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Abstract

The rhizoplane bacterium Lysobacter sp. SB-K88 suppresses damping-off disease in sugar beet and spinach caused by Aphanomyces

cochlioides through characteristic plant colonization and antibiosis. Interaction of the pathogen and SB-K88 on potato dextrose agar
medium revealed remarkable curly growth, excessive branching, and inhibition of mycelial growth of the pathogen. This study elucidated
the mode of antagonism of SB-K88 by detecting changes in ultrastructure and organization of cytoskeletal filamentous actin (F-actin)
network in the affected hyphae and zoospores of A. cochlioides. Transmission electron microscopy aided in visualization of significant
ultrastructural alterations including invagination of membrane, disintegration or necrosis of cell wall, accumulation of excessive lipid
bodies, electron-dense enlarged vacuoles, and degradation of cytoplasm in the SB-K88-induced excessively branched and curled hyphae.
Confocal laser scanning microscopy confirmed the role of SB-K88 or its metabolites in severe disruption of the organization of F-actin
networks in both hyphae and zoospores of A. cochlioides. An inhibitor of actin polymerization, latrunculin B, also exhibited similar dis-
ruption of F-actin organization in the hyphae and zoospores of A. cochlioides. These results suggest that the inhibitory effect of Lysob-

acter sp. SB-K88 on A. cochlioides is likely due to a combination of F-actin disruption and ultrastructural alterations in the zoospore and
hyphal cells.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Members of the genus Lysobacter are typically found in
soil and water, and are characterized by gliding motility
and the ability to lyse other microorganisms, including fungi
and nematodes (Christensen and Cook, 1978). Some strains
of Lysobacter spp. have been reported as potential
candidates for biocontrol of fungal and Peronosporomycete
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phytopathogens (Nakayama et al., 1999; Zhang and
Yuen, 1999, 2000; Yuen and Zhang, 2001; Zhang et al.,
2001; Folman et al., 2004; Islam et al., 2005; Kobayashi
et al., 2005; Yu et al., 2007). Previous studies reported that
the biocontrol bacterium, Lysobacter sp. SB-K88 or its
metabolite xanthobaccin A, can inhibit polar growth of
Aphanomyces cochlioides Drechsler by alterations in the
hyphal morphology, including excessive branching, irregu-
lar swelling, and curling of hyphal tips (Islam et al., 2004a,
2005). The zoospores of A. cochlioides became immotile
within 1 min after exposure to an SB-K88 cell suspension,
a cell-free supernatant of SB-K88, or 0.01 lg ml�1 pure
xanthobaccin A solution. The immotile zoospores were
lysed (14–21%) or became cystospores (74–83%). However,
the cystospores produced in the presence of SB-K88
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cell-free supernatant or xanthobaccin A did not germinate
or germinated with malformed germ tubes. The efficacy of
Lysobacter spp. for controlling plant diseases has been
described (Zhang et al., 2001; Islam et al., 2004a, 2005;
Jochum et al., 2006), however, few attempts have been
made to understand the mode of actions of these bacteria
at the molecular and ultrastructural levels.

The actin microfilaments are known to form a three-
dimensional cytoskeletal network throughout the cell and
constitute an essential throughway for organelle and vesicle
transport (Salmon, 1999; Carreno et al., 2004). Associated
with the plasma membrane, they are important for generat-
ing cell-surface specializations, providing the driving force
for remodeling cell morphology, and triggering cell behav-
ior when the environment is modified (Revenu et al., 2004;
Katsaros et al., 2006). Several lines of evidence suggested
that proper actin organization is essential for normal estab-
lishment of polarity in many cells including the embryos of
the brown algae (Quatrano, 1973; Brawley and Robinson,
1985; Katsaros et al., 2006), polar growth of fungal and
Peronosporomycete hyphae (Heath et al., 2000), and nor-
mal morphogenesis and polar growth of trichomes and
root hairs in plants (Miller et al., 1999; Szymanski et al.,
1999; Hülskamp, 2004). Heath and co-workers demon-
strated that plasma membrane-adjacent filamentous actin
(F-actin) is essential for both polarization and hyphal tip
morphogenesis in Saprolegnia ferax (Gruith.) Thur. (Heath
et al., 2000).

