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Plant growth - promoting rhizobacteria" (PGPR) (Kloepper and Schroth, 
1978). l'GPR are free-living bacteria having a beneficial effect on plants as 
they enhance emergence, colonize roots and stimulate growth. Nowadays, 
a number of effective endophytic PGPR are used for biocontrol agents ( 
Pleban eta/., 1995, Sturz and Nowak, 2000). Some of these are available 
commercially as microbial inoculants and significant increases in growth 
promotion and crop yields following application ofPGPR have been docu
mented under diverse field conditions in perennial, annual and seasonal 
plants (Kloepper, 1994). 

In some soils, disease 'iricidence 'remains low despite the pres
ence of aggressive populat~ons.'of pathogens. This S)lppressiveness has 
been ascribed to their indigenous population ofPGPR., which act through 
two different but complementary mechanisms such as general suppres
sion and specific suppression (Lemanceau eta/., 2000) . Broadbent et al. 
(1971) examined 60 potentially suppressive soils in Australia and deter
mined that primarily Bacillus spp. and Streptomyces spp. induced sup
pressiveness to Rhizoctonia and Pythium damping-off. Subsequent nurs
ery trials with Bacillus isolates increased emergence and induced a growth 
response (Broadbent et a/., 1977). Recently there has been a surge of 
interest in these group of bacteria because of their capability of increasing 
plant growth in addition to suppressing disease upon introduction into 
soil or rhizosphere. It has become now clear that there is no clear separa
tion of growth promotion and biological control induced by PGPR. Rather, 
growth promotion and biological control should be thought as two sides 
of the same coin. Bacterial strains selected initially for their antibiosis 
frequently demonstrates growth promotion and the vice versa. The great
est number of strains of these occur within Gram negative genus 
Pseudomonas, although some strains of Serratia and Gram positive strains 
of Bacillus and Arthrobacter are known from a wide range of crops 
(Kloepper, 1993). 
PGPR produce well documented changes in plants upon inoculation. When 
they control damping- off and stem rot pathogens affecting the plants at 
germination and seedling stage, improve germination, seedling recovery 
and health and are thus known as "emergence -promoting rhizobacteria" 
( Kloepper et a/., 1986). They also improve plant growth and protect them 
from pests and diseases, which finally results in increased yield. Such 
PGPR are known as yield increasing bacteria (YIB) (Chen eta/. , 1996). 
PGPR have long been recognized for their positive effects on plant growth, 
which may be due to direct grmvth promotion (Kapulnik, 1991) and /or 
negative effects oftheirmetabolites on pathogenic organisms ( Kloepper, 
1993). PGPR adopts a number of mechanisms and the overall result is 

.... , ..... , 

139 Biological Control of Pests 

enhanced plant growth, suppression of diseases and enhanced yield( Glick, 
1995). Not all rhizobacteria are beneficial to plants. Some of them are minor 
pathogens and reduce plant growth and yield without parasitizing plant 
tissues and are known as "deleterious rhizobacteria" (Sus low and Schroth, 
1982). PGPR can reduce the negative influence ofthese deleterious bacte
ria and can mediate enhanced growth and yield ( Kloepper, 1991 ). Antibi
otic production is now recognised as an important mechanism by which 
PGPR suppress plant pathogens. Pseudomonasjluorescens suppressive 
to take-all disease of wheat is known to produce phenazines (Weller and 
Thomashow, 1993). The antibiotic 2,4-diacetylphloroglucinol has been 
shown to be produced by fluorescent Pseudomonas spp. in the rhizo
sphere of wheat (Bonsall et al., 1997) . Some strains are known to produce 
lytic enzymes such as chitinase, and chemicals such as hydrocyanic acid, 
which act against pathogens and help in suppression of diseases A num
ber ofPGPR without antimicrobial activity also protects plants from dis
eases. They produce metabolites such as growth promoting hormones 
that directly promote plant growth . Increased lateral roots, root hairs and 
root length after seed treatment of wheat with Pseudomonas spp. occurs 
and it is presumed that such biocontrol results from disease escape by 
roots with accelerated growth rates (Kloepper, 1991 ). Plant growth en
hancing effect may also be due to increased uptake of nutrients and water 
from soil because of increased root volume . Competition for nutrients and 
infection sites also contributes to disease suppresc;ion. These bacteria 
produce siderophores with high stability constants , which bind to the 
available iron, depriving competing microorganisms of this vital element ( 
Kloepper et al., 1980), thus inhibiting their growth and multiplication. 

