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rtpA, a gene encoding a bacterial two-component sensor 
kinase, determines pathogenic traits of Pseudomonas 
tolaasii, the causal agent of brown blotch disease of a 
cultivated mushroom, Pleurotus ostreatus 
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Pseudomonas tolaasiistrain PT814 produces extracellular toxins, tolaasins, and a volatile toxin, tovsin, that are respon- 
sible for the induction of brown blotch and rotting, respectively, in a cultivated mushroom, Pleurotus ostreatus. Inser- 
tions of single transposon mini-Tn5km 1 into the chromosome of P. tolaasii strain PT814 generated mutants that are 
pleiotropically defective in tolaasin and protease production, and altered in colony morphology. The mutants, however, 
produce tovsin at the level of wild-type. Variants phenotypically similar to the pleiotropic mutants of P. tolaasiistrain 
PT814 spontaneously occurred in P. tolaasii strain $8501 at 2 2 - 3 0 ~  in vitro. The occurrence of variants was sig- 
nificantly reduced in the presence of extracts of P. ostreatus or at a temperature of 15 -20~  The rtpA gene 
(rtpA=regulator gene of tolaasin production and other pleiotropic traits) isolated from a P. tolaasii strain PT814 gene 
library restored the wild-type phenotype in both the mini-Tn5km 1 insertion and spontaneous mutants, mini-Tn5km 1 in- 
sertions were also located in the allele of rtpA. Nucleotide sequencing of the rtpA DNA revealed an open reading frame 
of 2,751 bp predicted to encode a protein consisting of 917 amino acid residues with a molecular mass of 100.6 kDa and 
displaying the conserved amino acid sequence of both sensor and receiver domains of "bacterial two-component regula- 
tors." The data suggest that the machinery responding to environmental stimuli is essential for the pathogenic interac- 
tion of P. tolaasii with the mushroom. 
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Pseudomonas tolaasii Paine is the causal agent of brown 
blotch disease in cultivated mushrooms, Pleurotus os- 
treatus (Jacq.: Fr.) Kummer and Agaricus bisporus 
(Lange) Singer (Suyama and Fujii, 1993; Tolaas, 191 5). 
The primary determinant of pathogenicity is extracellular 
toxins, i.e., tolaasins, produced by the bacterium (Murata 
and Magae, 1996; Nutkins et al., 1991; Rainey et al., 
1993; Shirata et al., 1995). Chemical and genetic 
analyses of P. tolaasiistrain NCPPB1116, an isolate from 
diseased A. bisporus, first revealed the identity of tolaa- 
sin as a low-molecular weight lipodepsipeptide, which is 
apparently synthesized by the products encoded by a ca. 
65kb DNA segment of the bacterium (Nutkins et al., 
1991; Rainey et al., 1993). Tolaasin induces the dis- 
ease by damaging the host cells through its action on cell 
membranes as a biosurfactant (Hutchison and John- 
stone, 1993). 

Recent developments in the molecular approach to 
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plant/mammal-bacterium interactions have revealed that 
the expression of a pathogenic process in a bacterium is 
controlled by signals from the hosts and regulatory 
elements in the bacterium that respond to such stimuli 
(Alfano and Collmer, 1996; Dziejman and Mekalanos, 
1995). A typical case is the bacterial two-component 
regulatory system (Stock et al., 1989; Stock et al., 
1995). Among the regulators belonging to this class, 
bvgS/lemA and gacA families have been identified in 
fluorescent pseudomonads that control the production of 
various antifungal agents (Corbell and Loper, 1995; Hra- 
bak and Willis, 1992; Laville et al., 1992). Regulators 
belonging to the bvgS/lemA family include sensor histi- 
dine protein kinase represented by the bvgS gene product 
of Bordetella pertussis (Bergey, Harrison, Breed, Hammer 
et Huntoon) Moreno-Lopez, in which signals are trans- 
mitted by a series of phosphorylation relays to the 
response regulator (Uhl and Miller, 1995). By contrast, 
GacA is a response regulator which receives signals by 
phosphorylation and activates the expression of the tar- 
get gene (Laville et al., 1992). The pheN gene of P. 
tolaasii strain NCPPB1116 that is required for tolaasin 
production is reported to be a regulator gene belonging to 
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the bvgS/lemA family (Grewal et al., 1995). 
While the pathogenic mechanisms of a P. tolaasiiiso- 

late from A. bisporus in Europe have been intensively stud- 
ied (Grewal et al., 1995; Hutchison and Johnstone, 
1993; Nutkins et al., 1991; Rainey et al., 1993), little is 
known about the interaction between P. tolaasii and P. 
ostreatus. Analysis of genes involved in the host-para- 
site relationship between P. tolaasii and P. ostreatus is of 
interest primarily in v iew of the fol lowing two aspects. 
(i) It has been reported that there is a great diversity 
among P. tolaasfi isolates (Thorn and Tsuneda, 1996), 
suggesting their unique relationship wi th ecologically 
different hosts, e.g., A. bisporus, a meadow mushroom, 
versus P. ostreatus, a wood-rott ing fungus (Chang and 
Miles, 1989). (ii) P. tolaasii isolated from P. ostreatus 
has been demonstrated to show interesting behavior in 
parasitism involving patho-toxins under genetic control 
(see below). 

Brown blotch disease in P. ostreatus caused by the 
bacterium was first reported by Suyama and Fujii in 
1993, many years after the discovery of a similar disease 
in A. bisporus. The recognition of the disease, however, 
contributed much to the development of cult ivation 
worldwide of specialty mushrooms including P. ostrea- 
tus. Subsequently, tolaasins of P. tolaasiistrains isolat- 
ed from diseased P. ostreatus, PT814 and $8501, were 
identified as elicitors of pathogenesis and found to be 
chemically similar to tolaasins reported in a diseased A. 
bisporus isolate, NCPPB1116 (Murata and Magae, 1996; 
Shirata et al., 1995). In addition to general similarities, 
however, unique features of the interaction between P. 
tolaasiiand P. ostreatus were recognized. For example, 
P. ostreatus developing the brown blotch symptom con- 
tinues to rot due to a volatile toxin, tovsin, produced by 
P. tolaasii only when it is in contact wi th P. ostreatus 
(Shirata, 1996). Preliminary data also indicate that com- 
ponents of P. ostreatus fruit ing bodies activate tolaasin 
production (Murata and Magae, 1996), supporting the 
hypothesis that P. tolaasii strains causing disease in P. 
ostreatus have a machinery enabling them to interact 
specifically wi th P. ostreatus. 

In the present study, we attempted to analyze the 
genetic control of pathogenicity of P. tolaasii isolated 
from diseased P. ostreatus in Japan. Two-types of 
avirulent mutants of P. to/aasii were characterized: one 
generated by using a transposon delivery system, Es- 
cherichia coil (Migula) Castellani et Chalmers strain 
$1 7-12pir (pUT::mini-Tn5kml) (De Lorenzo et al., 1990), 
on a genetically stable P. tolaasii strain PT814; and the 
other that spontaneously occurs at a high rate in 
response to changes in growth conditions. The study 
demonstrates that a gene encoding the bvgS//emA family 
of the bacterial two-component regulator is required for 
the induction of brown blotch disease in P. ostreatus, the 
regulator being similar to but not identical wi th pheN of P. 
tolaasii strain NCPPB1116. Together wi th our previous 
observations on the activation of pathogenicity factors 
by host components, the present analysis provides a ba- 
sis for future investigations into the signal transduction 
system functioning during the interaction between P. 

tolaasii and P. ostreatus. 

