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Summary. Endophytic bacteria have the capability of colonizing internal host tissues and this makes them a valuable tool to im-
prove crop performance. By systemically colonising roots they have potential to develop into biological control agents of plant-
parasitic nematodes. This is because i) they are easy to culture i vitro; ii) can be applied as seed treatments; iii) reduce initial root
damage; iv) escape microbial competition and also capable of influencing host’s response to pathogen attack; v) do not produce
any phytotoxic symptoms instead, promote plant growth and; vi) depend on root exudates for multiplication.

In the past two decades, three developments have oc-
curred which have had significant effects on the
prospects and opportunities for the biological control of
plant-parasitic nematodes. Firstly, the use of agrochemi-
cals, although decreasing the attack of insects and phy-
topathogenic microorganisms, still represents a high risk
to field workers. Concern over these chemicals has led
to an increased interest in biological control in its
widest sense, in order to obtain more environmentally
benign methods of reducing nematode damage. Second-
ly, it has been demonstrated in several soils that ne-
matophagous fungi and bacteria increase under some
perennial crops, and under those grown in monocul-
tures, and so may control some nematode pests, includ-
ing cyst and root-knot nematodes (Stirling, 1991). Such
nematode-suppressive soils have been reported from
around the world and include some of the best-docu-
mented cases of effective biological control of nematode
pests. Thirdly, a number of nematophagous fungi and
bacteria based products have been developed commer-
cially for the control of plant-parasitic nematodes, but
none has been used widely because control has tended
to be erratic at practical application rates. Most research
has been empirical and concerned relatively few organ-
isms; there is a need for detailed, quantitative studies on
the wide range of potential agents with different modes
of action (Kerry, 1990).

ENDOPHYTIC MIROORGANISMS

All microorganisms that inhabit, at least for one peri-
od of their life cycle, the interior of a plant, may be con-
sidered as an endophyte. The endophytes, epiphytes
(those that live on the surface of plants) and phy-
topathogens (those that cause diseases to plants), differ
gradually from each other and it is difficult to draw
sharp limits to discriminate each category. Whereas
phytopathogens have economic importance, the endo-

phytes and epiphytes may not have such significance.
Some endophytic fungi from citrus have inhibited the
growth of some endophytic bacteria from the genus
Bacillus, present in the same host. In this case, fungi and
bacteria do not colonize the same regions in the interior
of the host or some of the Bacillus species are in fact
epiphytic, only entering the plant occasionally (Araujo,
1996). These relationships may be important to distin-
guish endophytes from epiphytes and to understand the
maintenance of a necessary equilibrium between endo-
phytes and latent pathogens, avoiding the emergence of
diseases.

The existence of endophytes inside different plant tis-
sues is a well-documented phenomenon (Gardner ez al.,
1982; Patriquin et al., 1983; Gagne et al., 1987; McInroy
and Kloepper, 1995; Quadt-Hallmann ef 4l., 1997). In
general, endophytic microorganisms are those that in-
habit the interior of plants, especially leaves, branches
and stems, showing no apparent harm to the host
(Azevedo, 1998). In the 70’s, endophytes were initially
considered neutral, neither causing benefits nor showing
detrimental influence on plants, but from the results of
more recent studies it has been possible to show that in
many cases, they have an important role in host protec-
tion against pathogens. Several studies have now shown
that the interaction between plants and some endophyt-
ic bacteria is associated with beneficial effects such as
plant growth promotion and biocontrol potential
against plant pathogens (Lalande ez @/., 1989; Bashan ez
al., 1990; Chen et al., 1995; Hallmann et al., 1998).

Webber (1981) was probably the first researcher to
report an example of plant protection given by an endo-
phytic fungus, in which the endophyte Phomopsis oblon-
ga protected elm trees against the beetle Physocnemum
brevilineum. It was suggested that the endophytic fun-
gus P. oblonga was responsible for reducing the spread
of the Dutch elm disease causal agent Ceratocystis ulmi
by controlling its vector, the beetle P. brevilineum. The
author associated the repellent effect observed towards
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the insect to toxic compounds produced by the fungus.
Since then several endophytic fungi and bacteria have
been used for the control of plant pathogens.

ENDOPHYTES AND PLANT-PARASITIC
NEMATODES

The use of endophytic bacteria for the management
of plant-parasitic nematodes is a relatively new ap-
proach. Endophytes colonize the same root tissues as
sedentary plant-parasitic nematodes. Therefore, this as-
sociation of endophytic bacteria with nematodes
throughout the nematode life cycle makes these bacteria
excellent candidates for biocontrol strategies. There is
some evidence that endophytes may contribute to the
control of plant-parasitic nematodes (Hallmann ez 4/,
1995). However, control of these parasites seems to be
more complex and difficult than for fungal or bacterial
pathogens, since damage from nematodes occurs as a
result of their feeding habit and internal migration thus
limiting the efficacy of bacterial antagonism. Neverthe-
less, sedentary plant-parasitic nematodes might be an
interesting target for antagonistic endophytes, since they
stay localized within the plant for several weeks and
feed from a single feeding site. Whereas most research
on the interaction of endophytic bacteria with nema-
todes has been conducted on root knot nematode
(Meloidogyne spp.) (Table 1), the association of other
nematode species (cyst nematodes) with the endophytic
bacteria is also of great interest. In our previous studies,
Pseudomonas aeruginosa strain IE-6 and its strepto-
mycin- resistant derivative IE-6S* colonized inner root
tissues of tomato and significantly reduced Meloidogyne
Jjavanica population densities under glasshouse and field
conditions (Siddiqui ef 4/, 2000; Siddiqui and Ehte-
shamul-Haque, 2000 a, b; Siddiqui and Ehteshamul-

Haque 2001). Some endophytic bacterial strains from
cotton significantly reduced galling of cotton roots by
the root-knot nematode, M. incognita (Hallmann et al.,
1998). In that same study (Hallmann ez 4/, 1998), it was
reported that nematode populations were correlated
with the establishment of endophytic bacteria within
roots, suggesting that root-penetrating nematodes pro-
vide increased entry sites for, or reduce plant resistance
to, endophytic bacteria. Furthermore, excessive leakage
of root exudates from damaged roots or photosynthates
directly excreted by the developing nematodes presum-
ably also increase bacterial populations in the inner root
and shoot tissues. However, Hallmann ez 4/. (1999) re-
covered larger microbial populations from within roots
grown in chitin-amended soil than in non-amended soil.
Roots grown in the amended soils were less damaged by
nematodes. These authors proposed that either the ini-
tial nematode inoculum potential in the non-amended
soil was too low to significantly increase internal popu-
lations of microorganisms or, due to the larger bacterial
populations in chitin-amended soils than in non-amend-
ed soils, more microorganisms penetrated the root tis-
sue. Although endophytic bacteria prefer to colonize
galled tissues of nematode-infested plants (Hallmann ez
al., 2001), they do not provide consistent control which
does not exceed more than 50% (Hallmann ef al, 1997
a; Siddiqui and Ehteshamul-Haque 2001; Hallmann ez
al., 2001). Consistent and reproducible control of M.
incognita on cotton was provided by only a few bacterial
isolates such as P fluorescens 89B-61 (Hallmann ef al,
1998), Brevundimonas vesicularis IN884 and Serratia
marcescens (Hallmann ef al, 1997 b). Recently Rhizob:-
um etli G12, a potential endophyte of potato and its ge-
netically modified strain G12(pGT-trp) containing
green fluorescent protein (GFP) significantly decreased
the number of galls formed by M. zncognita on potato
(Hallmann et al., 2001).

