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Short Communication 

Characteristics of stress response in a mushroom-pathogenic 
bacterium, Pseudomonas tolaasii, during the interaction 
with Pleurotus ostreatus and carbon/nitrogen starvation 
in vitro 
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A brown blotch bacterium, Pseudomonas tolaasii strain PT814,  expresses a high degree of cross-protection against 
generalized stress imposed by physical/chemical treatment, H202, UV, high temperature, ethanol and NaCI during the 
interaction with Pleurotus ostreatus. Stress resistance was also noted in the bacterium in vitro under limited carbon and 
nitrogen sources. In addition, changes in cell morphology from a "metabolically active" rod to an "energy-saving" 
spherical shape were detected during starvation and the interaction. All the changes under stress were reversible. A 
homologue of rpoS (os), a regulator that controls such physiological status during starvation in other bacteria, was iden- 
tified in P. tolaasiistrain PT814. Data suggest that the bacterium is able to withstand a complex stress environment for 
its survival through changes in its metabolic pattern. 
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Bacteria have evolved mechanisms to adapt themselves 
to a natural habitat where they are frequently exposed to 
nutrient limitation as well as physical/chemical stresses. 
Such adaptive mechanisms have been studied from the 
angle of stress physiology mostly in enterobacteria, 
Escherichia col~ (Migula) Castellani & Chalmers, marine 
Vibrio spp., and Salmonella typhimurium (Loeffler) 
Castellani & Chalmers (Hengge-Aronis, 1993; Nystrom 
et al., 1 991; Spector and Cubitt, 1992). Under such an 
adverse environment, bacteria become resistant to 
generalized or physical/chemical stresses imposed by oxi- 
dation, UV-radiation, heat, solvents and osmolytes, 
switching their metabolic status to limit the use of energy 
and changing their morphology from a "metabolically ac- 
t ive" rod to an "energy-saving" spherical shape (Kolter et 
al., 1993). Genetic analysis revealed that all these 
events are attributable to the expression of various genes 
that are concurrently controlled by an alternative # factor 
(rpoS) of RNA polymerase present in the bacteria 
(Hengge-Aronis, 1993). Recently, physiological charac- 
teristics similar to those reported in enterobacteria have 
been detected in plant-growth-promoting pseudo- 
monads, Pseudomonas fluorescens (Trevisan) Migula 
and P. putida (Trevisan) Migula, and phytopathogenic P. 
syringae van Hall, in which the mechanisms involved play 
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a critical role in their ecology (Givskov et al., 1994; KIotz, 
1993; Sarniguet et al., 1995). 

Pseudomonas tolaasii Paine strain PT814 is the 
causal agent of brown blotch disease in a cultivated 
mushroom, Pleurotus ostreatus (Jacq.: Fr.) Kummer 
(Suyama and Fujii, 1993). The bacterium is known to 
persist not only in the host but also in water, spawn, and 
other materials in the cultivation facil i ty where nutrients 
are very scarce as compared with their optimum such as 
under in vitro culture (Suyama, 1994; Suyama and Fujii, 
t993).  EJucidation of the mechanisms involved in the 
survival of bacteria may give a clue to the control of the 
bacterial reservoir for the prevention of disease develop- 
ment in the cultivation of P. ostreatus and other edible 
fungi. In the present study, the ability of P. tolaasii 
strain PT814 to cross-protect itself from generalized 
stress in response to changes in growth conditions was 
examined. Along with physiological data, genetic evi- 
dence showing the presence of a stress-responding regu- 
lator, rpoS, in P, tolaasii strain PT814 provides informa- 
tion about the physiological phenomena involved in sur- 
vival of the mushroom pathogenic bacterium. 
Stress response during starvation and host-parasite inter- 
actions Pseudomonas to/aasi/strain PT814 was grown 
in P. ostreatus fruit ing bodies at 14 and 24~ and 
periodically harvested as described by Tsukamoto et al. 
(1998; Fig. 1A). The harvested bacterial cells were 
washed with the STY medium, collected by centrifuga- 



