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Pseudomonas tolaasii strain PT814 causes brown blotch disease in cultivated mushrooms. A pleiotropic avirulent 
mutant was isolated by mini-Tn5kml insertion mutagenesis. The insertion was localized in an open reading frame (ORF) 
predicted to encode sn-glycerol-3-phosphate dehydrogenase (glpD). ORFs that should encode its regulator, kinase, and 
facilitator were also identified as the glp gene cluster in the bacterium. The data suggest that the glp system may 
contribute to the ecology of this pathogen. 
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Pseudomonas tolaasii Paine, which is highly capable of 
colonizing cultivated mushrooms and the mushroom 
culture environment (Murata, 1998; Suyama and Fujii, 
1993), often devastates the production of fruiting bodies 
of Pleurotus ostreatus (Jacq.: Fr.) Kummer and Agaricus 
bisporus (Lange) Singer (Suyama and Fujii, 1993; Tolaas, 
1915). The bacterium produces extracellular lipodepsi- 
peptide toxins, tolaasins, that induce cell death of the 
host and a volatile toxin, tovsin, that stimulates rotting of 
the mycelia (Murata and Magae, 1996; Nutkins et al., 
1991; Shirata, 1996). Molecular analysis of host-para- 
site interactions has revealed that tolaasin production 
and other pathogenic traits in the bacterium are con- 
trolled by signals from hosts and regulators present in the 
bacterium that are predicted to respond to such stimuli 
(Grewal et al., 1995; Murata, 1999; Murata et al., 1998; 
Murata and Magae, 1996). Previously, the lemA family 
of two-component sensor kinases required for tolaasin 
production and rpoS encoding the stress response sigma 
factor were cloned and characterized (Grewal et al., 
1995; Murata, 1999; Murata et al., 1998). In this 
paper, a mutant of P. tolaasii strain PT814 carrying a 
single transposon (mini-Tn5kml) insertion in the sn- 
glycerol-3-phosphate dehydrogenase gene (glpD) present 
in a cluster of genes involved in glycerol metabolism 
(glpFKRD) was shown to be altered in pleiotropic pheno- 
types that determine its pathogenicity and ecology. 

A transposon, mini-Tn5kml, encoding the kana- 
mycin resistance gene (Km r) was introduced into P. 
tolaasii strain PT814 [prototroph, naturally resistant to 
ampicillin (Ap), chloramphenicol (Cm), gentamicin, 

spectinomycin and streptomycin] by mating with Escheri- 
chia coil (Migula) Castellani and Chalmers strain S17- 
12pir carrying the pUT::mini-Tn5km 1 as described previ- 
ously (De Lorenzo et al., 1990; Murata et al., 1998). 
Transconjugants selected on Pseudomonas agar F (PAF; 
Difco, Detroit, MI) containing Km (100#g/ml) and Cm 
(100 f~g/ml) were inoculated into the fruiting bodies of P. 
ostreatus by using sterile toothpicks, and the extent of 
development of disease symptoms was visually deter- 
mined (Fig. 1; Tsukamoto et al., 1998). Of 2500 tran- 
sconjugants exhibiting Km r Cm', 19 strains failed to in- 
duce brown blotch in P. ostreatus fruiting bodies (Path-; 
Murata et al., 1998). Of these, P. tolaasfi strain MUR39 
behaves differently from others by exhibiting an extreme- 
ly slow growth and rough colony morphology on PAF 
(Fig. 1). A reduced growth rate was also noted in a 
medium containing glucose as a carbon source (Table 1). 
The mutant is pleiotropically defective in the production 
of tolaasin ( T o x )  in minimal salts succinate medium con- 
taining water extracts of P. ostreatus fruiting bodies 
(Murata and Magae, 1996) and extracellular protease 
(Pr t )  in PF-broth (= PAF without agar) and in utilization 
of glycerol as a carbon source, and insensitive to tetra- 
cycline (Table 1). The production of tovsin and the re- 
sponse to stresses such as hydrogen peroxide and UV- 
radiation during interaction with the host, however, were 
not affected by the mutation (Table 1; Murata, 1998). 

A single mini-Tn5kml insertion was identified in P. 
tolaasii strain MUR39 by Southern hybridization using a 
probe of the 1.8 kb EcoRI fragment of pUT:'mini-Tn5kml 
(Murata et al., 1998) wherein an intense hybridization 
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Fig. 2. Southern hybridization analysis of a mini-Tn5kml 
insertion mutant, Pseudomonas tolaasii strain MUR39. 
The 1.8kb EcoRI fragment of pUT::mini-Tn5kml (De 
Lorenzo et al., 1990) labeled with [32p]dCTP was used as a 
probe. Lane 1, P. tolaasiistrain MUR39; Lane 2, P. tolaasii 
strain PT814. Molecular size is also given. 

