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Abstract

The effect of induced systemic resistance (ISR)Aseudomonashizobacteria on the pre- and post-infection
development ofPythium aphanidermaturan cucumber roots was investigated. Cucumber plants (cv. Corona)
were grown in vermiculite, roots were split with one side bacterized Rghudomonas corrugatstrain 13 or

P. aureofacienstrain 63-28 (bacterized roots) and the other distant side was treated with water (distant, induced
roots). For the non-induced control, roots on the bacterized side were treated with buffer instead of the bacterial
treatment. Intact, non-split roots were also treated with the bacteria or buffer as a control. Cucumber root tissue
from these treatments were harvested and incubated with a zoospore suspeRsiaphaiidermatunfor three

hours. Most of the zoospores in the suspension were stimulated to encyst or germinate. The numbers of germinated
zoospores were significantly decreased on distant induced cucumber roots in comparison to non-induced controls.
Germination was also reduced on intact bacterized roots, compared to controls. There was less attachment, germ
tube production and penetration on roots bacterized or induced by the rhizobacteria compared to non-induced roots.
Effects were significantly greater on bacterized roots (roots colonized by bacteria) compared to distant induced roots
(roots with the opposite side bacterized). Systemic resistance induced by tRséwdomonaspp. also reduced
pathogen spread on split cucumber raatplanta Crown infection from induced or bacterized roots was delayed

for four to six days in comparison to the non-induced control. Results indicate@$kadomonaspp. can exert

both an indirect influence dA aphanidermaturmoospore behaviour and infection via induced systemic resistance
(ISR) and a local influence via antibiosis or local induced resistance.

Abbreviations1SR — Induced systemic resistance; PAP-aphanidermaturmoculum; PGPR — Plant
growth-promoting rhizobacteria; TSA — tryptic soy agar and TSB — tryptic soy broth.

Introduction (McCullagh et al., 1996; Moulin et al., 1994, 1996;
Paulitz et al., 1992). This suppression could be caused
Pythium aphanidermaturfEdson) Fitzpatrick infects by many mechanisms, including competition for
young cucumber roots, causing root and crown rot limiting nutrients, antibiosis, or induced resistance.
and death of mature plants. Recent reports showedInduced disease resistance is defined as a process of
that cucumber root disease causedMyaphanider- active resistance dependent on the host plant’s physi-
matumis suppressed by strains BEeudomonaspp. cal or chemical barriers, activated by biotic or abiotic
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agents (Kloepper et al., 1992). This resistance may of P. aphanidermatunzoospores orPseudomonas
be local or systemic, a widely studied phenomenon induced cucumber roots. In addition, we also studied
called systemic acquired resistance (SAR) (Sticher the influence oPseudomonaspp. on the rate of colo-
etal., 1997). Induced resistance against plant diseasesnization of inoculated roots bl. aphanidermatum in
has been studied on more than 25 crop species byplantawith a split root system.
many research groups in past three decades (Tuzun and
Kloepper, 1994). Systemic resistance induceBbgu-
domonasspp. has been termed ISR (induced systemic Materials and methods
resistance) to differentiate it from SAR, which may
have different inherent mechanisms (Kloepper et al., Media
1992). Besides affecting host resistance, this activa-
tion process may also alter certain compounds in host Tryptic soy agar (TSA) (Difco, Detroit, MI, USA) and
plant exudates. Thus, ISR agaiRstthium aphanider-  tryptic soy broth (TSB) were used for bacterial growth
matummay indirectly influence one or more stages of and storage. Bacterial strains were stored-80°C
zoospore behaviour prior to or during pathogen infec- in nutrient broth (Difco, Detroit, MI, USA) with 10%
tion. Motile zoospores of the pathogen act as a pri- glycerol. V-8 juice agar medium (V-8 juice super-
mary inoculum (Royle and Hickman, 1964a,b) and natant 150 ml, CaC¢B g, agar 20 g, and distilled water
zoospores are chemotactically attracted to root exu- 850 ml) was utilized forP. aphanidermatungrowth
dates. Several amino acids, polysaccharides or volatile or zoospore generation. In additidPythiumselective
compounds were demonstrated to stimulate chemo- medium (Mircetich and Kraft, 1973) was employed
taxis and encystment (Donaldson and Deacon, 1993a,to recoverP. aphanidermatunirom inoculated root
1993b; Jones et al., 1991; Longman and Callow, 1987; tissues.
Yung, 1970). ISR may also alter the post-infection col-
onization of the root by the pathogen. Bacterial strains