82 H. Murata 

t ion (4 ,000 x g  for 5 min), resuspended in the STV medi- 
um, and exposed to var ious components  of general ized 
stress, e.g.,  H202 (0.3, 0.6, and 1.2 M/30  min), UV (1 50, 
300,  and 600e rg ) ,  15~ ethanol (10, 20, and 4 0 m i n ) ,  
4 2 ~  (10, 20, and 4 0 m i n )  and osmot ic  stress w i th  
2 . 5 M  NaCI (5, 10, and 20m in ) .  Composi t ion of the 
STV med ium was  the same as that  of minimal  salts- 
glucose med ium described by Murata et al. (1991) ex- 
cept for the addi t ion of 0.02~ glucose instead of O.4~ 
and 0.01 5 mM of ammon ium sulfate instead of 7.6 raM. 
In a parallel exper iment  in v i t ro,  the bacter ium was  g rown  
in the minimal  sal ts-glucose broth medium at 24~  and a 
port ion of the culture was  harvested during the exponen- 
tial g row th  phase for physical /chemical  stress t reat-  
ments,  whi le  another port ion was  placed in the STY 
medium for fur ther  culture (Fig. 1A). Samples in the 
STY med ium were  harvested 2 and 4 h af ter the bacte- 
rial g row th  s topped,  and cross-protect ion against stress- 
es was  tested (Fig. 1A). Viable bacterial cell numbers 
were determined based on co lony- forming units on 
Pseudomonas agar F (Difco) af ter  appropr iate di lut ions. 

Bacterial cells g rown  in P. o s t r e a t u s  f ru i t ing bodies 
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were  more resistant to all the stresses examined than 
those in the exponent ia l  g r o w t h  phase in minimal salts- 
glucose medium regardless of the g row th  temperature  
used (Figs. 1B-F). Resistance to H202, UV-radiation, and 
tempera ture  at 4 2 ~  was  remarkable in that  the viable 
cell counts were more or less the same as in the contro l  
w i t h o u t  t rea tment  (Figs. 1B-D). It was  also noted tha t  
the bacter ium g rew as wel l  on P. o s t r e a t u s  f rui t ing bodies 
at 14~ as it did at 24~  the op t imum temperature  in 
the minimal  sal ts-glucose medium,  though at a rate far 
be low that  of op t imum g row th  in vi t ro.  Cross-protec- 
t ion against these stresses was  noted in bacterial cells on 
the frui t ing bodies at various g row th  stages such as 2 
and 4 d after the inoculat ion in P. os t rea tus .  

Bacterial cells col lected f rom cul tures in the STY 
med ium showed a s igni f icant level of cross-protect ion 
against t rea tment  w i th  H202, 42~  NaCI, and ethanol 
(Fig. 1). They were ,  however ,  as sensit ive to the UV- 
radiat ion as those f rom the exponent ia l  g row th  (Fig. 1C). 
The stress resistance was  enhanced by a prolonged star- 
vat ion period, e.g.,  cells subjected to starvat ion for 4 h 

Fig 1. Survival of P. tolaasi istrain PT814 exposed to general- 
ized stress. 
A. Growth curve of P. tolaasi istrain PT814. Approximate- 
ly 1 x 108 cells of the bacterium were precultured in minimal 
salts-glucose medium to the early log phase, then reinocu- 
lated in minimal salts-glucose medium (closed circle) or STY 
medium (open box) and cultured further at 24~ or 
reinoculated on fruiting bodies of P. ostreatus and incubat- 
ed further at 14~ (open triangle) or 24~ (closed triangle). 
Samples were harvested at the growth phase indicated by 
arrows: (a) exponential phase in vitro, (b) starvation for 2 h 
in vitro, (c) starvation for 4 h in vitro and (d) culture on P. 
ostreatus for 24 h. Bacterial growth is expressed in colony- 
forming units/ml (CFU). 
B-F. Survival of P. tolaasii strain PT814 subjected to various 
pre-culture treatments under various stresses. Bacterial 
cells collected from the pre-culture by centrifugation 
(4 ,000xg for 5 min) were washed with the STV medium, 
collected again by centrifugation and resuspended in the 
media (basic medium: STV) for stress treatments. Viable 
cell numbers were determined based on colony-forming 
units on Pseudomonas agar F after washing with sterile 
water and appropriate dilution. The term "relative viable 
cell numbers" stands for viable cell numbers after exposure 
to stress/viable cell numbers without treatment. Symbols: 
closed circle, exponential phase cultures in vitro; closed 
box, starvation for 2 h in vitro; open box, starvation for 4 h 
in vitro; closed triangle, culture on P. ostreatus at 24~ 
open triangle, culture on P, ostreatus at 14~ 
B. Survival of P. tolaasii strain PT814 in the presence of 
hydrogen peroxide. Bacterial cells resuspended in the STY 
medium were exposed to 0.3, 0.6, and 1.2M H202 for 
30 min. 
C. Survival of P. tolaasii strain PT814 under various doses 
of UV. 
D. Survival of P. tolaasii strain PT814 under 42~ treat- 
ment. 
E, Survival of P. tolaasfi strain PT814 under high osmotic 
pressure with 2.5 M NaCI. 
F. Survival of P. tolaasii strain PT814 in the presence of 
15%o ethanol. 
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better protected themselves than those exposed to the 
stress for 2 h (Fig. 1). Water extracts of P. ostreatus 
fruiting bodies and trehalose, which were previously 
reported to activate tolaasin production in P. tolaasii 
strain PT814 (Murata and Magae, 1996; Murata et al., 
1998), did not affect the stress resistance when incorpo- 
rated into the minimal salts medium. 