Fig. 1. Pathogenicity and colony morphology of P. tolaasii 
strain MUR39 carrying a chromosomal glpD::mini-Tn5kml 
and the parent, P. tolaasii strain PT814. Assay conditions 
are detailed in the text. The upper panel and the lower 
panel depict the development of brown blotch on P. ostrea- 
tus fruiting bodies, and growth and colony morphology on 
PAF, respectively. Lane 1, P, tolaasiistrain PT814; lane 2, 
P. tolaasii strain MUR39. 

signal due to the presence of t w o  signals was  detected in 
samples of the mu tan t  d igested w i th  Clal, of wh ich  the 
restr ict ion site is w i th in  the t ransposon (Figs. 2, 3). A 
single hybr id izat ion signal was  noted in genomic  digests 
w i th  Sacl and Kpnl in associat ion w i t h  the sites located 
near one end of the t ransposon,  and w i th  Bglll, whose 
site is not  present w i th in  the t ransposon (Figs. 2, 3). 
The size of hybr idized f ragments  matched wel l  w i th  ones 
expected f rom the cloned f ragment  carrying mini- 
T n 5 k m l  and its w i ld - type  allele (Figs. 2, 3). For exam- 
ple, hybr id izat ion signals in the sample digested w i th  
Bglll, Clal, Kpnl, and Sacl appeared as a band of 6.6 kb, 
2 . 8 k b ,  2 . 4 k b ,  and 7.8 kb, respect ively,  wh ich  corre- 
sponded to the sum of ca. 4 .8 kb of the w i ld - type allele 
plus ca. 1.8 kb of the m in i -Tn5km l  DNA, ca. 2.2 kb of 
the allele plus ca. 0 . 6 k b  of the m in i -Tn5km l  DNA, ca. 
0 . 6 k b  of the allele plus ca. 1 .8kb  of the m in i -Tn5kml  
DNA, and ca. 6 .0 kb of the allele plus ca. 1.8 kb of the 
m in i -Tn5kml  DNA, respect ively (Figs. 2, 3). No hybridi-  
zat ion signal was  observed in samples of  P. tolaasii strain 
PT814. In addit ion, by using the 6.5 kb Kpnl-Sacl r tpA 
DNA as a probe, the insert ion was found to occur at a 
genet ic  locus other than r tpA, a regulatory gene previous- 
ly reported to control  a p le iotropic phenotype in P. tolaasii 
strain PT814 (Murata et al., 1 998). 
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Fig. 3. Restriction endonuclease map of the 8.2 kb SacI-Bglll 
DNA containing glpFKRD, and schematic representation of 
the mini-TnSkm 1 insertion identified in the mutant genome. 
Thick parallel lines depict the 8.2 kb SacI-Bglll DNA present 
in pHHM105 (A) and the 6.1 kb Sacl DNA in pHHM101 (B), 
respectively. The hatched bar (B) or open triangle with the 
hatched bar (A) indicates the mini-TnSkml insertion iden- 
tified in the genome of P. tolaasii strain MUR39. The loca- 
tion and the predicted direction of glpFKRD transcription are 
indicated by the arrows marked F, K, R and D for glpF, glpK, 
glpR and glpD, respectively (A). The arrow in (B) indicates 
the fragment used for a probe to screen the wild-type allele 
of mutated genetic locus. Abbreviations: A, Apal; B, Bglll; 
C, Clal; E, EcoRV; H, BamHI; I, EcoRI; L, Sail; N, Kpnl; P, 
Pstl; S, Sacl. 

To ident i fy  the muta ted  gene, an a t tempt  was made 
to clone a genet ic locus d isrupted by mini-TnSkm 1 in P. 
tolaasii strain MUR39 by using the Km r marker.  This 
approach was  taken, rather than screening a genomic 
l ibrary of P. tolaasii strain PT814 for complementa t ion ,  
because no vec tor  was  avai lable to conduct  t ransconju- 
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Table 1. Characteristics of P. tolaasiistrain MUR39 carrying glpD::mini-Tn5km 1 
and its parent, P. tolaasiistrain PT814. 

