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Sumxnary - Bacillus spha.erU;us srrain B43 and Agrobacrerium radiobaetel' strain G 12, selecred from the potato rhizosphere, signi
ficantly reduced Globodera pallida juvenile penetration inro potaro roots. To bener understand the basis of antagonism, the
mode-of-action of the bacrerial antagonists was invesrigared. The abiliry of the rhizobacreria ro srimulare induced sysremic
resistance against the nemarode was demonstrated in split-root-trials, where the root system of a single potaro plant was
spatially divided into [wo separate parts. Induced systemic resistance in the split-root system was caused by live and heat-killed
bacterial cells of both bacteria strains. Culture filtrates of B43 had the same effect but G 12-culture filtrates did nor. Therefore,
it was not possible ro demonstrate the presence on the leaf surface of a basipetal sysremic mechanism affecting the root system.
© OrstomfElsevier, Paris

Résumé - Résistance au nématode à kyste de la pomme de terre Globodera pallida induite de façon systémique
par les rhizobactéries Agrobacterium radiobacter (G12) et Bacillus sphaericus (B43) - Bacillus sphaericus souche B43
et Agrobaaerium radiobacler souche G 12 provenant de la rhizosphère de pomme de terre diminuent significativement la péné
tration des juvéniles de Globodera pallida dans les racines de pomme de terre. Pour mieux comprendre les bases de cet antago
nisme, le mode d'action de ces bactéries antagonisres a été étudié. La capacité des rhizobactéries à stimuler une résistance
induite au nématode a été démontrée grâce à un dispositif de division du système radiculaire dans lequel la masse radiculaire
d'un seul plant de pomme de terre est séparée physiquement en deux parties. La rèsistance induite de façon systémique dans
un tel dispositif est provoquée par l'une et l'autre bactéries, tant vivantes que tuées par la chaleur. Les filtrats de culture de B43
provoquent le même phénomène, mais non ceux de G 12. L'existence d'un mècanisme systémique affectant basipétalement le
système radiculaire à partir des feuilles n'a pu être démontrée. © OrsrornlElsevier, Paris

Keywords : Agrobaclerium radiobacter, antagonistic rhizobacteria, Bacillus sphaericus, Globodera pallida, systemic resistance,
nemarodes, split-root system.

Public concern over pesticide use and limited avail
ability of such products have heightened interest in
biological control of plant parasitic nematodes. Since
the rhizosphere provides the first line of defence for
roots against nematode attack, it is generally consid
ered that rhizosphere bacteria are ideal biocontrol
agents. Their ability to multiply and spread in the
rhizosphere environment, to colonize potential infec
tion-sites on the root and possibly to act by direct con
tact with the parasites are characteristics that make
them useful agents for nematode management. Initial
investigations on antagonistic rhizobacteria against
plant-parasitic nematodes include works by Zava
leta-Meija and Van Gundy (1982), Oostendorp and
Sikora (1986), and Racke and Sikora (1992). Rhizo
bacteria with anragortistic potential against potato and
sugarbeet cyst nematodes and root knot nematodes
were selected, which reduce early infestation proc
esses. The pale potato cyst nematode Globodera pallida
is of particular interest to nematology as a target for

Furuiam. appl. Nemarol. 1164-5571/98/05/ © OrswmlElsevier, Paris

biocontrol, because of a lack of useful crop resistance
and acceptable chemical control methods.

Two bacterial strains, Agrobact.erium radiobaeter
(G 12) and Bacillus sphaericus (B43), were shown ra
reduce penetration of the potato cyst nematode
G. pallida in greenhouse and field experiments by up
to 30% - 40% (Racke & Sikora, 1992). Similar results
were obtained by Hackenberg (1993). To understand
and improve the effectiveness of this biological control
system, it is important to determine the underlying
mode-of-action. Competition for nutrients supplied
by root exudates probably occurs in most interactions
between bacteria and pathogens on the root surface
(Elad & Baker, 1985; Elad & Chet, 1987). This factor
is involved to sorne (small) degree in the biocontrol of
fungal pathogens by bacteria. In the pathosystem
rhizobacteria/plant parasitic nematode, completely
different mechanisms are at play. Many rhizobacteria
produce antibiotics, siderophores, HCN, and other
toxic compounds which could be involved in biologi-
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cal control. The ability of bacteria to envelop or bind
to root-surface lectins possibly interfere with nema
tode-host-recognition and, therefore, penetration
(Oostendorp & Sikora, 1990). In addition, mese
authors also demonstrated a reduction or alteration of
root exudate hatch stimulation after incubation wim
several bacterial isolates.