The F-actin plays a vital role in polar growth (Heath,
1987), differentiation of zoospores (Heath and Harold,
1992; Riemann et al., 2002), and morphogenesis of the
hyphal tips (Bachewich and Heath, 1998; Heath et al.,
2000). Thus, the hypothesis of this study is that the inhibi-
tion of zoospore germination, mycelial growth, and induc-
tion of excessive branching in hyphae by secondary
metabolites of SB-K88 are linked to the localized changes
of cortical F-actin organization in the respective cells of
A. cochlioides. The objectives of this work were to (i) eval-
uate inhibitory effects of Lysobacter strain SB-K88 on
mycelial growth of A. cochlioides; (ii) illustrate ultrastruc-
tural alterations occurring in hyphal cells of A. cochlioides

during interaction with SB-K88 by transmission electron
microscopy to elucidate the mechanism of biocontrol;
and (iii) visualize the organization of F-actin in the affected
zoospores and hyphae of A. cochlioides by using rhoda-
mine-conjugated phalloidin.

2. Materials and methods

2.1. Microorganisms

The pathogen A. cochlioides AC-5 used as a cell material
for cytochemical and ultrastructural study was kindly pro-
vided by Professor R. Yokosawa, Health Science Univer-
sity of Hokkaido, Japan, and sub-cultured in the
laboratory (Horio et al., 1992; Islam et al., 2004b). The
bacterial strain SB-K88 originally isolated from the fibrous
roots of sugar beet and identified by 16S rRNA gene
sequence as Lysobacter sp. (Accession No. AB190258)
was generously sent by Dr. Y. Homma (National Agricul-
ture Research Center for Hokkaido Region).

2.2. Culture condition of SB-K88 and extraction

Lysobacter sp. strain SB-K88 was cultured in a 500-ml
flask containing 200 ml of a nutrient solution at 25 �C for
15 days at 100 rpm on a rotary shaker. Each liter of the
medium contained 3.0 g K2HPO4, 1.0 g NaH2PO4, 1.0 g
NH4Cl, 0.3 g MgSO4 7H2O, 0.15 g KCl, 0.01 g CaCl2,
0.0025 g FeSO4�7H2O, and 5.0 g saccharose. The culture
fluid was centrifuged at 8000 g for 15 min at 5 �C, and then
the supernatant was freeze-dried. The residue was dissolved
in a small amount of H2O, extracted exhaustively with
equal volume of ethyl acetate (EtOAc) three times, and
concentrated in vacuo, which was used to evaluate their
impact on zoospore F-actin. Similarly, bacteria-free culture
solution was extracted with EtOAc and used as control.

2.3. Bioassay

Aphanomyces cochlioides AC-5 was routinely grown on
corn meal agar (CMA, 17 g/l, Difco Laboratories, Sparks,
MD, USA) in a 9 cm glass Petri dish and zoospores were
produced by using protocols described by Islam et al.
(2003, 2004b). The effects of F-actin disruption in zoo-
spores were investigated by directly adding 10 ll of EtOAc
extract (10 lg ml�1) of SB-K88 culture fluid or latrunculin
B (Sigma) (5 and 10 lM) to dissolve in 0.5% dimethyl sulf-
oxide (DMSO) (Wako Pure Chemical Industries Co. Ltd.,
Osaka, Japan) to 90 ll of zoospore suspension (ca.
105 ml�1) for 30 min, after which time the corresponding
morphology and F-actin organization in the spores were
examined as described in the following section.

