get

the concentration ~10 8 cfu/ml. The suspension (5 μl) of each isolate was added to
195 μl pure LB medium in polystyrene 96 flat well microtiter plate and plate was
kept at 37 °C for 24 h. After 24 h, the culture and surface pellicles were vigilantly
removed and gently washed with DW. After drying the plate, 150 μl of 1 % CV
solution was added to each well and allowed to stand for 25-30 min at room
temperature followed by washing thrice with DW. After that 150 μl of 33 % acetic
acid was added to each well to solubilize CV. OD was calculated at 570 nm
(Almoneafy et al., 2014). The experiment was performed twice with three

55

replications.
3.8.5

Root Colonization

Root colonization of plants by the rhizobacteria is prerequisite for rhizocompetence
and one of the most important tests to allow the rhizobacteria confer beneficial
effects on plants through intact relationship with the plants. The test was carried out
by culturing potato (cv Désirée) on Murashige and Skoog (MS) medium (Murashige
and Skoog, 1962) (Appendix 9). Young nodal sections from potato plant were cut
and dipped in tap water for initial washing to get rid of any dust/soil followed by
washing with 70 % ethanol (EtOH) for 2 min. The nodal sections were rinsed with
SDW to wash out ethanol and then surface sterilized with
10 % bleach (chlorox) and subsequently washed with SDW successively for 6, 4, 3
and 1 min. Sterilized fragments were dipped in bacterial suspension (2.8×10 8 cfu/ml)
for 1 minute and dried on sterilized blotting paper and placed on the media in covered
test tubes. Test tubes were placed under the light and observed for plant growth and
root colonization of bacteria was visually observed. The in vitro plants with roots
were removed from the media and cut into small pieces for preparing serial dilutions.
Colony forming units (CFU) were calculated from the dilution 10 -7 on NA media.
3.8.6

Ammonia Production
Antagonistic rhizobacterial isolates were inoculated and cultured in 0.01 %

peptone water in test tubes. For each isolate, 1 % inoculum was added to 5 ml of
peptone water and placed on incubator shaker at 30 ºC for 72 h. Following, the
cultures were centrifuged and supernatant was separated. Nessler’s reagent was
prepared (Appendix 10) and 0.5 ml was added to supernatant of each isolate. The
appearance of brown to yellow color was an indicator of ammonia production
(Cappuccino and Sherman, 1992).
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3.8.7

Chitinase Production
Cultures of antagonistic isolates (48 h old) were inoculated on the chitin

minimal media (Appendix 11) with Bromophenol Blue (BPB) as indicator and the
plates were kept for incubation at 28 ºC. Appearance of halo zone around the
bacterial colony after 5-7 days was indicator of chitinase production.
3.8.8 HCN Production
Hydrogen cyanide (HCN) production was assessed by streaking the
antagonistic isolates from 24 h old cultures on LB plates supplemented with or
without glycine (4.4 gl−1). Whatman filter paper No. 1 dipped in 0.5 % picric acid in
1 % Na2CO3 was placed in lids of the Petri plates. Un-inoculated plate was treated
as control. The plates were sealed with paraffin film and kept at 28 ± 1 ºC for 4 -7
days and observed for change of filter paper’s color from yellow to light or dark
brown which was used as indicator for HCN production (Bakker and Schippers,
1987).
3.8.9 Production of Volatile Compounds
Production

of

antimicrobial

volatile

compounds

by

antagonistic

rhizobacterial isolates was determined by using inverted plate technique (Romeiro,
2007). Serial dilutions (10 -1 to 10-8) of all isolates were prepared in SDW and 0.1 ml
aliquots were spread on NA plates from each dilution. Similarly, 0.1 ml R.
solanacearum (107 cfu/ml) was also plated on NA. The plates of antagonists and R.
solanacearum were paired and sealed with paraffin film. The plates were incubated
at 28 ºC for 96 h. After 48 and 72 h, the number of colonies was recorded and the
order of colony appearance was registered. Additionally, the size of R. solanacearum
colonies was observed on a daily basis.
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3.9 SCREENING OF ANTAGONISTS FOR INDUCED SYSTEMIC
RESISTANCE (ISR) EFFECT
For assessment of induced resistance and to study if our treated rhizobacterial
isolates besides inhibiting the pathogen directly are also modifying/priming the plant
defense, we quantified the plant defense enzymes viz. lipoxygenase (LOX) and
phenylalanine ammonia lyase (PAL) in all treatments including control. The purpose
behind quantifying these enzymes was that LOX and PAL being used in JA and SA
pathway respectively. An increase in their activity will lead to systemic resistance.
3.9.1 Plant Growth Conditions
The potato tubers (cv Désirée), were surface disinfested with 0.1 % chlorox, washed
with SDW and dried. The tubers were sown in twice autoclaved soil and pots were
kept in controlled conditions and watered as and when required.
3.9.2

Preparation of Inoculum

Inoculum of each antagonistic rhizobacterial isolate was prepared in LB media
overnight at 30 ºC and 200 rpm. The cultures were centrifuged and pellet
resuspended in saline water and final concentration was adjusted to 10 8 cfu/ml.
3.9.3 Extraction of Enzymes
Leaves from the treated and untreated potato plants were collected at day 3 for
enzyme extraction. Leaf sample (1 g) was ground in 2 ml sodium phosphate buffer
(0.1 M, pH 7.0) with ice bath. The homogenates were centrifuged for 10 min at 10000
x g and the supernatant was used for determining enzyme activities.
3.9.4

Determination of LOX activity
Lipoxygenase (LOX) activity was determined at 234 nm using

58

spectrophotometer according to the described method (Axelrod et al., 1981). The
mixture contained 10 ml plant extract, 20 ml substrate (10 mM sodium linoleate; pH
9.0) and 1 ml sodium phosphate buffer (50 mM, pH 6.0). The absorbance at 234 nm
gives the hydrogen peroxide produced from the substrate. The absorbance was
recorded for 3 min at room temperature. A mixture containing substrate and buffer
was used as a blank for each sample. The activity was calculated from the extinction
coefficient of 25 mM -1cm-1.

3.9.5 Determination of PAL activity
PAL activity was determined according to the described method (Lee et al., 2005).
The mixture contained 1 ml L-phenylalanine (0.015 M), 1.9 ml Tris HCl buffer (0.1
M and pH 8.5), and 0.1 ml enzyme extract. Reaction mixture was kept at 30 ºC for
15 min and terminated by adding 200 µl of HCl (6 M). Absorbance was determined
at 290 nm where one unit of enzyme activity was measured by transformation of 1
µM L-phenylalanine to cinnamic acid for 1 g fresh weight per min.
3.10

MOLECULAR IDENTIFICATION OF ANTAGONISTS

3.10.1 Extraction of DNA
For DNA extraction, the isolates were grown in LB media for 2 days and then DNA
extraction was done using Qiagen’s QIAamp DNA mini kit according to the
manufacturer’s protocol and extracted DNA was run on 1 % agarose gel to
check its integrity.
3.10.2 Polymerase Chain Reaction
The amplification of the 16S rRNA gene was carried out by using universal
primers (9F: 5′́ AGT TTG ATC CTG GCT CAG-3′; 1510R and 5′́ -GGC TAC CTT
GTT ACG A-3′́) as described by (Katsivela et al., 1999). The amplification

59

program for the full-length 16S rRNA gene consisted of an initial denaturation at 94
°C for 2 min, followed by 30 cycles of denaturation at 94 °C for 2 min, primer
annealing at 55 °C for 1 min and primer extension at 72 °C for 2 min, followed by
a final extension at 72 °C for 10 min in a thermocycler. Amplified PCR products of
the 16S ribosomal gene were separated on 1 % agarose gel in 0.5× TE (TrisEDTA)
buffer containing 2 μl ethidium bromide (20 mg ml -1). DNA ladder of 100 bp was
used as a size marker. The purified PCR products were sent to MACROGEN
(Seoul, Korea) for sequencing. Phylogenetic analyses were performed using
bioinformatics software MEGA-5 (Tamura et al., 2011). CLUSTAL X and BioEdit
were used for sequence alignment and comparisons,
respectively.
3.11

GREENHOUSE EVALUATION OF ANTAGONISTIC PGPR

The isolates exhibiting ISR were selected for further studies under greenhouse
conditions. The selected isolates were applied individually and in combination with
and without R. solanacearum. Controls were of two types; pathogen inoculated and
SDW treated Control.
3.11.1 Plant Growth Conditions
The potato tubers (cv Désirée), prior to sowing, were surface sterilized with 0.1 %
chlorox and rinsed with water followed by drying. The tubers were sown in sterilized
soil and pots were kept in greenhouse with temperature ranging from 24 to 28 ºC in
night and day respectively. The pots were watered as and when required.
3.11.2 Preparation of Inoculum
Inoculum of all the bacterial isolates (including rhizobacteria and R. solanacearum)
was prepared in nutrient broth (NB). Individual isolate was inoculated to the NB
medium and incubated on shaker at 30 ºC and 200 rpm overnight. The cultures were
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centrifuged at 10,000 rpm for 10 min and the cells were suspended in 0.85 % saline
solution (prepared in SDW) and final concentration was adjusted to 10 8 cfu/ml at
OD600 using spectrophotometer. The treatments were done with ten replications.
3.11.3 Treatments
The treatments were done after 30 days sowing of potato plants. The
antagonistic rhizobacterial isolates were applied as soil drenching individually and
in combination with and without R. solanacearum. Rs was added 2 day after the
initial treatment with rhizobacterial isolates. JA and SA (both at concentration of 1
mM) were prepared and applied as soil drenching and served as control for
monitoring of specific pathways. Rs only treatment was considered negative control
while SDW as neutral control.
3.11.4 Evaluation of Disease and Growth Parameters
The plants were monitored regularly and data of disease incidence (DI), shoot length
(SL), Shoot fresh weight (SFW) and Shoot dry weight (SDW) were collected at the
end of experiment.
3.12