Some PGPR can also induce a sustained change in plants, 
increasing their tolerance to infection by a pathogen and this phenom
enon is known as induced sys~emic resistance (ISR) ( Van Loon et al., 
1998). There is biological and physiological evidence that at least in part, 
the disease suppression is due to increased defensive metabolites in 
plants. It has now been proved that seed treatment with selective PGPR 
strains may provide an avenue for practical application of induced sys
temic resistance to control plant diseases as a part of integrated pest 
management strategies (Tuzun and Kloepper, 1994). This is similar to 
immunization and it can be a natural, safe, effective and persistent alterna
tive to the use of pesticides in controlling plant diseases. This phenom
enon is usually non-specific ( Tuzun and Kloepper, 1994) and may be 
mediated by pathogenesis - related proteins (Van Loon, 1997) 

Even though most of the work on PGPR - mediated disease sup
pression is on fungal diseases, a number of studies have proved their 
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effectiveness in managing viral diseases as well ( Murphy et a/., 2000, 
Zehnder et al., 2000). In addition to the control of plant diseases, PGPR 
inoculation has also been found beneficial in managing insect pests ( 
Zehnder et a!., 1997) and plant parasitic nematodes ( Oostendorp and 
Sikora, 1989) 

Activity of antagonists is affected by the physico
chemical properties of soils . Soils suppressive to Fusarium -wilts show 
usually high clay contents and a high pH and modification of clay content 
and of pH has been shown to enhance disease suppressiveness of soils. 
It has also been shown that zinc may have an impact on antibiotic 
sysnthesis by a fluorescent pseudomonad strain ( Lemanceau et al., 2000) . 
and enhancing the content of zinc in deficient soils might aid in suppress
ing the diseases. 

PGPR inoculum is usually applied to plants by seed treatment. 
The method that can be adopted for transplanted crops is seedling root 
dipping. For controlling foliar diseases, aqueous formulations of PGPR 
may be useful (Reddy eta/., 2000). Some recent trends are observed in 
inoculum application techniques and are designed to get more consis
tent results from inoculation. Application ofPGPR in soil-Jess media be
fore transplanting into the main field offers a more controlled environ
ment for delivering PGPR products (Kenney and O'Brien, 2000). Applica
tion of inoculants to plants through in vitro dual culture with PGPR 
while mass multiplication has been reported to produce hardy plants 
resistant to diseases. This technique can improve establishment, perfor
mance in stress environment and consequently enhance yields. Enhance
·ment of in vitro growth and resistance to gray mould of Vi tis vinifera co
cultured with PGPR has been reported (Sarka eta/., 2000), indicating that 
the utilization of beneficial bacteria has a great potential in the field of 
tissue culture as well as the adaptation of young plantlets to qveroome 
pathogen attacks. ' 

Mycorrhizae and plant health 
The symbiotic association between fungi and plants has an im