Table L. Interactions of endophytic bacteria with plant-parasitic nematodes on different plant species.

Plant species Bacterial species

Nematode species

Reference

Cotton Brevundimonas vesicularis
Serratia marcescens
Pseudomonas fluorescens
Burkholderia cepacia
Phyllobacterium rubiacearum
Tomato Pseudomonas aeruginosa

P. fluorescens

Mungbean, Tomato, Pseudomonas aeruginosa M.
Soybean M
Beans Rbizobium etli M
Potatoes

Arabidposis thaliana

Cucumber Pseudomonas fluorescens M.

Meloidogyne incognita

Meloidogyne javanica

Javanica

incognita

incognita

Hallmann er 4., 1997 b; Hallmann et
al., 1998; Hallmann er 4l., 1999

Siddiqui  and  Ehteshamul-Haque,
2000; 2001; Siddiqui and Shaukat,
2002 b; Siddiqui and Shaukat, 2002 ¢

Shaukat and Siddiqui, (unpbl.)

. incognita

Hallmann ez 4f., 2001

Hallmann ef al., 1998




MECHANISM OF ACTION

Although some literature is available on endophytic
bacteria controlling plant-parasitic nematodes, little
work has been done examining their potential mode-of-
action. In general, it is presumed that endophytic bacte-
ria control nematodes by either direct antagonism by
means of metabolites or by induced systemic resistance.
On the basis of modes-of-action, Hallmann ez 2/ (2001)
divided endophytic bacterial biocontrol agents into two
groups: (i) strains that extensively colonize the internal
plant tissues and reduce nematode invasion by niche oc-
cupation, antibiosis, or both, and (ii) strains that pri-
marily colonize the root cortex where they stimulate
general plant defence/resistance mechanisms. More ex-
tensive and continuous colonization of plants might be
required for endophytes of the first type because coinci-
dence with nematodes in the same tissue would be nec-
essary for antagonism. In the case of induced resistance,
total endophytic population numbers might be less im-
portant as long as they exceed a certain threshold level
necessary to initiate the plant defence mechanisms
(Hallmann, 2001).

ANTIBIOSIS

Antibiosis is an important mechanism used by plant-
beneficial microorganisms for the suppression of soil-
borne plant pathogens including plant-parasitic nema-
todes. An endophytic P. aeruginosa strain IE-6 pro-
duced toxic compounds ## vitro that caused substantial
mortality of M. javanica juveniles. Partial characteriza-
tion of the active compounds revealed that active prin-
cipal(s) was soluble in ethyl acetate and proteinaceous
or glycoproteinaceous in nature (Siddiqui ez a/., 2000).
Similarly, Ali et. 4. (2002) demonstrated that active ne-
maticidal principal(s) by P. aeruginosa strain-78 were
heat labile, sensitive to extreme pH values, polar in na-
ture and having a molecular weight of less than 8000
Da. In the subsequent studies this strain has been fre-
quently isolated from the root tissues of several crops
including mungbean, tomato and soybean (Shaukat and
Siddiqui unpbl.). Several other plant-associated bacte-
ria and facultative-parasitic fungi produce metabolites
in vitro that may inhibit hatch of eggs and the mobility
of the second-stage juveniles, but whether these com-
pounds are produced at effective concentrations within

“a cyst or egg mass and, the rhizosphere and roots is un-
known. Experiments that demonstrate antagonism 77
vitro are followed by test in soils and, if applications of
the microorganism reduce nematode infections, it is as-
sumed that the same mechanism(s) is responsible.
However, there is no justification for such an assump-
tion unless the metabolite is detected at effective con-
centrations in the rhizosphere and roots (Kerry, 2000).
Direct isolation of the potential nematicidal compounds
from the crop rhizosphere and roots are technically dif-
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ficult and laborious. As an alternative, marker genes
can be introduced into bacteria to give the organisms a
unique physiological property. The assumption is that
the background organisms do not possess this activity
and that the marker gene does not alter the fitness of
the bacterium. These markers can also be used as re-
porter genes, when they lack their own promoter, but
are placed downstream from an exogenous promoter,
so they can report on the activity of that promoter.
These promoter genes can regulate important biocon-
trol functions such as siderophore or antibiotic produc-
tion (Paulitz, 2000).

ENHANCEMENT OF HOST DEFENCE MECHANISMS

The mode-of-action presently gaining the most inter-
est is related to induction of plant defence mechanisms.
Endophytic colonizers might be better inducers of
plant defence mechanisms since they establish a much
closer relationship over an extended period of time
with the plants as compared to rhizosphere bacteria,
which can be inhibited by competition with other mi-
croorganisms on the root surface. However, induction
of plant defence mechanism always requires some kind
of plant-endophyte recognition. Application of P, aerug-
inosa IE-6S* to one half of the split-root system of
tomato caused a significant (42%) systemic reduction in
nematode penetration in the other half of the split-root
system (Siddiqui and Shaukat, 2002 c¢). The use of bac-
teria-mediated induced systemic resistance for the con-
trol of plant-parasitic nematodes is still a new research
area, and studies on the mode-of-action have only just
started to be explored. Gene products on the surface of
the bacterial endophyte such as lipopolysaccharides
(LPSs) may function as elicitors to specifically bind to
receptors on or near the plant cell surface (Hallmann,
2001). Reitz et al. (2000), identified purified LPS as the
causal mechanism of systemic resistance induced by an
endophytic bacterium Rhizobium etli G12 (Hallmann ez
al., 2001) against the potato cyst nematode Globodera
pallida in potato. Similar mechanisms might also be in-
volved in the control of root-knot nematode (Meloidog-
yne spp.). Reitz et al. (2001) further demonstrated that
the resistant reaction triggered by R. etli G12 was not
accompanied by enhanced accumulation of pathogene-
sis-related proteins such as chitinase and B-1,3-glu-
canase. In general, pathogen or chemical induced resis-
tance is associated with local and systemic accumula-
tion of pathogenesis-related proteins in plant tissue
(van Loon, 1997), increased peroxidase activity and en-
hanced lignin synthesis (Hammerschmidt ez 4/, 1982;
Schneider and Ullrich, 1994). Similar processes are also
known to be commonly expressed by the plant in re-
sponse to nematode invasion (Zacheo and Bleve-

Zacheo, 1995: Rahimi et al., 1998).
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HOW ENDOPHYTES ENTER THEIR HOSTS?
SOURCE AND AVENUE OF ENTRANCE

The source of endophytic colonization is diverse and
can range from transmission via seeds and vegetative
planting material to entrance from the surrounding en-
vironment such as rhizosphere and phyllosphere. While
the importance of seeds as a source of endophytic bac-
teria is still controversial, several observations favor the
rhizosphere soil as the primary source for endophytic
colonization.