Characteristics 
P, tolaasii strain: 

PT814 MUR39 

Pathogenicity a) 4- 
Production ofb): 

Tolaasin 16 0 
Protease 32 0 
Tovsin 4- 4- 

Utilization of glycerol as a carbon source ~) 4- -- 
Doubling time (min) in minimal salts glucose medium d) 120 280 
Sensitivity to Tc (#g/ml) e) 50 > 1000 
Resistance tof): 

UV (600 erg) 0.83 0.74 

H202 (1.2 M/30 min) 0.97 0.95 

a) Development of brown blotch on P, ostreatus fruiting bodies (Fig. 1) was 
visually determined as described previously (Murata et al., 1998; Tsukamoto et 
al., 1998). 4-: brown blotch, - :  no symptom. 

b) Levels of tolaasin and protease were semiquantitiatively assayed by using 
potato tuber slices and 3% gelatyin plate with serially diluted samples, and 
expressed as relative units (Murata et al., 1998; Tsukamoto et al., 1998). 
Tovisin production was determined by observing the inhibition of germination 
of Kactuca sativa L. seedlings (Murata et al., 1998). 4-: tovsin production. 

c) 4-: growth (OD6oo value of 2.5) in minimal salts-glycerol medium on incubation 
at 24 ~ for 24 h. - : no growth (OD6oo value of 0.07) under the assay condi- 
tions. 

d) Doubling time (rain) of bacteria during the exponential growth phase in minimal 
salts-glucose medium at 24oc. 

e) The least conc. of tetracyclin (Tc) that inhibits growth of bacteria. 
f) Viable cell numbers after exposure to stress are expressed relative to those of 

sample without stress. For details of assay conditions, see Murata (1998). 
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gat ion in this mutant  due to the drug marker problem. 
The genomic DNA of the mutant  was digested wi th res- 
tr ict ion endonuclease Sacl, which should not cut the 
transposon (De Lorenzo et al., 1990), l igated into the 
Sacl site of pBluescript SK + (Stratagene, La Jolla, CA), 
and introduced into E. coilstrain JM 109. Transformants 
were selected on LB agar containing Km (50 #g/ml) and 
Ap (50 #g/ml), from which a plasmid was isolated and 
analyzed by restrict ion and Southern hybridizat ion ana- 
lyses to examine the extent  of recombinat ion. The ana- 
lyses showed that only one side of the DNA flanking 
region of the transposon could be cloned and not both 
sides, due to the presence of the Sacl site at one end of 
the transposon not described in the l i terature but iden- 
t i f ied in later analysis (De Lorenzo et al., 1990;  Murata et 
al., 1998). This plasmid was designated as pHHM101.  
Subsequently,  pHHM105 carrying the wi ld- type allele 
was identif ied in a genomic library of P. tolaasii strain 
PT814 constructed in a cosmid, pLAFR5 (Tcr), by colony 
hybridizat ion using the 4 .7kb  Bglll-Sacl f ragment of 
p H H M I 0 1  labeled wi th  [~-P32]dCTP as a probe (Fig. 3; 
Murata et al., 1998). 

Nucleotide sequencing was performed on subclones 
and delet ion derivat ives of pHHMI01  and pHHM105 by 
using ABI prism 377 sequencer (Perkin Elmer Japan, 

Urayasu), and the data were analyzed using the 
GENETYX Mac ver 8.5 computer  sof tware (Software De- 
velopment Co. Ltd, Tokyo) and Advanced Blast Search 
provided by The National Center for Biotechnology 
(ht tp : / /www.ncbi .n lm.n ih.gov/ ) .  The sequence of mini- 
TnSkml  was identif ied in a genetic locus cloned in 
pHHMI01  which corresponded to an open reading frame 
(ORF) of 1 5 4 2 b p  present in p H H M I 0 5  (Fig. 4). The 
ORF is suff icient to encode 514 amino acid residues wi th 
a molecular mass of 57.0 kDa and pl. of 9.1 (Fig. 3 and 4; 
GenBank/EMBL/ DDBJ accession number AB015976) .  
The putat ive gene product encoded in the ORF has an 
amino acid sequence 68~ identical wi th (79~ similar to) 
that of sn-glycerol-3-phosphate dehydrogenase (GIpD) 
reported in Pseudomonas aeruginosa (Schroeter) Migula 
(Fig. 4; Schweizer and Po, 1994). Upstream of the 
putat ive glpD translational start site, ORFs of 753 bp, 
1512 bp, and 8 5 5 b p  were identif ied, which are 
suff icient to encode a protein of 251 amino acid residues 
wi th a molecular mass of 27.7 kDa wi th pl. of 5.28, 
55.7 kDa wi th  pl. of 5.43, and 30 kDa wi th  pl. of 5.37, 
respectively (Figs. 3, 4; GenBank/EMBL/DDBJ accession 
number AB01 5975,  AB01 5974  and AB01 5973,  respec- 
tively). The amino acid sequence of putat ive 27.7 kDa, 
55.7 kDa, and 30kDa products exhibits 74% identi ty 
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CCTTGGGGTCATGTTCATAACTGTGGATGACGATGTTCGGCGCGAAC I I ( m m FCA~CAAG 
TCCAATGCAGGGGTCATGGAGGCTCCGGGCGTGGCNkACAGAGGGCCAA1-FCTAGGCCAA 
GCCCATGCAAAAGGCTCTAGTACGCCCCCTCAAAAGACAAATACCCTACGCCCCCCGCGT 