QUANTIFICATION OF DEFENSE ENZYMES

Plant defense enzymes activities were determined in treated and untreated plants at
day 1, 5 and 10.
3.12.1 Extraction of Enzymes
Leaves from the treated and untreated potato plants were collected at day 1, 5 and
10 for enzyme extraction. Leaf sample (1 g) was ground in 2 ml sodium phosphate
buffer (0.1 M, pH 7.0) with ice bath. The homogenates were centrifuged for 10 min
at 10000 x g and the supernatant was used for determining enzyme
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activities.
3.12.2 Peroxidase (POD) Quantification
The activity of POD was determined by the described method (Fu and Huang, 2001).
Fifty microliter of enzyme extract was added to 0.1 M phosphate buffer (2.85 ml, pH
7.0) and 50 µl of 20 mM guaiacol. The reaction was started by addition of 20 µl of
40 mM H2O2 and absorbance at 470 nm was recorded for over 1 min. One unit of
enzyme activity was defined by the change in absorbance of
0.01 for 1 g fresh weight per minute.
3.12.3 Polyphenol oxidase (PPO) Quantification
PPO activity was estimated according to the following method (Park, 1999). The
mixture contained 2 ml assay solution (14.2 g of Na 2HPO4, 10.5 g of citrate and 5.52
g of catechol, dissolved in DW to make final volume 1 L) and enzyme extract (20
µl). One unit of PPO activity was presented as the change of absorbance at 420 nm
for 1 g fresh weight per minute.
3.12.4 Phenylalanine Ammonia Lyase (PAL) Quantification
PAL activity was determined according to the described method (Lee et al., 2005).
The mixture contained 1 ml L-phenylalanine (0.015 M), 1.9 ml Tris HCl buffer (0.1
M and pH 8.5), and 0.1 ml enzyme extract. Reaction mixture was kept at 30 ºC for
15 min and terminated by adding 200 µl of HCl (6 M). Absorbance was determined
at 290 nm where one unit of enzyme activity was measured by transformation of 1
µM L-phenylalanine to cinnamic acid for 1 g fresh weight per min.
3.13

ANALYSIS OF DEFENSE GENES THROUGH RT-qPCR

For the analysis of ISR, genetic expression of salicylic acid (SA) and jasmonic acid
(JA) responsive genes were studied through real time expression analysis. From the
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treated plants, leave samples were collected on day 1, 5 and 10 after inoculation with
the rhizobacterial isolates and pathogen which were used for subsequent RNA
extraction and real time analysis of defense responses. The analysis over the time
period also elaborated the plant defense mechanism in response to the pathogen and
also how plants respond to the beneficial microbes or how microbes modify plant.
3.13.1 RNA Extraction and Purification
RNA extraction was done with Qiagen’s RNeasy plant mini kit and described
protocol was used. Initially the leave samples (100 mg) were homogenized in liquid
nitrogen and manufacturer instructions were followed for extraction. The optional
on column DNase (Qiagen) was performed to avoid any contamination of DNA
during gene analysis. RNA was quantified using Nanodrop spectrophotometer and
assessed for quality by running RNA on 1.2 % agarose gel.
All samples obtained an RNA quality indicated that the RNA was of good quality
and could be used for expression analyses. The RNA samples were stored at -80 ºC
for further use. Aliquots were prepared to avoid rapid thawing of RNA samples.
3.13.2 Real Time Quantitative PCR
For analysis of signal transduction pathways and determination of ISR, RTqPCR
was employed which is authenticated technique for gene expression studies. The
analysis of genes; PR1b1 (salicylic acid responsive), Coi1 (jasmonic acid
responsive), and 18S (used as reference) was performed from the samples collected
on day 1, 5 and 10 after inoculation. The primer details (Table 5), PCR reaction
mixture (Table 6) and conditions (Table 7) are given. Before running actual
experiment analysis, the primers and RNA concentration was optimized and
standardized. Efficiency of each primer was checked and melting curves were
determined to see the accuracy of primers. After running the plate and collecting
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data, normalization of target gene cycle thresholds (Cts) was done and by subtracting
the geometric mean of the Cts from reference gene using the Roche light cycler
software (v 1.5.0). The resulting data were then divided by the arithmetic mean of
all control plants for a given time and experiment in order to obtain a relative fold
change for each individual unit (plant). The analysis of variance among the means
was analyzed by software statistix (v 8.1) and least significant difference (LSD) was
determined with 5 % level of significance.
3.14

STATISTICAL ANALYSIS

All the experiments were performed with at least three replications and collected
data was analyzed by statistical software STATISTIX (v 8.1). The difference in each
treatment was analyzed by least significant difference (LSD) at
P≥0.05 (Steel et al., 1997) and graphs were prepared in MS Excel 2010.
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Table 5: Details of primers used for gene expression analysis
Gene
Primer Sequence (5’-3’)

PR1b1

18S rRNA

Coi-1

Tm (ºC)

Amplicon
size

Reference

Fwd: TGGTGATTTCACGGGGAGGGCA

63

100 bp

(Evers et al., 2006)

Rev: TCCGCACACTTGTCCGCTTGCA

64

Fwd: GGGCATTCGTATTTCATAGTCAGAG

55

Rev: CGGTTCTTGATTAATGAAAACATCCT

54

Fwd: CGTAGAATGATTGTTAGAGATTCG

53

Rev: ACACTCGCTAATTTTCATAGAGAC

51

100 bp

333 bp

(Halim et al., 2009)
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Table 6: Reaction mixture used for RT-qPCR
Component
Quantity
Superscript-III RT/Platinum Taq mix

variable

Table 7: RT-qPCR reaction conditions
Step
Time/Temp
No. of Cycles
cDNA synthesis 50 ºC for 3 min

1

2x SYBR Green Reaction Mix

10 µl

Denaturation

95 ºC for 5 min

1

Primer F (10 µM)

1.2 µl

Amplification

95 ºC for 15 sec

40

Primer R (10 µM)

1.2 µl

Template RNA (=0.075 ng)

variable

DEPC water

variable
Reaction mixture

= 12.5 µl

60 ºC for 30 sec
Melting Curves

95 ºC for 5 sec

1

65 ºC for 1 min
Cooling

40 ºC for 1 min

1
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Chapter 4

RESULTS AND DISCUSSION
4.1

SURVEY

Survey data revealed that bacterial wilt has become as one of the important diseases
of potato in major potato growing areas of Pakistan. For wilted plants, the
characteristic diagnostic test (bacterial streaming from infected stem) was performed
in the field for initial determination of bacterial wilt. The disease was prevalent in
every field of each district/area surveyed. Approximately 90 fields in total eight
districts/areas were surveyed with prevalence 100 % in each area and no field was
found free of bacterial wilt though the range and severity of the disease varied among
fields. Average highest wilt incidence was recorded at Okara (24.4 %) which ranged
from 23 to 28 % among the sub areas of Okara. Least incidence was found at Kasur
(16.8 %). The severity of the disease ranged from minimum 1 to maximum 5. Highest
disease severity was found at Okara ranging from 2-5 while on average severity of 3
was found in every area/sub area (Table 8). Along with the wilt, several other
diseases were also found associated to potato plants.

4.2

ISOLATION OF PATHOGEN

From the suspected infected tissues and soil samples, total 43 reddish
centered colonies (Fig. 4) on TTC media were retrieved. The obtained colonies were
purified using dilution streaking technique. Pure cultures were preserved as glycerol
stock.
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Table 8: Mean incidence of bacterial wilt in Punjab potato fields during 2012-13 and
2013-14
District/Area

Disease incidence
(%)

Disease prevalence
(%)

Disease severity
range

Okara

2124.4 ± 4.3.5

100

2-5

Sahiwal

21.66 ± 5.7

100

2-5

Sialkot

19.8 ± 5.8

100

2-4

Pakpattan

17.8 ± 4.6

100

2-4

Kasur

16.8 ± 3.9

100

1-3

Faisalabad

23.2 ± 4.3

100

1-3

Jhang

17.4 ± 2.2

100

1-4

Lahore

18.00 ± 2.5

100

1-3

The readings are average of all fields visited during 2012-13 and 2013-14 survey
DI= Disease Incidence; DP= Disease prevalence

Figure 4: Characteristic reddish pink centered colonies of R. solanacearum on TTC
media
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4.3

PATHOGENICITY TEST OF R. solanacearum

Pathogenicity or virulence test of the isolates conducted revealed that among the 43
isolates 5 isolates started showing wilt symptoms in potato plants in first 10 days and
3 isolates completely killed/wilted the plants while 2 isolates didn’t kill the plants
completely and all these isolates were categorized as highly pathogenic and are
represented by “+++”, 10 isolates were marked as moderately virulent and
represented by “++”, 6 isolates were considered weakly virulent while
22 isolates were found non-virulent and are represented as “-“ (Table 9). The
classification of the isolates was done on the basis of symptom expression time as
described earlier. Only virulent isolates were selected for further studies.
4.4

CHARACTERIZATION OF PATHOGEN

4.4.1 Biochemical Characterization
Biochemical tests revealed that all virulent R. solanacearum isolates were negative
to gram stain, levan production, pigment production and gelatin liquefaction while
positive to KOH, catalase, kovacs, lipase and
oxidation/fermentation tests (Table 10).
4.4.2

Race Determination of R. solanacearum

Race identification test of the R. solanacearum isolates was performed according to
the procedure of Janse (1991). The results elucidated that all the virulent isolates
were belonging to race 3 which was evident from wilt symptoms observed on tomato
plants while on tobacco leaves, hypersensitivity test was performed which
demonstrated the isolate exhibiting chlorosis of leaves.
Table 9: Pathogenicity/virulence of R. solanacearum isolates on potato plants
Isolates
Virulence
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Rs1