2.4. Hyphal cell preparation for microscopic study

Interactions between A. cochlioides AC-5 and Lysobact-

er sp. strain SB-K88 were studied by collecting agar disks
(6 mm in diameter) from the growing edges of AC-5
hyphae on CMA and placing 3 cm apart from the colonies
of bacterial strain SB-K88 in four replicates. Another four
replicate plates were inoculated with same size disks of AC-
5 colony in plates in the absence of SB-K88. Plates were
allowed to grow at 27 �C in the dark for 5 days, after which
time AC-5 hyphae grown on CMA were harvested for con-
focal laser scanning microscopy (CLSM), with a sterile
cork borer (6 mm i.d.) from the colony edge growing
toward the SB-K88 colonies. For transmission electron
microscopy (TEM), samples of AC-5 were similarly har-
vested after 5 days of coculture on potato dextrose agar
(PDA) medium.

The effect of latrunculin B (Sigma) on disruption of
F-actin in hyphae was tested using paper disks charged
with a series of concentrations against A. cochlioides
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AC-5 on agar plates (Deora et al., 2005). Sterile paper disks
of 8 mm diameter and 1.5 mm thickness (Advantec Toyo,
Japan) were used. Latrunculin B dissolved in acetone was
applied at a concentration of 0, 0.1, 0.5, 1.0, and 5 lg per
disk, respectively. Control disks were prepared with the sol-
vent alone. Paper disks were dried by evaporating the sol-
vents under vacuum. The resulting disks were then placed
2 cm apart onto Petri dishes containing PDA inoculated
with a 6 mm diameter mycelial plugs cut from the edge
of an actively growing A. cochlioides AC-5 colony, placed
2 cm apart, and incubated at 25 �C. The F-actin patterns
in the A. cochlioides hyphal cells approaching toward paper
disks were visualized by rhodamine-conjugated phalloidin
(RP) (Sigma). For comparisons, non-treated controls were
harvested from CMA and PDA plates with only AC-5 for
CLSM and TEM visualization, respectively.

2.5. CLSM specimen preparation and observation

The reagent, rhodamine-conjugated phalloidin (RP)
(Molecular Probes) for filamentous actin (F-actin), was
selected for visualization of the physiological changes that
occurred in the hyphae. The F-actin organization in
hyphae was visualized using the procedure outlined by
Heath et al. (2000) with slight modifications. Briefly, a ster-
ile cork borer (6 mm) was used to remove a plug of myce-
lium from the growing edge of 2-day-old plates of isolate
AC-5 paired with the bacterial colony or with latrunculin
B-treated paper disks. Plugs were removed from untreated
control by a similar method. The plugs were fixed with 6%
paraformaldehyde (Wako Pure Chem. Co. Inc.) in 60 mM
1,4-piperazinediethanesulfonic acid (Pipes) buffer (Sigma)
(pH 7.0), with 100 lM MBS (m-maleimidobenzoyl N-
hydroxysuccinimide ester, Pierce) for 30 min at room tem-
perature. They were then rinsed three times in a buffer solu-
tion and transferred to a glass slide for sectioning. The
upper portion of the agar plug was sectioned uniformly
(ca. 0.25 mm thickness) with a sterilized stainless blade.
The specimens were then stained for 30 min in 0.66 lM
rhodamine-conjugated phalloidin (RP) (Molecular Probes)
in 60 mM Pipes buffer (pH 7.0), rinsed in buffer, and
mounted in 50% glycerol with 0.1% p-phenylenediamine.
This experiment was repeated three times and all treat-
ments were replicated at least three times. The representa-
tive images were captured and presented in the results.