Zhou and Paulitz (1994) used a split root system
to show thatPseudomonaspp. rhizobacteria could  Two strains ofPseudomonaspp.,Pseudomonas cor-
exert a systemic influence on disease incidencB.of rugata 13 (Rankin and Paulitz, 1994) aril aureo-
aphanidermatumroot and shoot biomass, and fruit faciens63-28 (provided by Agrium Inc. Saskatoon,
yield of infected plants. In an earlier report (Zhou and SK, Canada), were selected as inducers. The bacterial
Paulitz, 1993), the distribution of encysted zoospores strains were prepared by streaking each isolate from
on the rhizoplane was shown to be altered on cucum- —80°C storage onto a TSA plate. The plate was incu-
ber roots treated witPseudomonaspp. In addition, bated at 25C for 36 h. A tube containing 15 ml of TSB
exudates from bacterial-treated roots were less attrac-was inoculated with a single colony of each strain from
tive to Pythiumzoospores. However, the authors used the TSA plate. The bacterial strain in the TSB tube
intact roots, where zoospores were in direct contact was incubated on a shaker at 120 rpm &t@%or 48 h.
with bacteria or their metabolites including antibi- Bacterial cells were washed by centrifuging at 3920
otics. The precise mechanisms of induced systemic for 10 min, washing pellets and resuspending in 0.1 M
resistance byPseudomonaspp. still remain largely ~ MgSQy to a concentration of fafu mi—.
unknown although a number of suggestions can be
raised. In that context, we hypothesized that induced Pathogen inoculum
systemic resistance against cucumber root rot caused
by P. aphanidermatuntould be partially due to an  Solid inoculum of P. aphanidermatunisolate 186
indirect influence on zoospore behaviour and/or to a (provided by Dr. W. Jarvis, Agriculture and Agri-
delay of pathogen infection and disease developmentinfoods Canada, Harrow, Ontario, Canada) was pro-
plants induced bf?seudomonaspp. Therefore, topro-  duced on the V-8 juice-vermiculite (medium grade,
vide new insights into the influence of ISR on zoospore Vil Vermiculite Inc., Montreal, Canada) medium
behaviour andPythiumspread, we used the split root (V-8 juice : vermiculite: water 2 : 1 : 2v/w/v) (Martin,
system to spatially separd®ythium aphanidermatum  1992).P. aphanidermatunmoculum (PAI) was incu-
from Pseudomonaspp. in the experimental design. bated at 25C for ten days. The PAI contained &0
This study was undertaken to delineate the behaviour propagules g', which consisted of oospores (71%),
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sporangia (16%), mycelial segments (12%) and very
few zoospores €1%), as determined by a hemacy-
tometer observation under the microscope.

To produce zoospores for the behaviour trial, the
fungus was cultured on V8 agar plates at°@0for
48 h. The agar culture was cut into five mm-wide strips
and half of the strips were moved to an empty petri
plate. Both petri plates were flooded with 20 ml of
sterile distilled water. After 0.5-1h, the water was
removed and replaced with the same amount of ster-
ile water. This treatment leached out some nutri-
ents or metabolites during the previous incubation.
The plates were inoculated at 30 under fluorescent
light (Sylvania, Gro-lux, USA; 15W) for 24 h, then at
20°C for 4 h to stimulate zoospore release (Paulitz et
al., 1992; Rahimiam and Banihashemi, 1979). Swim-
ming zoospores were collected on a Qb filter
and re-suspended with sterile distilled water af 10
zoospores mit.