Materials and Methods 

Bacterial strains and plasmids Bacterial strains and plas- 
raids used are listed in Table 1. Escherichia coil and P. 
tolaasiistrains carrying drug markers were maintained on 
Luria-Bertani (LB) agar and Pseudomonas agar F (PAF), 
respectively, supplemented with antibiotics as required. 
Source of cultivated mushrooms P/eurotus ostreatus 
cultivated in a spawn containing sawdust (Chang and 
Miles, 1989) was provided by a local mushroom grower. 
Media LB, PAF, and its liquid version (PF-broth) were 
prepared as recommended by the manufacturer (Difco). 
Standard compositions of a minimal salts-carbohydrate 
medium and water extracts of fruiting bodies of P. 
ostreatus (OME; oyster mushroom extracts) were 
described previously (Murata and Magae, 1996; Murata 
et al., 1991). Decoction of cultivated mushrooms was 
prepared in the same manner as for water extracts ex- 
cept that water containing the fruit ing bodies was boiled 
for 30 rain instead of being incubated at room tempera- 
ture for 2 h. When desired, antibiotics were added as 
fol lows (/xg/ml): ampicillin (Ap), 50; chloramphenicol 
(Crn), 50; kanamycin (Kin), 50 for E. coliand 100 for P. 
tolaasii; tetracycline (Tc), 10 for E. coil and 100 for P. 
tolaasii. Media were solidified by the addition of 1.5~ 
agar (Wako Pure Chemical, Osaka). 
Toxin assay The production of tolaasin was examined 
by observing the occurrence of a white line (WL) on PAF 
(Rainey et al., 1993; Wong and Preece, 1979), or black- 
ening of a potato tuber slice (Shirata et al., 1995). The 
levels of tolaasin were semiquantitatively determined by 
scoring the extent of the zone of inhibition of Clavibacter 
michiganensis subsp, rnichiganensis (Smith) Davis, Gil- 
laspie, Vidaver et Harris on PAF after the application of 
serially diluted tolaasin samples (Murata and Magae, 
1996; Shirata et al., 1995). 

The level of tovsin was determined by the inhibition 
of germination of Kactuca sativa L. seedlings as 
described by Shirata (1996). Briefly, Kactuca sativa 
seeds on a wet filter disk and P. ostreatus fruit ing bodies 
inoculated with P. tolaasii were placed in separate petri 
dishes wi thout  lids, which were then incubated together 
in a sealed container at 20~ for several days. Inocula 
which inhibited the germination of Kactuca sativa 
seedlings were considered to be tovsin-producing 
strains. 
Extracellular protease assay Nutrient gelatin agar was 
used to determine the extracellular protease activity 
(Murata et al., 1994). For quantitation, bacteria were 
cultivated in PF-broth in a 24~ rotary shaker to the sta- 
t ionary growth phase, culture supernatants were ob- 
tained by centrifugation (4~ 12,000 • filter-steri- 
lized (pore size=O.45/~m; Advantech, Tokyo), serially 
diluted, and applied in an appropriate volume on a 3% 
gelatin agar plate, and the extent of the halo formed was 
scored. 
mini-Tn5kml insertion mutagenesis in P. tolaasii strain 
PT814 The mini-Tn5km 1 was introduced into P. tolaasii 
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Table 1. Bacterial strains and plasmids. 
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Bacteria/plasmids Relevant characteristics References/sources 

Bacterial strains 

Pseudomonas tolaasii 

PT814 

$8501 

MUR31, MUR33, 
MUR34, MUR35 

S8501C 

Escherichia coil 
HB101 

Jm l09  

S17-12pir 

Plasmids 

pBleuscript SK § 

)CR2.1 

}LAFR5 

)RK415 

}RK2013 

)UT::mini-Tn5km 1 

)HHM125 

}HHM134 

)HHM135 

pHHM136 

Wild type, Ap r Cm r 

Wild type, Ap r Cm r 

rtpA ::mini-Tn 5km 1, 
Tox Path- Prt Col-, 
Ap r Cm r Km r 

Tox- Path Prt- Col , 
Ap ~ Cm ~ 

pro hsdR hsdM recA, Sm r 

recA 1 thi laclq ~(lacZ)M15 
&(lac-proAB) endA 1 hsdR17(rEmE) 
C600::RP4-2 Tc::Mu-Km::Tn 7 
pro hsdR hsdM + recA pir + 

Ap r 

Ap r Km r 

Mob + Tc + 

Mob + Tc + 

Mob + Tra +, Km' 
Mob +, Km r Ap r 

rtpA +, Tc r 

rtpA +, mc r 

rtpA +, Ap r 

rtpA +, Tc r 

Suyama and Fujii (1993) 

Shirata et al. (1995) 

Derived from PT814 by mini-Tn5km 1 insertion mutagenesis (this study) 

Phenotypic variants of $8501 (this study) 

Takara Shuzo 

Takara Shuzo 

De Lorenzo et al. (1990) 

Stratagene 

Invitrogen 

Keen et al. (1988) 

Keen et al. (1988) 

Figuriski and Helinski (1979) 

De Lorenzo et al. (1990) 
pLAFR5 containing PT814 genomic DNA (this study) 

pRK415 containing a 7.4 kb DNA segment of pHHM125 (this study) 

pBluescript SK + containing a 4.5 kb Bgal-EcoRI fragment of pHHM 134 
(this study) 
pRK415 containing a 4.5 kb BgllI-EcoRI fragment of pH H M 134 
(this study) 

strain PT814 by mat ing w i th  E. coil strain $17-12pi r  car- 
rying the pUT: :m in i -Tn5kml  as described by De Lorenzo 
et al. (1990).  Transconjugants selected on PAF contain-  
ing Km and Cm were inoculated to the frui t ing bodies of 
P. ostreatus by using steri le too thp icks  and the inoculat- 
ed specimens were incubated in a moist  chamber at 
20~  for 4 8 h .  The ex tent  of deve lopment  of disease 
symptoms  was  visual ly determined.  
Pathogenicity test Bacteria f rom overn ight  cul tures on 
minimal salts-glucose agar were  suspended in steri le 
water .  The bacterial suspension containing ca. 2.0 • 106 
cells was  inoculated by using a microp ipet  onto the top  
surface of P. ostreatus f rui t ing bodies. Mushrooms 
were placed in a mois t  chamber at 20~  for 48 h and the 
ex tent  of  b rown  blotch deve lopment  was  recorded. 
Recombinant DNA techniques Standard procedures 
were used for the isolat ion of plasmid and chromosomal  
DNA, t ransformat ion of E. coil, restr ict ion digests, gel 
electrophoresis,  e lectroelut ion of DNA f ragments,  and 
DNA l igat ions (Sambrook et al., 1989). Af ter  hybridiza- 
t ion, h igh-str ingency washing of the blots was  per formed 
as previously descr ibed (Murata et al., 1990). Restric- 
t ion and modi fy ing enzymes were  obtained f rom New 
England Biolab (Beverly, MA) and Takara Shuzo (Otsu), 
respect ively.  
Localization of mini-Tn5kml in genomic digests of 