For staining zoospores, EtOAc extract (10 lg ml�1) of
SB-K88 culture fluids or actin polymerization inhibitor,
latrunculin B (5 and 10 lM) suspended in aqueous DMSO
was added to zoospore suspension (ca. 105 ml�1) on a slide
glass and allowed to sit for 30 min in a humid chamber at
room temperature (23 �C). Then the specimen was fixed
with 6% paraformaldehyde followed by staining with rho-
damine-conjugated phalloidin and observed under a
CLSM as described above for AC-5 hyphae. All zoospores
stopped motility and changed into round cystospores or
partly lysed in the case of SB-K88 extract. Some of the cys-
tospores were germinated with defective polar growth of
germ tubes. The concentration of DMSO was maintained
at less than 1% (v/v) in zoospore suspensions and had no
effect on motility and F-actin organization in zoospores.
Image capture and arrangement were performed as previ-
ously described (Deora et al., 2006). This experiment was
repeated three times and each treatment was also replicated
at least three times. Representative images are presented
here.

2.6. TEM specimen preparation and microscopy

Sample preparation and TEM observation were done as
described previously (Deora et al., 2006). Briefly, agar disks
of AC-5 hyphae treated with bacterial colonies, latrunculin
B, and the untreated controls were fixed with 2% glutaral-
dehyde (TAAB, Birkshire, UK) in sodium phosphate buffer
(SPB) (10 mM, pH 7.2) for 6 h at 4 �C. The samples were
then thoroughly rinsed with SPB (8 mM; pH 7.2) for 3 h,
postfixed with osmium tetroxide (10 g/l) in SPB for 2 h at
4 �C, and rinsed with buffer. Samples were then dehydrated
in a graded acetone series (50%, 70%, 90%, and 99.5%),
embedded with Epon 812 (electron microscopy grade;
TAAB), and polymerized at 60 �C for 24 h. Ultra-thin sec-
tions (100 nm thickness) were cut with a diamond knife
(SK1045, Sumitomo, Tokyo) and stained with 2% uranyl
acetate (5 min). Samples were washed with SPB, and sec-
tions were briefly stained with lead citrate (3 min). After
staining, the sections were observed with a Hitachi H-800
TEM with an accelerating voltage of 75 kV. Four speci-
mens were examined both for affected as well as untreated
control hyphae.

3. Results

3.1. Induction of excessive branching and curling in

A. cochlioides hyphae by Lysobacter sp. SB-K88

Strain SB-K88 inhibited the polar growth of A. cochlio-

ides hyphae in a dual culture assay on PDA medium
(Fig. 1b) by inducing curling and excessive branching (ca.
2- to 3-fold higher compared to control) in the confronting
hyphae (Fig. 1d). In contrast, tubular polar growth and
normal branching patterns of hyphae were observed in
the control plates (Fig. 1a and 1c). When the hyper-
branched and curled A. cochlioides hyphae induced by
SB-K88 were placed on a new PDA plate, the polar growth
of the hyphae reversed and resumed normal growth (data
not shown).

3.2. Alteration of ultrastructure of A. cochlioides cell by

Lysobacter sp. SB-K88

Transmission electron microscopic (TEM) analysis car-
ried out to further investigate the SB-K88-induced mor-
phological changes of A. cochlioides hyphal ultrastructure
elucidated very significant changes where the affected
hyphae commonly exhibited varying levels of ultrastructur-



Fig. 1. In vitro interactions between Lysobacter sp. strain SB-K88 and Aphanomyces cochlioides strain AC-5 in dual culture on PDA medium at day 5. (a)
AC-5 in single culture. (b) AC-5 in the presence of SB-K88. (c) Normal hyphal growth in a control. (d) Curly growth and excessive branching of AC-5
hyphae approaching an SB-K88 colony (arrows). The micrographs in (a) and (b) were taken with a digital camera (CAMEDIA C-3040 zoom; Olympus
Optical Co. Ltd.), and micrographs in (c) and (d) were taken with the same digital camera connected to a light microscope (1X70-S1F2; Olympus). Circled
areas indicate part of agar plugs harvested with a sterile cork borer (6 mm i.d.) for transmission electron and confocal laser scanning microscopic studies of
growing hyphae. AC, Aphanomyces cochlioides AC-5; L, Lysobacter sp. SB-K88.
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al alterations leading to necrosis of the hyphal cells (Fig. 2).
Although remarkable ultrastructural alterations were
observed in all TEM sections of the SB-K88 affected
hyphae, the degree and type of alterations in cell organelles
were also markedly varied among the observed cells
(Fig. 2). Nearly 10% of the ultra-thin sections (100 nm
thickness) of SB-K88-induced hyphae had more or less
necrotic cell walls or cytoplasms.