Plant growth and inoculation

Cucumber Cucumis sativus cvCorona) plants were
grown from seeds in vermiculite in the greenhouse
under 16-h photoperiod at 25/2Q during day/night.
After germination, cucumber plants were fertilized
daily with a plant nutrient solution that contained
0.97 g1 of Peter’s Hydro-sol fertilizer (5-11-26) and
0.64 g ! of Ca(NG;)2 (Zhou and Paulitz, 1993). The
crowns of ten-day-old seedlings were split with a sur- Figure 1 Cucumber split root system design. Cucumber
gical blade and transplanted immediately into inverse seedlings were splitand grown in the V-shaped PVC tube. Arrows
V-shape PVC tubes. The ends of the PVC tubes were Mdicate the roots.

extended 16 cm further with a tube of transparent plas- and replaced with one gram of PAI. After treatment,
tic film open at the ends. When the cucumber plant was each pot was covered with a plastic bag to prevent con-
placed into the tube, the PVC V-shaped pipe with plas- tamination. Water was daily provided to the plant from
tic film was filled with vermiculite (medium grade).  ahole made in each bag. Treatments with 0.1 M MgSO
The PVC V-shaped pipe with the two plastic flm and the same amount of autoclaved PAI served as con-
tubes was separately buried in two 12.7-cm-diameter trols in each experimental design. At the same time,
round plastic pots containing vermiculite. The cucum- the same treatments were conducted in non-split, intact
ber roots could be observed in each side of the PVC roots (Table 1). For experiments on the influence of ISR
tube to see if they grew uniformly in both sides before on zoospore germination and colonization (Tables 2

the upcoming treatments (Figure 1). and 3), the roots were not inoculated with PAI, but were
Seven days after the split, cucumber roots were bac- exposed to zoospores Bf aphanidermaturafter they
terized with cell suspensions ¢fseudomonaspp. were harvested from the tubes.

(50 ml of 16 cells mt~ solution per pot) drenched into

one pot of the pair (bacteria side). For the root col- Influence of ISR on zoospore germination

onization experiments, the other pd®ythium side)

was inoculated with the solid PAI from the bottom of Toexamine zoospore germination, the following exper-
the pot, four days after bacterization. Vermiculite was iment was performed. Split cucumber roots were har-
removed from the open end of plastic film on one side, vested from both sides 4 days after bacterization and
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Table 1 Design and treatments fBythium aphanidermatumoot colonization exper-
iments. Split cucumbers were planted into a V-shaped PVC tube and intact cucumbers
planted into a straight plastic tube of the same diameter

Split root experiment Intact root experiment
Bacteria sidé Distant or opposite side

Strain 13 PAI Strain 13- PAI

Strain 63-28 PAI Strain 63-28 PAI
Buffer PAI Buffer+ PAI

Buffer Sterilized PAI Sterilized PAI

1 Bacterial cells were diluted with 0.1 M MgSQo a concentration at BCFU mI-2.

Fifty ml of the cell suspension was drenched onto cucumber roots and the same volume
of 0.1 M MgSQy, buffer was used as a control.

2 Solid P. aphanidermatuninoculum (PAI) was produced on V-8 juice vermiculite
medium (V-8 juice : vermiculite : watef2 : 1 : 2v/iw/v). P. aphanidermaturgrew in the
medium for about ten days at 26. One gram of this fresh inoculum @@ropag-

ules g1) was inoculated to cucumber root tips from the bottom of the plastic tubes.