mutant DNA Southern hybr id izat ion analysis was con- 
ducted to determine the m in i -Tn5kml  insert ion sites. 
Genomic DNA of the mutants  and of the parent strain 
was  digested w i th  one of the restr ict ion endonucleases, 
C/a, EcoRI, Kpn, Sacl, and Xhol, that  asymmetr ica l ly  cut  
once wi th in  m in i -TnSkml ,  and probed w i th  the 1 .8kb  
EcoRI f ragment  of pUT: :min i -Tn5km 1 that  contains most  
of m in i -Tn5km l  and the cloning site of pUT vector  (De 
Lorenzo et al., 1990) and w i th  the cloned 6.5 kb Kpnl- 
Sacl rtpA DNA (see below).  
Isolation of rtpA cosmids A standard protocol  was used 
for construct ing a gene l ibrary of P. tolaasii strain PT814 
in a cosmid,  pLAFR5, (Keen et al., 198B). Individual 
cosmids were  t ransferred by using E. coil strain HB101 
carrying pRK2013 as the mobi l iz ing system (Figurski and 
Helinski, 1979) into representat ive m in i -Tn5kml  inser- 
t ion mutants.  The method described by Murata et al. 
(1990) was  used to conduct  t r iparental  mat ing.  Trans- 
conjugants selected on PAF contain ing Cm and Tc were 
tested for the restorat ion of tolaasin and protease 
product ion by pota to  tuber  slice and nutr ient  gelatin agar 
assays, respect ively.  
Unidirectional deletion to locate rtpA Unidirect ional de- 
letion was implemented on the insert DNA of pHHM135  
f rom both ends by using TaKaRa Kilo Deletion Kit (Takara 
Shuzo, Otsu). Resulting constructs were  selected to 
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locate rtpA by allowing complementation with RtpA 
mutants. Before complementation analysis, insert DNA 
of deletion derivatives was amplified by using TaKaRa LA 
PCR Kit and M13-21/M13 reverse primers (Takara 
Shuzo, Otsu). The products were ligated into pCR2.1 
(Invitrogen, San Diego, CA), excised by using appropriate 
restriction enzymes to only cut the multiple cloning site 
of the vector, ligated into pRK415, and introduced into 
RtpA- mutants by triparental mating as described above. 
The direction of insert DNA in pRK41 5 was manipulated 
by double digests of the pCR2.1 constructs such as Xbal- 
Hindlll and XbaI-Sacl and subsequent cloning at the same 
restriction sites in pRK415. This lengthy procedure was 
required because the only drug marker available to main- 
tain plasmids in P. tolaasii strain PT814 and its deriva- 
tives was mc r, and the insert DNA of the deletion con- 
structs could not be excised for subsequent cloning due 
to the lack of restriction sites after the unidirectional dele- 
tion process. The nucleotide sequence of ca. 600 bp at 
both ends of the PCR products was analyzed prior to the 
transcloning into pRK41 5 by using Dye Primer Cycle Se- 
quencing FS Core Kit with M 13-21/M 13-reverse primers 
(Perkin Elmer Japan) and ABI 377 Prism (Perkin Elmer 
Japan) to confirm that the products were the expected 
ones. 
Nucleotide sequence of rtpA Overlapping deletions in 
both strands differing in size by ca. 0.3-0.5 kb described 
above were sequenced by using Dye Primer Cycle Se- 
quencing FS Core Kit (Perkin Elmer Japan) and ABI 377 
Prism (Perkin Elmer Japan). Data were analyzed by the 
GENETYX program ver. 8 (Software Development, Tokyo). 
Advanced BLAST Search provided by the National Center 
for Biotechnology (http://www.ncbi.nlm.nih.gov/BLAST) 
was used for homology search. 
Nucleotide sequence accession number The sequence 
of the rtpA gene has been assigned the DDBJ accession 
number AB002529. 

Results 

Isolation of pleiotropic avirulent mutants of P. tolaasii 
strain PT814  Of the 2500 Km r colonies resulting from 
the mating with E. coli strain S17-12pir (pUT::mini- 
Tn5kml) ,  four colonies pleiotropically failed to induce 
brown blotch in P. ostreatus fruiting bodies (Path) ,  to 
produce tolaasin ( T o x )  and extracellular protease (Prt-), 
and to display normal colony morphology (Col-) on PAF 
containing O.6~ agar (Fig. 1). The production of tovsin, 
however, was not affected by the mutation (Fig. 2). 
Genomic digests of the mutants were analyzed by 
Southern hybridization with a probe of the 1.8 kb EcoRI 
DNA segment containing mini-Tn5 kml to determine 
whether the pleiotropic phenotype is due to the insertion 
at a single gene locus (Fig. 3). The Clal digests in P. 
to/aasii strain MUR31 showed two signals due to the site 
within the transposon, whereas digests with EcoRI, Kpnl, 
or Sacl produced one signal due to the site located near 
the end of the transposon (Figs. 3, 4). The three other 
strains, MUR33, MUR34, and MUR35, contained a single 
mini-Tn5km 1 insertion at gene loci identical with that in 

Fig. 1. Phenotype of Pseudomonas tolaasiistrain MUR31, an 
rtpA::mini-Tn5kml mutant of P. tolaasii strain PT814, and 
the strain carrying an rtpA plasmid, pHHM 125. 
Levels of tolaasins (Tox: Panel A) and protease (Prt: Panel B) 
were determined in the supernatants of stationary growth 
phase cultures grown in minimal salts-glycerol medium con- 
taining water extracts of P. ostreatus fruiting bodies and PF- 
broth, respectively. Undiluted samples were spotted at the 
top of each plate, and samples with dilutions of 1/2, 1/4 and 
1/8 were placed counter clockwise. The colony morpholo- 
gy (Col) was determined by stub-inoculation of bacteria in 
PAF containing O.6~ agar (Panel C). Columns 1, 2 and 3 
show the phenotype of P. tolaasii strains PT814 (pLAFR5), 
MUR31 (pLAFR5) and MUR31 (pHHM125), respectively. 
For details of assay conditions for Tox, Prt and Col, see 
Materials and Methods. 

MUR31. Data indicate that the pleiotropic phenotype 
was conferred by the insertion at a single gene locus, 
which is most likely a positive regulator gene. The 
phenotype was designated as RtpA (standing for muta- 
tion in a regulator gene of tolaasin production and other 
pleiotropic traits). 
Isolation of variants from P. tolaasii strain S8501 
Pseudomonas tolaasii strain $8501 spontaneously pro- 
duces variants phenotypically similar to the pleiotropic 
mutants described above in PF-broth at 22-30~ 
whereas no segregants were found in P. tolaasii strain 
PTB14 (Fig. 5). At 17 and 20~ however, the occur- 
rence of variants was markedly reduced, and a sizable 
portion of the bacterial cells remained viable even 20 d 
after the inoculation (Fig. 5). The colonies of the vari- 
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Fig. 2. Production of volatile toxin, tovsin, in Pseudornonas 
tolaasii. 
Tovsin production was determined as described in Materials 
and Methods. The figure shows Kactuca sativa seeds 
coincubated with: 1, P. tolaasii strain $8501 (RtpA+); 2, P, 
tolaasii strain $8501C (RtpA) ;  3, P, tolaasii strain PT814 
(RtpA+); 4, P. tolaasiistrain MUR31 (RtpA-); 5, buffer con- 
trol. 