-35 240 
GA TCATTCACCAGACC TATAG TTC GAAAATGACC GATCGI-I'C ACI-FTCGACClI7%'~Y~G 

-10 Op 3oo 
CC GTCATTC TTG T(TT'XT'A"I'I~'T'I'TCG TTTCCGAATACTG TAGGAATA TCAC CTCAGTACT 

360 
CCAGCAGTAAGCTGCGGCCGGGATGGGGATCCTGACCACGGTGAAAATCGCGCAACCACA 

SD glp F " m ' ' ~ "  420 
CGITGAGGTGGTGCGCCAGACAAGAACAACAA~CCATGACAACTGCTCTTC 

M T T A L Q 

MSR1 40o 
AACAGCCI-TCACTTTCGAGCCAATGCATGGCCGAATTCCTGGGGACTGCGCTGCTGATCT 

Q P S L S S Q C M A E F LIG T A L L I h I 

540 
TCTTCGGTACCGGATGTGTCGCTGCGCTCAAGGTCGCGGGTGCCAGCTTTGGCTTGTGGG 
I e  ~ I U u v A A L IK V A G A S F G L W E 

MSR2 8oo 
AGATCAGTATCATCTGGGGGGTGGGCGTCAGCATGGCGATCTACCTCAGCGCCGGTATTT 
1 1 ~ i I W B v B V 5 M A 1 Y L ~ A 5 1 b m 

660 
CCGGAGCGCACCTCAACCCGGCGGTCAGTATCGCCCTGTGCATCTFTGCCGATTTCGAAA 
[ ~ A  H L N P A V S I A L C I F k D F E K 

MSR3 720 
AGCGCAAACTGCCCTTCTATATCCTCGCCCAGGTCGCCGGCGCCTTCTGCTCGGCGGCGT 

R K~L P F Y I L A Q V A G A F C S A A L I 

780 
TGGTGTACACGCTCTACAGC~CCTGIIIITCGA~ACG~CAAACCCACCACATGG~C 
F - ~ - ~ - ' T l l  y S N L F F O y E Q T H H M V R 

840 
GCGGCTCCCAGGCCAGCCTGG~CTGGCGTCGGTG~CTCCACCTACCCCCACGCGCTGC 

G S Q A S L E L A S V F S T Y P H A L L 

MSR4 8oo 
TGAGCACGGCTCAGGCC~CCTGGTGGAAGTGGTCATCACCGCCA~CTGATGGGCGTGA 

SIT  A Q A F L V E V V I T A I L M G V i I 

MSR5 9~o 
GGCCCTCACCGACGACAACAACGGCCTGCCTCGCGGCCCGCTGGCCCCGCTGCTGA 
A L T O O N N G L P R G P L A P[- [ - - [ - - I ]  

F - M I  18o0 
CACCGGCCTGGTCACCGACCCGTACTTCTCCGGCACCAAGCTCAAGTGGATCCTCGACAA 
T G L V T D PIY F S ~ F K L K W I L D N ] 