Although, the rhizosphere is a major source of bacte-
ria and fungi for endophytic colonization, not all soil mi-
croorganisms can become endophytes. Two dominant
genera in the soil and rhizosphere, Bacillus and
Arthrobacter, were not detected as endophytes (Hall-
mann ez al., 1998). The internal environment of plant tis-
sue is different from the soil and might not meet the re-
quirements of those non-colonizing bacteria. The plant
itself also seems to control internal colonization by ex-
cluding potential endophytic colonizers from penetration
under certain circumstances. Huang (1986) summarized
the avenues of entry for different plant pathogenic bacte-
ria. Such pathways included stomata (Roos and Hattingh,
1983), lenticels (Fox ez al., 1971), wounds including bro-
ken trichomes, areas of emerging lateral roots (Jacobs et
al., 1984) and the germinating radicle (Gagne et al.,
1987). Bacteria may enter intact plant tissue by invagina-
tion of the root hair cell wall, by penetration of the junc-
tion between root hair and adjacent epidermal cells, or
by enzymatic processes involving degradation of cell wall
bound polysaccharides (Huang 1986). Studies of i plan-
ta enzymatic activity demonstrated hydrolysis of wall-
bound cellulose in the vicinity of an endophytic Enter-
obacter asburiae JM22 (Quadt-Hallmann et al., 1997).
Plant wounding induced either by biotic (fungi, plant-
parasitic nematodes, insects) or abiotic factors (tillage,
extreme temperature fluctuations, grafting, root pruning)
is ubiquitous in any agroecosystem and is probably a ma-
jor factor for bacterial entrance. For example, wounds ar-
tificially induced by either adding nematodes to the soil
(Hallmann et 4f., 1998) or carborundum to the bacterial
inoculum suspension prior to leaf application (Quadt-
Hallmann and Kloepper, 1996) increased internal popu-
lation densities of applied endophytic bacteria. Besides
causing wounds that serve as entry points for the bacte-
ria, the nematode juveniles also carried individual bacter-
ial cells adhering to their cuticle (Hallmann ef 4/, 1998).

FACTORS INFLUENCING ENDOPHYTIC
COLONIZATION

The total endophyte density within a given type of
plant tissue is not constant and changes over time. Un-
derstanding factors affecting bacterial colonization of
the rhizosphere and plant tissues is necessary to harness
the beneficial potential of endophytic bacteria. Major

factors influencing total population densities include
plant age as well as various biotic and abiotic environ-
mental factors. The effects of some of these factors have
been investigated, as discussed below.

Abiotic Factors

The internal plant tissues provide a protective envi-
ronment for endophytic bacteria. However, several fac-
tors (e.g., temperature, rainfall, edaphic factors, UV ra-
diation) that affect the colonization of bacteria in the
phylloplane and rhizosphere will also likely influence
the colonization and survival of bacterial endophytes,
though indirectly, since these factors have a direct effect
on the endophyte’s host (Hallmann ez a/., 1997a).

The bacterium Acetobacter diazotrophicus, isolated
for the first time from sugarcane was detected inside the
cortical cells of stems and xylem vessels. However, bac-
terial quantification has shown that in plants fertilized
with high nitrogen levels, there was a severe decrease in
the bacterial numbers compared to the numbers found
inside plants with low nitrogen levels. From a practical
perspective, high nitrogen fertilization of the fields that
is normally required for the control of plant-parasitic
nematodes (Shaukat ez /., 2002), might also be a threat
to the maintenance of endophytic associations occurring
naturally (Fuentes-Ramires ez /., 1999).

Agriculture by its own nature is antiecological and,
with the use of implements, fertilizers, insecticides, ne-
maticides, fungicides, herbicides and, antibiotics, pro-
found biological modifications have occurred. The
products, such as nematicides and fungicides, aim at the
control of plant-parasitic nematode and phytopathogen-
ic fungi. However, they may be responsible for eliminat-
ing important species of bacteria that control other
pests and microorganisms that are performing a crucial
role in the environment, inhibiting the growth and the
multiplication of other microorganisms. One group of
microorganisms that is affected by these anthropogenic
modifications is the microbial endophytes. Bavistin
fungicide was highly toxic to endophytic strain IE-6 of
P aeruginosa as compared to other pesticides used (this
strain is also an inner root and shoot colonizer of toma-
to). Captan and bavistin had no additive effect on the
bacterium suppressing root-knot development whereas
benlate and furadan (a frequently used nematicide),
both nematicidal, enhanced control (Siddiqui ez a/.,
2001). Since a pesticide tolerant strain of a biocontrol
agent could become more rhizosphere competent by the
addition of chemical to the soil, use of bacterial strains
naturally tolerant to pesticide may increase their root
colonization and biocontrol potential against nematode.

Soil physical and chemical factors, including pH, salin-
ity, and soil texture are likely to affect endophytic bacteria
indirectly by altering the saprophytic bacterial community
in the rhizosphere and, therefore, preselecting the source
of potential endophytes (Hallmann ef 4/, 1997 a). Soil
moisture also interferes with the bacterial populations in



the rhizosphere and inner root tissues. Siddiqui and Ehte-
shamul-Haque (2001) demonstrated that nematode bio-
control and growth promoting potential of P. aeruginosa
IE-6S* was enhanced when soil was kept at 50% or 75 %
of the maximum moisture holding capacity (MHC),
whereas a 25% MHC reduced bacterial efficacy. Further-
more, endophytic populations of IE-6S* were greatest
when the bacterium was kept at 75 % MHC in nematode-
infested soil compared with 25% or 50% MHC.

Mineral nutrition has been identified as one of the
key factors influencing the production of antibiotics by
biocontrol bacteria. Recently, these factors have also
been found to affect bacterial inner root populations.
Siddiqui and Shaukat (2002 b) demonstrated that zinc
and glycerol singly or in combination promoted nema-
tode biocontrol potential and endophytic population
densities of P. aeruginosa IE-6S* and P. fluorescens
CHAOQ in tomato. In a separate study, Zn at 1.6 mg/kg
of soil markedly reduced endophytic population densi-
ties of IE-6S* in tomato. However, biocontrol potential
of the bacterium to suppress root-knot nematode was
not affected (Siddiqui ez a/., 2002 a).

Organic amendments to the soil have been studied
for the management of several plant-parasitic nema-
todes in economically important crops. These amend-
ments have also been shown to influence endophytic
populations. For instance, the incorporation of 1%
chitin to soil modified not only the bacterial spectrum
in the rhizosphere but also the endophytic community
structure of cotton roots (Hallmann et 4/, 1999). In
their study, the endophytic bacterial community of cot-
ton grown in non-amended soil was dominated by Phy/-
lobacterium rubiacearum which accounted for 61% of
the total population. Other strains with significant oc-
currence were Burkholderia cepacia (9%), B. pickettii
(9%) and Phyllobacterium myrsinacearum (8%). In con-
trast, the endophytic population isolated from cotton
roots grown in chitin-amended soil was dominated by
B. cepacia, which made up 73 % of the recovered popu-
lation. Hallmann e al. (1999) suggested that bacterial
species, especially endophytes, which were exclusively
removed or specifically promoted by the chitin amend-
ment, might contribute to the observed suppressiveness
of the nematode populations. Similatly, soil amendment
with Argemone mexicana, a tropical annual weed in con-
junction with P aeruginosa TE-6S* caused soil suppres-
siveness to nematode population densities in soil and re-
duced root-knot disease severity in tomato. A. mexicana
at 10 g/kg of soil enhanced population densities of P
aeruginosa IE-6S* in the rhizosphere and inner root tis-
sues of tomato while a 30 g/kg of soil reduced bacterial
populations (Shaukat ez 4/., 2002).