Fig. 3. Southern hybridization analysis of a mini-Tn5kml in- 
sertion mutant, Pseudomonas tolaasii strain MUR31. 
The 1.8kb EcoRI fragment of pUT::mini-Tn5kml (De 
Lorenzo et al., 1990) labeled with [32p]dCTP was used as a 
probe. Molecular size is shown at left. Single mini- 
TnSkml insertion in the pleiotropic mutants of P, tolaasfi 
strain PT814 was confirmed by the presence of two hybrid- 
ization signals in samples digested with Clal, of which the 
restriction site is within the transposon (Fig. 4). In genomic 
digests with Sacl, EcoRI and Kpnl, an intense single band 
was observed in association with the sites located near one 
end of the transposon (Fig. 4). Lane 1, P. tolaasii strain 
PT814; Lane 2, P. tolaasii strain MUR31. 

ants are t ranslucent,  mucoid,  and f luorescent  as com- 
pared to the opaque, rough, and sl ight ly f luorescent  colo- 
nies of the parent,  P. tolaasii strain $8501 .  Ingredients 
of culture media also af fected the rate of var iant forma- 
t ion. When the decoct ion or the wa te r  ext racts  of P. 
ostreatus f rui t ing bodies was  used as a medium,  the 
max imum number of var iants and var iant fo rmat ion  were  
s igni f icant ly  reduced, compared to cultures g rown  in 
PF-broth (Fig. 6). 
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Fig. 4. Restriction endonuclease map of the 6.5 kb KpnI-Sacl 
rtpA DNA, and schematic representation of mini-Tn5km 1 in- 
sertions identified in the mutant genome and unidirectional 
deletions implemented in pHHM 135 to localize rtpA. 
The open flags indicate mini-Tn5kml insertion sites in RtpA- 
mutants of P. tolaasii strain PT814, MUR31, MUR33, 
MUR34, and MUR35. The thick line and the thin lines un- 
derneath depict the 6.5 kb Kpnl-Sacl rtpA DNA and the in- 
sert DNA of pHHM136 (stretching from Bglll to EcoRI) as 
well as deletion derivatives of pHHM 135 (marked B63, B52, 
B1, B44, E9, E1 and E5), respectively. The location and 
the predicted direction of rtpA transcription are indicated by 
the hatched bar and the arrow, respectively. Effect of sub- 
clones and deletion derivatives on the restoration of Tox + 
Prt § phenotype in P. tolaasii strains MUR31, MUR33, 
MUR34, MUR35, and $8501C is indicated in the right 
column. Restriction map of mini-Tn5kml out-of-scale is 
boxed in. The broken line in 1.8 kb mini-Tn5kml is a por- 
tion of the multiple cloning site in the pUT vector /De 
Lorenzo et al., 1990). Abbreviations: B, Bglll; C, Clal; E, 
EcoRI; K, Kpnl; S, Sacl; Sa, Sail; X, Xbal. 

Molecular cloning of the rtpA gene A library of P. 
tolaasii strain PT814 contain ing about  2000  cosmid 
clones was  mobi l ized into RtpA strains, MUR31 and 
$8501 C, and those which restored the Tox § Prt § pheno- 
type were scored. We obtained four p lasmids that  re- 
stored the Tox + Prt + Path + Col + phenotype in the 
pleiotropic mutants  (Fig. 1). These cosmids also com- 
p lemented mutan ts  MUR32, MUR33, and MUR34. 
Since restr ict ion analysis revealed that  the four  RtpA § 
cosmids consisted of the same DNA segment ,  we  fur ther 
invest igated one representat ive plasmid, pHHM125,  in 
detai l .  

The r tpA DNA segment  of pHHM125  was  subcloned 
by preparing Sau3A part ial d igests and l igat ing the frag- 
ments  to BamHI-cut  pRK41 5 t reated w i th  phosphatase. 
The mc r JM 109 t rans formants  showing wh i te  colonies in 
the presence of X-gal and IPTG were  selected to be mobi-  
lized into the RtpA mutants  for test ing for complemen-  
tat ion.  A plasmid, pHHM 134, contain ing a 7.4 kb insert 
DNA of pHHM125  restored the RtpA + phenotype in 
MUR31, MUR33, MUR34, MUR35, and $8501C and 
was  used for fur ther subcloning into pRK41 5 by uti l izing 



266 H. Murata et al. 

100 . . . . . . . . . . . . . . . . . .  i " "~~ ..................................... 
80 . . . . . .  

F 

 6o_ . . . . . . . . . . . . . . . . .  i ...... i 
= 40 

10 15 20 

20 
> 

0{ 

1012 D a y s  after  inocula t ion  

10 lo 

10 s ) 

10 ~ 1~ 
102 

10 o 
0 5 10 15 20 

Days  after  inocula t ion  

Fig. 5. Effect of growth temperature on viability and induction of phenotypic variants in Pseudomonas tolaasii strain 88501. 
The bacterium was grown in PF-broth. At intervals, portions of cultures were harvested, serially diluted, and spread on PAF. 
Randomly picked variants were checked for defects in tolaasin and protease production by agar plate assays. No variants from P. 
tolaasii strain PT814 were detected under the experimental conditions. Panel A: Percentage of variants in total viable cells was 
determined by scoring the number of colonies that are translucent, mucoid, fluorescent, and defective in tolaasin and protease 
production against total viable cell number. Panel B: Viable cell number was expressed as colony forming units per ml of culture. 
Symbols: open circle, 17~ open triangle directed upward, 20~ open triangle directed downward, 22~ closed triangle, 24~ 
closed diamond, 27~ open diamond, 30~ 

restriction sites in the fragment. The 4.5 kb BgllI-EcoRI 
f ragment located wi th in the 6.5 KpnI-Sacl DNA of 
pHHM134 was cloned into pRK415, generating 
pHHM 136. This plasmid complemented all the mutants 
(Fig. 4). In addit ion, Southern hybridizat ion analysis 
wi th  probes, the KpnI-Sacl rtpA DNA and the EcoRI DNA 
containing mini-Tn5km 1, confirmed that the single mini- 
TnSkml  insertion was located on the allele of rtpA in all 
the insertion mutants (Fig. 4). 
Localization of the rtpA gene To locate rtpA, unidirec- 
t ional delet ion was implemented on pHHM135,  
pBluescript SK + containing the 4.5 BgllI-EcoRI f ragment 
(see Materials and Methods). Fol lowing the delet ion and 
the PCR ampl i f icat ion of the deleted inserts, the products 
were cloned into pRK41 5 in both directions downstream 
of the lac promoter (plac) at the mult iple cloning site of 
the vector (Fig. 4). In either or ientat ion, the delet ion 
derivat ives designated as B63, B52, B1, and E9 were 
able to some extent  to confer the RtpA + phenotype to all 
the rtpA::mini-Tn5kml mutants, whi le B44, E l ,  and E5 
were not (Fig. 4). Deletion derivat ives B52 and B1 

showed different degrees of complementat ion depending 
upon the orientat ion of the cloned fragment. The frag- 
ments cloned under plac f rom left to right as shown in 
Fig. 4 conferred the Tox + Prt + phenotype to all the 
rtpA::mini-TnSkml mutants at a level signif icantly higher 
than the fragments cloned in the opposite direction. 
This phenomenon is probably due to the driving of rtpA 
transcript ion by both the native promoter and plac of the 
vector in the direction where the Tox + Prt + phenotype 
was more pronounced but by only the native promoter in 
the other direction. Deletion analysis along wi th the 
generation of the pleiotropic mutants carrying rtpA::mini- 
TnSkml  strongly suggests that the rtpA gene is present 
in a ca. 3.5 kb DNA segment lying between Bglll and the 
Sail at right, and the direction of rtpA t ranscript ion is 
from left to right, as shown in Fig. 4. 
Nucleotide sequence of rtpA By sequencing delet ion 
derivat ives of pHHM135,  an open reading frame (ORF) 
was identif ied that corresponds to the range of rtpA and 
to the predicted direction of transcript ion as determined 
by the delet ion analysis described above (Fig. 7). The 
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Fig. 6. Occurrence of phenotypic variants in Pseudornonas 
tolaasii strain $8501. 
Bacteria were inoculated at a rate of ca. 1.6 x 108 cells/ml in 
a medium and incubated on a rotary shaker at 27~ for 7 d. 
Samples were removed from cultures at intervals, serially 
diluted, and spread on PAF to determine the number of 
viable cells and phenotypic variants. Colonies that 
were translucent, mucoid, and intensely fluorescent were 
considered to be variants. Randomly picked variants 
were checked for defects in tolaasin and protease produc- 
tion by agar plate assays. Panel A: Number of variant 
colonies x 100/total number of viable cells. Panel B: Total 
viable cell numbers expressed as colony-forming units per 
ml of culture. Symbols: open circle, PF-broth; open box, 
decoction of P. ostreatus fruiting bodies; closed box, water 
extracts of P. ostreatus fruiting bodies. 