Among the stresses, exposure to UV acted different- 
ly on the physiology of P. tolaasii strain PT814 under 
starvation and on the host. It is most likely that at least 
two types of stress resistance mechanisms are involved: 
(i) the starvation-inducible general stress resistance con- 
trolled by rpoS (Hengge-Aronis, 1993) and (ii) the SOS 
system controlled by recA that operates in response to 
DNA damage caused by UV, mytomycin C, and nalidixic 
acid (Walker, 1987). It is assumed that the bacterium 
expresses strong resistance to UV during the host-para- 
site interaction as a result of its response to DNA-damag- 
ing agents from the host, P. ostreatus, which operates in 
addition to the response to nutrient limitation. 

The changes in cell morphology from a "metabolical- 
ly active" rod to an "energy saving" spherical shape were 
detected during both starvation and the interaction with 
P. ostreatus fruiting bodies (Fig. 2). It is interesting to 
note, however, that although bacterial cells associated 
with the fruiting bodies were as small as those under 
starvation in vitro, they showed a septum between at- 
tached cells indicating the occurrence of cell division (Fig. 
2). In contrast, no sign of cell division was found in the 
starvation culture (Fig. 2). The spherical cells returned 
to the rod shape and lost the resistance to stresses when 

returned to nutrient-rich in vitro culture. The acquisition 
of the ability to tolerate generalized stress during starva- 
tion by P, tolaasiistrain PT814 and during the interaction 
with P. ostreatus suggests the presence of a system for 
survival controlled by an alternative sigma factor, a s, 
reported in other bacteria during starvation, which may 
also operate during the host-parasite interaction. 
Molecular cloning of rpoS in P. tolaasii strain PT814 To 
determine whether P. tolaasii strain PT814 is equipped 
with a system involved in stress resistance in response to 
starvation, a search was conducted for an rpoS homolo- 
gue in a genomic library of P. tolaasii strain PT814 con- 
structed in a cosmid vector pLAFR5 (Keen et al., 1988; 
Murata et al., 1998). Colony hybridization was conduct- 
ed in the library by using the [a-P32]dCTP-labeled EcoRI 
fragment of pJEL5649 that contains rpoS of P. 
fluorescens strain Pf-5 (Sarniguet et al., 1995). We ob- 
tained four plasmids showing strong hybridization sig- 
nals. Since restriction analysis revealed that the four 
cosmids consisted of the same DNA segment, we further 
investigated one representative plasmid, pHHM121, in 
detail. 

A 3.1 kb EcoRI fragment of pHHM121 was found to 
carry the rpoS homologue by Southern hybridization anal- 
ysis using the same probe as that employed for colony 
hybridization. The fragment was cloned in a vector, 
pBluescript SK + (Stratagene, La Jolla, CA), from which 
various subclones and deletion derivatives were further 
constructed (Fig. 3). Nucleotide sequence analysis con- 
ducted on pHHM 121 derivatives by using Dye primer FS 
core reaction kit and ABI prism 377 sequencer (Perkin 
Elmer Japan, Urayasu) revealed the presence of an open 
reading frame (ORF) of 1,008 bp, sufficient to encode 
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Fig. 2. Cell morphology of P. tolaasii strain PT814 during the 
exponential growth phase in minimal salts-glucose medium 
(1), starvation in the STY medium (2), and after the interac- 
tion with P. ostreatus fruiting bodies (3). 