+

Rs2

-

Rs3

++

Rs4

-

Rs5

-

Rs6

++

Rs7

++

Rs8

++

Rs9

+++

Rs10

++

Rs11

-

Rs12

-

Rs13

-

Rs14

-

Rs15

+

Rs16

-

Rs17

+++

Rs18

++

Rs19

-

Rs20

+

Rs21

-

Rs22

-

Rs23

-

Rs24

++

Rs25

++
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Rs26

-

Rs27

+

Rs28

++

Rs29

-

Rs30

-

Rs31

-

Rs32

+++

Rs33

-

Rs34

-

Rs35

+

Rs36

+

Rs37

++

Rs38

-

Rs39

-

Rs40

-

Rs41

+++

Rs42

-

Rs43

+++

Isolates marked '+++' are highly virulent (plants wilted within 10 days)
Isolates marked '++' are moderately virulent (plants wilted between 10-20 days)
Isolates marked '+' are weakly virulent (plants wilted or killed between 20-30 days)
Table 10: Biochemical tests of virulent isolates of R. solanacearum
Staining

KOH

Catalase

Levan

Kovacs

lipase

*O/F glucose

Gelatin

Rs1

-

+

+

-

+

+

+

-

Rs3

-

+

+

-

+

+

+

-

Rs6

-

+

+

-

+

+

+

-

Rs7

-

+

+

-

+

+

+

-

Isolates
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Rs8

-

+

+

-

+

+

+

-

Rs9

-

+

+

-

+

+

+

-

Rs10

-

+

+

-

+

+

+

-

Rs15

-

+

+

-

+

+

+

-

Rs17

-

+

+

-

+

+

+

-

Rs18

-

+

+

-

+

+

+

-

Rs20

-

+

+

-

+

+

+

-

Rs24

-

+

+

-

+

+

+

-

Rs25

-

+

+

-

+

+

+

-

Rs27

-

+

+

-

+

+

+

-

Rs28

-

+

+

-

+

+

+

-

Rs32

-

+

+

-

+

+

+

-

Rs35

-

+

+

-

+

+

+

-

Rs36

-

+

+

-

+

+

+

-

Rs37

-

+

+

-

+

+

+

-

Rs41

-

+

+

-

+

+

+

-

Rs43

-

+

+

-

+

+

+

-

*O/F: Oxidation/Fermentation

4.4.3

Biovar Determination of R. solanacearum isolates

The biovar confirmation test was performed and kept under observation upto 14
days for color change from olivaceous green to orange-yellow and we found that all
the isolates were from biovar 2 (Table 11).
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4.4.4 Molecular Identification of R. solanacearum
Molecular identification of R. solanacearum was carried out using primer pair
759/760 and the characteristic amplicon size of 280 bp was observed on 1.5 %
agarose gel. All the virulent isolates were confirmed to be R. solanacearum (Fig.
5).

4.5

ISOLATION OF RHIZOBACTERIA

From the dilutions plated on respective media, several isolates were obtained which
were differentiated on the basis of their color, colony structure, elevation and the
colonies appearing different were streaked separately to get purified isolates. The
isolation of rhizobacteria resulted in total 221 isolates where Bacillus spp. (101) were
dominantly isolated, followed by Pseudomonas spp. (76) and Serratia spp. (44). The
isolates of each species from each area is given (Table 12).
We recorded that highest number of rhizobacterial isolates was obtained from Okara
district where Bacillus isolates were dominating other isolates. Among total isolates
from each area, number of Bacillus isolates was higher while Serratia isolates were
least retrieved from all areas and were also low in number among the total isolates
obtained from each area (Table 12).
Table 11: Biovar determination of virulent isolates of R. solanacearum
Isolates

Control

Lactose

Cellobiose

Maltose

Sorbitol

Mannitol

Dulcitol

Biovars

Rs1

-

+

+

+

-

-

-

2

Rs3

-

+

+

+

-

-

-

2

Rs6

-

+

+

+

-

-

-

2

Rs7

-

+

+

+

-

-

-

2

Rs8

-

+

+

+

-

-

-

2
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Rs9

-

+

+

+

-

-

-

2

Rs10

-

+

+

+

-

-

-

2

Rs15

-

+

+

+

-

-

-

2

Rs17

-

+

+

+

-

-

-

2

Rs18

-

+

+

+

-

-

-

2

Rs20

-

+

+

+

-

-

-

2

Rs24

-

+

+

+

-

-

-

2

Rs25

-

+

+

+

-

-

-

2

Rs27

-

+

+

+

-

-

-

2

Rs28

-

+

+

+

-

-

-

2

Rs34

-

+

+

+

-

-

-

2

Rs35

-

+

+

+

-

-

-

2

Rs36

-

+

+

+

-

-

-

2

Rs37

-

+

+

+

-

-

-

2

Rs41

-

+

+

+

-

-

-

2

Rs43

-

+

+

+

-

-

-

2

(a)

(b)
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(c)
Figure 5: The characteristic amplicon of 280 bp size of R. solanacearum.
In figure (a, b and c) from 1-21 are the virulent isolates where M is 100
bp marker

Figure 6: Collection of rhizobacterial isolates
4.6

SCREENING OF ANTAGONISTS

4.6.1 Dual Culture Plate Technique
Screening of rhizobacterial isolates with dual culture technique revealed 11 potential
isolates antagonistic to either isolate of R. solanacearum. The isolates having zone
of inhibition greater than 8 mm in radius with either isolate was selected for further
studies and is given (Table 13). It was observed that Bacillus were having the greater
number of isolates antagonistic to R. solanacearum as compared to Pseudomonas
and Serratia where only 2 and 1 isolates respectively were found antagonizing the
pathogen. Against Rs9, highest zone of inhibition (12.3 mm) was recorded with B28
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and other isolates B14, B73, B98, P19 and S21 were also good against Rs9. Similarly
against Rs17, P11 was the best with highest zone of inhibition (10.2 mm) followed
by P19 (9.5 mm) and B55 (9.1 mm). Antagonism against Rs43 was recorded highest
with isolate B9 where zone of inhibition was 9.9 mm and isolate B47 and B85 also
inhibited considerable zone. Against the reference isolate GMI1000, B85 was found
best antagonizing agent with mean zone of inhibition of 11.7 mm and other isolates
(B28 and B98) were also effective.

4.6.2 Culture Filtrate vs R. solanacearum
The effect of extracted culture filtrates of antagonistic isolates was studied in liquid
medium which elucidated that the isolate antagonistic in dual culture plate method
were also effective in liquid medium against Rs isolates. Their culture filtrate might
be having some antibiotic compounds that inhibited the growth of all R.
solanacearum isolates (Fig. 8-11).
Table 12: Rhizobacterial isolates retrieved from each potato growing area of Punjab
Areas
Bacillus
Pseudomonas
Serratia
Total isolates
isolates
isolates
isolates
Okara

20

10

4

34

Sahiwal

13

11

5

29

Sialkot

11

15

3

29

Pakpattan

10

7

8

25

Faisalabad

11

8

4

23

Jhang

10

11

9

30

Kasur

14

6

8

28

Lahore

12

8

3

23

Total isolates

101

76

44

221

Table 13: Zone of inhibition by antagonistic isolates against virulent strains of R.
solanacearum
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Zone of Inhibition (mm radius)
Isolates

Rs9

Rs17

Rs43

GMI1000

B9

0e

2.5 ± 1 d

9.9 ± 3.2 a

0c

B14

8.6 ± 1.5 bc

0e

0c

4.8 ± 1.5 b

B28

12.3 ± 2.3 a

5.3 ± 2.2 b

2.6 ± 1.5 b

10.6 ± 2.2 a

B47

0e

3.7 ± 2.7 cd

8.5 ± 1.2 a

0c

B55

0e

9.1 ± 2.3 a

2.8 ± 1.2 b

6.4 ± 2.2 b

B73

9.6 ± 3.0 b

0e

0c

0c

B85

3.4 ± 2.4 d

4.5 ± 2.2 bc

8.3 ± 1.9 a

11.7 ± 3.3 a

B98

7.9 ± 2.8 bc

0e

0c

10.3 ± 4.1 a

P11

0e

10.2 ± 2.8 a

0c

5.6 ± 3.4 b

P19

6.8 ± 1.9 c

9.5 ± 1.8 a

2.5 ± 1.0 b

0c

S21

8.8 ± 2.8 b

0e

0c

0c

0e

0e

0c

0c

Control

Values with different letters are significantly different at P≥0.05

B28 vs Rs9

B9 vs Rs43

B98 vs Rs9

B85 vs GMI1000
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P19 vs Rs17

B85 vs Rs43

B47 vs Rs43

Control vs Rs

Figure 7: Zone of inhibition by antagonistic isolates against R. solanacearum isolates
in dual culture plate method

Figure 8: Effect of culture filtrate of antagonistic rhizobacterial isolates against R.
solanacearum Rs9
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Figure 9: Effect of culture filtrate of antagonistic rhizobacterial isolates against R.
solanacearum Rs17

Figure 10: Effect of culture filtrate of antagonistic rhizobacterial isolates against R.
solanacearum Rs43
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Figure 11: Effect of culture filtrate of antagonistic rhizobacterial isolates against R.
solanacearum GMI1000

4.7

COMPATIBILITY TESTS AMONG ANTAGONISTS

Compatibility test revealed that most isolates were not compatible with either one
or more (Table 14). This was evident from the zone of inhibition that appeared in
dual culture plate experiment. The isolates exhibiting zone of inhibition were
considered non-compatible with each other. The test was useful to decide the
application of isolates in consortium.
4.8

PGP TRAITS OF ANTAGONISTS

The isolates were screened for several PGP traits which served as basis for us to
select the efficient isolates for further studies. During these tests we observed that all
isolates possessed one or few PGP traits that can contribute to the plant health.
4.8.1

IAA Production
Almost all isolates produced IAA except S21. B28 synthesized the highest

amount of IAA (40 µg/ml) (Table 16) which was clear by the color it produced and

80

also the OD550 was calculated and maximum OD was obtained with this isolate
(Table 16).
4.8.2

Siderophore Production

Similarly siderophore production by the isolates was also observed, only 3 isolates
were unable to release siderophores and no halo zone was observed around the
colonies on CAS blue agar while the rest 8 isolates were capable of releasing
siderophores with highest ability recorded with B28 as evident by the halozone
surrounding the culture (Table 16).
4.8.3