In longitudinal sections of SB-K88-treated hyphae (5
days interaction), organelles were distributed in an irregu-
lar pattern (Fig. 2d and 2e) in contrast to the uniform orga-
nization of the control (Fig. 2a and 2b). The number of
vesicles increased in some treated samples (Fig. 2f), as
opposed to the control hyphae (Fig. 2c). In transverse sec-
tions of treated hyphae, the cell walls were often irregularly
thicker (Fig. 2h) than those of untreated control (Fig. 2c).
Fibrous or globular materials had formed near vesicles of
SB-K88 affected specimen and were presumed to be degen-
erated vesicles (Fig. 2d and 2h). On the other hand, the
lipid bodies became closely associated with the outside of
the tonoplast membrane of the vacuole (Fig. 2f and 2h)
and finally sank into the vacuolar lumen (Fig. 2f and 2g).
The cell walls of affected hyphae showed sharp invagin-
ations and/or necrosis (Fig. 2e and 2g, arrows). The hyphal
cytoplasm was usually necrotic at the advanced stage of
interaction (Fig. 2g). In some cross sections, irregularities
in hyphal diameter were common in the treated hyphae
at an advanced stage of interaction when the cytoplasm
was disorganized (Fig. 2h). Severely affected hyphae grow-
ing toward bacterial colonies had enlarged vacuoles filled
with an electron-dense material (Fig. 2g and 2h), which
was not observed in hyphae of untreated controls
(Fig. 2c). Another characteristic of the affected hyphae
was the formation of new hyphae (daughter hyphae) within
the hyphal cells (Fig. 2i). The cell walls of the daughter
hyphae originated from the inner wall layer of the original
hyphae. Formation of daughter hyphae was observed only
in 4–6% of the SB-K88 affected specimens.



Fig. 2. Transmission electron micrographs (a–i) of Aphanomyces cochlioides AC-5 hyphae growing toward colonies of Lysobacter sp. SB-K88 at day 5 of
interaction on PDA medium. A longitudinal section of control hypha (a) and tip (b). (c) A cross section of a control hypha. (d) Excessive lipid bodies and
cytoplasmic disintegration in a longitudinal section of the affected hyphae. (e) A tip of affected hypha with conspicuous invagination (arrows) in the cell
wall and become a curling shape. (f) A cross section of an affected hypha containing excessive peripheral vesicle deposition. (g) A cross section of affected
hypha with excessive vesicle degeneration or necrosis of hyphal cytoplasm, irregular cell wall (arrows), and accumulation of lipid bodies. (h) A cross
section of a hypha completely distorted in shape, thickening of cell wall (arrow) and cell organelles. (i) Two daughter hyphae formed inside the original
hypha. The internal structures of the daughter hyphae are also affected by SB-K88. N, nucleus; Va, vacuole; Ve, vesicle; m, mitochondrion; cwm, cell wall
of mother hypha; cwd, cell wall of daughter hypha.
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3.3. F-actin disruption in zoospore and hyphal cell of

A. cochlioides affected by Lysobacter SB-K88

Rhodamine-conjugated phalloidin facilitated visualiza-
tion of the F-actin under a confocal laser scanning micro-
scope (CLSM), which revealed that SB-K88 affected
excessively branched and curled hyphae, and zoospores
had disrupted F-actin organization (Figs. 3 and 4) explain-
ing one of the major causes of growth deformation. A
crude EtOAc-soluble fraction (1 lg ml�1) of the freeze-
dried culture supernatant caused the motility of zoospores
to cease within 1 min. This treatment also resulted in a
change in the zoospore morphology from a reniform-ovate
shape to a round or oval shape cystospores (100%). These