portant role in plant growth and biocontrol of diseases in agriculture and 
forestry. The major benefits attributed to mycorrhizae include improve
ment in plant growth facilitated through the increased uptake of phos
phorus and other immobile elements ( Zn, Cu, K, S, AI, Mn, Fe), 
biological suppression of soil-borne pathogens and enhanced uptake of 
moisture under water stress conditions. Plant- mycorrhizal interactions 
result in physiological and biochemical changes in roots and soil envi
ronment and create favourable conditions for plant growth. The hyphae 
of mycorrhizal fungi explore larger volume of soil and helps in the absorp 
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tion of nutrients and water from regions beyond the depletion zones around 
the roots. The mycorrhizal effects are more pronounced in soils 
of low nutrient status. The mycorrhizal dependency, the degree to which a 
crop depends on mycorrhizae, is influenced by three major factors: plant 
species, fungal species and soil environmental factors. Crop plants are 
benefited by the endophytic association of arbuscular mycorrhizae (AM) 
while ectomycorrhizal fungi play an important role in growth and develop
ment of tree species. ln mycorrhizal symbiosis, there is no host specificity, 
but certain species of mycorrhizal fungi perform better than others in a 
particular host species. A study on relative efficiency of I 0 arbuscular 
mycorrhizal fungi on black pepper showed highest growth promotion effi
ciency and uptake of P and Zn due to Glomus versiformae inoculation, 
when compared to others (Thomas and Ghai, 1988). AM fungi also form 
synergistic interactions with other agriculturally beneficial soil microor- . 
ganisms such as phosphate solubilizers and nitrogen fixing bacteria in
cluding Rhizobium, Azospirillum, Azotobacter, Frankia and others. The 
major contributing factor in the synergistic interaction ofAM fungi and 
diazotrophs has been reported to be the improved P nutrition which sup
ports higher level of nitrogen fixation. In thelfripartite associations in cere
als, AM fungi and Azopsirillum have direct interactions in the cortical 
region of roots. Higher level of synergistic effect on growth and nutrient 
uptake has been reported in sorghum, pearl millet and maize due to the 
dual inoculation of Azospirillum brasilense and Glomus fasciculatum 
(Tilak, 1990). 

It has been demonstrated that inoculation of nursery 
seedlings of loblolly pine with specific ~ctomycorrhizal fungi helped to 
improve their field performance (Marx eta!., 1988). On adverse sites such 
as coal spoils, planted pine seedlings having Pisolithus tinctorius 
ectomycorrhizae grew 180-480 per cent better than seedlings having only 

those mycorrhizae naturally formed on roots in the nursery. 

Disease suppression by mycorrhizae 
Mycorrhizal colonization of host plants provides effective pro

tection against soil-borne pathogens. The beneficial effects in terms of 
disease suppression was more pronounced in fungal root diseases than 
the foliar diseases. There are also reports that root colonization by AM 
fungi may not exert appreciable influence on the development of the patho
gen and in few cases it may increase the severity. In general, the mycor
rhizal symbiosis impart increased resistance against soil-borne fungal 
pathogens and nematodes while the severity of diseases increased in viral 
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Prior root colonization by AM fungi lead to host restriction for 
subsequent root colonization by pathogen. The mechanisms implicated 
in disease tolerance of mycorrhizal plants include improved plant nutri
tion, production of antib,iotics or other· inhibitory compounds, altered 
root exudation and changes in the dynamics of rhizosphere micro flora. 
Changes in the root physiology of host by way of increased wal~ thick
ne~s and competitive advantage due to the prior colonization of roots are 
also implicated in disease tolerance of crops. 

The root (wilt) disease caused by phytoplasma had ad
verse effect on mycorrhizal symbjosjs jn coconut The management ef
forts aimed at improving the productivity of diseased palms including 
basin cultivation of leguminous cover crops and intercropping with fod
der grasses such as hybrid napier improved mycorrhizal colonization in 
roots of coconut ( Thomas, 1988). 