Before application of the endophytes in practical
agriculture, these factors should be taken into consider-
ation. The expression of pest resistance may be affected
by several factors, i.e. active amounts of allelochemicals,
plant genotype (Breen, 1993 a, b), endophyte concen-
tration (Breen, 1992), soil fertility, and endophyte geno-
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type (Bacon, 1988; Christensen ef a/., 1991; Breen,
1992). Hydric stress, temperature, soil pH, nematode
resistance and other factors may also affect the endo-
phyte concentration and toxin production. Breen
(1994) idealized a model with all of these interactions
affecting the increase or decrease in plant resistance to
insects-pests in the presence of endophytes.

Biotic Factors

Endophytic bacteria, fungi, viruses and nematodes
are the common inhabitants of a microenvironment
where they interact each other by competition, antibio-
sis, niche exclusion, symbiosis and mutualism. Siddiqui
and Ehteshamul-Haque (2001) demonstrated that inter-
nal population density of P. aeruginosa IE-6S* in tomato
roots was not markedly influenced when the bacterium
was co-inoculated with either Bradyrbhizobium
japonicum, the root-nodulating bacterium or Bacillus
subtilis. Whereas B. japonicum drastically reduced bac-
terial populations in the rhizosphere, B. subtilis had no
such effect. Since P. aeruginosa and B. japonicum are the
Gram-negative bacteria, it is possible that they compete
for the same food source in the rhizosphere while B.
subtilis being Gram-positive occupies a different eco-
logical niche and avoids competition in the rhizosphere.
In a separate study, inner root colonization by IE-6S*
enhanced when the bacterium was applied in conjunc-
tion with P, fluorescens strain CHAO. However, the colo-
nization pattern of IE-6S* in tomato roots was not influ-
enced when a mixture of P aeruginosa IE-6S*, P. fluo-
rescens CHAO and B. japonicum 569Sm* was added
(Siddiqui and Shaukat 2002 a). Similarly, combined ap-
plication of the systemic endophyte Enterobacter asburi-
ae strain JM22 with a rhizosphere colonist (Arthrobacter
agilis) did not affect inner root colonization patterns of
JM22 when compared with a single application of JM22
(Quadt-Hallmann ef «l., 1997). These authors further
demonstrated that when JM22 was applied together
with another endophyte (Paenibacillus macerans), the
coexistence of both endophytes resulted in reduced
population densities of both endophytes compared with
their single application (Quadt-Hallmann ef 4/, 1997).

Similar relationships have been observed for bacteria-
fungi associations. Paecilomyces lilacinus, an egg parasite
of root-knot and cyst nematode did not exert any in-
hibitory effect on root colonization by P. aeruginosa
strain IE-6 in tomato under field conditions (Siddiqui e#
al., 2000). Root infection with Rhzzoctonia solani pro-
moted colonization of two endophytes Enterobacter as-
buriae JM22 and P. fluorescens 89B-27, which extensive-
ly colonized the necrotic tissue and extended 2-4 cm in-
to healthy tissue (Mahafee et a/., 1997). By contrast, bac-
terial colonization in the inner root tissues was negative-
ly correlated with Fusarium oxysporum infection while
positively related with the degree of bacterial establish-
ment in the rhizosphere (Siddiqui and Ehteshamul-
Haque 2001). Likewise, Fisher e# a/. (1992) analysing
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the combined incidence of bacterial and fungal endo-
phyte in corn found that areas with high fungal colo-
nization greatly reduced bacterial populations. These
authors further demonstrated that whereas endophytic
fungi colonized greatly in the middle of stem, endophyt-
ic bacteria were more prevalent in the root and lower
stem parts. This antagonistic association of endophytic
bacteria and fungi in plant tissue might be of practical
use for developing combinations of biological control
agents covering root and vascular pathogens. Recently,
Siddiqui ez /. (2002 b) demonstrated that combined ap-
plication of E solani, a mutualistic endophyte and P,
aeruginosa IE-6S* caused marked reduction of M. javan-
ica populations and subsequent root-knot development
in tomato. In addition, inner root colonization by F
solani was greatly reduced when high inoculum levels of
the bacterium (1.3 x 108 cfu/ml) and low application
rates of the fungus (3.5 x 10° cfu/ml) were used togeth-
er. Similarly, P zeruginosa at low inoculum levels (2.8 x
107 cfu/ml) in the presence of high dosages of F solan:
(2.2 x 107 cfu/ml) resulted in complete elimination of
the bacterium from the inner root tissues.

Host genotype influences the rate of nematode devel-
opment and their fecundity. Cultivar selection and in-
oculum density may also influence bacterial survival and
establishment in the internal root tissue and its biocon-
trol and growth promoting potential. Cultivar influ-
enced the level of biological control of potato cyst ne-
matode caused by Agrobacterium radiobacter (Hacken-
berg and Sikora, 1992). Pillay and Nowak (1997) ob-
served that the number of endophytic Psexdomonas sp.
was greatest at 10 °C, at the inoculum density of ap-
proximately 4 x 108 — 7 x 10® cfu/ml, and did not vary
with the tomato genotype. Bell ez a/. (1995) compared
two grapevine cultivars differentiating in the degree of
resistance to crown gall to demonstrate that the plant
genotype did not selectively affect endophytic bacteria
within the xylem. In our studies, P aeruginosa at 2.5 x
108 cfu/ml in the presence of 4000 J2/plant, 7.4 x 108
cfu/ml in the absence of M. javanica and 7.4 x 108
cfu/ml in the presence of 500 J2/plant exhibited high
internal population densities of the bacterium in tomato
(Siddiqui and Ehteshamul-Haque, 2001). In the same
study it was observed that an application rate of more
than 2.5 x 108 cfu/ml did not further promote biocon-
trol potential of the bacterium but a rate below this lev-
el resulted in a significant reduction in the biocontrol
efficacy (Siddiqui and Ehteshamul-Haque, 2001).