2,751 bp ORF is preceded by a putative Shine-Dalgarno 
sequence (AGGAGA; Shine and Dalgarno, 1974) located 
6 bp upstream of the putative GTG start codon (Fig. 7). 
No other translational start codon is properly associated 
with a putative Shine-Dalgarno sequence. Also, the 
probability that a coding region is present in this ORF has 
a TESTCODE indicator of 1.31 as computed by the 
method of Fickett (1962). This value not only satisfies 
the standard of coding sequences (>0.95)  but also gives 
one of the highest probabilities in the sequence of 
4,159 bp DNA. 

The RtpA protein is predicted to consist of 917 ami- 
no acid residues having a molecular mass of 100.6 kDa. 
It has an amino acid sequence strikingly similar to PheN 
of P. tolaasiistrain NCPPB1116 and ApdA of Pseudomo- 
nas fluorescens (Trevisan) Migula strain Pf5, members of 
the BvgS/LemA family of bacterial two-component regu- 
lators (Figs. 7, 8). Two putative transmembrane 
hydrophobic domains of RtpA have a common amino acid 
sequence which is 96%0 and 84%o identical wi th those of 
PheN and of ApdA, respectively. The predicted sensor 
kinase domain contains an amino acid sequence 98%o 
identical wi th the bvgS/lemA family of regulators, and H, 
N, D/F and G boxes of most conserved residues among 
members of the histidine protein kinase superfamily were 
found in that order (Fig. 8; Stock et al., 1995). The 

receiver domain was also predicted based on the 
presence of two asparatic acid residues, a threonine 
residue, and a lysine residue properly located so that it 
could function as the active site for phosphorylation (Fig. 8; 
Volz, 1995). The amino acid residues at putative 
active sites along with those involved in functional con- 
formation seemed to be highly conserved in RtpA, as not- 
ed in PheN and ApdA. The lack of the helix-turn-helix 
DNA binding motif and the presence of the conserved C- 
terminal histidine region in the predicted RtpA product 
are characteristic of the regulators belonging to the bvgS/ 
lemA family. 

Discussion 

The pathogenicity of P. tolaasii strains originally isolated 
from brown blotch disease of P. ostreatus in Japan was 
investigated genetically. Single mini-Tn5kml insertion 
in P. tolaasEstrain PT814 gave rise to mutants that were 
unable to produce tolaasins (Tox--) and extracellular 
proteases (Pr t ) ,  were not pathogenic to P. ostreatus 
(Path-) and formed colonies of abnormal morphology 
(Col-). This phenotype is similar to that of spontaneous 
variants of P. tolaasii strain $8501. The volatile toxin, 
tovsin, appeared to be produced at the level of the wild- 
type. Global regulation of secondary metabolite produc- 
tion in fluorescent pseudomonads has been reported. 
For example, inactivation of lernA in Pseudomonas syrin- 
gae pv. syringae van Hall, a bacterial brown spot patho- 
gen of bean, renders the bacterium defective in the 
production of pathogenic lipodepsipeptide toxins, i.e., 
syringomycins, as well as extracellular proteases (Hrabak 
and Willis, 1992). The phenotype of mutants of P. 
tolaasii strain PT814 is reminiscent of the LemA- pheno- 
type of P. syringae pv. syringae. 

Like lemA, the cloned rtpA of P. tolaasii strain PT814 
has conserved amino acid sequences of bacterial two- 
component regulators. In fact, it is predicted that the 
amino acid sequence of rtpA is more than 87%o identical 
wi th that of PheN of P. tolaasii strain NCPPB1116, a 
brown blotch bacterium of A. bisporus, and ApdA of P. 
fluorescens strain PfS, a biocontrol agent of fungal 
phytopathogens. In P, tolaasiistrain NCPPB1116, PheN 
is required for the production of tolaasin and extracellular 
protease (Grewal et al., 1995), as observed in RtpA of P. 
tolaasii strain PT814. In P. fluorescens strain Pf5, ApdA 
controls the production of a variety of antifungal agents 
such as pyrrolnitrin, pyoluteorin, 2,4-diacetylphloro- 
glucinol, and tryptophan side chain oxidase (Corbell and 
Loper, 1995). As reported for the regulators of the 
bvgS/lemA family, the product of rtpA is predicted to 
have both sensor kinase and receiver domains. The lack 
of helix-turn-helix DNA binding motif at the receiver 
domain suggests that rtpA is not the sole regulator re- 
quired for pathogenicity but a part of a complex regulato- 
ry system. It may be worthwhi le comparing this system 
with the BvgS-A regulatory system of the whooping 
cough bacterium, Bordetella pertussis (Bergey et al.) 
Moreno-Lopez, in which biochemical control of a number 
of genes encoding pathogenic factors have been exten- 
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BS~ 
CTGGTCGCGGGCCATTTGCAGGCCCTGCTGGCCGTTCTGGCACCAGGTGACCTGAAAGCC 60 
GCAa, CGTCCCAGATGCICATGGACATAGGCGCCCAGCACGGGGTCATCTTCGATGGTCAG 1Zg 
GATACTGGGCAAGCCAACTGCTGCGGGATTCATTAGCGTCTGCAAGTCATTCTCAATCGC 180 
TGATTATTCAAGATTAAGCCGTGCCAGGCAATCGCCAGCCGGCGGCTAATGGCCCGAAGA 240 