Table 2 Germination of zoospores Bf aphanidermaturim water Table 3 Encystment and germination of zoospores exam-
with Pseudomonalsacterized or distant induced cucumber roots.  ined in situ on 5-mm root tips of cucumber, induced or
Zoospores were incubated with the root tissue for 3h and observed bacterized bypseudomonaspp. Zoospores were incubated

after staining with trypan blue with the roots in sterile water for 5h at 22
Experimental ~ Treatment Z00$% Cystd Germod Experimental ~ Treatment  Zoos/mm % Germ?
design design
Split Strain 13 20B 27d 52¢C Split Strain 13 B+0.7cd 87.0a
distant side 13ef 19e 67b Distantside 2+ 2.4b 83.1a
Split Strain 63-28  18bc 28d 54c Split Strain 63-28 D+09cd  79.2a
distant side 15de 21e 64b Distant side £+ 1.4bc 84.2a
Split control 69 11f 83a Split Control 72+2.0a 86.1a
Intact Strain 13 17cd 35b 48d Intact Strain 13 2+ 0.4cd 78.7a
Intact Strain 63-28  12f 44a 45d Intact Strain 63-28 ¥ +0.2cd 78.6a
Intact Control 3h 12f 85a Intact Control 80+ 1.8a 87.0a
No roots Control 47a 31c 22e
LSDg o5 27 3.4 3.8 1 pata in each column represents the number of encysted

or germinated zoosporeésSD per millimeter of root tip.

1 Zoos — zoospores, Cyst — encysted zoospores, and Germ — ger- Results were pooled from two trials, five replicates per treat-

minated zoospores.

ment.

2 The means in each column followed by the same letter are not 2 The means in the same column followed by the same letter
significantly different as determined by LS@ < 0.05). The gre not significantly according to LSCP < 0.05).
experiment was conducted three times with three replicates per * The number of germinating or penetrating zoospores/total

treatment.

number of zoospores attached to rogtk00.

50 mg of fresh root tissues of each sample was placedor germinating cysts. After staining with 0.05% try-

into 0.5 ml zoospore suspension fbospores mit)

pan blue in lactophenol, all types of zoospore stages,

in a test tube. The tube was shaken on a vortex mixer including zoospores, encysted zoospores and germi-
for 30 s to immobilize zoospores and stimulate them nating cysts, were examined under a light microscope
to encyst. After three hours of incubation at room tem- (Olympus BH-2) at magnification of 200X. Forty to

perature (22 1°C), 100wl of the zoospore suspen-

eighty zoospores were counted in each cavity slide. The

sion was placed on a cavity slide, then two drops of experiments were conducted three times with the same
95% ethanol were added to kill the zoospores, cysts treatments, and three replicates per treatment.
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Influence of ISR on zoospore colonization of A simple linear regression analysis was used to char-

rootsin situ acterize the relationship between the length of root col-
onization (cm) byP. aphanidermatunand sampling

To examine the colonization of zoospores on cucum- time (day). The SAS PROC GLM procedure (Ver-

ber roots, including attraction, attachment and encyst- sion 6.12, SAS Institute Inc., USA) was used for all

ment, the root tips were incubated with the zoospores regression analyses. Data from repeated experiments

by immersion in a suspension of 1@oospores mit were combined with the initial experiment if regression

on a cavity slide at 22C for 5h. The root tips parameters were not significantly differg® > 0.05)

were stained with 0.05% trypan blue in lactophenol. using at test (Gomez and Gomez, 1984).

Zoospore colonization, cyst germination and germ tube

penetratiorin situ on a five-mm long region of elon-

gation behind the root cap were examined under a Resylts

light microscope (Olympus BH-2) at a magnification of

400x, with five root tip replications per treatment.The |hfluence of ISR on zoospore germination

experiment was conducted twice.