Recent studies have shown mat some rhizobacteria
are also able to induce systemic resistance in plant to
microbial pamogens (Wei el al., 1991). Induced resist
ance can be triggered by different inductors. Various
cell structures, abiotic compounds such as isonico
tinic acid, salicylic acid and meir derivatives, and
extracellular structures of micro-organisms and meir
metabolites are known as elicitars of induced resist
ance in different systems (White, 1979; Smim &
Metreaux, 1991; Schonbeck el al., 1993; Kessmann el
al., 1994). The purpose of mis study was to deter
mine, whether me rhizobacteria strain A. radiobacler
G 12 and B. sphaericus B43 or meir metabolites are
able ta incite systemically induced resistance in potata
plants taward me potata cyst nematade G. pallida.

Materia1 and methods

GENERAL TECHNIQUES

NemaLOdes

G. patlida was originally obtained from a field popu
lation and was maintained continually on potato
plants. Nematodes for inoculum production were
multiplied in 3 dm3 pots in the greenhouse on me
potata cv. Hansa in infested soil containing 1500 eggs
and juveniles/l 00 g soil. After 3 months, shoots of me
plants were discarded and the soil, containing newly
formed cysts, was stared for at least 9 months to over
come diapause. Cysts were extracted by a wet sieve
decantation technique (modified by Ayoub, 1980)
and separated from organic material by MgS04-flota
tion procedures. Suspensions of eggs and juveniles
were separated from the cyst wall debris in a tissue
homogenizer.

Bacleria

Born rhizobacteria strains, A. radiobaCler (G 12) and
B. sphaericus (B43) were maintained for long-term
starage at -80°C in Microbank (Pro-Lab Diagnostic).
Cultures ta be used for testing were transferred ta liq
uid culture media. B. sphaericus was cultured in Tryp
tic Soy Broth (3%, pH 7.2), A. radiobacler in King's B
Medium (pH 5.8) (King el al.) 1954) on a rotary
shaker at 24°C for 24 h in an incubator. After incuba
tion me bacterial suspension was centrifuged at
5400 g and the pelleted bacterial cells resuspended in
sterile 25% concentrated Ringer-solution (Merck).
Optical cell density of the. bacterial suspensions was
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adjusted with a spectral photometer to ODS60 = 2.0,
which corresponds ta 1.8 x 1010cfu mr l (B43) and
1.2 x 1010 cfu mr 1 (G12). Potato roots were inocu
lated by pipetting 2.5 ml of a bacterial suspension
onto the soil surface. Controls were treated with
Ringer-sol ution.

Rifampicin-resistant mutants of bom strains were
selected by streaking B. sphaericus on Tryptic Soy
Agar (TSA) and A. radiobaCler on King's B Agar (KB)
supplemented with 100 and 200 ppm Rifampicin,
respectively. Then, mutants were multiplied in 100 or
200 ppm Rifampicin supplemented liquid media. The
inoculum preparation and inoculation techniques
were me same as for the wild strains outlined above.

Culture filtrates used for inducing experiments were
obtained from me liquid culture media after removal
of bacteria cell by filtration mrough a series of nitro
cellulose filters down to a final pore size of 0.2 Ilm.
Heat-killed bacteria cells were produced by autoclav
ing bacteria 20 min at 120°C at 1.2 x 105 Pa pressure.

Experimental evalumion

Nematode penetration was determined 21 days after
nematade inoculation when me nematades have
reached me J3 or J4 developmental stage. Born parts of
the split-root system were cut off separately and rinsed
wim tap water. Fresh root weight was determined after
blotting off free water. Nematode penetration rates
were determined by boiling roots in 0.1 % lactic acid
fuchsin. Stained roots were then homogenized in an
Ultra-Turax (IKA-Werk) and the number of juveniles
in me roots were counted under a stereomicroscope.

EXPERIMENTAL DESIGN

Splù-rool syslem

Potata plants were grown in a three-pot-system with
each pot measuring 8 cm in diameter (Fig.1). The
potata seed was put in the upper pot and its roots
grew mrough two openings in me bottam of me upper
pot and spread to me lower two pots. This system
makes it easy ta separate me root system into two
fractions. Our goal was to prevent movement of inoc
ulated bacteria from one root fraction inta the omer.
The efficacy of the system for preventing baeteria
movement from one root fraction to me other was
tested using antibiotic-resistant mutants of both bac
teria strains.