ADVANTAGES OF THE ENDOPHYTES
IN PRACTICAL AGRICULTURE

By colonising the root systemically, endophytes offer
several advantages over some other biocontrol agents: 1)
since these organisms multiply extensively on or in the
root tissues that are damaged by the nematodes where-
by they reduce their dependence on other environmen-

tal factors for their multiplication and survival which
gives them added advantage as potential biological con-
trol agents. However, exudation from roots differs
markedly between plant species and cultivars and alters
the efficacy of these agents which may repel the bacteria
(Sikora, 1992); ii) once inside the root tissue, these bac-
teria can escape from microbial competition, extreme
environmental conditions and host responses to
pathogen attack; iii) most of these bacteria are easy to
culture 7z vitro and could be applied as seed treatments
that permit targeted application and reduced inoculum;
and iv) these organisms do not produce any phytotoxic
symptoms instead they increase plant growth. Further-
more, they could also confer other important character-
istics to plants, such as greater resistance to stress condi-
tions (i. e. water), alteration in physiological properties,
production of phytohormones and other compounds of
biotechnological interest (i.e. enzymes and pharmaceuti-
cal drugs). In addition to the economical aspects, the
study of endophytic microorganisms leads to strong aca-
demic interests, concerning the discovery of new micro-
bial species, mainly when tropical hosts are investigated.

FUTURE PROSPECTS

Some literature is available on the antagonistic be-
haviour of rhizosphere bacteria against plant-parasitic
nematodes attacking several crop plants. The modes-of-
action of some of these bacteria towards phytonema-
todes are also described (Qostendorp and Sikora, 1990;
Devidas and Rehberger, 1992; Hasky-Giinther et /.,
1998). The nature of these bacteria as systemic colonists
should be taken into consideration because we believe
that once inside, different modes-of-action occur. They
can cause hypersensitive reaction in the plant making
roots less attractive to nematodes.

Nematode behavior is greatly dependent on the spe-
cific components in the root exudates of the host. Sikora
and Hoffmann-Hergarten (1993) in a review article sug-
gested that bacterial metabolism of these components
can breakdown the chain of command coding for recog-
nition of specific behavioral pathways between parasite
and host, pertinent to survival. On the other hand, it is
proposed that endophytes can make a plant release toxic
exudates (such as phytoalexins). Therefore, exudates
emitted from the roots in response to a systemic colonist
could be of interest and should be tested for their ne-
maticidal activity. The role of these bacteria inside the gi-
ant cell is yet to be determined. Metabolites of bacterial
origin inside the cells could be of significant importance
because they could reduce the reproductive potential of
the female. Soil treatment with P. geruginoa resulted in a
significant reduction in egg mass production by M. javan-
zca in tomato (Siddiqui and Ehteshamul-Haque, 2000 a).

Population densities of the agent under test should al-
so be monitored to ensure that it has survived in the in-
ner tissues throughout the period that activity against the



nematode target is required. Such monitoring may re-
quire the development of selective media, which can be a
difficult and time-consuming task. Strains resistant to an-
tibiotics could be developed for this purpose. These
strains can either be selected as spontaneous chromoso-
mal mutants or engineered with the antibiotic resistant
genes. Rifampicin and nilidixic acid are commonly used
because there is little background resistance to these an-
tibiotics in soil bacteria. In our laboratory, we developed
a streptomycin-resistant strain (IE-6 S*) of Pseudomonas
aeruginosa. Since streptomycin-resistant bacteria rarely
occur in nature, reisolation of this strain (from the rhizos-
phere and inner root and shoot tissues) on King’s B medi-
um supplemented with 100 ppm streptomycin inhibit
other rhizosphere bacteria and facilitates the isolation of
the target bacterium (Siddiqui and Ehteshamul-Haque,
2001). However, antibiotic resistance can have
pleiotrophic effects on the growth and competitiveness of
the marked strains. During studies on internal plant colo-
nization by bacteria, McInroy ez al. (1996) observed lack
of growth of rifampicin-resistant mutant (rif+) on tryptic
soy agar amended with rifampicin (RTSA). However,
colonies transferred after primary isolation on tryptic soy
agar (TSA) (from plants treated with rif+ mutants) to RT-
SA grew within 18 hours. Controls, consisting of colonies
on TSA from non-treated plants, did not grow after
transfer to RTSA. These authors further demonstrated
that antibiotic masking was encountered when bacteria
were isolated from within roots and stems. Although
causes for this antibiotic masking remain to be elucidat-
ed, methods for quantifying internal plant colonization
by antibiotic resistant bacteria should account for this
possibility. Whether induction of antibiotic resistance in
an endophytic bacterium affects its ability to colonize in-
ner root tissues and nematode biocontrol is another ques-
tion, which needs to be answered before its application
under field conditions. In our previous study, P aerugi-
nosa 1E-6 and its streptomycin-resistant derivative I[E-6S*
did not differ significantly in their potential to reduce M.
Javanica population densities in roots and both bacteria
followed same pattern of colonization in the inner root
tissues of tomato seedlings (Siddiqui and Shaukat, 2003).
Green fluorescent microscopy is another technique
for the quantification of bacteria residing plant tissues.
The method utilizes the green fluorescent protein (GFP)
produced by a jellyfish Aeguores victoria. This protein
absorbs violet light and fluoresces green. It is amenable
to direct 77 situ observation with confocal laser mi-
croscopy or epifluorescence microscopy. Fluorescence
microscopy of endophytic Rhizobium etli strain G12
tagged with a marker gene gfp was found as a sensitive
and a rapid technique to study external and internal col-
onization of plant roots by bacteria interacting with M.
incognita (Hallmann et al., 2001). Other techniques for
the quantification of bacteria including viable staining of
the cells, electron microscopy, immunological staining
and quantification by ELISA, nucleic acid hybridization
and autoradiography have been used by several workers
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dealing with the bacterial endophytes. Each of this tech-
nique has its own advantages and disadvantages and are
discussed in detail in a review by Hallmann ez 4/, (1997).

For the purpose of screening, i vitro and in vivo tech-
niques are used to test for biological control activity to-
wards plant-parasitic nematodes. Iz vitro screening aims
at the selection of a potential isolate with toxin(s) pro-
duction whereas i vivo screening provides detailed in-
formation about bacteria-nematode-plant interactions. I
vivo techniques, however, are laborious and time con-
suming whereas 77 vitro screening reduces the number of
active isolates. The bacterial strains that do not show an-
tagonism towards nematodes 7 vitro and 2 vivo should
not be discarded but they should be tested for their abili-
ty to colonize inner tissues. Isolates with negative antago-
nism towards plant-parasitic nematodes and positive sys-
temic colonization could be evaluated against other plant
pathogens in particular towards wilt-inducing fungi. Vas-
cular wilt fungi have evolved to occupy a selective ecolog-
ical niche, the xylem vessels of their host (Pennypacker et
al., 1990). Biological control of these pathogens might be
more effective if the bacterial antagonists also colonized
the vascular system (Sharma and Nowak, 1998).