Phosphorus Solubilization
P solubilization was only observed in 2 isolates i.e. B28 and B85 while the

others were not showing any halozone (Table 16).
4.8.4 Biofilm Formation
As shown (Fig. 12) that the ability to form biofilm was pronouncedly observed in
B85 followed by B28 and B98. The ability of isolates to produce biofilm plays an
important role in determining the colonization of the tissues/roots of the plants. From
this test we can suspect that the isolate B85 will be able to colonize root more
efficiently as compared to other isolates.
4.8.5

Root Colonization

Root colonization by rhizobacterial isolates was checked on tissue cultured plants
and phytagel was used to observe the colonization of roots. We found it in line with
our biofilm formation test that the isolate B85 was efficient colonizer of the tissues.
It rapidly colonized the roots and obtained from this was 31 cfu/ml (Table 17).
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4.8.6

Ammonia Production
We found that almost all isolates were producing ammonia which was

evident from the color of the filtrate upon addition of Nessler’s reagent (Table 16).
4.8.7 Chitinase Production
Chitinase production test was conducted to see if the isolates antagonistic to R.
solanacearum can also inhibit fungal growth by releasing chitinase enzyme that can
hydrolyze fungal cell walls of which chitin is the main component (Table 16).
4.8.8

HCN Production
Hydrogen cyanide is a toxic compound and if produced by the

rhizobacterial isolates, is harmful for the plants. We determined that no isolate was
releasing this toxic compound and we didn’t notice any change in color of paper as
compared to control (Table 16).
4.8.9

Production of Volatile Compounds

Production of volatile compounds was done by combining the plates of
rhizobacterial isolates along with R. solanacearum and inhibition of R.
solanacearum plates was observed. We found that at the dilution 10-1 and 10-2 the
isolates were capable to release antimicrobial compounds and as compared to control
the culture/colonies of R. solanacearum were less where no inhibition of R.
solanacearum was observed in plates from dilution 10 -3 to 10-8 (Table 15). We
concluded that production of antimicrobial compounds is governed by the population
of antagonists and upon reaching some specific figure, they
communicate and genes for some antimicrobial compounds are activated.
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4.9
SCREENING OF ANTAGONISTS FOR INDUCED SYSTEMIC
RESISTANCE (ISR) EFFECT
4.9.1 LOX Enzyme Activity
The initial screening of antagonists for possible induction of resistance through
monitoring LOX enzyme which functions in JA pathway revealed that
only one isolate i.e. B28 was capable to increase the LOX activity after day 3. As
compared to control almost twice the activity of LOX was recorded in B28 treated
potato plants (Fig. 14).
Table 14: Compatibility among antagonistic isolates
Isolates B9
B9

B14

B28

B47

B55

B73

B85

B98

P11

P19

S21

+

+

+

+

+

+

+

+

+

+

-

-

+

-

-

+

+

+

-

-

+

+

+

+

-

+

+

+

+

+

+

-

+

+

+

+

-

+

+

-

-

+

+

+

-

+

-

+

+

+

+

+

+

+

B14

-

B28

+

+

B47

+

+

+

B55

-

-

+

-

B73

+

+

+

-

+

+

-

+

+

+

-

B98

+

+

+

+

+

+

+

P11

+

-

-

+

-

-

-

+

P19

+

-

+

+

-

+

+

+

+

S21

+

+

+

-

+

+

+

-

+

B85

+
+

'+' means compatible and '-' means non-compatible

Table 15: Production of antimicrobial volatile compounds by antagonists
10-1
10-2
10-3
10-4
10-5
10-6
10-7
Isolates

10-8

B9

-

-

-

-

-

-

-

-

B14

+

-

-

-

-

-

-

-

B28

+

+

-

-

-

-

-

-

B47

+

+

-

-

-

-

-

-

B55

-

-

-

-

-

-

-

-
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B73

-

-

-

-

-

-

-

-

B85

+

+

-

-

-

-

-

-

B98

+

+

-

-

-

-

-

-

P11

+

+

-

-

-

-

-

-

P19

-

-

-

-

-

-

-

-

S21

-

-

-

-

-

-

-

-

'+' means volatile compounds present and '‒' means absent
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Table 16: Plant growth promoting traits of antagonists
*Siderophore
production

IAA production

Ammonia
HCN Production

Chitinase
production

P-solubilization

(µg/ml)

production

B9

++

-

10 ± 1.41 cd

+

-

-

B14

-

-

4.50 ± 1.45 ef

+

-

-

B28

+++

+

40 ± 5.9 a

+

-

+

B47

+

-

8 ± 1.29 cde

+

-

-

B55

-

-

20 ± 2.5 b

-

-

+

B73

-

-

5 ± 2.3 def

+

-

+

B85

++

+

20 ± 3.25 b

+

-

+

B98

++

-

5.5 ± 0.21 cde

+

-

+

P11

+

-

3.8 ± 1.5 ef

-

-

-

P19

+

-

10.5 ± 2.8 c

+

-

-

S21

+

-

0f

-

-

+

Control

-

-

0f

-

-

-

Isolates

Values with different alphabets are significantly different at P≥0.05

* Strong (≥ 5 mm halozone represented as '+++'), week (2-5 mm represented as '++'), slight (1-2 mm represented as '+')
and non-siderophore producers as '-' '+' means present, '-' means absent
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Table 17: Root colonizing ability of antagonists
Isolate
Root colonizing ability

CFU/ml (in 10-7 dilution)

B9

-

4 ef

B14

-

6 de

B28

+

23 b

B47

-

4 ef

B55

+

11 d

B73

-

5 ef

B85

+

31 a

B98

+

17 c

P11

+

8 de

P19

-

6 de

S21

-

3 ef

Control

-

0f

Values with different alphabets are significantly different at P≥0.05

Figure 12: Biofilm forming ability of antagonists
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B85

B28

Figure 13: The isolates B85 and B28 showing tissue/root colonization of potato cv
Desiree on MS media
4.9.2 PAL Enzyme Activity
While monitoring the PAL activity in rhizobacterial treated plants we found that the
isolate B85 was enhancing the activity of PAL (Fig. 15). None other isolate was
found altering the PAL enzyme activity. This initial screening helped us to select the
isolates for further greenhouse tests and defense genes analysis.
4.10

MOLECULAR IDENTIFICATION OF ANTAGONISTS

Molecular identification of ISR potential rhizobacterial isolates was done and we
found that the isolate B28 having similarity index of 99 % with B. subtilis and B85
was having 98 % similarity with B. pumilus. Phylogenetic trees of the isolates are
given (Fig. 16 and 17).
4.11

GREENHOUSE EVALUATION OF ANTAGONISTIC PGPR

In greenhouse evaluation, there was significant reduction in disease incidence in
rhizobacteria treated plants whether individually or in combination. Least incidence
(11.40 %) was observed in combined application of rhizobacteria (B28 + B85 + Rs).
In alone treatments of rhizobacteria, B85 allowed less disease incidence on potato
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plants as compared to B28 where incidence was 14.80 % and 16.4 %, respectively.
In treatment with JA and SA, there was also seen significant disease reduction. In
account of plant growth enhancement, there was no significant difference in
treatments except the treatment of rhizobacteria in combination and increased shoot
height was observed while the fresh and dry weight of shoot was highest in B28
treated plants. In JA and SA treated plants there was reduction in disease but no
growth promotion was observed in plants and consequently plants turned pale with
JA treatment (Table 18).

Figure 14: Lipoxygenase (LOX) enzyme activity in potato leaves on day 3
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Figure 15: Phenylalanine Ammonia Lyase (PAL) enzyme activity in potato leaves
on day 3
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Figure 16: Neighbor-joining tree based on partial 16S rRNA gene sequencing
showing phylogenetic position of strain B28. Cluster analysis was performed having
bootstrap value 500 using MEGA-5 software. Bacillus cereus (AE016877) was used
as an outgroup. Only values >50 % are given. Bar, 0.005 substitutions per nucleotide
position.
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Figure 17: Neighbor-joining tree based on partial 16S rRNA gene sequencing
showing phylogenetic position of strain B85. Cluster analysis was performed having
bootstrap value 500 using MEGA-5 software. Bacillus cereus (AE106877) was used
as an outgroup. Only values >50 % are given. Bar, 0.005 substitutions per nucleotide
position.
Table 18: Effect of treatments on disease incidence and plant growth parameters of
potato plants under greenhouse conditions
Treatments

B28
B28 + Rs
B85
B85 + Rs
B28 + B85
B28 + B85 + Rs
JA
JA + Rs
SA

Disease
incidence (%)

Shoot height

Shoot fresh
weight (g)

Shoot dry
weight (g)