Fig. 3. Differential interference contrast (DIC) micrographs (a, c, e, h, i, and k) and their corresponding confocal images (b, d, f, g, j, and l) showing
F-actin organization in control (a, b, e, and f), EtOAc extract of SB-K88 culture fluid (g–j) and latrunculin B (k and l) treated zoospores of Aphanomyces

cochlioides. Normal distribution of peripheral plaques of actin interconnected with fine arrays (b) in a round-shaped cystospore (a). EtOAc extract
(1 lg ml�1) treated partly shrunk cystospore (c) with no visible plaques of fluorescence of actin (d). Normal distribution of peripheral plaques of actin
interconnected with fine arrays (f) in a germinated cystospore (e) (control). A germinated cystospore in presence of EtOAc extract with curled germ tube
(h) with severely disrupted actin (g). A partly lysed (arrow) cystospore (i) with disrupted actin organization (j) by EtOAc extract. Similar disruption of
F-actins (l) in a germinated (k) cystospore by latrunculin B (1 lM). Bar indicates 10 lm for all micrographs.
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cystospores were lysed (6 ± 3%), germinated (16 ± 3%), or
remained ungerminated (82 ± 11%) until 60 min after the
treatment with germinated cystospores showing deformed
(curled or bulged) germ tubes. However, the EtOAc extract
of bacteria free culture solution did not show any effect on
motility behavior of A. cochlioides zoospores.

In control cystospores and hyphae, F-actin was located
in close proximity to the plasma membrane in granular
forms called actin plaques (Heath et al., 2000) intercon-
nected with fine arrays (Figs. 3b and 4b). But, in the pres-
ence of SB-K88, the plaques formed from F-actin were
smaller in size in less affected cells (Figs. 3g and 4d) and
were almost eliminated and disrupted (both plaque and
array forms of actin) in the severely affected hyphae
(Fig. 4f and 4h) and cystospores (Fig. 3d). The actin pla-
ques decreased in cystospores before lysis (Fig. 3j) in com-
parison to the control cystospores (Fig. 3b). However, cysts
that germinated in the presence of SB-K88 extract had
deformed germ tubes and slight or no actin fluorescence
was visible at this stage of the cell (Fig. 3g) compared to
normal organization in control (Fig. 3f).

3.4. Latrunculin B induced hyphal F-actin disruption and

cystospore germination including corresponding changes in
hyphal morphology

Both microfilaments and plaques of F-actin were dis-
rupted in the hyphae growing towards a paper disk con-
taining latrunculin B at a dose of 1 lg (Fig. 4j) resulting
in inhibition of polar growth by inducing excessive branch-
ing and curling (Fig. 4i). However, when latrunculin B
induced hyperbranched A. cochlioides hyphae were placed
on a new PDA plate, the polar growth of hyphae returned
to normal (data not shown). When motile zoospores of



Fig. 4. Differential interference contrast (DIC) micrographs (a, c, e, g, and i) and their corresponding confocal images (b, d, f, h, and j) showing F-actin
organization in control and excessively branched and curled hyphae (induced by Lysobacter sp. SB-K88) of Aphanomyces cochlioides. (b) Normal
organization of F-actin in A. cochlioides hyphae (control). Arrow and arrowhead indicate distinct cap (arrays only) and a plaque of F-actin, respectively.
(d, f, and h) Disorganized and disrupted F-actin in the excessively branched and curled hyphae. The plaques became smaller and the arrays were
disorganized and concentrated irregularly. (j) Disrupted F-actin in latrunculin B treated overbranched hypha (1 lg per disk) (i). Bars in (a), (b), (i), and (j)
indicate 10 lm.
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A. cochlioides were exposed to latrunculin B at a dose of
1 lM, they lost motility and became round cystospores.
These cystospores produced curly and bulged germ tubes
with disrupted F-actin organization (Fig. 3l). This disrup-
tion of F-actin organization was quite similar to the effect
of EtOAc extract on A. cochlioides zoospores (Fig. 3j).