Soil-borne root-infecting fungi alone or in combina-
tion with plant-parasitic nematodes cause substantial
damage to crop plants and are often targeted in biocon-
trol. However, the majority of root fungi and nematodes
are non-pathogenic, and a large number of them may
even be beneficial to plants and/or contribute positively
to ecosystem functioning. Indeed non-pathogenic fungi
and nematodes play an important role in the decompo-
sition of organic matter, nutrient cycling and natural
control of plant pathogens. Common endophytic fungi
including Trichoderma, Penicilline and Fusarium are well
documented as decomposers of celluloses and hemicel-
luloses (Domsch et 4/., 1980). Furthermore, some endo-
phytic fungi (mycorrhizal fungi) form a beneficial sym-
biotic association with roots that increases the plant’s
ability to absorb phosphorus, minor elements and water
(Gerdtmann, 1968). Regarding non-pathogenic endo-
phytic nematodes, their potential role in the ecology of
root environment is not yet clear but possibly some of
these species may be fugal feeders, bacterial feeders,
and even invertebrate predators and thereby they may
reduce plant damage due to these menaces. In this con-
text, it is surprising that non-pathogenic endophytic
fungi and nematodes have been largely neglected as
non-target species. Therefore, it is suggested that before
the application of potential endophytes in practical agri-
culture, role of such bacteria on non-target endophytic
organisms should also be assessed. Recently we demon-
strated that the application of endophytic P. aeruginosa
strain IE-6S* into soil not only causes changes in the di-
versity of rhizosphere fungi and nematodes but also
considerably alters the diversity of endophytic fungi and
nematodes (Siddiqui and Shaukat, unpbl.).

Appropriate inoculum delivery methods need to be
developed and tested for agronomic use of endophytic
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bacteria. Though various methods have been successfully
tried for the release of endophytic bacteria for their colo-
nization and eventual growth promoting activity (van
Peer et al,, 1990; Fahey et al., 1991) but they have not
been specifically developed in connection with the nema-
tode biocontrol. In general, the methods used for the ap-
plication of rhizobacteria (seed dressing, soil inoculation,
talc powder-carboxymethyl cellulose etc.) for the control
of plant- parasitic nematodes may serve the purpose.
Similarly, the methods for the application of endophytic
bacteria to promote plant growth may also be applicable.
Musson et al. (1995) evaluated several delivery methods
including stab-inoculation of bacteria into stems, soaking
seeds in bacterial suspensions, methyl cellulose seed coat-
ing, foliar spray, bacteria-impregnated granules applied
in furrow, vacuum infiltration and pruned-root dip. It
was found that each method was suitable for the specific
bacterial strain. Some of these delivery systems would be
too labor-intensive for commercial agricultural practices.
Therefore, there is an urgent need to develop inexpen-
sive and reliable methods for the introduction of endo-
phytic bacteria with nematode biocontrol potential. The
successful development of a formulation for a potential
endophyte will be based mostly on the understanding of
ecology of these bacteria particularly in the host tissues.

Whilst endophytic bacteria have been successfully
used for the control of root-infecting fungi and plant-
parasitic nematode, our current experience suggests
that in future they will not provide alternative means to
chemical nematicides. Their performance is often incon-
sistent under varied field conditions in different seasons
and the appropriate level of protection is slow to
achieve. The development and implementation of the
endophytic bacterial inoculants in agricultural practice
needs: i) improvement of strains by classical or genetic
engineering methods to increase the consistency of their
effect against nematodes in the field; ii) a better knowl-
edge of the ecological impact of the added endophytes
in order to increase their effect and to assess the risk of
their deliberate release; iii) a set of protocols and regula-
tions for release approval based on real risk; and iv) a
production and commercialization system previously
adapted for living organisms.

CONCLUSION

Although first described in the 19 century, endo-
phytic microorganisms were studied in more detail only
from the 80’s onwards. They have been increasingly rec-
ognized as being of great importance for protecting
plants against pests, including among others, insects, ne-
matodes and plant pathogenic fungi and bacteria. They
also cause physiological modifications in their hosts,
such as making them more resistant to moisture stress.
Some endophytic microorganisms are able to produce
compounds of biotechnological value such as antibiotics
and antitumor agents.

ACKNOWLEDGMENTS

We are thankful to Dr. Keith Davies of Rothamsted
Experimental Station, UK for his valuable suggestions,
which led to the improvement of the manuscript.

LITERATURE CITED

Ali NI, Siddiqui I.A., Shaukat S.S. and Zaki M.J., 2002, Ne-
maticidal activity of some strains of Pseudomonas spp. Soil
Biology and Biochemistry, 34: 1051-1038.

Araujo W.L., 1996. Isolamento e caracterizagio genética de
bactérias endofiticas de porta-enxertos de citrus. M.Sc. The-
sis. Escola Superior de Agricultura “Luiz de Queiroz”, Uni-
versidade de Sdo Paulo, Piracicaba, Sao Paulo, Brazil. 99 pp.

Azevedo J.L., 1998. Microorganismos endofiticos. Pp. 117-
137. In: Ecologia Microbiana. 1.S. Melo and J.L. Azevedo
(eds). Editora EMBRAPA, Jaguariuna, Sao Paulo, Brazil.

Bacon C.W., 1988. Procedure for isolating the endophyte
from tall fescue and screening isolates for ergot alkaloids.
Applied and Environmental Microbiology, 54: 2615-2618.

Bashan Y., Harrison S.K. and Whitmoyer R.E., 1990. En-
hanced growth of wheat and soybean plants inoculated
with Azospirillum brasilense is not necessarily due to gener-
al enhancement of mineral uptake. Applied and Environ-
mental Microbiology, 56: 769-775.

Bell C.R, Dickie G.A., Harvey W.I.G. and Chan J.W.Y.F,,
1995. Endophytic bacteria in grapevine. Canadian Journal
of Microbiology, 41: 46-53.

Breen J.P., 1992. Temperature and seasonal effects on state-
ment of Acremonium endophyte-enhanced resistance to
Schizaphis graminum (Homoptera: Aphididae). Environ-
mental Entomology, 21: 68-74.

Breen J.P., 1993 a. Enhanced resistance to fall armyworm
(Lepidoptera: Noctuidae) in Acremonium endophyte-in-
tected turfgrasses. Journal of Economic Entomology, 86:
621-629.

Breen J.P., 1993 b. Enhanced resistance to three species of
aphids (Homoptera: Aphididae) in Acrenzonium endo-
phyte-infected turfgrasses. Journal of Economic Entomolo-
2y, 86:1279-1286.

Breen J.P., 1994. Acremonium-endophyte interactions with
enhanced plant resistance to insects. Annual Review of En-

tomology, 39: 401-423.

Chen C., Bauske E.M., Musson G., Rodriguez-K4bana R. and
Kloepper J.W., 1995. Biological control of Fusarium wilt
on cotton by use of endophytic bacteria. Biological Con-
trol, 5: 83-91,

Christensen M.J., Latch G.C.M. and Tapper B.A., 1991. Vari-

ation within isolates of Acremonium endophytes from
perennial ryegrass. Mycological Research, 95: 988-923.

Devidas P. and Rehberger L.A., 1992. The effects of exotox-
in (thuringiensin) from Bacillus thuringiensis on Meloidog-
yne incognita and Caenorbabditis elegans. Plant Soil, 145:
115-120.

Domsch K.H., Gams W. and Anderson T.H., 1980. Com-
pendium of soil fungi. IHW-Verlag, Eching, Germany,
859 pp.