There were six or seven replications for each experi
ment. Potataes cv. Hansa were grown in sterile fme
quartz sand. Plants were 2 to 4 weeks old at the onset
of me experiments. Depending on me time of year,
the plants were cultivated either in climatic chambers
at 21°C or in me greenhouse.

Rifampicin resistant mutants of B. sphaericus and
A. radiobacler (lOlO cfu) were applied onto one side of
the split-root-system. After 3 and 16 days of incuba-
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Resistance induction - roOlS

Fig. 1. POlaLO pIani groom in a lhree-pol splù-rOOl sysœm where
roolS are separaled in lWO fraClions (Bacœria were applied LO one
roOl fraClion; after 24 h incubation, nemawdes were inoculaled
LO bOlh sides of lhe rOOl sysœm LO examine syslemic induced effeclS
of lhe baCleria againsl Globodera pallida).

between water- and Ringer-treatment concerning the
penetration of nematodes into the roots. Plants were
incubated in the growth chamber or the greenhouse at
22°C with 16 h illumination until evaluation.

In the second experiment, the bacteria were applied
to one side of the root system. After 24 h incubation, a
suspension containing 1500 nematode eggs and juve
niles was applied only ra the bacteria-free side of the
split-root system. The experiment was designed to
exclude bacteria from possibly entering the root
through wounds produced by nematade penetration.

Results

Resislance induClion - leaves

Induced systemic resistance in plants has been dem
onstrated in many plant-pathogen systems. Very often
elicitor-induced resistance appeared after leaf inocula
tion (Guedes el al., 1980). In the present case, leaf
inoculation with bacteria would be easier to use than
root inoculation for field experiments. To determine
whether B. sphaericus or A. radiobacter have the ability
to induce resistance in roots after leaf application,
bacterial suspensions or bacteria culture filtrates were
spread onto the upper and lower side of the leaves of
potato plants with a fine paint brush. To promote dis
persion and adhesion of the bacteria to the leaf sur
face, 0.1 % methyicellulose was added to the bacterial
suspension. Control plants were treated with sterile
water or Ringer solution. After application of bacteria
onto the leaves, transparent polyethylene bags were
placed over the plants to maintain high humidity and
improve conditions for micro-organism survival. Two
days later, 30 cysts of G. pallida were inserted into the
soil by placing the cysts berween 100 IlITI mesh gauze
sandwiched in a slide frame. Cysts were chosen as the
inoculum because they provide a higher rate of pene
tration than egg and juvenile suspensions.

Inducing agencs

An attempt was made to determine which bacterial
component can or cannot elicit resistance. Viable
cells, heat-killed cells and culture filtrates of both bac
teria strains were examined for their ability to induce
systemic resistance toward G. pallida.

A 2.5 ml solution of each component was applied in
separate treatments to one side of a split root. One
day la ter, 30 cysts of G. pallida in slide frames were
inserted into the soil on the untreated side of the root
system.

RESISTANCE INDUCTION - ROOTS

Experimem 1

• B. sphaericus : The application of the bacterial
strain to one side of a split-root system followed by

G. pal/ida

Bacteria

G. pallida

In the first experiment, both sides of the root system
were inoculated with juveniles to determine whether
control occurred when 1) the nematodes were in direct
contact with the bacteria and il) on the bacteria-free
fraction of the root system, which would indicate
induced resistance.

A 2.5 ml solution of viable bacteria cells containin~

either 1.8 x 1010 B. sphaericuslml or 1.2 x 101
A. radiobaclerlml was applied to one side of the
split-root system. After 24 h incubation, a suspension
conraining 1500 nematode eggs and juveniles was
inoculated to both sides of the root system. The nem
arade inoculum was pipetted onto the sand near the
roots in the lower pots. Control plants were treated
with 25% concentrated Ringer-solution, which was
also used ta resuspend the bacteria. Previous experi
ments have demonstrated that there was no difference

tion at 21°C in the climate chamber or the green
house, the presence of the mutants in the rhizosphere
and rhizoplane was determined in both segments of
the root system. The roots in each lower pot were cut
and sand particles were carefully washed away with
tap water. The roots were then thoroughly washed in
saline buffer. The resulting solution was spread over
TSA containing 100 ppm Rifampicin for B. sphaericus
and K.B Agar with 200 ppm Rifampicin for A. radio
bacter. No movement of bacteria to the untreated sec
tion of the root system was detected in repeated tests.
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Fig. 2. Penetration ofGlobodera pallida inlO the bacteria treat
ed and inlO the untreated root section in a split root system. The
bacte ria used were Bacillus sphaericus (B43) and Agrobacœ
rium radiobacœr (012) (Mean values with differene leuers are
significanely differene; Duncan's Multiple Range Test; P :::; 0.05;
n =7).

inoculation of G. pallida ta bath parts of the split-root
system resulted in significant reductions of nematode
penetration into both root sections (Fig. 2). Nema
rode penetration was reduced by about 37% on the
side of the root system where bath B. sphaericus and
G. pallida were present. It was reduced by 67% in the
bacteria-free side of the split-root system.