1860 
CGTCGAAGOCAGCCGCGAGCGTGCGCGCAACGGCGAGCTGCTGI-FCGGCACCATCGACAG 
V E G S R E R A R N G E L L F G T I D S 

1920 
CTGGCTGATCTGG.~AAT1-FACTGGCGGCAAAACCCACGTCACCGACTACACCAACGCCTC 
W L I W K F T G G K T H V T D Y T N A S 

1980 
GCGCACCATGCTCTTCAACATCCACACCCTGGAGTGGGATGCGAAGATGCTGGAGATCCT 

R T M L F N [ H T L E W 0 A K M L E I L 

2040 
CGACGTGCCGCGCGAAATGCTGCCGGAAGTGAAGTCATCGTCGGAAATCTACGGCCGTAC 
D V P R E M L P E V K S S S E I Y G R T 

21oo 
CAAAGTGGCATCGCCATCGGCGGCCAI-FGCGGGCGACCAGCAAGCCGCGCTCTTCGGCCA 
K V A S P S A A I A G D Q Q A A L F G Q 

2160 
GATGTGTGTAAGAGGCGGCCAGGCCAAGAACACCTACGGCACCGGCTGCTTCCTGTTGAT 
M C V R G G Q k K N T Y G T G C F L L M 

2220 
GAACACCGGCGACAAGGCGGTGAAATCCAAGCACGGCATGCTCACCACCATCGCCTGCGG 
N T G D K k V K S K H G M L T T I A C G 

2280 
CCCGCGTGGCGAAGTGGCCTACGCCCTGGAAGGCGCCGTGTTCAACGGCGGTTCTACTGT 
P R G E V A Y A L E G A V F N G G S T V 

2340 
GCAGTGGCTGCGTGACGAGCTGAAGATCATCGCCGACGCCACCGACACCGAATACTTCGC 
Q W L R D E L K I I A D A T D T E Y F A 

2400 
CGGCAAGGTCAAGGACAGCAATGGCGTATACCTGGTGCCGGCCTTCACCGGCCTGGGCGC 
G K V K D S N G V Y L V P A F T G L G A 

F-M2 2460 
GCCGTACTGGGACCCGTATGCCCGTGGCGCGCTGTTCGGCCTGACCCGCGGCGTACGCGT 
P Y W O P Y A R G A L [ ~  G L T R G V R V] 

2520 
GGACCACATTATTCGTGCAGCCCTGGAGTCGATCGCCTACCAGACCCGCGACGTACTGGk 
ID H I I R A A L E S I I A  Y 0 T R D V L D 

2580 
1o2o CGCCATGC~CAGGACTCCGGCGAGCGCCTC~GGCCCTGCGCGTGGACGGCGGCGCGGT 

TCGGC~GCTGATCGCCGTGATCGGCAGCGCCATGGGCCCGCTGACCGGCTTTGCGATGA A M Q Q D S G E R L K A L R Y D G G A V 
{ G L L I A V I G S A M G P L I G F A [ M N  

2640 
1080 GGCG~O~C~CCTGATGOAG~CCAGGOCGACATCCTCGGCACCCAGGTCGAGOGCCC 

ACCCGGCGCGGGATTTCGGGCCC~GCTGATGACCIIrIICGCCGGCTGGGGTGAAATGG k N N F l M Q F Q k 0 I L G T 0 V E R P 
P A R D F G P K L M T F F A G W G E M A 

2?00 
MSR6 1140 GCAAATGCGC~GACCACCGCACTCGGCGCGGCCTACCTGGCAGGCCTGGCGTGCGGC~ 

CCTTTACCGGCGGTCGTGATA~CC~AC~CCTGGTGCC~TTTTCGCGCCGA~GTGG Q M R E T T k L G A A Y l A G L A C G F 
F T G G R D ~  P Y F L V P I F A P I V B] 

2760 
1200 CTGGGGCAGCCTGG~GAG~GCGCGGC~GGCGGT~GAGCGCG~CG~CCGCA 

GCGC~GCCTCGGCGCTGCGGCCTATCGCGGGCTGATCGCTGGCCACCTGCCGAGCGCGG W G S L E E L R G K A V I E R E F E P Q 
I A  C L G A A AIY R G L I A R H L P S A A 

2820 
1260 GC~GACG~GCGGCC~GGAZ~U~GCTC~CGCCGGCTGGCAYd~V~GCGGTCAGCCGCAC 

CACCTGCTATAGATG~GAAACACCTGACACGGCTGTC~CGGC~CACGCGTATTTCCT L 0 E A A K E K L Y A G W Q K A V S R T 
P A I O E E T P D T A V N G N T R I S * 

2880 
1320 CCGCGACTGGGAGCCCCACG~GGCGCCG~T~GCC~GCGCCGGACCTGTAGCCGG~ 

GATCACACCCGCCTGGTGCCCACTGCCCTTTTGCGGCCCAGGCGGA~ACTCATTTCTTT R D w E P H E G A E 

SD glpK ~ 138 o SD 
2940 

ATTTCCGTG(~O~C~TCGACATGACCGACA~CAG~T~G~CTACATCA~GCCCT GT~CTGGCAGGGAGCGGA~CCTGCGTCATCATGGGCCAGTI-I'TGTATGGCAGCCC~ 
M T D I Q N K N Y I I A L 