Fahey J.W., Dimock M.B., Tomasino S.F., Taylor J.M. and
Catlson P.S., 1991. Genetically engineered endophytes as
biocontrol agents: a case study from industry. Pp. 401-411.
In: Microbial ecology of leaves. ] H. Andrews and S.S. Hira-
no (eds). Springer Verlag, Berlin, Germany.

Fisher P.J., Petrini O. and Scott H.M.L., 1992, The distribu-
tion of some fungal and bacterial endophytes in maize (Zea
mays L..). New Phytologist, 122: 299-305.

Fox RT.V, Manners J.G. and Myers A., 1971. Ultrastructure
of entry and spread of Erwinia carotovora var. atroseptica
into potato tubers. Potato Research, 14: 61-73.

Fuentes-Ramites L.E., Caballero-Mellado J., Sepulveda A J.
and Martinez-Romero E., 1999. Colonization of sugarcane
by Acetobacter diazotrophicus is inhibited by high N-fertil-
ization. FEMS Microbiology and Ecology, 29: 117-128.

Gagne S., Richard C., Rouseau H. and Antoun H., 1987.
Xylem-residing bacteria in alfalfa roots. Canadian Journal
of Microbiology, 33: 996-1000.

Gardner J.M., Feldman A.W. and Zablotowicz R.M., 1982.
Identity and behavior of xylem-residing bacteria in rough
lemon roots of Florida citrus trees. Applied and Environ-
mental Microbiology, 43: 1335-1342.

Gerdemann J.W., 1968, Vesicular-arbuscular Mycorrhiza and
plant growth. Annual Review of Phytopathology, 6: 397-418.

Hackenberg C. and Sikora R.A., 1992, Influence of cultivar,
temperature, and soil moisture on the antagonistic poten-
tial of Agrobacterium radiobacter against Globodera pallida.
Journal of Nematology, 24: 594.

Hallmann J., 2001. Plant interactions with endophytic bacte-
ria. Pp. 87-119. In: Biotic Interactions in Plant-Pathogen
Associations. M.]. Jegger and N.J. Spence (eds). CABI
Publishing, Wallingford, UK.

Hallmann J., Kloepper J.W., Rodriguez-Kébana R. and Sikora
R.A., 1995. Endophytic bacteria as antagonists of Meloidog-
yue incognita on cucumber. Phytopathology, 85: 1136.

Hallmann J., Quadt-Hallmann A., Mahaffee W.F. and Kloep-
per J.W., 1997 a. Bacterial endophytes in agricultural
crops. Canadian Journal of Microbiology, 43: 895-914.

Hallmann J., Quadt-Hallmann A., Miller W.G., Sikora R.A.
and Lindow S.E., 2001. Endophytic colonization of
plants by the biocontrol agent Rhizobium etli G12 in rela-
tion to Meloidogyne incognita infection. Phytopathology,
91:415-422.

Hallmann J., Quadt-Hallmann A., Rodriguez-Kdbana R. and
Kloepper J.W., 1998. Interactions between Meloidogyne
incognita and endophytic bacteria in cotton and cucumber,
Soil Biology and Biochemistry, 30: 925-937.

Hallmann J., Rodriguez-Kibana R. and Kloepper J.W., 1997
b. Nematode interactions with endophytic bacteria. Pp.
243-245. In: Plant Growth-Promoting Rbizobacteria-Present
Status and Future Prospects. A. Ogoshi, K. Kobayashi, Y.
Homma, F. Kodama, N. Kondo and S. Akino (eds).
Nakanishi Printing, Sapporo.

Hallmann J., Rodriguez-Kabana R. and Kloepper J.W., 1999.
Chitin-mediated changes in bacterial communities of the
soil, rhizosphere and within roots of cotton in relation to ne-

" matode control. Soz/ Biology and Biochemistry, 31: 551-560.

Hammerschmidt R., Nuckle E.M. and Kuc J., 1982. Associa-
tion of enhanced peroxidase activity with induced systemic
resistance of cucumber to Colletotricum lagenarium. Physi-
ological Plant Pathology, 20: 73-80.

Siddiqui and Shaukat 119

Hasky-Giinther K., Hoffmann-Hergarten S. and Sikora
R.A., 1998. Resistance against the potato cyst nematode
Globodera pallida systemically induced by the rhizobacte-
ria Agrobacterium radiobacter (G12) and Bacillus sphaeri-
cus (B43). Fundamental and Applied Nematology, 21: 511-
517.

Huang J., 1986. Ultrastructure of bacterial penetration in
plants. Annual Review of Phytopathology, 24: 141-157.

Jacobs M.J., Bugbee W.M. and Gabrielson D.A., 1984. Enu-
meration, location and characterization of endophytic bac-
teria within sugar beet roots. Canadian Journal of Botany,
63: 1262-1265.

Kerry B.R., 1990. An assessment of progtess towards micro-
bial control of plant parasitic nematodes. Journal of Nema-
tology, 22: 621-631.

Kerry B.R., 2000. Rhizosphere interactions and the exploita-
tion of microbial agents for the biological control of plant-
parasitic nematodes. Annual Review of Phytopathology, 38:
423-441.

Lalande R., Bissonette N., Coutles D. and Antoun H., 1989.
Identification of rhizosphere bacteria from maize and de-
termination of their plant growth-promoting potential.
Plant Soil, 115:7-11.

Mabhaffee W.F., Kloepper J.W., Van Vuurde J.W.L., Van Der
Wolf J.M., and Van Den Brink M., 1997. Endophytic colo-
nization of Phaseolus vulgaris by Pseudomonas fluorescens
strain 89B-27 and Enterobacter asburiae sirain JM22. P.
180. In: Improving Plant Productivity in Rbizosphere Bacte-
ria. M.H. Ryder, P.M. Stephens and G.D. Bowen, CSIRO,
Melbourne, Australia.

MclInroy J.A. and Kloepper J.W., 1995, Sutvey of indigenous
bacterial endophytes from cotton and sweet corn. Plant
Soil, 173:337-342.

McInroy J.A., Musson G., Wei G. and Kloepper J.W., 1996.
Masking of antibiotic-resistance upon recovery of endo-
phytic bacteria. Plant and Soil, 186: 213-218.

Musson G., Mclnroy J.A. and Kloepper J.W., 1995. Develop-
ment of delivery systems for introducing endophytic bacte-
ria into cotton. Biocontrol Science and Technology, 5: 407-
416.

Oostendorp M. and Sikora R.A., 1990. In vitro interrelation-
ships between rhizosphere bacteria and Heterodera
schachtii. Revue de Nématologie, 13: 269-274.

Patriquin D.G., Taber R.A. and Jain D.K., 1983. Sites and
processes of association between diazotrophs and grasses.
Canadian Journal of Microbiology, 29: 900-915.

Paulitz T.C., 2000. Population dynamics of biocontrol agents
and pathogens in soils and rhizospheres. European Journal
of Plant Pathology, 106: 401-413.

Pennypacker B.W., Knievel D.P., Leath K.T., Pell E.J and
Hill TR.R., 1990. Analysis of photosynthesis in resistance
and susceptible alfalfa clones infected with Verticillium al-
bo-atrum. Phytopathology, 80: 1300-1306.