TTGCCCCGTGTCATTAATTTGCAAGATTCCGCACCGCGCAAATGGCTACACTGCGCAGGT 300 

GGCACGGGCCGGATGCCCGCGCGGGTCATT~CAATGTGGTAGCAGGAGAGTGG(GT ll~ 360 
M 

GCTTAGAAGAATGGGGATAAAAGGCCGCGTACTGTTGCTGACCTTATTACCGACCAGCCT 420 
L R R M G I K 6 R V L L L T L L P T S L 

GATGGCCTTGTTGTTGGGGGGCTATTTCACCTGGATGCAGCTCTCGGAGTTGCAGACCCA 480 
M A L L L G,,(} Y F T W ~ Q L S E L q T Q 

Ps~I B~---~ 
GTTGCTGCAGCGCGGCGAAATGATTGCC6AGCAGTTGGCGCCGTTGGTGGCTCCTGCCCT 540 
L L Q R G E M I A E Q L A P L V A P A L 

GAGCACGCGTAACACCGACCTGCTCGAACGCATCGCCACCCAGTCCCTTGAGCAACCGGA 600 
S T R N T D L L E R I A T Q S L E Q P D 

CGTGCGCGCCGTTTCGTTCCTCGCACCTGACCGTTCGCCCCTGGCCCACGCGGGCCCGAC 660 
V R A V S F L A P D R S P L A II A G P T 

CATGCTCAACCAGCCGCCGGTGGGCAACAGTTCGCATTTGTTGCAGCGTAGCGGCAATGA 720 
M L N Q P P V G N S S H L L Q R S G N D 

CGCCACCCGCTATCTGCTGCCGGTCTTIGGCCGCCACCGTAATCTTGCCGGCGAGCTGAT 780 
A T R Y L L P V F G R H R N L A G E L I 

TCCCGATGAGGCCGACCGCCTGCTGGGCTGGGTCGAGGTGGAGCTTTCCCACAACGGCAT 840 
P D E A D R L L G W V E V E L S H N G M 

GTTGCTGCGCGGCTACCGCAGCCTGTTCGCCAGCCTGCTGCTGATCGCCATCGGCCTGAT 900 
L L R G Y R S L F A S L L L I A I (; L I 

CTGCACCGCAGCCCTGGCGTTGCGCATCAGTCGCACCATCAACTCGCCGATTGGCCAGAT 960 
C T A A L A L R I S R T I N S P I G Q I 

CAAGCAGGCCGIGGCCCAGCTCAAGGACGGCAACCTCGAAACGCGCCTGCCGCCCCTCGG 1020 
K Q A V A Q L K D G N L E T R L P P L G 

CAGCCAGGAACTGGATCAATTGGCCTCGGGCATCAACCGCATGGCCGAAACCCTGCAAAA 1080 
S Q E L D Q L A S G I N R M A E T L Q N 

TGCC CAGGAAGAATTGC~CACAGCATCGACCAGGCCACCG~GACGTGCGCCAGAACCT 1140 
A Q s E L Q H S I D Q A T E D V R Q N L 

GGAAACCATTGAAATCCAGAACATCGAGCTGGACCTGACCCGCAAGGAGGCCCTGGAAGC 1200 
E T I E I Q N I E L D L T R K E A L E A 

CAGCCGCATCAAATCGGAGTTCCTGGCCAACATGAGCCACG/k~ATCCGCACTCCGCTCAA 1260 
S R I K S E IF L A N M S H E I R T P L NI 

P~tI H box 
TGGCATCCTCGGCTTTACCCACCTGCTGCAGAAAAGCGAGCTGTCGCCGCGTCAGCTGGA 1320 
IG I L G I F T  H L L Q K S E L S P R q L D 

TTACCTGGGCACCATCGAAAAGTCCGCCGACAACCTGCTGGGCATCATCAACGAGATTCT 1380 
Y L G T I E K S A D N L L G I I N E I L 

CGACTTCTCGAAAATCGAAGCCGGCAAGCTGGTGCTCGACAGCGTGCCGTTCAACCTGCG 1440 
D F S K I E A G K L V L D S V P F N L R 

Pstl 
CGATTTGCTGCAGGACACCCTGACCATCCTCGCCCCCGCCGCCCATGCCAAGCAGCTCGA 1500 
O L L q D T L T I L A I ~ A A H A K q L E 

ACTGGTCAGCCTGGTGTACCGCGACACGC CGCTGGCGCTGGTGGGCGACCCGTTGCGCCT IS60 
L V S L V Y R D T P L A IL V G D P L R LI 

CAAGCAGATCCTGACCAACCTGATCAGCAACGCGATCAAGTTCACCCGCGAAGGCACCAT 1620 
IK Q.. I L T N L I S N A I K F]T R E G T I 

N box 
CGTCGCCCGCGCAATGGTTGAGGATGAAGAAGAAGACAGCGTACAACTGCGCATCAGT6T 1680 
V A R A M V E D E E E b S V Q JL R I S V I 

Fig. 7. Nucleotide sequence of the rtpA gene and flanking DNA. 

qs 1740 
~ D T G I G L S N Q.D V R A L F g A F S1 

D box F box 
CCAGGCCGACAACTCGCTGTCGCGCCAACCCGGCGGCACCGGTTTGGGGCTGGTGATTTC 1800 
r - ~ - - - - ~  N S L S R q p G G~ T G L 6 L V I S] 

O box SalI 
fiA/kACGCCTGATCGAGCAGATGGGCGGCGAGATTGGC6TCGACAGCACGCCAGGCGAAGG 1860 
IK R L I E Q M G G E I IG  V D S T P G E G 

CTCGGAGTTCTGGATCAGCCTGAACCTGCCCAAAACCCGCGATGACGTTGACGATTTGCC 1920 
S E F W I S L N L P K T R D D V D D L P 

TTCTGCGCCGCTGCTGG GCCGTCGTGTGGCGGTGCTGGAAAACCACGAGCTGGCGCGTCA 1980 
S A P L L G R R V" A V L E N H E L A R Q 

GGCCTTGCAACATCAGTTGGAAGACTGCGGCCTGGA.AGTCACGCCGTTCAACACCCTCGA 2040 
A L Q H Q L E D s G L E V T P F N T L E 

AAGCCTGACCAACGGCATCACCAGCACCCATCAGACCGAACAGGCGATTGACCTGGCGGT 2100 
S L T N G I T S T H Q T E Q A I D L A V 

~s 
ACTCGGCGTCACGGCCAACGACATCCCGCCCGAACGCCTCAACCAACACTTGTGGGACCT Z160 

L G V 1 A N D I P P E R L N Q H L W D L 

CGAACACCTGGGCTGCAAGGTCCTGGTGTTATGCCCGACCACCGAGCAAATGCTGTTCAA 2220 
E H L G C K V L V L C P T T E Q M L F N 

CCAGTCGGTGCCGAACCCC~CAGCCAATTGCAGGCCAN~C CCGCGTGTACGCGTAAATT 2280 
q S V P N P N S Q L q A K P A C T R K L 

GCGTCGCGCCCTGGCTGACCTGATCAGCCCGCGCCCGTTGCGCAGCGAACCCGGCGAGCC 2340 
R R A L A D L I S P R P L R S E P G E P 

ACTGTCCAGCCGGGCACCGCGCGTGCTGTGCGTGGACGACAACCCGGCCAACCTGCTACT 2400 
I L S S R A P R V L C V (~I)(.~ N P A N L L LI 

E1 response regulator domain 
GGT6CAAACCCTGCTCGAAGACATGGGCGCCAAGGTGCTCGCCGTCGX~AGTGGCTATGC 2460 
[V Q T L L E D M G A K V L A V E S G Y A I 