Mycorrhizal-fungal pathogen interactions 
Mycorrhizal plants exhibit increased resistance to fungal root diseases 

like wilts and root rots. Mycorrhizal citrus seedlings infected by 
Phytophthora pat asitica exhibited higher growth rate than non-mycor
rhizal seedlings ( Davis and Menge, 198 I). It has been postulated that 
AM fungi elicit resistance mechanism by host which reduces further 
infection by the pathogen. In soybean, colonization of host root by the 
mycorrhizal symbiont Glomus mosseae compensated for the effect of 
pathogen, Macrophomina phaseolina ( Zambolin and Schenck, 1983). 
The number of Fusarium oxysporum propagules was consistently lowe.r 
when the p lants were inoculated with the AM fungus, Glomus 
intraradicus. Kaye et at. (1984). attributed the tolerance of mycorrhizal 
plants to Pythium ultimatum to factors such as production of antibiot- . 
ics or other inhibitory compounds, altered root exudation or changes in 
rhizosphere microflora. Accumulation of phenols in plants colonized by 
AM fungi was reported to be an important factor to avoid penetration by 
Fusarium spp. Higher ortho-dihydroxy phenol contents in AM inocu
lated plants inhibited Sclerotium rolfsii when tested in vitro. (Krishna 
and Bagyaraj, 1983). Glomus fasciculatum reduced the number of sclero
tia produced by S. rolfsii and increased shoot and P content of the host. 
Some examples of the antagonistic effect ofarbuscular- mycorrhizal fungi 
on soil-borne fungal pathogens and nematodes is presented in Table 2. 
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Table 2. Some examples of the antagonistic 
effect of arbuscular 

mycorrhizal fungi on soil-borne fungal 
pathogens and nematodes 

Soil-borne Mycorrhizal Host Reference 
pathogen fungus 

-
FUNGI 
Phytophthora Glomus mosseae Citrus Davis & Menge, 

parasitica 1981 

Fusarium Glomus intraradices Tomato Caron eta/., 1986 

oxysporum 

Sclerotium Glomus Peanut Krishna & 

rolfsii Bagyaraj, 1983 

Rhizoctonia Glomus mosseae Corn Kbadge eta/., 

so/ani 1990 

Pythium Glomus Tomato Hegde&Rai, 

aphanidermatum, {asciculatum 1984 

NEMATODE 
Meloidogyne Gigaspora Cotton Roncadori& 

incognita margarita Hussey, 1977 

Meloidogyne Glomus Soybean Kellam& 

incognita macrocarpus Schenck, 1980 

Meloidogyne Gigaspora Cardamom Thomas et al. , 

incognita margarita 1989 

Meloidogyne Glomus etunicatum Black pepper Sivaprasad et a/., 

incognita 1990 
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Mycorrhiza- nematode interactions 
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Mycorrhizae and plant parasitic nematodes colonize the same 

siw: in the roots of host plants and have opposite effect on plant growth. 
Mycorrhizal fungi reduce the population of plant parasitic nematodes and 
inhibit nematode reproduction. Establishment of AM in plants conferred 
resistance to nematode parasitism (Hussey and Roncadori, 1982). Inocula
tion with AM fungi was effective in ameliorating the deleterious effects of 
root knot-nematode Meloidogyne incognita in cardamom and in provid
ing vigorous and healthy seedlings (Thomas et al., 1989). Among the six 
species of AM fungi tested, Gigaspora margarita and Glomus 
fasciculatum were the most effective ones to confer higher level of growth 
response as well as to reduce the number of root -knot nematodes in 
cardamom. Prior inoculation with AM fungi was more effective than simul
taneous inoculations and the inoculations of mycorrhizal fungi after nema
tode inoculations to achieve a higher degree of nematode suppression . In 
black pepper, prior inoculation with mycorrhizal endophytes, Glomus 
etunicatum and Glomus fasciculatum proved highly useful in reducing 
the root infestation by root-knot nematode (Sivaprasad et a!., 1990). 

Mycorrhiza- viral interactions 
Mycorrhizal plants exhibited higher disease incidence and more disease 
severity when compared to non-mycorrhizal plants. Virus multiplication 
was also faster in mycorrhizal plants (Nemec and Myre, 1984 ). In many 
experiments, mycorrhizal inoculation did not bring about significant change 

in disease damage and infestation. 