Pillay V. K. and Nowak J., 1997. Inoculum density, tempera-
ture, and genotype effects on i vitro growth promotion
and epiphytic and endophytic colonization of tomato (Ly-
copersicon esculentum 1.) seedlings inoculated with a
pseudomonad bacterium. Canadian Journal of Microbiolo-
2y, 43:354-361.



120

Quadt-Hallmann A., Hallmann J. and Kloepper J.W., 1997.
Bacterial endophytes in cotton: location and interaction
with other plant-associated bacteria. Canadian Journal of
Microbiology, 43: 254-259.

Quadt-Hallmann A. and Kloepper J.W., 1996, Immunological
detection and localization of the cotton endophyte Enter-
obacter asburiae TM22 in different plant species. Canadian
Journal of Microbiology, 42: 1144-1154.

Rahimi S., Wright D.J. and Perry R.N., 1998. Identification
and localization of chitinases induced in the roots of potato
plants infected with the potato cyst nematode Globodera
pallida. Fundamental and Applied Nematology, 21: 705-713.

Reitz M., Hoffmann-Hergarten S., Hallmann J., and Sikora
R.A., 2001. Induction of systemic resistance in potato by
rhizobacterium Rbizobium etli strain G12 is not associated
with accumulation of pathogenesis-related proteins and
enhanced lignin biosysnthesis. Journal of Plant Diseases
and Protection, 108: 11-20.

Reitz M., Rudolph K., Schréder 1., Hoffmann-Hergarten S.,
Hallmann J. and Sikora R. A., 2000. Lipopolysaccharides
of Rhbizobium etli strain (G12 act in potato roots as an in-
ducing agent of systemic resistance to infection by the cyst
nematode Globodera pallida. Applied and Environmental
Mzcrobiology, 66:3515-3518.

Roos I.M.M. and Hattingh M.J., 1983, Scanning electron mi-
croscopy of Pseudomonas syringae pv mors-prunonorum
sweet cherry leaves. Journal of Phytopathology, 108: 18-25.

Schneider S. and Ullrich W.R., 1994, Differential induction of
resistance and enhanced enzyme activities in cucumber
and tobacco caused by treatment with various abiotic and
biotic inducers. Physiological and Molecular Plant Patholo-
o), 45:291-304,

Sharma V. K. and Nowak J., 1998. Enhancement of Verticilli-
um wilt resistance in tomato transplant by zxz vitro co-cul-
ture of seedlings with a plant growth promoting rhizobac-

terium (Pseudomonas sp. strain PsJN). Canadian Journal of
Microbiology, 44: 528-536.

Shaukat S.S., Siddiqui LA., Khan G.H. and Zaki M.J., 2002.
Nematicidal and allelopathic potential of Argemone mexi-
cana, a tropical weed. Plant gand Soil, 245: 239-247.

Siddiqui I.A. and Ehteshamul-Haque S., 2000 a. Use of
Pseudomonas aeruginosa for the control of root rot-root
knot disease complex in tomato. Nematologia
Mediterranea, 28: 189-192.

Siddiqui I.A. and Ehteshamul-Haque S., 2000 b. Effects of
Verticilliunz chlamydosporium and Pseudomonas aeruginosa
in the control of Meloidogyne javanica on tomato. Nemza-
tologia Mediterranea, 28: 193-196.

Siddiqui I.A. and Ehteshamul-Haque S., 2001. Suppression of
the root rot-root knot disease complex by Psexdomonas
aeruginosa in tomato: the influence of inoculum density,
nematode populations, moisture and other plant-associat-

ed bacteria. Plant Sozl,237: 81-89.

Siddiqui 1.A., Ehteshamul-Haque S., Zaki M.J., Shaukat S.S.
and Ghaffar A., 2001. Control of the chickpea root-knot
complex with Pseudomonas aeruginosa and selected pesti-
cides. International Journal of Nematology, 11: 85-91.

Accepted for publication on 6 March 2003.

Siddiqui I.A., Qureshi S.A., Sultana V., Ehteshamul-Haque S.
and Ghaffar A., 2000, Biological control of root rot-root
knot disease complex of tomato. Plant and Soil, 227: 163-
169.

Siddiqui I.A. and Shaukat S. S., 2002 a. Mixtures of plant dis-
ease suppressive bacteria enhance biological control of
multiple tomato pathogens. Biology and Fertility of Soils,
36: 260-268,

Siddiqui I.A. and Shaukat S. S., 2002 b. Zinc and glycerol en-
hance the production of nematicidal compounds % vitro
and improve biocontrol of Meloidogyne javanica in tomato
by fluorescent pseudomonads. Letters in Applied Microb:-
ology, 35:212-217.

Siddiqui I.A. and Shaukat S. S., 2002 c. Rhizobactetia-medi-
ated induction of systemic resistance (ISR) in tomato
against Meloidogyne javanica. Journal of Phytopathology,
150: 469-473.

Siddiqui I.A. and Shaukat S.S., 2003. Role of iron in rhizobac-
teria-mediated suppression of root-infecting fungi and
root-knot nematode in tomato. Nematologia Mediterranea,
31:11-14.

Siddiqui L.A., Shaukat, S.S. and Hamid M. 2002 a. Role of
zinc in rhizobacteria-mediated suppression of root-infect-
ing fungi and root-knot nematode. Journal of Phytopatholo-
gy, 150: 569-573.

Siddiqui I.A. Shaukat S.S. and Hamid M., 2002 b. Combined
application of endophytic Fusarium solani and Pseudomonas
aeruginosa for the suppression of Meloidogyne javanica in
tomato. Phytopathologia Mediterranea, 41: 138-147.

Sikora R.A., 1992. Management of the antagonistic potential
in agricultural ecosystems for the biological control of
plant-parasitic nematodes. Annual Review of Phytopatholo-
29, 30: 245-270,

Sikora R.A. and Hoffmann-Hergarten S., 1993. Biological
control of plant parasitic nematodes with plant-health-pro-
moting rhizobacteria. Pp. 166-172. In: Pest management:
Biotechnology based technologies. R.D, Lumsden and J.L.
Vaughn (eds). American Chemical Society, Washington,
USA.

Stirling G.R., 1991. Biological control of plant-parasitic nema-
todes. CAB International, Wallingford, UK, 282 pp.

Van Loon L.C., 1997. Induced resistance in plants and the
role of pathogenesis-related proteins. European Journal of
Plant Pathology, 103: 753-765.

Van Peer R., Punte HL.M., De Weger L..A. and Schippers B.,
1990. Characterization of root surface and endorhizopshere
pseudomonads in relation to their colonization of roots.
Applied and Environmental Microbiology, 56: 2462-2470.

Webber J., 1981. A natural control of Dutch elm disease. Na-
ture, London, 292: 449-451.

Zacheo G. and Bleve-Zacheo T., 1995. Plant nematode inter-
actions: Histological, physiological and biochemical inter-
actions, Pp. 321-353 In: Pathogenesis and Host Spectficity
in Plant Diseases: Histological, Biochemical, Genetic, and
Molecular Bases. K. Kohmoto, U.S. Singh and R.P. Sigh
(eds). Oxford University Press, Oxford, UK.