When a suspension of zoospores was incubated with
cucumber root tissues for three hours at room tem-
perature (22C), all stages of zoospore develop-
ment could be observed under a light microscope
(Figure 2). Cucumber roots significantly stimulated
zoospore germination, compared to treatments with-
blade and the roots were taken out carefully from the out roots (Table 2). Neverthe_les;, the percentage of
zoospore encystment or germination varied among the

PVC tube. Vermiculite remaining on the root system :
; root treatments. When the zoospores suspension was
was washed away under running tap water and the ;

roots were dried on Kimwipe tissues. To determine if gggggg?o'nna;::ginp;e:gsgpgg_g; rtc;]c;ts ebrifi;ea:;izc?r?r:tlgh
P. aphanidermatuninfected root tissue internally or ’ g

0, 0, I
externally, half of the root sample was further disin- geﬁtrigﬁfrglwiizgot 323;}? z/?:\ tri(ca)ipgci%g?l’ co(ranrpma};]? o
fested in 0.5% sodium hypochlorite (NaClO) solution P : | rly, germ
. o . tion of zoospores in the suspension with the distant
for one minute. Preliminary tests showed that thistreat- . .

. . . split roots induced by the twBseudomonaspp. also
ment killed P. aphanidermatunon surface contami- decreased by 19% and 23% compared to split control
nated roots, but still allowed survival of the pathogen without bacteyrial induction, res ecﬁvel In infact roots
inside colonized roots. After disinfestation, roots were that were bacterized errr;inat?on wasyr.educed by 430
immediately rinsed in sterile distilled water three times, and 47% . res ectiveI’ gNosi nificant difference e%stedo
and dried again on Kimwipe tissues. The roots were 0,resp Y- 9

. . : between split and intact controls on the percentage
cut into 2-cm segments from crown to root tip and five o
" of encystment and germination. Therefore, the results
segments from each position on the root were sepa-

rately placed on th@ythiumselective medium plates. indicategl that the exud.ates re.leased frqm cucumber
Finally, the root segments on the plate were examined (rjoots which wgrf? bacte(rjlzed orinduced \.N'th.mu'

for Pythiumgrowth under a dissecting microscope after omonasspp. influenced zoospore germination.

48-h incubation at 25C. The experiment was con- o

ducted twice with the same design, five replicates per Z00ospore colonizatiom situ

treatment.

Colonization of cucumber roots by
P. aphanidermaturn planta

Roots were sampled frofythiuminoculated pots at
3-day intervals after pathogen inoculation, up to 18
days. The plastic tube was broken by a sterile razor

When cucumber roots were immersed in water with
Data collection and statistical analyses zoospores, some zoospores migrated to the roots,

attached and colonized the surface. The average hum-
Allexperiments were conducted two or three timeswith ber of encysted or germinated zoospores per mil-
the same design. The data of zoospore behaviour influ-limeter of root tip varied among the treatments from
enced by th®seudomonaspp. and zoospore attraction 1.7 + 0.2 to 80 £+ 1.8. The number of encysted or
to induced roots were analyzed by Fisher’s protected germinated zoospores on distant induced roots was
LSD test(P < 0.05). significantly decreased compared with non-induced
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Figure 2 Various developing stages of zoospores , incubated with cucumber root tissues in distilled water for three hatrsa .22
The stages include encysted zoospore, termed cyst (C), germinating encysted zoospore (G), hypha (H); and motile zoospore without a
cell wall (Z). Scale bar represents 100.