~ p R  , ~ H T H  3ooo 
A ~ B  1440 ~ACGCCCCATG~TCTGCCTCCCCGCC~C~CAAATCCTCGAGCTGGTCCGCGAACGC TGACCAGGGCACCACCAG~CGCGGGCGATCATC1-FTGATCGGGACGCC~CGTGGTCTG 
]D Q G T T S S R A I I ~ O R D A N V V C M N L P P R Q Q Q [ l  L s L v R E R [  

3060 
1500 GG~ACGTCAGTATCGAGGAAATGGCGCAGCTG~CG~GTCACCCCGCAAACCATCCGC 

CACCGCCCAGCGTG~CACTCAGCACTACCCGC~GCCGG~GGGTCGAGCATGACCC IG Y V S I ~ ~ M A 0 L F V V T P Q T ~ R I 
T A 0 R E F T Q H Y P Q A G W V E H D P 

3120 
1560 CGCGATATCAACCAGCTBGCG~CGCC~TTTGCTGCGCCGCTACCACGGCGGCGCGGCC GATGGAAA~CGCCACCCAGAGCGCGGTGATGGTCG~GCGCTGGCCCAGGCCGGCCT 

M E I F A T Q $ k V M V E A L A Q A G L ~ Q  L A O k N L L R R Y H G G k A 

3180 
1620 TATGATTCCAGCG~GAAAACACCGCGTACGCCATGCGTGCCGACCAGATGCGCGACGAG 

GCACCATGATCAGGTCGCCGCCATCGGCATCACC~CCAGCGTGA~CCACGGTGGTGTG Y D S S V E N T A Y A M R A D Q M R D E 
H H D Q V A A I G I T N Q R E T T V V W 

e e  
3240 

1680 ~ACAGCGCATCGGCG~GCCATCGCGGCGCAAATCCCCGATCACGCCTCGCTGTTTATC 
GGAC~GGTCACCGGCCGCCCGATCTAT~CGCCA~GTCTGGCAGTGCCGCCGCAGCAC K Q R I G E A I A A Q I P D H A S L F I 
D K V T G R P I Y N A I V W Q C R R S T 

3330 
1740 ~TATCGGCACCACGACGGAGTCCATCGCCCGCGCG~GCTG~CCAC~CCAC~GAAA 

CGAGATCCAGATCTGCCAGCAGCTCAAGCGCGACGGCCACG~CAGTACATC~TGACAC N I G T T T E S I A R A L L N H N H L K 
E I Q I C Q Q L K R D G H E Q Y I N D T 
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3360 
ATCATCACC~C~CCTC~CGTC6CCACCATGCTCAGTGCC~GGAC~C~CGATG~ 
I I T N N t N V A T M L S A K D D F O V 