0f

27.33 ab

16.52 ab

2.54 ab

16.4 c

26.10 bcd

15.65 bc

2.45 bc

0f

25.45 cde

15.39 bc

2.25 cd

14.80 d

25.41 cde

15.48 bc

2.21 cd

0f

28.12 ab

15.61 bc

2.43 bc

11.40 e

27.45 abc

15.35 bc

2.41 bc

0f

24.95 de

15.12 bc

2.01 d

22 b

24.45de

15.10 bc

2.27 cd

0f

25.12 de

14.99 bc

2.03 d

(cm)
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SA + Rs

17 c

24.88 de

14.95 bc

2.21 cd

Rs

51 a

17.33 f

7.98 d

1.14 e

0f

23.33 e

15.26 bc

2.11 d

Control

Values with different alphabets are significantly different at P≥0.05
B28: B. subtilis B28, B85: B. pumilus B85, Rs: R. solanacearum, JA: Jasmonic Acid,
SA: Salicylic acid
4.12 QUANTIFICATION OF DEFENSE ENZYMES
Analysis of defense enzymes; Peroxidase (PO), Polyphenol oxidase (PPO) and
Phenylalanine Ammonia Lyase (PAL) was done on day 1, 5 and 10 in all treatments.
The results revealed rapid increase in all enzymes in SA and pathogen (Rs) treated
plants while increase in rhizobacteria treated plants was slow. POD activity increased
significantly in SA and Rs treated potato plants on day 1 while there was nonsignificant increase in B85 treated plants. On day 5, there was a significant change
in POD activity in most of the treatments because of addition of Rs. Highest POD
activity was recorded in SA + Rs treatment followed by SA treatment. In PGPR
treated plants, significant increase in POD activity was recorded in B85 treatment
while in combined application of B28 and B85, the increase was slightly higher than
B85 alone application; however no significant increase was observed with B28 alone.
In treatments containing Rs, the increase was significant as compared to their
respective non-pathogen controls. On day 10 highest POD activity was computed in
pathogen treated control i.e. Rs while there was no significant changes in POD
activity in SA and SA + Rs treated plants as compared to day 5. In treatments
containing B85 there was significant increase in POD activity while no increase was
observed in B28 treatments even on day 10. In JA alone treated plants, significant
activity was recorded on day 5 and 10 as compared to control while in general,
treatments containing Rs were having higher POD activity (Fig. 18).
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PPO activity reached maximum on day 5 and decreased slightly on day 10. On day
1, PPO activity increased in all treatments but there was non-significant increase in
B28 treated plants while all other treatments were significantly higher as compared
to control. On day 5, PPO activity was increased in all treatments and highest activity
was recorded with SA + Rs treatment and generally the treatments containing Rs, the
activity was higher as compared to their respective controls. On day 10, it was seen
that treatments containing pathogen were having significantly higher PPO activity
while in non-pathogen treatments, significant activity was observed in B85, B28 +
B85 and SA treated plants (Fig. 19).
During analysis of PAL activity, highest activity was recorded in SA and pathogen
treated plants on day 1 followed by B85 treated plants. On day 5 higher activity of
PAL was found in treatments containing pathogen while in nonpathogen treatments,
highest activity was recorded in SA, JA, B85 and B28 + B85 treated plants and no
significant change in PAL activity was found with B28 treatment. On day 10, PAL
activity was at par in pathogen containing treatments except B28 + Rs while in nonpathogen treatments, still highest activity was found in SA treated plants while there
was no significant difference in PAL activity in SA and B85 treated plants. The
treatments having B85 were also higher in PAL activity while no increase was
recorded in B28 treatments (Fig. 20).
4.13

ANALYSIS OF DEFENSE GENES THROUGH RT-qPCR

Real time expression analysis of two defense genes; PR1b1 (salicylic acid
responsive) and Coi-1 (jasmonic acid responsive) using 18S rRNA gene as reference
gene was done and results revealed that there was basal expression of both defense
genes in potato plants. However the expression of Coi1 gene was quite lower than
PR1b1 in control plants. In general, the expression of PR1b1 and Coi1 enhanced
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significantly after the application of Rs as compared to their respective non-pathogen
controls.

Figure 18: Peroxidase (POD) activity in potato leaves on Day1, Day 5 and Day 10
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Figure 19: Polyphenol oxidase (PPO) activity in potato leaves on Day1, Day 5 and
Day 10
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Figure 20: Phenylalanine Ammonia Lyase (PAL) activity in potato leaves on Day1,
Day 5 and Day 10
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4.13.1 Expression Analysis of PR1b1 gene
The results elucidated that the expression of PR1b1 was rapidly increased upon
treatment with SA on day 1 and highest expression (2.33 times) was observed in this
treatment while in JA treatment there was also slight increase in PR1b1 expression.
In pathogen (Rs) treated plants, around 2 fold upregulation in PR1b1 was observed.
In antagonistic bacteria treatments, enhanced (2 fold) expression was only observed
in treatments having B85 whether alone or in combination (Fig. 21). On day 5, in
general the expression of PR1b1 was observed increased in pathogen containing
treatments as compared to their respective non-pathogen controls. Highest activity
(4 fold) was found in SA + Rs and Rs treatments as compared to control and was at
par with each other. No increase was recorded in B28 treatment and non-significant
increase was observed in JA treatment as compared to control. PR1b1 expression
was upregulated three folds in B85 and B28 + B85 and was equal on day 5. The
expression analysis of PR1b1 on day 10 showed 5 fold upregulation in SA + Rs
treatment which was significantly higher than control and also significantly higher
from its non-pathogen control. Five time increase in expression was also observed in
pathogen treatment while 4 time increase was recorded in B85 treatment. In pathogen
containing treatments, the increase in expression was relatively higher as compared
to non-pathogen controls.

4.13.2 Expression Analysis of Coi1 gene

The expression analysis of Coi1, a jasmonic acid responsive gene, on day 1 revealed
that the expression was quite lower than the reference gene while comparing with
other treatments significant increase was observed in JA treatment and two fold
upregulation was recorded while non-significant increase was observed in SA treated
plants. One and a half fold increase in Coi1 expression was observed in B28 and B85
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treatments on day 1. On day 5 the expression enhanced variably in all treatments
except B85 and SA treated plants where the expression was almost equal to the
control. Three-fold increase in Coi1 expression was computed in JA and JA + Rs
treatments while in B28 2.5 fold increase was observed. In treatments having
pathogen, the expression was relatively higher as compared to their respective nonpathogen controls. Relative expression of Coi1 on day 10 showed that the expression
of Coi1 was slightly increased as compared to reference gene while comparing
among the treatments, highest increase was found in JA + Rs treatment and equal
expression was recorded in B28 + Rs treated plants. Three times upregulation in
expression of Coi1 was observed in B28 treated plants as compared to control. In
treatments containing pathogen, the expression of Coi1 was observed relatively
higher as compared to their respective non-pathogen controls (Fig. 22).

It is evident from the worldwide reports that bacterial wilt caused by R.
solanacearum is undoubtedly the most important bacterial pathogen that is still going
on increasing its host range and infecting more and more crops posing serious threats
to crop production specially vegetables. The presence of pathogen as hidden
infections has let it to distribute more widely. This is the reason that the pathogen
has developed several races, biovars and possesses huge diversity. The incidence of
bacterial wilt disease recorded in the current study has shown that this disease is not
only major problem in hilly areas of Pakistan but also having favorable conditions in
major potato growing areas of Punjab.
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Figure 21: Relative expression of salicylic acid responsive (PR1b1) gene and
reference (18S rRNA) gene in potato leaves on day 1, 5 and 10
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Figure 22: Relative expression of jasmonic acid responsive (Coi1) gene and reference
(18S rRNA) gene in potato leaves on day 1, 5 and 10
Initially BW was first time reported in Pakistan in 1968 (Kamal and Moghal, 1968)
and later on, (Khan, 1985) during the survey of potato diseases in district Swat also
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reported the disease with minor incidence. Surveys of potato crop in Pakistan from
several researchers (Turkensteen, 1986; Geddes and Kokab, 1989; Burney, 1995)
were done and they reported bacterial wilt disease in several areas. They also noticed
that incidence of disease was increasing and until 1995, the disease had dispersed to
4 potato zones in Pakistan. Burney (1995) visited northern areas of Pakistan that
included Swat, Kalam valleys and collected wilt samples. The isolation confirmed
the presence of R. solanacearum. Further carrying the biochemical tests he explained
that the isolates belonged to biovar 2. He suggested more detailed survey of potato
growing areas to investigate the diseases persisting there. Following, Ahmad et al.
(1995) made detailed survey of Pakistan's major potato growing areas of Punjab and
recorded twenty diseases of potato. He also reported the presence of bacterial wilt in
zone 2 (Irrigated plains of Central Punjab and South East KPK) of Pakistan but its
incidence was reported as minor. Later on during 2008-09, Begum et al. (2012)
surveyed three potato growing areas of Punjab and she reported 10 % incidence of
bacterial wilt on potato crop. Current study focusing on the bacterial wilt of potato
in major potato growing areas of Punjab where extensive surveys were done and
revealed that the bacterial wilt disease is common disease persisting in these areas.
It was observed that bacterial wilt was prevalent in every potato growing area along
with other fungal diseases. Our study has updated the information regarding the
incidence of this disease and we found it more frequent in the districts of Okara and
Sahiwal with an incidence ranging between 20-24 % with highest incidence found at
Okara which was observed to be 24 %. Begum et al. (2012) found that bacterial wilt
incidence was largely dependent on rainfall/moisture and the major potato areas of
Punjab are generally irrigated and soil moisture level is higher. Also it might be
possible that water being used for irrigation also containing R. solanacearum.
Another reason for increased incidence is unavailability of certified seed/tubers used
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for cultivation, as major part of potato used as a seed is being imported unchecked
and it is highly likely that it may contain latent infections of R. solanacearum.
Additionally, a number of additional symptomless weed hosts have been reported
which may enable biovar 2, race 3 to survive in a latent form or in their rhizosphere
or some of which acted as hosts (Janse et al., 2004). It has been well documented
that the presence of Fusarium spp. and Meloidogyne spp. also contributes to
increased incidence of bacterial wilt (Wang and Lin, 2005b) as we have also seen
during our surveys that fungal pathogens have been a major problems in potato fields
and thus they are also an important factors for increased incidence of bacterial wilt.
These are the major factors that are unknown to potato growers and hence increased
incidence.

R. solanacearum is a multi-host pathogen possessing a complex set of pathogenesis
cascade thereby enabling it to attack hundreds of different types of plant species in
every region. Several characters have been identified which play important role in its
pathogenesis and virulence and if they are deleted or removed from its genome, it
either loses its virulence or weakens it. Among most important pathogenicity factors
is the production of Extracellular polysaccharides (EPS) by R. solanacearum which
enables it to colonize the host efficiently by making biofilms
(De-Pinto et al., 2003) and in absence of host EPS absorbs water and helps in
surviving desiccation and antibiosis and finally that EPS shields R. solanacearum
from plant antimicrobial compounds by concealing bacterial surface features that
could be identified by hosts (Meng, 2013). EPS site-directed mutants lacking in
synthesis of EPS I are almost avirulent and do not inhabit plant xylem vessels as
wild-type. But, it is not recognized how EPS play its role in BW disease
development. It has been proposed that EPS chokes the xylem vessels physically thus
interfering in transport of water flow resulting in wilting of infected hosts (Meng,
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2013). Other important pathogenicity factors of R. solanacearum includes type III
secretion system (Vasse et al., 2000), motility (Kersten et al., 2004), cell wall
degrading enzymes and type II secretion system (Liu et al., 2005). In our study, out
of 21 isolates obtained from different potato growing areas of Punjab varied in their
pathogenicity/virulence. However, three isolates (Rs9, Rs17 and Rs43) were highly
virulent on potato plants and killed the plants completely within 10 dpi. The reason
might be that these isolates were possessing and also able to express pathogenicity
factors efficiently which others might not be able to do so under the given conditions.