GGCCATTGAT~GGTGAAGCAGGA~CCTTCGATCTGG~CT~TG~CGTGCAAATGCC 2520 
IA i D A Y  K Q E  T F D L V  L M ~ V Q M ~  I 

C~GCATGCACGGCC~CCA~G~CCGAGCC~TTCGCCAGTC~CA~AGCGAGCGCCACGG 2S80 
IG M D ~ R  q S T E A I R q W E S E R H GI 

CACGCCACTGCCGG~GTCGCCCTCACCGCCCACGCCATGGC~CGAAAA~,CGCGCGCT 2640 
{T P L P V V A L ~ A H A ~ A N E K R A L I 

GCTGCA~GCGGCATGGACGAC~CC~ACC~GCC~TCAGCGAA~GC~CTGGCC~ 27~ 
[L Q S Q M  D D Y L T ~ P  I S E R q L A q I 

GGTGGTGCTGMATGGACCGGCCTGGCCCTGCGT~CC~GGCCCCGAGCGCGG~ATGA 2768 
IV V L K W T G L A L RI N q G P E R G N D 

CAACCTCGGCCACGGCGTGCMCTGC~GTGCTG~CCACGAGGAAGGCCTGCGCCTGGC 28Z0 
N L G H G V Q L L V L D H E E G L R L A 

GGCGAACAAGGCGGMCTCGCCGCCGATATGCTCGCCATGCTGCTGGCCTCCCT~GC 2880 
A N K A D L A A O M L A M L L A S L E A 

CG~CGCTTGGCGA~ACTGTCGCCCGCG~GCCMGG~AA~TGCGC~ATCG~s 2940 
D R L A I T V A R E A K D N N A I L I  E RI 

c o n s e r v e d h i s ~ n e r e ~ o n  
CGTCCACCGC~GCACGGCGCTACCCGCTACTGCGGCGTGCCGCAA~GCGCGCCGCCTG 3000 
j v  H R L H G A ~JR Y C G V P Q L R A A C 

CCAGCGTGCG~AACCTTGCTCMGCAGGATGACC~AgAGGC~TGGCCGCGTTGGATGA 3060 
Q R A E T L L K Q D D A K A M A A L D E 

GCTGGACATGGCGA~GCGCGGCTGGCCAGTGAGGCTCGCGT~ACGCGTAGCT~TC~ 3120 
L D M A I A R L A S E A R V N A m 

TGGGAGCTGG~TT~TGTAGGGAAC~CT~CC~TG~AGCTGGCTTG~TG~ATGC 3180 
AGGCGACTCGGTATGCCTGCCA~CC~GGAGAGGCCA~GC~GC~GCCAGC~CC~ 3240 
ACAAAC~GC~CC~AGGGGTACAC~TC~CT~CCGTGCAGGGAGCCTTTC~TG 33~ 

The deduced amino acid sequence of rtpA is also given. The limits of deletion constructs corresponding to those shown in Fig. 4 
are indicated by vertical arrows. The putative Shine-Dalgarno sequence (Shine and Dalgarno, 1974) and translation start site are 
marked by asterisks and a horizontal arrow, respectively. The unique (AFTAATTT) sequence present in the rtpA DNA with high 
GC content is indicated by a broken underline. Hydrophobic domains are underlined by a solid bar. The conserved H, N, D, F and 
G boxes of the predicted sensor kinase region, the response regulator domain and the conserved C-terminus of regulators belonging 
to the BvgS/LemA family ere shown in boxes indicated as such (Stock et al., 1 99 5; Uhl and Miller, 1 995; Volz, 1 995). Consensus 
amino acid residues in the response regulator domain are circled. The stop codon is indicated by the closed box at the end of the 
amino acid sequence. 



Regulation of pathogenicity in Pseudomonas tolaasii 269 

RtpA I:MLRRMGIKG~VLLLTLLPTSLMALLLGGYFTWH~LSELQTQLLQRGEMIAEQLAPLVAPA 60 
PheN * . . . . . . . . . .  1: . . . . . . . .  T . . . . . . . . . . . .  : ;  . . . . . . . . . . . . . . . . . . . . . . . . . .  6* 
ApdA I I**KKL**** * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * *  60 

RtpA *I:LSTRNTDLLERIATQSLEQPDVRAVSFLAPDRSPLAHAGPTNLNQPPVGNSSHLLQRSGN ,20 

ApdA 61:MGNH**QM*******A***Q******L******L******S***P**A*****MM****S 1Z* 

RtpA **I:DATRYLLPVFGRHRNLAGELIPDEADRLLOWEVELSHNGMLLRGYR~-~C~ *80 
PheN *2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  180 
ApdA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *L * * * *S* * * * * * * * * * * * * * * * * * * * *  '80 

RtpA 181:~C~I~[I~SRTINSPIGQZKQAVAQLKDGNLETRLPPLGSQELDQLASGINRMAETLQ Z** 
PheN ' 8 ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * .  Z40 
ApdA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  Z*@ 

RLpA *4*:NAQEELQHSIDQATEDVRQNLETIEIQNIELDLTRKEALEASRIKS~FLANMSHEIRTPL , ~  

MCR in H box FLNqMSHEIRTPL 

Rtp* **I~TG'~L-~FTHLLQKSEL*PRQLDYLGTIEKSADNLLGIINEILDFSKTEAGKLVLDSVPFNL 36@ 
PheN *0 * * * * * * * * * * * *2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  360 
ApdA * * * - - * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  360 

NG[LG 

RtpA *6*:RDLLQDTLTILAPAAHAKQLELVSLVYRDTPL~LVGDPLRLKQILTNLISNAIKF~REGT 4Z0 

ApdA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  4Z0 
MCR in N box LLGDPLRLKQILSNLLSRAIKF 

RtpA 421:IVARAMVEDEEEDSV~C'~ISVQDTGIGLSNQDVRALFQAFSQAD~SLSRQP~480 
PheN * * * * * * * * * * * * * * * * * * * * * * * * *2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  48* 
Apd* 421; . . . . . .  L*E*H . . . .  ~ . . . .  Z . . . . . . . . . . . . . . . . . . . . . .  ~* . . . . . .  ~ . . . . . . .  ~ **e 
HER in D/F ~nd G boxes LRIEVTDTGPGLSEEDIEQLFEAFYQAD GTGLGLAI 

RtpA 4**~GVDSTPGEGSEFWISLNLPKTRDDVDDLPSAPLLGRRVAVLENHELAR 540 
PheN * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *2 * * * * * * * * * * * * * * * * * *  540 
ApdA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  540 

SKRLIKQMGGRI 

RtpA 541:QALQHQLEDCGLEVTPF~TLESLTNGZTSTHQTEQAIOLAVLCVTANDIPPERLNQHLWD 6@@ 

ApdA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  600 

RtpA 601:LEHLGCKVLVLCPI-FEQHLFNQSVPNPNSQLQAKPACTRKLRRALADLISPRPLRSEPGE 660 
PheN 601 : * * * * * * * * * * * * * * * * * * * * ' * * * * * * ' 2 " * * * * * * * * * * * * * * * * * * * * * - * * * * * * * *  659 
ApdA * * * * * * * * * * * * * * * * * * * * ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *VT**RA*** * * *  66@ 
MCR in response regulator domain 

RtpA 661 PL~SRAPRVLCVDD~PANLLLV~TLLEDMGAKVLAVESGYAAIDAVKQETFDLVLMDV~ 720 
PheN *s  719 
PpdA *****************2**********************DN*****N*I********N**** * 728 

P SGEAMRVLLLDDHE LLL Q LLEDLGFAVDAVASGAAAVDAVKTE F LVLMOVMM 

RtpA 7**IPGMDGRQSTEAIRQWESERHGTPLPWALTAHAMANEKRALLQSGMDDYLTKPISERQL ~ 780 
PheN *20* * * * * * * * * * * * * *2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  779 
ApdA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  78B 

PGNDGI EAIRQTKQ R G PLPWFLTAHAELPDKIAALQLGADDYLTKPFSLRRLV 

RtpA 781~'~QGPERGNDNLGHGVQLLVLDHEEGLRLAANKADLAADHLAMLLASLE 840 
PheN * *0 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  A *~2***************b"  8*8 
ApdA 7** L*'****~*****p*****ASERPEL *LE*Q***QD*******G **,******~ ****.*D 84* 