3420 
CTGCTCACCGGCGGC~TGTACGCCGTGACGBCGGCGTGGTGGGCCAGGCCAGCGTGGAC 
L L T G G N V R R D G G V V G Q A S V D 

3480 
T~ATC~CCA~C~GG~GACT[TGCCCTC~TGGBCAT~ABCGGGA~G~G~GAT 
F I N Q F K V D F A L V G I S G I D E D 

3540 
GGCAGCCTBCTGGAI-FTC~ATCAGG~GTACGGGTTTCCCAGGCGA~ATCGCC~C 
G S L L D F D Y Q E V R V S Q A I I A N 

3600 
GCGCGCCAGGTGA~CTGGCGGCGGACTCCAGCAAA~CGGGCGC~TGCCATBA~CGC 
A R Q V I L A A D S S K F G R ~ A M I R 

3660 
CTGGGGCCGATCAGCCTGGTGGACTGCCTGGTGACTGACCAGCAGCCGGTGCCGGCG~G 
L G P I S L V D C L V T D Q Q P V P A L 

3720 
BTBCAGCTG~G~CCAGCAT~GG~CGGCTGG~G~GTFFAGT~CCC~CTBACSC 
V Q L l N Q H K V R L E V V * 

3780 
CATCGCG~C~GCCCGCTCCCACAGG~GG~TGCGATCACCTGTGG~GCCGBGC~G~ 

3840 
CCCGCGATAGCTCT~CAGGCGCTCCATCCCCCACGATG~CAC~C~CTTTTCCCC 

-35 -10 3000 
ACCC~CGATGABI(IIIIC~TCG~BTCGIt(JT~[GR~GCBCGCGCGTTTATCGG([~ 

Op SD 3960 
[~IFTTCGCAAATG~CA~TG~CGAA~CC~GACGAAAAGATCGC~]CCAGCCG 

~pD ~ FBS 4020 
ATG~CCC~CCACC~GCCTGCTCCACCGC~GCCG~GTCTAT~CG~GCCGT~TC 
M N P S T L P A P P L A E V YID V A V I I  

4080 
GGTGGTGGGATC~TGGCGTCGGCA~GCAGCAGACGCGGCCGGTCGCGGG~GTCGGTA 
IB B B I N B V G I A A D A A B R B L S V l  

4140 
TrCCTUGCGAA~GGATGACCTGGCCAGCCACACGTCGTCGGCCAGCAGCAAGTTGATC 
IF L C E KID D L A S H T S S A S $ K L 1 

4200 
CACGGCGGCCTGCGCTATCTCGAACAI-rACG/U~TTCCGCI'(GGTGCGTGAAGCCTTGGCC 
H G G L R Y L E H Y E F R L V R E k L A 

4260 
GAACGCGAAGTGCTGCTGGCCAAGGCCCCGCACATCGTCAAGCAGATGCGC17CGTGCTG 
E R E V L L A K A P H I V K g M R F V L 

4320 
CCACACCGCCCGCATTTGCGCCCGGCGTGGATGAI-rCGTGCCGGCCTGTTCCTGTACGAC 
P H R P H L R P A W M I R A G L F L Y D 

4380 
CACCTCGGCAAGCGCGAA/~CTCGCAGGCTCCA.~AGCCTGAAG'~-CGGCGCGAACAGC 
H L G K R E K L A G S K S L K F G A N S 

4440 

CCGCTGAAAAGTGAAATCACCAN~GGCI-rCGAGTACTCCGAI-I'GCI'GGG TGGATGACGC~ 7 
P L K S E I T K G F E Y S D C W V D D A 

4500 
CBCCTCBTGGTA1-FGAATGCCATGGCCGCTCGCGAAAAGGGCGCGCATATCCACACCCAA 
R L V V L N A M A A R E K G A H I H T Q 

Fig. 4. Nucleotide sequence of glpFKRD and flanking DNA region. 