• A. radiobacter: The application ofA. radiobaccer ro
one half of the split-root system caused a significant
decrease of 67% in nematode penetration (compared
ta control) on the side of the root system where bath
the bacteria and the nemarodes were present. Penetra
tion on the bacteria-free side of the split-root system
was reduced by about 78% when compared ro abso
lute control.

Experimenc 2

The Bacillus sphaericus treatment caused a 58%
decrease in nematode penetration in the bacteria-free
side. A. radiobaccer caused a 55% decrease (Fig. 3).
No effects on fresh roOt weights were detected in
either experiments.

Resistance induccion - leaves

The bacteria strains and their culture filtrates exhib
ited no basipetal activity in inducing resistance ta
nematode root infestation after inoculation onto the
leaf surface. On the contrary, leaf treatment with cul
ture filtrates of bath bacteria led ro nonsignificant
increases in nematode penetration (Table 1).

514

Fig. 3. Number ofJuveniles of Globodera pallida which had in
vaded the roots of the unereated side of a split root system. The
other side was inoculaced with Bacillus sphaericus (B43) and
Agrobaeterium radiobacrer (012). (Mean values with differ
ent leccers are significancly differene; Duncan's Multiple Range
Test; P :::; 0.01; n = 7).

Inducing agents

The treatment of split-root systems with living or
dead bacteria cells and culture filtrates of B. sphaericus
and A. radiobacter led ro different induced resistance
reactions toward G. pallida. Inoculation of viable cells
of B. sphaericus or A. radiobacter resulted in a signifi
cant reduction in nematode penetration: 77% with
B. sphaericus and 59 % with A. radiobacrer. With both
bacteria, heat-killed cells produced the same effect as
living cells (Fig. 4).

The culture filtrate of the two bacteria had very dif
ferent effects on the expression of induced resistance.
The culture filtrate of B. sphaericus applied to one side
of the split-root system induced an 84% reduction in
nematode penetration per gram of root in the
untreated side. In contrast, culture filtrates of
A. radiobacter did not cause any systemic induced
resistance against the nematodes in the split-root
tests.

Discussion

Previous studies have shown that specific rhizo
sphere bacteria have an antagonistic activity against
various species of plant-parasitic nematodes. Oosten
dorp and Sikora (1990) isolated a Pseudomonas fluores
cens strain with antagonistic activity against the sugar
beet cyst nemarode Heterodera schachtii. Sikora (1992)
reported on the antagonistic behaviour of a Bacillus
subàlis isolate ro Meloùlogyne incognita on a number of
crops. Racke and Sikora (1992) isolated two strains of
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Table 1. Effects of a leaf inoculalion wich Bacillus sphaericus (B43) and Agrobacterium radiobacter (G12) on the penetration of
Globodera pallida inlO patata roots.

Leaf treatment

Control H 20 + 0.1 % methykellulose

Control Ringer + 0.1 % methylcellulose

B43 + 0.1 % methylcellulose

G 12 + 0.1 % methylcellulose

Penetrated juveniles / root

78 ab

47 b

80 a

81 a

Mean values with different letters are significantly different (Duncan's Multiple Range Test; P<;' 0,05; n = 6).

rhizobacteria with antagomsoc effects against the
potato cyst nematode G. pallida. Little is known on
the mode-of-action of such bacterial/nematode rela
tionship (Sikora & Hoffmann-Hergarten, 1993). In
the present study, two bacteria, B. sphaericus B43 and
A. radiobaCler G 12 were tested for their ability ta
induce systemic resistance against G. pallida. In
repeated tests, both bacteria caused large reductions
in nematode penetration that were clearly systemically
induced.