In this study all the Rs isolates retrieved from different locations of Punjab belonged
to race 3 biovar 2 which is the most devastating strain, especially for potato crop.
Our results are in line with Begum et al. (2012) where the R. solanacearum isolates
associated to potato were recorded to be biovar 2. R. solanacearum R3 Bvr2 has a
worldwide distribution and is found in both temperate and tropical climates
(Swanson et al., 2005). Race confirmation was done according to the procedure by
Janse (1991). He described the reaction of each race with each host differentiating
the races based on the response of each host. The appearance of hypersensitive
response shows the incompatibility of host and pathogen (Klement, 1982). It has
been presented that numerous but not all pathogenic bacteria can cause
hypersensitivity necrosis in leaves of tobacco or other non-host plants (Klement,
1963). Since only the plant pathogenic bacteria but not saprophytic one own this
property, the tobacco test is perfect for quick diagnosis of the pathogenicity of the
bacterium under consideration (Klement, 1963; Klement et al., 1964). The benefit of
this technique is that it is simple, rapid and precise and does not necessitate sterile
conditions. This test lessens the number of additional physiological, biochemical and
pathological studies, because only the HR positive strain will be investigated. This
test confirmed that all the isolates were belonging to race 3 as chlorosis of tobacco
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leaves was observed after 24 hours and no reaction was observed when the isolates
were stem inoculated to tobacco plant. Pathogenicity test helps to identify the real
cause of the disease as explained by Koch's postulates. It not only helps to identify
the real cause but it also helps to investigate the virulence of the pathogen. The
appearance of symptoms rapidly shows the pathogen as highly virulent. According
to the report EPPO (2004) Race
3 (biovar 2) strains are common in Asia (including Pakistan, India, Bangladesh,
China and Philippines) and Middle East countries (Lebonan and Iran). Danial et al.
(2006) detected that R. solanacearum strains (race 3/biovar 2A) were chiefly
responsible for occurrence of potato brown rot in Europe. Lemessa and Zeller (2007)
also established that biovar II strains had narrow host range (only attacking potato)
as compared to Biovar 3 strains.
In our study all the R. solanacearum isolates exhibited positive reaction to catalase
oxidase test. All gram negative bacteria produce gas bubbles when these were mixed
with a drop of H2O2 on glass slide. Aerobic and anaerobic bacteria can be
differentiated by catalase oxidase test (Schaad, 1980). Catalase is a hemi enzyme that
can decompose hydrogen peroxide to water and oxygen gas (Klement et al., 1964).
Levan production by the bacteria results in elevated, convex and dome shaped colony
appearance and this test helps to eliminate fluorescent pseudomonas from nonfluorescent (Schaad, 1980). In response to kovacs oxidase test, positive isolates
exhibit purple hue when mass of bacterial growth is rubbed on oxidase reagent
soaked filter paper (Kovacs, 1956). In our study, the isolates were observed to be
positive to this test and purple color was observed. In few isolates, the color
formation was immediate while few isolates did so after few seconds. However, all
isolates were positive to this test. Our analysis of biochemical tests of R.
solanacearum isolates corroborates with the study of
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(Chaudhry and Rashid, 2011) where the isolates of Rs isolated from tomato crop of
Soan Skesar valley of Punjab responded negatively to gram staining, arginine
dihydrolase, fluorescent pigment and levan production and gave positive results with
loop test, catalase oxidase, Kovac’s oxidase, oxidation/fermentation tests. Similar
results have been reported by Begum (2011) and Shahbaz et al. (2015) from R.
solanacearum isolates isolated from different crops and from chilies in Pakistan,
respectively. For identification of R. solanacearum, several techniques and
procedures have been formulated which have been found satisfactory in most cases
but some have their limitations. Many commercial kits are available in the market
for quick diagnosis of R. solanacearum. Also, worldwide bacterial wilt researchers
have designed a number of specie specific primers for detection of R. solanacearum
using PCR technique (Opina et al., 1997; Ronda et al., 1999; Wang, 2003; Fegan
and Prior, 2005). Fegan and Prior (2005) described the molecular identification
procedures of R. solanacearum and described that it can be identified up to specie
level by using primer pair of 759 and 760 which generates 280 bp fragments. In our
study, after screening the isolates for pathogenicity and subjecting to biochemical
tests which lead us to preliminary identification of Rs, the isolates were further
identified using molecular methods and we found that all the virulent isolates
suspected to be R. solanacearum were confirmed following this approach as all
amplified the 280 bp fragments using primer pair 759/760.
Rhizosphere is the zone under the influence of the roots in account of higher activity
of microorganisms because of the organic matter secreted by the plant roots (Hiltner,
1904). A great number of macroscopic and microscopic organisms such as fungi,
bacteria, algae, and protozoa exist in the rhizosphere. Bacteria are the most plentiful
among them. Plants select those bacteria helping most to their fitness by secreting
organic compounds in exudate form (Lynch,
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1990), making a very selective conditions where diversity is low (García et al., 2001).
An intricate network of interactions occurs among them, and this may influence plant
growth, directly or indirectly. Subsequently bacteria are the most plentiful
microorganisms in the rhizosphere, it is extremely likely that they impact the plant’s
physiology to a larger extent, particularly considering their effectiveness in root
colonization (Antoun and Kloepper, 2001). It has been said that among the
rhizosphere community, only 2-5 % is beneficial to plant (Antoun and Prévost,
2006). Among the gram positive bacteria in soil, 95 % belong to Bacillus while other
5 % comprise of Arthrobacter and Frankia (Garbeva et al., 2003). While considering
gram negative bacteria, Pseudomonas is the most ubiquitous genus existing in the
rhizosphere (Barriuso et al., 2008). We have found Bacillus dominating in the
rhizosphere of potato crop in every area of Punjab and in total 101 Bacillus isolates
which made 46 % of total isolates were obtained. Thirty four percent were belonging
to Pseudomonas spp. while only 20 % were from Serratia spp. Although the number
of antagonists were quite few but the efficient ones were selected. Among
antagonists Bacillus was dominating Pseudomonas and Serratia with 8, 2 and 1 in
number respectively. However from Bacillus only 8 % were antagonistic to R.
solanacearum while among Pseudomonas and Serratia obtained antagonists were
only 2.6 % and 2.2 % respectively. Tariq et al. (2010) isolated rhizobacteria from
potato rhizosphere from Faisalabad and Naran areas of Pakistan and he also found
Pseudomonas and Bacillus dominating. He further observed major portion of
antagonists against Rhizoctonia solani belonging to Pseudomonas and Bacillus. Our
results are also in line with this. This means that rhizosphere harbors several
pathogenic and beneficial microorganisms at the same time but the activity of
beneficial microorganisms predominates otherwise detrimental organisms would
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have taken over the control of rhizosphere resulting in unfavorable environment for
plant growth.

In our study, out of 221 rhizobacteria only 11 were effectively antagonistic to R.
solanacearum and have shown variable degree of antagonism in dual culture plate
method against different isolates. Only few antagonists were antagonistic to all three
virulent isolates of R. solanacearum. The only study done by Xue et al. (2012) on
this aspect where different antagonists were studied for antagonism against
genetically diverse isolates of Rs and similar results were obtained. He also observed
that the same antagonists inhibited different Rs strains differentially. Even the
isolates with high homology were differentially antagonistic to same Rs strains. In
accordance to our hypothesis, the results show that rhizobacteria from the potato
rhizosphere possess the ability to inhibit its growth. We further analyzed the cell free
culture extracts of antagonists against the virulent strains of R. solanacearum and
still observed the inhibition of Rs growth in liquid culture medium. It is highly likely
that culture extract containing compounds inhibiting to Rs. In a study by Almoneafy
et al. (2014) he tested four Bacillus strains against R. solanacearum in liquid medium
and found significant inhibition of pathogen growth. He studied the pathogen cells
using transmission electron microscopy and observed that Bacillus isolates disrupted
Rs cell walls severely resulting in cell lysis and consequently cytosolic contents were
lost by cells. In Bacillus isolates, he studied the expression of antimicrobial genes
during interaction with Rs and observed upregulation of ituC (coding for iturin) and
srfAA (coding for surfactin) genes in strains Am1 and D16. It is possible that isolates
in this study might also have such an activity which has checked the growth of Rs in
liquid media. Also we have seen the production of siderophore and volatile
compounds which have possibly played a role in Rs inhibition. Several reports for
Serratia being antagonistic to several pathogens are there and it has been used as
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biocontrol agent. Few such studies where Serratia acted as antagonist to some fungal
diseases, such as white mould caused by
Sclerotinia sclerotiorum (Thaning et al., 2001), summer patch of turfgrass
(Kobayashi et al., 1995), blue mold in tobacco (Zhang et al., 2002), damping off of
cucumber and root rot of sorghum caused by Pythium ultimum (Roberts et al., 2007;
Ahmed et al., 2008), and promote growth of crops (Nejad and Johnson,
2000; Hameeda et al., 2008; Li et al., 2008). In our study, among 44 Serratia isolates
only 1 showed significant antagonism against Rs strain. Xue et al. (2013) also found
few Serratia isolates inhibiting R. solanacearum. The mechanism involved during in
vitro inhibition could be as a result of antibiosis, siderophore production or both
(Adesina et al., 2007). This suggests that the antagonists are potent enough to be
applied in the field for in vivo bioprotection of potato plants from various diseases.
The in vitro antagonistic activity of rhizobacteria has been reported by several
researchers against R. solanacearum (Shekhawat et al., 1993). The inhibitory activity
of P. fluorescens against the pathogen in the current study corroborates with that of
Ran et al. (2005), Henok et al. (2007), and Lemessa and Zeller (2007), where they
indicated that isolates of P. fluorescens and fluorescent pseudomonads had
significantly inhibited the in vitro growth of R. solanacearum. Notz et al. (2001)
described that antibiotic compound, 2,4-DAPG, secreted by P. fluorescens played a
central role in inhibiting phytopathogens. In vivo expression technology (IVET) was
employed to detect expression of P. fluorescens genes upregulated in the rhizosphere
(Rainey, 1999) and it was noticed that genes involved in nutrient uptake, stress
response and release of compounds were highly expressed (Rainey, 1999).