4. Discussion

This study has revealed the underlying mechanisms of
A. cochlioides growth inhibition by Lysobacter sp. SB-
K88 which is generally expressed through excessive branch-
ing and curling of pathogen hyphae. TEM investigation
has convincingly proved that the excessive branching and
curling that occurred was due to marked ultrastructural
alterations, including invagination of membrane, disinte-
gration or necrosis of cell wall, accumulation of excessive
lipid bodies, enlarged and electron-dense vacuoles, and
degradation of cytoplasm (Fig. 2). Hyphal cell walls of
Peronosporomycetes are composed of b-1,3- and b-1,6-glu-
cans and cellulose. Lysobacter species are known to pro-
duce several antibiotics (Bonner et al., 1988; O’Sullivan
et al., 1988; Nakayama et al., 1999; Folman et al., 2003,
2004; Hashizume et al., 2004; Yu et al., 2007) and antimi-
crobial enzymes, including b-1,3-glucanase (Zhang and
Yuen, 2000; Zhang et al., 2001; Palumbo et al., 2003).
Results of ultrastructural investigation (Fig. 2e–g) such as
A. cochlioides hyphal cell wall necrosis thus can be attrib-
uted to SB-K88 antibiotic activity or lytic enzymes acting
in concert with xanthobaccin A (Nakayama et al., 1999;
Islam et al., 2005).

One among many interesting observations from TEM
analyses was the presence of daughter hyphae inside the
original hyphal cells of A. cochlioides due to interaction
with Lysobacter sp. cells (Fig. 2i). These changes are similar
to the changes that occurred in Fusarium culmorum (WG
Smith) Sacc. treated with an ergosterol biosynthesis inhib-
iting fungicide tebuconazole (Kang et al., 2001). The
daughter hyphae also showed similar alterations as the
mother hyphae (Fig. 2h and 2i). To the best of my



M.T. Islam / Biological Control 46 (2008) 312–321 319
knowledge this is the first report of such observation in
Peronosporomycetes interacting with living rhizoplane
bacteria. Other phenomena observed at day 5 of interac-
tion were the enlargement of the vacuoles that occupied
most of AC-5 hyphal lumen (Fig. 2h) and sinking of lipid
bodies into the vacuoles (Fig. 2g). The extensive vacuola-
tion phenomenon was previously observed in the hyphae
of root rot pathogen Fusarium oxysporum f. sp. radicis-
lycopersici Jarvis and Shoemaker in tomato rhizosphere
upon inoculation with the biological control agent Pseudo-

monas chlororaphis (Guignard and Sauv.) Bergey et al.
PCL1391 (Bolwerk et al., 2003). As vacuoles are known
to play a role in degradation of the redundant organelles
(Klionsky et al., 1990; Weber, 2002), electron-dense vacu-
oles observed in necrotic hyphae could have been due to
the degradation of the redundant lipids (Deora et al.,
2006). Biocontrol potentials of soilborne plant diseases
by some strains of Lysobacter spp. have been reported by
many researchers (Nakayama et al., 1999; Zhang and Yuen
1999; Yuen and Zhang 2001; Islam et al., 2005). This study
for the first time illustrated the mode of antagonism of the
biocontrol bacterium, Laysobacter sp. against a Peronos-
poromycetous phytopathogen, A. cochlioides, at the ultra-
structural level. Ultrastructural changes have also been
observed in the affected cells of the cucurbit fungal patho-
gen Podosphaera fusca (Fr.) U. Braun and Shishkoff during
interaction with antagonistic strains of Bacillus subtilis