Biological pest suppression 
The indiscriminate use of chemical pesticides in modem agri

culture has resulted in the development of several problems sucH as res is.:. 
tance in pests to pesticides, resurgence of target and non-target pests, 
destruction of beneficial organisms l ike honey bees, pollinators, parasi
toids and predators and pesticide residues in food, feed and fodder. The 
awareness about the health hazards and environmental problems due to 
the continuous use of pesticides resulted in the development of inte
grated pest management (IPM) strategy. The !PM strategy envisages the 
use of environmentally safe and comaptible methods of pest control with 
reduced dependence on chemical pesticides. IPM aims at judicious combi
nation of various control measures to bring the pest population below the 
economic threshold level. The components of the IPM programme include 
the use of natural enemies such as biocontrol agents, use of pheromones, 
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the possibilities of integrating pest resistant crop varieties, use of trap 
hosts and botanical pesticides. 

Biocontrol methods are environment friendly and are helpful 
in sustainable plant protection. Natural enemies such as parasitods, preda
tors and pathogens are mass produced and released to obtain the control of 
several pests. The natural enemies commercially available in India are the 
egg parasitoids, Trichogramma spp., predaceous green lace wings ( 
Chrysoperla spp. ) , predaceous lady bird beetles, the larval parasitoids ( 
Goniozus and Bracori ) and the pupal paras ito ids ( Spalangia spp. ). Nuclear 
polyhedrosis viruses (NPVs) are virulent pathogens of insects and the bac
terial pathogen, Bacillus thuringiensis cause diseases in larvae. 

Bioremediation .in degraded soils 

The crop growth is hampered in soils which have undergone physical, 

chemical and biological degradation. Soil degradation by soil erosion, wa
ter logging, salinity and alkalinity, build up oftoxic elements and elemental 
imbalance influence crop growth and productivity. Bioremediation involves 
the use of microbes for biodegradation of toxic chemicals and as inocu
lants for improving N, P, and S nutrition of crops in drastically disturbed or 
degraded soils. Soils affected by erosion can be reclaimed by growing 
grasses and trees with the addition of organics. This will result in en
hanced microbial population, particularly fungal hyphae and increased 
polysaccharide production by bacter ia and algae, contributing towards 

soil aggregation and stabilization ( Rao, 1997). Schizothrix is a good soil 

binder and algal crusts help in stabilization of ecosystem. Filamentous 
organisms like arbuscular mycorrhizae are implicated in soil aggregation 
by virtue of physical binding of microaggregates by hyphae. Green ma-

nure legumes, Sesbania are adopted to salt affected areas. Many pig

mented strains of rh izobia isolated from sesbania can tolerate high pH 
(1 0.2) and salinity upto 10% Nacl. Batra (1991) observed better growth of 

Casuarina by Frankia inoculation in alkali soils. Dual inoculation of 

Leucaena and Prosopsis seedlings with Glomus and Rhizobium 
led to their better establishment in saline soils. The mycorrhizal influence 
is related to the benefits conferred by P and N nutrition. 

Pesticide residue degradation by microorganisms 
Pesticides used in agriculture have becqme an important pollutant in 

soils and water bodies. Various studies have demonstrated the potential 
of microbes in the management of pesticide residue problem. Microorgan-

ww-------------~ 
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isms elaborate enzymes required for the degradation of aromatic com
pounds such as benzene, phenol, naphthalene, salicylate, toluene, 2,4-D, 
some polychlorinated biphenyls etc. Several strains of bacteria have been 
isolated which have the capabil ity to degrade chloroaromatic compounds. 

Of particular interest is the bacteria belonging to the Pseudomonas 
species, which degrade a range of compunds such as alkanes, polycyclic 
hydrocarbons, salicylates, heterocyclics, phenolics and halogenated ali
phatic and aromatic compounds ( Karanth and Deo, 197). The advances 
made in molecular biological techniques have enabled construction of 
" tailored" strains with capabilities to degrade chloroaromatic compounds. 
Bioremediation refers to the application of biological methods to combat 
pollution in the environment by eliminating pesticide residue. Several coun
tries have achieved considerable success in reclamation of soils contami
nated with polychlorinated biphenyls (Shannon and Unterman, 1993). 