controls (Table 3)Pseudomonastrains reduced the time X (day). A curve significantly fit a linear model,
attractiveness of cucumber roots when they were eitherY = o + X, wherew is the intercept of the line
induced or bacterized blpseudomonaspp. In com- on the Y axis, while g is the slope coefficient. In
parison to the intact control, zoospore encystment on the non-bacterized intact rootBythium aphanider-
intact cucumber roots bacterized with 13 or 63-28 was matumreached the crown in 12 days. The coefficient
decreased by 70% and 78%, respectively. Similarly, 8, representing the rate of disease development, was
when split cucumber roots were systemically induced significantly reduced by bacterization and induction
by the two strains, the density of attached zoospores oncompared to non-treated controls from 3-12 days
the distant induced roots was also decreased by 28%(Table 4). After day 12, the disease development rate
and 42%, respectively. There was no significant dif- (8) was similar between the distant induced root and
ference in zoospore encystment between the split andthe bacterized root, compared to their respective control
intact controls (Table 3). From 78% to 87% of the treatments (Figures 3 and 4). Th&seudomonaspp.
encysted zoospores germinated on or penetrated hostainly affected disease developmentin the early stage.
tissue in all treatments, with no significant difference Moreover, at test also indicated that averageor
among the treatments. This result indicated Pedu- of the regression on surface disinfested roots was sig-
domonasspp. could reduce the attractiveness of roots nificantly different from that of non-disinfested roots
to the motile zoospores, but could not reduce germi- (P < 0.0014. Infection was always detected earlier
nation or penetration of encysted zoospores which had in the non-disinfested roots at the same height. There-

attached to the host. fore, the results suggest that aphanidermatunmni-
tially spreads on or in the outer cortex of the cucumber
Pythium colonization of roots in planta root.

Statistical results indicated that each of the regres-
By regression analysis, there was a significant corre- sion parameters was not significantly different between
lation between pathogen spread distaficéem) and the first experiment and the repeat experiment et
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Table 4 Parameters of linear regression modek- « + X, for Pythium aphaniderma-
tumrecovery from inoculated cucumber roots, whire- distance (cm)X = time (days)

ande andg represent regression coefficients. External and internal colonizatiyttuiym
aphanidermaturwas obtained from non-disinfested and surface-disinfested roots, respec-
tively. The data of two trials for this analysis were from 3-12 days after inoculation

Treatment ot B2 R-squaré

External root colonization bfp. aphanidermatum
Split roots, distant induced side

Strain 13 0.1474 0.493b 0.9886"

Strain 63-28 0.253a 0.448b 0.985

Control 0.027a 0.974a 0.998
Intact roots

Strain 13 0.204a 1.148b 0.980

Strain 63-28 —0.133a 1.211b 0.949

Control 0.240a 1.456a 0.98%

Internal root colonization bf. aphanidermatum
Split roots, distant induced side

Strain 13 —0.533a 0.363b 0.942

Strain 63-28 —0.640a 0.267b 0.766

Control —1.040b 0.830a 0.954
Intact roots

Strain 13 —0.907ab 0.996b 0.95%

Strain 63-28 —1.093b 1.062b 0.960

Control —0.613a 1.422a 0.969

1 & (cm) is theY -intercept coefficient of the model.

2 g (cm/day) is the slope coefficient of the model.

3 R? s the coefficient of determination which indicated a linear relationship betieen
(time) andy (distance). Values followed B or * indicate a significant correlation at the
5% or 10% level, respectively.

4 « or g value within either root types or treatment in the same column followed by the
same the letter is not statistically differgiit < 0.05) according ta test.

(¢, P > 0.357, B, P > 0.679. External and internal  Discussion

colonization were separately examined on non-surface-

disinfested roots (Figure 3) and surface-disinfested In the current study, an experiment was designed to
roots (Figure 4) respectively. The tweseudomonas look at both ISR with a split root system (pathogen
strains, 13 and 63-28, systemically delayed pathogen and biocontrol agent not in contact) and the influence
spread and development on both the outside and insideof direct antagonism oR. aphanidermaturaoospore

of the Pseudomonasiduced roots for 4-6 days by behaviour or pathogen spread with bacterized, intact
comparison with the non-induced control (Figures 3A, roots (pathogen in contact with biocontrol agent). With
4A). Similarly, pathogen infection and development the split and intact root design, we could compare the
were also delayed on intact roots which were previ- two possible mechanisms on the same plant and the
ously bacterized with the tw®seudomonastrains relative contribution ofinduced systemic resistance and
(Figures 3B, 4B). These results indicated that the two antibiosis or local induced resistance.