In our study, highest increase in shoot height and shoot fresh weight was recorded
by B28 which was identified as B. subtilis using molecular analysis. Not only growth
was improved in alone treatment but also in treatment when pathogen was applied.
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Similar results were observed with treatment of pseudomonad APF1 and B. subtilis
B2G where these isolates respectively reduced bacterial wilt incidence by 60 and 56
% (Lemessa and Zeller, 2007). In a study with Bacillus isolates, potato yield was
enhanced by 34 % as compared to control and also decreased incidence of bacterial
wilt by 72 % (Shekhawat et al. 1993). They also reported that not all Bacillus spp.
improves the plant growth parameters and disease incidence. The isolates BS2 and
BS3 of B. subtilis did not show significant reduction in bacterial wilt however potato
yield was improved by 118 and 110 % respectively. Aspiras and Cruz (1986) also
reported that Bacillus polymyxa had reduced the wilt incidence from 60 to 0 %.

Rhizobacteria-stimulated ISR has been described for bean, carnation, cucumber,
radish, tobacco, tomato and the model plant Arabidopsis thaliana, and is effective
against different types of plant pathogens. This occurs by release of volatiles, which
subsequently trigger an ISR pathway in Arabidopsis seedlings applied with the soft
rot pathogen Erwinia carotovora subsp. carotovora. The same mechanism might
have contributed to elicit ISR in potato against R. solanacearum by B. subtilis
PFMRI. SA has a significant role in the signaling pathway leading to ISR (Metraux,
2001). After the infection, the levels of SA in plants increase locally and
systemically. SA is produced in reaction to infection both locally and systemically;
de novo synthesis of SA in non-infected plant parts may therefore play role in
systemic manifestation of ISR (Meuwely et al., 1995). Plant resistance level
displaying constitutive production of SA is positively associated with SA levels
(Mauch et al., 2001). Numerous studies have been done and demonstrated the
possible stimulation of ISR in plants in response to PGPR. In carnation, treatment of
Pseudomonas sp. strain WCS 417r protected plants systemically against Fusarium
wilt (Fusarium oxysporum f. sp. dianthi) (Van Peer and
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Schippers, 1992). Seed treatment of PGPR strains caused significant decrease in
disease in cucumber challenged with Colletotrichum orbiculare (Wei et al., 1991).
Not only with seed treatment, soil drenching of PGPR also induced ISR in cucumber
plants against anthracnose disease (Wei et al., 1996) and also imparted systemic
protection against bacterial diseases. Seed treated with P. fluorescens strain 97
protected beans against halo blight disease caused by Pseudomonas syringae pv.
phaseolicola (Alstrom, 1991), while treatment of cucumber seed with P. putida strain
89B-27 and S. marcescens strain 90-166 decreased the incidence of bacterial wilt
disease (Kloepper et al., 1993). Similarly seed-treatment of cucumber with P. putida
strain 89B-27, Flavomonas oryzihabitans strain INR-5, S. marcescens strain 90-166
and Bacillus pumilus strain INR-7 provided systemic protection against angular leaf
spot caused by Pseudomonas syringae pv. lachrymans by decreasing total lesion
diameter compared with untreated plants (Liu et al., 1995). Our study also confirms
that Bacillus have significant potential to induce ISR in potato against bacterial wilt
disease and we observed significant increase in the plant defense enzymes in
response to application of Bacillus strains. B. pumilus has been known to induce ISR
in tobacco through activation of SA pathway and in this study we also noticed an
upregulated expression of PR1b1 gene which plays role in SA pathway in potato. We
can assume that our isolate B85 is also capable to produce SA in potato rhizosphere.
In potato, we have seen over expression of both PR1b1 and Coi1 genes after
challenging with R. solanacearum GMI1000 which is in contrast with study of
Milling et al. (2011) where SA and ET pathways were upregulate in Rs treated plants.
This means that in potato JA signaling also operates in response to Rs along with SA
pathway. Both pathways were observed in potato when it was challenged with P.
infestans (Halim et al., 2009). The population of R. solanacearum also plays
important role in expression of defense genes (Milling et al., 2011). Higher
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population densities incites higher expression as seen by Milling et al. (2011) while
comparing two different R. solanacearum strains GMI1000 and UW551, she found
that defense genes in tomato H7996 were noticeably induced even at lower pathogen
cell densities (1x107 CFU of GMI1000/gm stem and 3x10 8 CFU of UW551/gm
stem). In
contrast, susceptible cv. Bonny Best had no detectable defense response to 1x107
CFU/gm. The team further explained that tomato plants infected with R.
solanacearum race 3 biovar 2 strain UW551 and tropical strain GMI1000
upregulated genes at significantly higher levels in plants with pathogen cell densities
≥ 3x108 CFU/g, relative to water-inoculated controls in both the ET (PR1b and Osm)
and SA (GluA and PR-1a) defense signal transduction pathways but not JA pathway
(Pin-2 and LoxA). But our study in potato has revealed that R. solanacearum
GMI1000 upregulates SA signals and also induces JA genes expression in potato as
observed by Coi1 gene upregulation and was significantly higher on day 10 as
compared to water treated control. In this study, we also noticed an increased
expression of defense genes with the inoculation of Rs and also with our antagonists
B28 and B85. B. subtilis B28 seemed to operate through JA pathway while B.
pumilus B85 upregulated PR1b1 expression elaborating SA operated pathway.

SUMMARY
Bacterial wilt has become ubiquitous disease in potato fields in major potato
growing areas of Punjab which came out from a 2 year survey conducted during
2012-13 and 2013-14. Not a single field was found free of this pathogen. The
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incidence ranged from minimum 16 % to maximum of 24 % with severity ranging
from 1-5 and highest incidence and severity was recorded in Okara district of Punjab.
Race 3 biovar 2 is the prevalent strain of R. solanacearum infecting the potato crop
in Punjab. The isolation from the infected soil and plant samples retrieved 43 isolates
of R. solanacearum with characteristic reddish centered colonies on TTC media
while only 21 isolates responded to pathogenicity tests while the rest did not show
any wilt symptoms. Among 21 isolates, three isolates (Rs9, Rs17 and Rs43) were
categorized as highly virulent as symptoms of wilt in potato plants were exhibited
within 10 days after inoculation with these isolates.
The isolation of rhizobacteria retrieved 221 isolates where highest number of
rhizobacterial isolates was obtained from Okara district and Bacillus isolates were
dominating other isolates. Among total isolates from each area, number of Bacillus
isolates was higher while Serratia isolates were least retrieved from all areas and
were also low in number among the total isolates obtained from each area. The
isolates were further screened for antagonism against highly virulent R.
solanacearum isolates i.e. Rs9, Rs17 and Rs43 and also against reference isolate
GMI1000. Dual culture plate method was used for antagonism test and as a result 11
rhizobacterial isolates were selected based on the zone of inhibition. Among
antagonistic isolates, Bacillus spp. was dominant. These antagonistic isolates were
further tested by extracting their culture filtrate (CF) and growing R. solanacearum
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isolates with CF. Proven antagonistic isolates were investigated for possible plant
growth promoting (PGP) traits including IAA synthesis, siderophore production, P
solubilization, biofilm formation, root colonization, ammonia production, HCN
production, production of antimicrobial volatile compounds, chitinase enzyme
production etc. These tests helped us to screen out the isolates possessing more PGP
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traits and further assisted us to select the efficient one. Following, the antagonists
were also tested for possible induction of systemic resistance in potato plant through
assessing the defense enzymes LOX and PAL associated to signaling molecules JA
and SA respectively. We found that only two isolates among 11 were inducing
defense responses in potato plants as the activities of LOX and PAL were observed
increased in treated plants as compared to control. Also in general, treatment with
almost all rhizobacterial isolates improved the growth of potato. Molecular
identification of ISR inducing isolates revealed 99 % similarity of B28 with B.
subtilis and 98 % similarity of B85 with B. pumilus. In greenhouse conditions it was
observed that isolates when applied in combination reduced the disease incidence
and improved the plant growth significantly as compared to control. In treatment
with JA and SA, there was also seen significant disease reduction but growth
promotion was not significant in this case. While quantifying the defense enzymes,
it was found that upon treatment with pathogen, plant defense activates itself and
thus increasing activities of defense enzymes were found in potato leaves. Similarly
the defense genes; PR1b1 and Coi1 were also upregulated in treatments with the
pathogen and rhizobacterial isolates which is an indication of activation of plant
defense mechanism. Thus we conclude that our rhizobacteria (B. subtilis B28 and B.
pumilus B85) have induced systemic resistance in potato plant.