QAV KALAEGARR 

RtpA 84*:ADRLAITVAREAKDNN~E'I%c~ITITL-FT~I1RYZGVPQLRAACQR~ETLLKQDDAKAMAAL D 900 
PheN * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  898 

NCR in h is t td ine region ~----H+~+5 

RtpA 901: ELD~AIARLASEARVNA 917 
PheN 899:******G-A*GQ-- 909 
ApdA * * * * * * * * * * * * * * * * * * * * *  9Z7 

Fig. 8. Amino acid sequence alignments among RtpA of 
Pseudomonas tolaasii strain PT814, PheN of P. tolaasii 
strain NCPPB1116 (Grewal et al., 1995), and ApdA of 
Pseudomonas fluorescens Pf5 (Corbell and Loper, 1995). 
Analysis was conducted by using GENETYX ver. 8 com- 
puter software (Software Development, Tokyo). Amino 
acid sequences predicted to have characteristics of trans- 
membrane regions (positions 11 to 33 and 169 to 180), the 
sensor kinase (H box, positions 288 to 305; N box, 394 to 
415; D/F box, 437 to 464; G box, 473 to 492), the 
response regulator (positions 661 to 792), and the con- 
served histidine region (positions 858 to 869) are shown in 
boxes. Examples of most conserved residues reported 
(MCR: Stock et al., 1995; Uhl and Miller, 1995; Volz, 1995) 
are also given. Symbols: *, amino acid residues identical 
with those of RtpA; --, gaps in the alignments; (~, 
hydrophobic amino acid residues; § positively charged 
amino acids. 

sively investigated to identify the bvgS/lemA family (Uhl 
and Miller, 1995). In the model, the 134 kDa BvgS pro- 
tein recognizes signals in the periplasmic domain located 
between the two transmembrane anchors. Signals are 
subsequently transmitted by a phosphorylation cascade 
through the cytoplasmic domain containing the histidine 
protein kinase, the receiver domain, and the C-terminal 
histidine regions, to the 24 kDa BvgA protein, which is a 
typical response regulator containing both phosphoryla- 
*ion and DNA-binding sites. In P. Huorescens strain 
CHO1, gacA was also identified as a member of the 
fixJ/degU family of response regulators that control the 
production of a variety of antifungal antibiotics (Laville et 
al., 1992). No report, however, has yet described the 
presence of both lemA and gacA in the same strain of P. 
fluorescens, nor the presence of gacA in P. tolaasii 
strains. We are currently characterizing mutants generat- 
ed by mini-Tn5km 1 insertions that phenotypicalty belong 
to RtpA but are not complemented by the cloned rtpA 
gene. mini-TnSkm 1 insertion sites in these mutants may 
be detected at other regulatory loci which could directly 
target tolaasin biosynthetic genes. Further analysis may 
reveal other components involved in the pathogenicity of 
the bacterium. 

In terms of signals, our preliminary study showed 
that tolaasin production in P. tolaasiistrain PT814 is acti- 
vated by components of fruiting bodies of P. ostreatus, 
although the molecules have not yet been identified 
(Murata and Magae, 1996). A precedent of the recogni- 
tion of host signals by plant pathogenic pseudomonads is 
observed in P. syringae pv. syringae strain B3AR132, 
which produces syringomycin, a toxin chemically and 
functionally related to tolaasin (Mo and Gross, 1991). 
The expression of syrB of P. syringae pv. syringae strain 
B3AR132, which is involved in the biosynthesis of 
syringomycin, has been reported to be induced to a great 
extent by a combination of some of the phenolic gluco- 
sides and sugars present in the host plants (Mo and 
Gross, 1991). Whether P. tolaasii responds to the sig- 
nals peculiar to P. ostreatus but chemically similar to 
those found in the system of P. syringae pv. syringae 
should be determined by studying the fungus-bacterium 
interactions. 

Based on the mutant phenotype and predicted amino 
acid sequence, rtpA of P. tolaasii strain PT814 may be 
the allele of pheN of NCPPB1116. It is interesting to 
note, however, that rtpA is expected to encode a 
100.6 kDa protein consisting of 91 7 amino acid residues, 
whereas pheN encodes an 83 kDa protein consisting of 
909 amino acid residues (Grewal et al., 1995). In addi- 
tion, P. tolaasii strain NCPPB1116 has been reported to 
produce in PAF a sector of nonpathogenic variants with 
distinct morphology from that of the wild-type colony, 
and this phenotype is attributed to the spontaneous 
duplication of 661 bp DNA within the pheN gene (Han et 
al., 1997). In contrast, the pathogenicity of P, tolaasii 
strain PT814, in which the variant sector seldom occurs, 
is genetically stable. Whether the structure and func- 
tions of this type of regulators are shared by a wider 
range of isolates of each species should be further inves- 
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t igated.  
It is interest ing to note that  P. to laasi i  strain $8501 

generates avirulent var iants in PF-broth, and these vari- 
ants tend to ove rwhe lm the parent. This incidence is, 
however ,  s igni f icant ly  reduced in the presence of P. os- 
t reatus ext racts  or at a temperature  lower  than 22~  
This observat ion indicates how a saprophyt ic  bacter ium 
could evolve f rom a pathogenic  bacter ium. "Pseudomo-  
nas reactans, "  which is saprophyt ic  but  not  pathogenic 
to cul t ivated mushrooms,  produces a l ipodepsipept ide 
compound chemical ly  related to tolaasin of P. to laasf i  
(Mort ishire-Smith et al., 1991).  Differences in the 
g rowth  env i ronments of P. to laasi i  may a l low the bacter i-  
al populat ion to select symbio t ic  systems,  saprophyt ic  or 
parasit ic, through mutat ion and select ion mechanisms.  
As the rate of occurrence of var iants depends upon the 
g rowth  condi t ions,  it is conceivable that  env i ronmenta l  
st imul i  including metabol i tes  of hosts as wel l  as the 
pathogen itself may play a role in the induct ion of the 
variants. It is no tewor thy  that  the isolates of P. to laasf i  
show a w ide  divers i ty  in the rate of avirulent var iant 
format ion.  Pseudomonas to laasi i  strain PT814 is very 
stable in contrast  to P. to laasf i  strains $8501 and 
NCPPB1116 (this report ;  Grewal  et al., 1995).  Pseudo- 
rnonas to laasi i  has been shown to be of a sizable genet ic 
d ivers i ty  (Thorn and Tsuneda, 1996),  and it displays 
var iabi l i ty  even in the rate of spontaneous mutat ion.  
A l though tolaasin is general ly considered to be the pr ima- 
ry determinant  of the pathogenic i ty  of  P. to laas i i  (Murata 
and Magae, 1996; Rainey et al., 1993; Shirata et al., 
1995),  the rate of occurrence of var iants as wel l  as the 
complex  interact ions w i th  host factors in pathogenic  
processes speci fy ing host-parasi te relat ions may also 
play a major  role in the parasi t ism, Shirata et  al. (1995) 
noted, for example,  that  a l though tolaasins and tovsin 
can cause severe damage to many plant species, no in- 
stance has yet  been reported of plant diseases caused by 
P. tolaasi i .  Further invest igat ions of host factors and 
other  regulatory e lements involved in the pathogenic i ty  
and genet ic var iat ion of  the bacter ium may clar i fy im- 
por tant  aspects of mushroom-pathogen interact ions,  
eventual ly  leading to the deve lopment  of new methods of 
control l ing the disease. 
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