strains not only suppress@daphanidermaturan bac- The number of zoospores encysted or germinated
terized roots directly, but also systemically induced on roots bacterized or induced wilseudomonaspp.
resistance against the infection and development of were significantly reduced as compared to controls;
the pathogen on the distant cucumber roBfghium while the germination of the attached and encysted
aphanidermatunwas not detected on non-inoculated zoospores did not vary between them (Table 3). There-
cucumber roots in any experiment. fore, it appears possible that ISR may have more of an



884

—L 13+Pa 1 13+Pa
—ll- 6328+Pa 16 1 - 6328+Pa
—O— Buf+Pa —O— Buf+Pa

-
»
1

12 4 12 4

Distance (cm) from inoculation site
(o]

Distance (cm) from inoculation site
oo

0 - o0 -
0 3 6 9 12 15 18 0 3 6 9 12 15 18

@ —{ 13+Pa o —{+ 13+Pa

‘w16 1 —— 6328+Pa =16 1 - 6328+Pa

H —O— Buf+Pa g —O— Buf+Pa

3 :

312 312

c ]

E £

£ 8- § s -

3 =

o £

o L

g 4 g 41

g S

3 B 2

0 - T T T T 0 - T T T T
0 3 6 9 12 15 18 0 3 6 9 12 16 18
Days after inoculation Days after inoculation

Figure 3 External colonization bi;""ythium.aphanidermaltulifl Figure 4 Internal colonization byPythium aphanidermatum
cucumber roots bacterized or distantly induced by fseu- in cucumber roots induced or bacterized by PGPR. Sampled
domonasspp. Roots were harvested every three days after the roots were washed in distilled water and further disinfested in
cucumber was inoculated with one gram of sdfidaphanider- 0.5% sodium hypochlorite (NaClO) solution for one minute. The

matuminoculum (PAI). ThePythiuminoculated roots were only  pathogen was detected Bythiumselective media. A. Split roots

washed in sterile water. The rootlets were cut into 2-cm long  induced byPseudomonaspp., distantinduced side B. Intact roots
segments from crown to root tip before they were placed on the pacterized with the PGPR.

Pythiumselective medium plate. Plates were examined under a

dissecting microscope after 24-h incubation at@5A. Split S . .
roots induced byPseudomonaspp., distant induced side. B. O inhibit encystment of swimming zoospore and
Intact roots bacterized with tHeseudomonaspp. germination of encysted zoospores (Donaldson and

Deacon, 1993a). Undoubtedly, they also could attract or
effect on zoospore attraction or attachment than on ger- repel the swimming zoospores. In this study, zoospores
mination of encysted zoospores or penetration of the of P. aphanidermatunwere preferably attracted to
host tissues. cucumber roots in all treatments because of their

Certain components in root exudates or extracts chemotaxis. This behaviour could be indirectly manip-
may stimulate or inhibit plant pathogens in rhizo- ulated by thePseudomonaspp. bacterized on the
sphere (Curl and Truelove, 1986). They could stimulate cucumber roots. The metabolic processes involved in



Pseudomonagduced ISR could change the compo-
nents of root exudates or extracts.
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oospores or mycelia in the PAI could also penetrate
root tissues. When the PAI was inoculated to 20-day-

Induced chemical defenses could be considered asold plants, a rot symptom was detected on the crown

one of the main mechanisms induced by ®Pseu-
domonasspp., based on work with classical systemic
acquired resistance (Sticheretal., 19%8eudomonas

in 12 days; while when a zoospore suspensior? (10
zoospores per pot) was inoculated to a similar aged
plant, the symptom was found in about 7 days under

strains 13 and 63-28 can systemically stimulate some the same environmental conditions (unpublished data).
defense enzyme activities in cucumber roots, such asThis may also be due to a delay in oospore germination.
peroxidase, and phenylalanine ammonia-lyase (PAL) Zoospores germinate much faster than oospores, which