FUTURE DIRECTIONS
Bacterial wilt is one of the most devastating diseases with very wide host
range, keeping in view the current study results, it is highly desired that awareness in
the farmers’ community be inculcated to let them know about the prevalence, host
range and losses bacterial wilt can cause. An integrated approach should be adopted
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in order to check this disease from further spread and also water being provided to
the crops must be analyzed if it contains the pathogens and is playing role in spread
of plant pathogens.
Since, all potato used as seed is being imported, strict check on the importing
commodities be implemented to stop welcoming the inoculum of pathogen which
also comes as latent infections. Pathogen (race, biovar etc.) specific control measures
should be worked out and their field applicability be tested. It is well understood that
control of Rs is not possible by adopting single method and there must be an
integrated approach to alleviate this disease by sufficiently reducing its inoculum and
incidence ultimately.
Stress should be given to the biological control method which is
environmentally safe and also it can be effective against several pathogens, like in
this study we have seen that antagonists also possessed the chitinase production
ability and they can be effective against fungal pathogens too. The isolates proved
useful against Rs should also be tested against other fungal and viral diseases in
potato if they induce ISR in potato against these pathogens. Also field applicability
of these antagonists should be checked and proper application methodology if
devised, can be very helpful under field conditions.
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APPENDICES
Appendix 1: Preparation of triphenyl tetrazolium chloride (TTC) media
Ingredients

Quantity

Peptone

10 g

Casein hydrolysate

1g

Glucose

5g

Agar

15 g
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2,3,5-Triphenyltetrazolium chloride

5 ml

(1 %)
Distilled water

1000 ml

All the ingredients except 2,3,5-triphenyltetrazolium chloride (TTC) were
added in water and mixed thoroughly, autoclaved and cooled down and then TTC
was added with 0.22 µm membrane filter to avoid bacterial contamination. The
media was then poured into plates and allowed to solidify.

Appendix 2: Preparation of Nutrient Broth
Ingredients

Quantity

Nutrient broth

8g

Distilled water

1000 ml

NB was added to distilled water and then autoclaved at 15 psi and 121 ºC for
25 minutes. After autoclaving, the media was allowed to cool and then used for
culturing bacteria.
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Appendix 3: Preparation of basal medium for biovar determination
(Hayward, 1964)
Ingredient

Quantity

Ammonium dihydrogen phosphate

1.0 g

(NH4H2PO4)
Potassium chloride

0.2 g

Magnesium sulphate heptahydrate

0.2 g
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Peptone

1.0 g

Bromothymol blue

0.03 g

Agar

3.0 g

Distilled water

1000 ml

Final pH of the medium was adjusted to 7 using NaOH. Medium was then autoclaved

Appendix 4: Preparation of Nutrient Agar
Ingredient
Nutrient agar
Distilled water

Quantity
23 g
1000 ml

Nutrient agar was added to distilled water slowly while stirring and heated
the mixture to completely dissolve the powdered NA. After complete dissolution the
media was then autoclaved at 15 psi and 121 ºC for 25 minutes.

Appendix 5: Preparation of King’s B media
Ingredient

Quantity

Proteose peptone # 3

20 g

K2HPO4

1.5 g

MgSO4.7H2O

1.5 g

Glycerol

10 ml

Agar

15 g

Cycloheximide (1 %)

15 ml

Distilled water

1000 ml
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All the ingredients except cycloheximide was added in water and mixed
thoroughly, autoclaved and cooled down and then cycloheximide was added with
0.22 µm membrane filter to avoid bacterial contamination.

Appendix 6: Preparation of Caprylate Thallous Agar (CTA)

For CTA media, three solutions were required: Solution A, Solution B and
trace element solution. Firstly Trace element solution was prepared as following,
Trace element solution:
Ingredient

Quantity

Trihydrogen phosphate (H3PO4)

1.96 g

Ferrous sulphate heptahydrate (FeSO4.7H2O)

0.055 g

Zinc sulphate heptahydrate (ZnSO4.7H2O)

0.0287 g

Manganese(II) sulphate monohydrate (MnSO 4 .H2O)

0.0223 g

Copper(II) sulphate pentahydrate (CuSO 4 .5H2O)

0.0025 g

Cobalt(II) nitrate hexahydrate [Co(NO 3)2.6H2O]

0.003 g

Boric acid powder (H3BO3)

0.0062 g

All the ingredients were dissolved in 1 liter distilled water and stored at 4 ºC.
Solution A:
Ingredient

Quantity

Distilled water

486 ml

Magnesium sulphate heptahydrate (MgSO 4.7H2O)

0.15 g

Potassium dihydrogen orthophosphate (KH 2PO4)

0.68 g

Dipotassium hydrogen orthophosphate anhydrous (Potassium
phosphate) (K2HPO4)

2.61 g

Calcium chloride (CaCl 2) solution (1 %)

1.0 ml

Trace Element Solution

10.0 ml

n-Octanoic acid (caprylic acid) [CH3 (CH2)6COOH]

1.1 ml

*Thallium(I) sulphate (Tl2SO4 )

0.25 g
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Yeast extract (Difco) 5 % w/v solution

0.1 g

Each ingredient was added to the distilled water in the given order, dissolving
each ingredient completely before adding the next. pH was adjusted to 7.20 (by using
K2HPO4 to raise pH; KH2PO4 to lower). Solution A was autoclaved and stored at 4
ºC.
Solution B:
Ingredient

Quantity

Distilled water

500 ml

Sodium chloride (NaCl)

7.0 g

Ammonium sulphate [(NH4)2 SO4]

1.0 g

Difco agar

15.0 g

Each ingredient was dissolved in distilled water and pH was adjusted to 7.2
and autoclaved. Sterilized Solution A and B were mixed aseptically and stirred
vigorously to prevent precipitation. Media was poured while still hot.
Appendix 7: Preparation of Chrome Azurol S (CAS) media

CAS was prepared according to the following procedure
A. Blue Dye
a. Solution 1:
i. Dissolve 0.06 g of Chrome azurol S (CAS) in 50 ml of
ddH 2O.
b. Solution 2:
i. Dissolve 0.0027 g of FeCl3.6H2O in 10 ml of 10 mM HCl.
c. Solution 3:
i. Dissolve 0.073 g of HDTMA in 40 ml of ddH 2O.
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d. Mix Solution 1 with 9 ml of Solution 2. Then mix with
Solution 3. Solution should now be a blue color. Autoclave and store in a
plastic container/bottle. B. Mixture solution:
a. Minimal Media 9 (MM9) Salt Solution Stock
i. Dissolve 15 g KH 2PO4 , 25 g NaCl, and 50 g NH4Cl in 500 ml
of ddH 2O.
b. 20 % Glucose Stock
i. Dissolve 20 g glucose in 100 ml of ddH 2O.
c. NaOH Stock
i. Dissolve 25 g of NaOH in 150 ml of ddH2O; pH should be ~12.
d. Casamino Acid solution
i. Dissolve 3 g of Casamino acid in 27 ml of ddH 2O. ii. Extract
with 3 % 8-hydroxyquinoline in chloroform to remove any trace
iron.
iii. Filter sterilize with a 0.22 µm membrane filter. C.
CAS agar preparation:
a. Add 100 ml of MM9 salt solution to 750 ml of ddH2O.
b. Dissolve 32.24 g piperzine-N,N’-bis(2-ethanesulfonic acid) PIPES.
i. PIPES will not dissolve below pH of 5. Bring pH upto 6 and
slowly add PIPES while stirring. The pH will drop as PIPES
dissolves. While stirring, slowly bring the pH up to 6.8. Do
not exceed 6.8 as this will turn the solution green.
c. Add 15 g Bacto agar.
d. Autoclave and cool to 50 ºC.
e. Add 30 ml of sterile Casamino acid solution and 10 ml of sterile 20
% glucose solution to MM9/PIPES mixture.
f. Slowly add 100 ml of Blue Dye solution along the glass wall with
enough agitation to mix thoroughly.
g. Aseptically pour plates.
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Appendix 8: Preparation of National Botanical Research Institute media for P
solubilization (NBRIP)

NBRIP was prepared as given below:
Ingredient

Quantity

Glucose

10 g

Ca3(PO4)2

5g

MgCl2. 6H2O

5g

MgSO4. 7H2O

0.25 g

KCl

0.2 g

(NH4)2SO4

0.1 g

Bromo phenol blue (BPB)

0.025 g

Agar

15 g

All the ingredients were mixed in the distilled water while stirring and then
pH was adjusted to 7. Media was autoclaved and then poured in to sterile petri
plates.
Appendix 9: Preparation of Murashige and Skoog (MS) media (Murashige
and Skoog, 1962)

MS media was prepared as given:
Ingredient

Quantity

Sucrose

3%

MS powder

4.4 g

Myo-inositol

0.1 g

Phytagel

2g

DW

1 liter
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Initially 500 ml water was taken and ingredients except phytagel were added
carefully while stirring. Phytagel was separately added in 200 ml water and heated
in oven to melt. Phytagel solution was then added to previously prepared solution
and pH was adjusted to 5.8. Volume was made to 1 liter and media was autoclaved.
Appendix 10: Preparation of Nessler’s reagent
Nessler’s reagent was prepared according to the following recipe
i)

Fifty gram of KI was dissolved in the smallest possible quantity of cold water
(50 ml).

ii)

Saturated solution of mercuric chloride (about 22 g in 350 ml of water) was
added in KI solution with continuous stirring until an excess was indicated
by the formation of a precipitate.

iii)

Then 200 ml of 5N NaOH was added and solution diluted to 1 l. Solution was
allowed to stand overnight until clear; then decanted into a wellstoppered bottle.

Appendix 11: Preparation of Chitin minimal media

For analysis of chitinase enzyme production, chitin minimal media was
prepared according to following method:
Ingredient

Quantity

Colloidal chitin*

1%

M9 salts**

200 ml

20% Glucose solution

20 ml

1 M MgSO4

2 ml

1 M CaCl2

100 µl

Dist. water

780 ml

Agar

16 g

Bromophenol blue (BPB)

0.01 %
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* Colloidal chitin was prepared by adding 20 g chitin (powdered) in concentrated
HCl (100 ml) for 3 hours with vigorous stirring and then 800 ml of ice chilled ethanol
was added and stirred overnight. Colloidal chitin was filtered through Whatman filter
paper No. 1 and washed with 0.1 M PBS thrice and stored for usage.
** M9 salt solution was prepared as: Na 2HPO4 (64 g); KH2 PO4 (15 g); 5 M NaCl
(2.5 g), NH4 Cl (5 g), water (1 liter), the solution was prepared and autoclaved prior
to use.