Conclusions and future line of work: 
Owing to environmental and health concerns, presently, plant protection 
is in a major state of transition and it is characterized by shifts from the 
predominantly chemical control towards biological methods ( Lumsden 
and Papapvizas, 1988). Based on the information available to date, there is 
considerable scope for various organic amendments and microbial inocu
lants for managing plant diseases and pests. More and more farmers are 
adopting organic methods of farming and there is growing demand for 
organically grown agricultural· produce. Based on this trend, it may be 
forecasted that adoption of pest and disease control techniques using 
organic manun.:s and microbial inoculants will get further importance and 
acceptance . India is endowed with immense organic resources and over 
2200 million tons of organic wastes from agricultural, domestic and indus
trial sources become available every year (Virna! and Talashilkar, 1983), which 
often form a major source of various environmental problems. These or
ganic wastes if recycled meaningfully, can supply a share of nutr ient needs 
of crops, in addition to improving soil physical properties. If India has to 
move from green revolution to evergreen revolution to meet the food pro
duction of240 mt by 2010, we have to keep soils alive and biologically 
active by increasing organic matter content by regular application of 
organic residues and enriched composts. 

Success or failure of any compost treatment for disease control 
depends on the nature of the raw product , maturity of compost and the 
method of com posting method. A failure to appreciate the importance of 
compost quality may be responsible for some of the reported failures. 
Most of the work on antagonists in composts is restricted to fast growing 
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and easy to isolate microbes. But slow growing and difficult-to-isolate 

microorganisms such as antagonistic Myxobacteriales may be more effec

tive (Homma, 1984) and work should be strengthened in this line . 
Compost extracts or compost teas also have disease - reduc

ing properties against foliar pathogens when applied on foliage. It is not 
clear if that activity is due to chemicals in the extracts or to the microorgan
isms whose growth is favoured during extraction. This topic is likely to be 

a fruitful area of future research. 

Today PGPR bacteria ate used in a number of countries as in
oculants in agricultural production and their beneficial effects on plants 
allow a significant reduction (about 30%) in nitrogen fertilization ((Bouillant 

et al., 1997). India is endowed with r ich biodiversity-of plant beneficial 

bacteria, many of which are yet to be identified and described. More work 
in this basic aspects is warranted. The bacteria capable of cultivation are 
Jess than 1 %of the total bacterial diversity and new cultural techniques 
and molecular approaches should be pursued with more intensity. 

Trace mineral amendments are known to enhance the activity of 
PGPR (DuffY and Defago, 1999). This aspect of work deserves more atten
tion and it may be possible to get more consistent results when PGPR are 
used along with micronutrients. The identification of plant growth pro
moting azospirilla capable of preventing the germination of weed seeds 
(Bouillant et al., 1997) opens up new possibilities of ecological methods of 
weed control. Work in direction is likely to pay rich dividents and re
search dealing with problematic weeds should be pursued. 

The concept of using nitrogen fixing bacteria for controlling 
plant pathogens and pests is of recent origin and this should be expanded 
and popularised. Now it is known that symbiotic and associative nitrogen 
fixing bacteria are also capable of producing siderophores and some of 
them show antimicrobial activity against many plant pathogens.( Saxena 
et al., 1989, Jadhav and Desai, 1992) . More work is needed to appreciate 
this capability and applications in actual field conditions. 

Very little research has been done on the suitability and applica
tion of endophytic PGPR and nitrogen fixers as biocontrol agents. In 
principle, they have a number of advantages over free living or associa
tive bacteria, as they will be available in large numbers right at the sites of 
attack by pathogens and insects. Efforts ·in this direction may result in 
viable technologies for eco-friendly pest and disease control. In addition 
to their own biocontrol properties, due to their close proximity to plant 
tissues, a number of associative and endophytic PGPRs and nitrogen 