Bacteria were collected, stained with 2% crystal violet- 
0.8~ ammonium oxalate-20~ ethanol, and observed under 
a light microscope ( x 1,000). 
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3. Restriction endonuclease map of the 3.1 kb EcoRI DNA 
segment of P. tolaasii strain PT814 containing the rpoS 
homologue, and schematic representation of further sub- 
cloning for nucleotide sequencing. 

The cloned EcoRI fragment is indicated by a solid bold 
line. Arrows below the line depict the insert DNA of the 
subclones used for nucleotide sequencing and the direction 
of sequence analysis. The hatched bar indicates the ORF 
predicted to encode rpoS. Symbols: A, Apal; C, Clal; E, 
EcoRI; K, Kpnl; P, Pstl; S, Sail; Sa, Sacl; Sc, Sacll; Se, Spel; 
Sm, Smal; V, EcoRV. 
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Pt: MALSKEAP E F DIBDEVL LEME ILTEKESMSND - - EGSATPSVRTKSKNSTALKQHKYI DY 
Pf: MALSKEVPEFDIDDEVL L-MESSZDMDSMSNN-- EGATPPSVRTKSKSSASLKQHKYIDY 
Ec: MFRQGITGRSHLMSQNTLKVHDLNEDAE FDENGVEVLDEKALVEQEPSDNDLAEEEL LSQ 

Region 1.2 Region 2. l 
---TRAL I DATQLYLNEIGFSPLLTPEEEVHFARLSQKG I DPAG IRKRMTESNLRLVVKIARR I 
---TRAL I DATQLYLNEIGFSPLLSPEEEVHFARLSQSG I DPAG l RKRMIESNLRLVVKIARRI 
GATQ,RVL I DAT.QLYLGE.,IGYSPLLTA.EEE, VYF.A.RRALR.G I DVAS IRR,R.N,IE,SNLR.LV,VK,IARR] 

Region 2 2 Region 2,3 RegJon 2.4 
~ IRGLSLLDLIEEGNLGL IRAVII EKFDPERGFRFSTYATWW III RQTI E RAIMNQTRTIRL Pl 

IRGLSLLDLI EEGNLGL IRAVII EKFDPERGFRFSTYATWWIIIRQTIERAIMNQTRTIRLPI 

(Helix-Turn-Helix) Region 3. l 

~I 
VKE LNVYLRAARELTQKLDHE PSPEEIANLLEKPVGEVKRMLGLNERVSSVDVSLGPI 

I VKELNVYLRAARELTQKLDHE PSPEEIANLLEKPVAEVKRMLGLNERVSSVDVSLGPI 
I VKE L NVYL RTARELSHKLDHE PSAE E,IAEQLDKPVDDVSRML RLNERITSVDTPL GGI 

Region 3.2 Region 4. l 

~I 
OKTLLDTLTDDRPTDPCELL] QDODLSQSIDQWLS IELTDKQREVVIRRFGL] RGHE Fs~ 
IDKTLLDTLTDDRPTDPCELL] QDDDLSQSIDQWLS IELTEKQREVVVRRFGL| RGHE ISgTLI 
IEI.I.I.I~,L,L~_DILADEKENGPEDTT] QDDDMKQS~VKW.LF IE.LNAK.QREVLARRFGLI LGYE AAL.~T.L 

(Helix-Turn Helix) Region 4,2 

EDVGLEIGLTRERVRQIQVEGLKRLREILEK NGLSSESLFQ- 
EDVGLE~GLTRERVRQIQVEGLKRLRE~LEK NGLSSESLFQ- 

I .EDV,GR.E I ,GL.TRE.RVR,Q,IQVE..GLR~ ~ ~QTI Q,G,kNI,EALFRE 

Fig. 4. Comparison of amino acid alignment of predicted RpoS 
of P. tolaasii strain PT814 (Pt) with RpoS of P. fluorescens 
Pf-5 (Pf; Sarniguet et al., 1995) and E. coil (Ec; Mulvey and 
Loewen, 1989). 