(Ehrenb.) Cohn (Romero et al., 2007).
Another novel finding of the present study includes dis-

ruption of F-actin networks in hyphae of A. cochlioides by
Lysobacter sp. SB-K88 (Fig. 4). An actin binding drug,
latrunculin B, induced similar F-actin disruption in the
affected hyphae. The growth inhibition pattern through
inducing excessive branching and curling in A. cochlioides

hyphae by both living SB-K88 and commercial inhibitor
latrunculin B was similar, indicating excessive branching
and curling in hyphae of A. cochlioides was induced by
SB-K88 are likely due to disruption of F-actin organization
in the cells. Because the secretory vesicles are transported
along actin cables to sites of polarized growth, the organi-
zation of the actin cable network includes components of
the polarisome (Evangelista et al., 2002; Sagot et al.,
2002). Although, Heath et al. (2000) earlier showed that
disruption of F-actin in the excessively branched hyphae
of Saprolegnia ferax induced by latrunculin B, this study
for the first time demonstrates that a biocontrol bacterium,
Lysobacter sp. SB-K88 disrupts F-actin organization in
hyphae of a peronosporomycete phytopathogen, A.

cochlioides.
Another noteworthy observation was that halted and

encysted zoospores due to the action of EtOAc extracts
of SB-K88 had diminished F-actin plaques (Fig. 3). Cys-
tospores that were able to germinate in the presence of
low concentrations of EtOAc extracts of SB-K88
(1 lg ml�1) culture fluids (Fig. 3g) or latrunculin B
(1.0 lM) (Fig. 3l) had disrupted F-actin and malformed
germ tubes. Using an F-actin assembling inhibitor, latrun-
culin B, Bachewich and Heath (1998) showed that radial F-
actin participates in initiation of tip formation and mainte-
nance of hyphal tip growth in Saprolegnia ferax. In this
study, both the bacterial metabolites and latrunculin B
equally inhibited motility of zoospores, caused defective
germination of cystospores, and disrupted F-actin in the
affected spores (Fig. 3). These results clearly showed that
SB-K88 produces F-actin disrupting metabolites against
pathogenic A. cochlioides resulting in excessive branching
and curling of hyphae (Heath and Harold, 1992; Heath
et al., 2000; Riemann et al., 2002; Katsaros et al., 2006).
In previous studies, it was confirmed that EtOAc extracts
of SB-K88 culture fluids contain bacterial antibiotics pre-
dominantly xanthobaccin A (Nakayama et al., 1999; Islam
et al., 2004a, 2005). This is the first report to describe dis-
ruption of F-actin in phytopathogenic zoospores by the
secondary metabolites secreted from a biocontrol bacte-
rium. Disruption of F-actin in human cells by marine nat-
ural products such as pectenotoxin-6 (Leira et al., 2002)
and okadaic acid has been reported (Fiorentini et al.,
1996). Further study to determine whether this phenome-
non is caused by the macrocyclic lactam antibiotics
secreted from the Lysobacter sp. may also help to design
a biorational control measure against economically impor-
tant soilborne Peronosporomycete phytopathogens
(Nakayama et al., 1999; Islam et al., 2005; Yu et al., 2007).

Bacteria and unicellular eukaryotes, such as yeasts and
filamentous fungi, are found together in a myriad of envi-
ronments and exhibit both synergistic and antagonistic
interactions (Hogan and Kolter, 2002). The cytoskeleton
is considered as a regulator and target of biotic interactions
in the rhizosphere (Tekemoto and Hardham, 2004). This
study provides convincing evidence that a rhizoplane
bacterium, Lysobacter sp. SB-K88, has direct inhibitory
effect on growth and development of damping-off pathogen
A. cochlioides living in the same ecosystem. This activity is
attributable to a combination of cytoskeletal F-actin dis-
ruption and ultrastructural alterations in the zoospores
and hyphal cells. The combined effects caused complex
responses which led to a series of intracellular events and
ultimately death of the pathogen. A further study is needed
to elucidate the signal transduction pathways of excessive
branching and curling in A. cochlioides hyphae by bacterial
secondary metabolites.
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