(Chen et al., 1996, 1997). The PAL activity is asso-
ciated with biosynthesis of toxic metabolites such as

often have a dormancy for several weeks (Webster,
1980). Therefore, we speculated that zoospores could

phytoalexins and lignin in plant defense responses infect cucumber roots more efficiently than other types

(Lamb et al., 1989). These plant physiological pro-

cesses may also alter the quantity and quality of exu-

dates, which would further influence the zoospore
behaviour. For example, the PAL accumulation in
induced roots will reduce the amount of phenylala-
nine, one of aromatic amino acids which could stimu-

of P. aphanidermatunmoculum in greenhouse, espe-
cially under wet conditions favorable for the swim-
ming zoospores to germinate and infect cucumber
roots (Paulitz, 1997). However, any technique that can
immobilize zoospores and restrict encysted germina-
tion could be an effective means to control greenhouse

late zoospore cysts germination and germ tube growth cucumber root disease caused by the pathogen.

(Yung, 1970).

Our results revealed that the influenoé Pseu-
domonasspp. on zoospore behaviour was stronger
on bacterized roots (pathogen in contact witbeu-
domonasspp.) than that on distant induced roots
(pathogen not in contact witlPseudomonaspp.).
These effects could be partially explained by bacterial
metabolites, antibiotics and/or other localized mech-
anisms, which could restrain zoospore orientation or
germination of encysted zoospotiessitu or in vitro.
Recently, a new kind of antibiotic produced by strain
63-28 was reported by Gamard et al. (1997). This buty-
rolactone has activity againgtythium ultimum The

Pseudomonastrains 13 and 63-28 could inhibit
P. aphanidermatunnfection of bacterized cucumber
roots and systemically reduce the rate of spread in the
distant induced roots. In theythiumrecovery trial, the
slope coefficieng, representing rate of spread, was sig-
nificantly different betweeseudomonageated and
non-treated roots (Table 4). This difference happened
in both distant induced roots and bacterized roots. The
mechanism of the ISR could have a significant effect on
spread oP. aphanidermatunThere was also a differ-
ence in the rate of spread between intact and split roots,
with the slope coefficient higher on intact control roots
than on split control roots. During the study, we found

difference in zoospore suppression between the distantthat the intact root system had more plentiful rootlets

induced and bacterized roots may be due to the antibi-

otic produced by the bacteria in bacterized roots. Ultra-
structural evidence for antibiosis acting in the cortex of
pea roots again®. ultimumwas shown by Benhamou

than the split root system in early stages, even though
they were growing in the same size plastic tube. It could
be that the pathogen spread faster between the dense
roottissues. Another difference between splitand intact

et al. (1996). However, local induced resistance may treatments was due to a wound formed on split roots,

also be a factor on bacterized roots.

Pythium aphanidermaturcould be recovered from
all cucumber roots which were previously inoculated
at the root tips.Pythium aphanidermaturgrew up
both the inside and outer parts of the root, starting
at inoculation site, but the pathogen on the external
parts of the root grew faster. In the external parts of
the root,P. aphanidermatumequires about 12 days to
grow from root tip to crown on control roots; while on

which may generate a signal to induce systemic resis-
tance against plant disease as Hammerschmidt (1993)
summarized. But this effect in the experiments could
be measured by comparing results of the split or intact
controls.

Both antagonism and ISR are very important mecha-
nisms in biological control of plant pathogensPseu-
domonasspp. The antagonists could directly suppress
pathogens with metabolites or antibiotics in the rhizo-

distant induced roots it takes about 15 days or more sphere or cortex of the roots, a pre-infection protection.

(Figure 3B). Beside®. aphanidermaturmfection by

zoospores, the germ tubes arising from sporangia,

In addition, induced systemic resistance may also act
pre-infection by influencing zoospore behaviour and
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post-infection by delaying the growth of the pathogen
to the crown and stem.
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