Regions conserved among sigma factors (Lonetto et al., 
1992) are boxed in. Based on information currently availa- 
ble (Lonetto et al., 1992), region 2.1 operates for DNA 
strand opening and binding to the core polymerase, region 
2.3 for DNA strand opening, region 2.4 for recognition of 
the --10 promoter region, region 3.1 for DNA binding, 
region 3.2 for binding the core polymerase, and regions 4.1 
and 4.2 for recognition of the --35 promoter region. Roles 
of regions 1.2 and 2.2 have not yet been clarified. Se- 
quences carrying a helix-turn-helix motif are indicated. 
Asterisks denote amino acid residues that are identical in all 
three sequences. 

336 amino acid residues (Figs. 3, 4; GenBank/EMBL/ 
DDBJ accession number AB006073). This ORF is 
preceded by a putative Shine-Dalgarno sequence (AAGG; 
Shine and Dalgarno, 1974) located 9 bp upstream of the 
putative ATG start codon. The probability that a coding 
region is present in this ORF gives a score of 1.31 in the 
TESTCODE indicator based on computation by the 
method of Fickett (1982). This value satisfies the re- 
quirement for the standard of coding sequences (>0.95)  
and is the highest probability in the sequenced 3,120 bp 
DNA. 

The putative gene product encoded in the ORF has 
an amino acid sequence 82~ identical with the se- 
quence of RpoS reported in P. fluorescens and E. coil 
(Fig. 4). It contains four regions conserved within the 
family of RNA polymerase r factors of which regions 2 
and 4 are highly conserved as compared with regions 1 
and 3, which is consistent with the observation reported 
in other members (Fig. 4; Lonetto et al., 1992). The 
most conserved sequence was found in region 2, which 
participates in the binding of the core polymerase (region 
2.1), opening of DNA strand (regions 2.1 and 2.3), and 
sequence-specific contacts in the -10 promoter region 

(region 2.4) (Fig. 4). Regions 3 and 4 of the predicted 
product of ORF also contain a typical helix-turn-helix 
motif, confirming their role in DNA-binding (Fig. 4; 
Lonetto et al., 1992). The data strongly suggest that 
the cloned ORF of P. tolaasii strain PT814 encodes the 
starvation-induced stress response regulator, RpoS. 
Concluding remarks The present study demonstrated 
that a devastating bacterial pathogen of cultivated 
mushrooms, P. tolaasii, activates a stress-resistant sys- 
tem in response to starvation as well as host interactions. 
With respect to the host-parasite interactions, only a few 
cases have been reported of the activation of cross-pro- 
tection against generalized stress during both starvation 
and the interactions in enterobacteria (Kowarz et al., 
1994) and, so far, none in plant- or fungus-interacting 
pseudomonads. While the expression of stress 
resistance confers on bacteria the means of survival, 
regulators involved in the cross-protection have been 
reported to control the production of secondary metabo- 
lites that play a role in bacterial ecology. For instance, 
rpoS has been reported to control the production of sys- 
temic virulence factors in S. typhimurium (Kowarz et al., 
1994) and antifungal agents in a plant-growth-promoting 
bacterium, P. fluorescens (Sarniguet et al., 1995). 
recA, the regulator controlling the DNA-repair-system in 
response to DNA damage, is required for pectin lyase 
production in a plant pathogenic bacterium, Erwinia 
carotovora subsp, carotovora (Jones) Bergey, Harrison, 
Breed, Hammer & Huntoon (McEvoy et al., 1992). 

The fact that tolaasin production is strongly activat- 
ed during the stationary growth phase suggests that the 
production of tolaasins, the toxins primarily responsible 
for brown blotch disease, in P, tolaasiistrain PT814 could 
be regulated by a starvation-regulatory system controlled 
by rpoS (Murata and Magae, 1996; Murata et al., 1998). 
Whether host components that activate the stress 
resistance in P. tolaasii strain P-1"814 also stimulate 
pathogenic factor production in the bacterium has to be 
clarified by further studies at the molecular level. 
Cloned rpoS will be useful in such an approach in order to 
construct a P. tolaasfi strain carrying inactivated rpoS in 
the genome and to analyze at the molecular level the role 
of regulators in the control of pathogenicity under the 
inf luence of environmental stimuli. Further investiga- 
tions of host factors and bacterial regulatory elements 
may allow elucidation of the mechanism of mushroom- 
pathogen interactions and offer a clue to new means of 
control. 
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