Systemic induced resistance has been reported in
several host-pathogen systems (Kuc, 1990) and is
defined as the process of active resistance dependent
on physical or chemical barriers of the host plant, acti
vated by biotic or abiotic inducing agents (K1oepper et
al., 1992). In earlier studies systemic resistance was
usually induced against leaf pathogens. However,
induced systemic resistance against root pathogens by
root and stem induction has been reported by Gessler
and Kuc (1982). Knowledge concerning induced
resistance toward plant parasitic nematodes is scarce.
Kiyohara (1986) obtained resistance against the pine
wilt nematode Bursaphelenchus xylophilus after preim
munisation with an avirulent strain of the same nema
tode. Decker and Dowe (1989) reported induced
tolerance in tomatoes against Globodera roscochiensis
after infestation with Heterodera schachtii, which they
speculated to be due to changes in plant physiology.
Whether these results are based on real induced resist
ance or on competition or occupation of the same
niche for survival is questionable. Glazer and Orion
(1985) observed a 70-80% reduction in female devel
opment of Meloidogyne javanica after soil treatment
with hydroxyurea. They attributed the effect ta
induced resistance. In the present study, bacteria
inoculation onto leaf surfaces did not affect nematode
penetration into roots. Therefore, it was not possible
to demonstrate the presence on the leaf surface of a
basipetal systemic mechanism affecting the root sys
tem. This could be explained by the origin of the bac
teria strains used, as they were isolated from
rhizosphere soil and, therefore, not adapted to leaf
surface conditions.

Vol. 21, no. 5 - 1998

In the present study, systemic resistance toward
G. pallida was elicited by living as weil as heat-killed
cells of B. sphaericus. In addition, culture filtrates
induced the same reaction against the nematodes, but
to an even stronger degree. The resistance inducing
activity of bacterial metabolites to diseases has been
described in literature. Schonbeck et al. (1980) iso-

Juveniles/g root
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Conlr. 843 viable 843 dMd B4J CF G12 viabla Gl2 dead G12 CF

Fig. 4. The number of Juveniles of Globodera pallida which
had invaded the bacreria-free side of a split-root SYSIem. The
ocher side was inoculaced wich eirher viable bacteria, heac-killed
bacreria or culcure filcraces (CF) of Bacillus sphaericus (B4)
and Agrobacterium radiobacter (G12). (Mean values wirh
differenr Imers are significandy differenr; Duncan's Muleiple
Range Tesc; P :;; 0.01; n = 6).

lated a Bacillus subtilis strain whose metabolites are
able to induce systemic resistance against powdery
mildew on barley. Culture filtrates of several fungi and
bacteria protected beans against bean rust Uromyces
phaseoli. In our study, the weaker inducing activity of
viable and dead cells could possibly be related to the
lower content of active metabolites in cells than in
culture filtrates.

Viable and heat-killed cells of A. radiobacler also led
to a significant systemic reduction of nematode pene-

515



K. Hasky-Giinther et al.

tration, whereas the culture filtrate of the bacteria
showed no effect. Obviously, the mode of action of
A. radiobacter differs from mat of B. sphaen'cus and
A. radiobacter metabolites are unable to elicit resis
tance. A. radiobacler is known to express exopolysac
carides (EPS) and Iipopolysaccharides (LPS) on its
surface (Sutherland, 1985). These surface structures
of bacterial cell walls adhere specifically and strongly
to cell wall structures of me plant (Costerton el al.,
1987) and are important virulence factors of plant
pathogenic bacteria (Mansfield & Brown, 1986).
They are also considered to affect physiological reac
tions in plants. EPS and LPS were found in living and
in dead cells of me present G 12 isolate, but not in cul
ture filtrates (unpubl.). This could explain the activity
of cells and the lack of activity of me bacterial meta
bolites. It is quite clear that the two bacteria strains
examined in me present study have similar activity but
different modes of action.

Before elucidating the exact mode of action of me
induced resistance demonstrated here, a n umber of
questions still need to be answered. Because me
potato cyst nematode hatches only in the presence of a
hatching factor produced by the host plant, me sys
temic induced effects may be due to alteration in exu
dates or the respective amounts of mese factors in me
exudates (Perry & Clarke, 1981). Secondly, specific
exudates on the root surface are used by the cyst nem
atodes for host recognition (Zuckermann & ]ansson,
1984). These components of the foot exudates could
be altered by the rhizobacteria inducing resistance.
Thirdly, secrew in me root could be produced that
repel me nematode from the root due to adverse envi
ronmental conditions as in resistant green manures.
Fourmly, death of the juveniles may occur after pene
tration, caused by activity related tO giant cell forma
tion. These possibilities remain to be investigated. ln
conclusion, the results obtained here demonstrate for
the first time mat rhizobacteria have the ability to
induce systemic resistance against cyst nematodes
wimin me root system.
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