4560 
ACCCG~GCATCAGCGCGCACCGCAGC~CGGCCTGTGGGAJU~TG~CATGG~CGCGCC 
T R C I S A H R S N G L W E M N M E R A 

4620 
GACGGCAGCCTG~CTCGATCCGCGCCCGCGCCCTGGTGMCGCGGCCGGGCCGTGGGTG 
D G S L F S I R A R A L V N A A G P W V 

4680 
SCC~CATCAGGGACG~CTG~GCTGG~TCGCC~ACGGCATCCGCCTGATCCA~ 
A K F I R D D L ~ L D S P Y G I R L I Q 

4740 
GGCAGCCACCTGATCGTGCCGCGCCTGTATGMGGTGCCCACGCGCATA~CTGCAG~C 
G S H L I V P R L Y E G A H A H I L Q N 

GBS 4Boo 
G~GACCAGCGTATCGTC~CACCATTCCGTACCTG~CCACCTGACCATCATCGGCACC 
E DIQ R I v F [ I P Y L N H t T I I G T I  

4860 
ACCGACCGCG~TACACCGGCGACCCGGCAAAAGTCGCGA~ACCGAAGGTGA~CCGAC 
I I D  R L Y T B D P A K V A I T E B E T D I 

4920 
TACATGCTGAAAGTGGTC~CGCGCAC~C~GAAAC~CTGAGCCGCGACGATATCGTG 

JY M L K V V N A H F K K g L S R D D I V I 

5980 
CACACCTACTCGGGCGTGCGCCCGCTGTGC~CGACGAGTCG~C~CCCGTCGGCCATC 

[H T Y S G V R P L C N O E S D N P S A I I 

5040 
ACCCGCGACTACACCCTGGCGCTGTCTGGCGGC~CGGCG~GCGCCGArTITGTCGGTG 
I T R D Y T L A L S B G N B E A P I L S V  I 

5100 
TTTGGCGGC~G~GACCACCTACCGC~GCTCGCCGAGTCGGCGATGGCGCAGCTGGCG 
[ ] G  G K L T T Y R K L A E S A M A Q L A 

5160 
CCG~C~CACCCAGATGCGCCCGAGCTGGACCGCC~GGCGAGCCTGCCCGGTGGCGAG 
P F F T Q M R P S W T A K A S L P G G E 

5200 
~CATGACCACGCCA~GCGCGCTGGCCGACGCCATCCGCGCCAAA~CBACTGGGTACC 
N M T T P E R A G R R H P R Q I R L G T 

5280 
GAGCGAGATGCBCCACGGCGCTGGGCCACCAC~ACGGCAGCCGCACCTGGCGCCTGCTG 
E R D A P R R W A T T Y G S R T W R L L 

5340 
GAGGGCGTGC~GCGCTGGCAGACCTGGGCGACCACCTGGGTGGCGGCCTGTACACCCGC 
E G V Q A L A 0 L G D H L G G G L Y T R 

5400 
G~GTCGA~ACCTGTGCGCCG~G~TGGGCGACCC~CCTCAGGACATCCTGTGGCGC 
E V D Y L C A E E W A T Q P Q D I L W R 

5460 
CGCACC~GC~GGCCTG~CACTACGGCGG~G~CAGGAC~CGTGCAGCG~ACCTG 
R T K L G L F T T A E E Q D N V Q R Y L 

5520 
TCCAAAGTCGGGCAAACCCGCGCAAAGA~G~GCGGCCTGATCAGCCGCAGG~CGTGC 
S K V G g T R A K I E A A * 

5580 
TGCAT~GAAGCCCCTGCACCG/V~AGGTCCAGGGGCI'IIIIIACGCGTCCAGTGCCTGGC 

5640 
GCTGAT~CGCAGGCCCATGTCACG~TGGCGCTG~CGCCG~CCCAGC~TACCGGGT 

AAGCCGCCTGTA,tUV~GCCCGGCGTCGCCGTCG~AGCGCGCGCTCCAGCCACAGGCAGG 
CCTGCGCCTCATCCCCCGCCTCGGCCAGCTCAGCGGCATGG~GTACTGCCCGCGGAAAT 
CCCCGCC~CGGCCGAGCGCTGATACCACTGCCTGGCCTGTTG~TGTCCTGCGGCACCA 

The deduced amino acid sequence with the translation stop site 
(asterisks) of each ORF is also given. The mini-Tn6km 1 insertion site corresponding to that shown in Fig. 3 is indicated by the open 
triangle at 4440 bp. The putative Shine-Dalgarno sequence (SD; Shine and Dalgarno, 1974), and -35 and -10 promoter regions are 
boxed in the nucleotide sequence. Putative operators commonly identified in glp genes of other bacteria (Op; Schweizer and Po, 
1996; Schweizer et al., 1997) and palindromes are marked with solid lines and hi-directional arrows, respectively, below the 
nucleotide sequence. Location and direction of each ORF are indicated by unidirectional arrows with descriptions above the 
nucleotide sequence. Predicted features of the amino acid sequence are boxed in with descriptions in abbreviations, e.g., 
membrane-spanning regions (MRS) in GIpF, ATP-binding motif (ATPB), and motifs 1 and 2 of FGGY family of carbohydrate-binding 
proteins (F-M) in GIpK, helix-turn-helix DNA binding motif (HTH) in GIpR, and flavin-binding site (FBS) and glycerol-3-phosphate 
binding site (GBS) in GIpD. Amino acid residues conserved in glycerol binding in GIpK are indicated by dots. 

wi th  (85O/oo similarity to) the regulator (GIpR), 77% identi- 
ty  w i th  (85% similari ty to) the kinase (GIpK) and 75~oo 
ident i ty wi th  (81% similarity to) the diffusion faci l i tator 
(GIpF), respectively, encoded in the glp cluster of P. 
aeruginosa (Fig. 4; Schweizer and Po, 1996;  Schweizer 
et al., 1997). 

Glycerol and its complex metabol ism are reported to 
play an important  role in pseudomonads, in which the glp 
system is not only responsible for salvaging the glycerol 
moiety of its own degraded phospholipids but is also in- 
volved in the expression of characteristics that  determine 
their ecology (Schweizer et al., 1997). For instance, the 
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glpFKRD system in an opportunist ic human pathogen, P. 
aeruginosa, traps glycerol in the extracel lular mil ieu into 
the cytoplasm as glycerol-3-phosphate and converts it 
into DHAP to be util ized for energy metabol ism, biosyn- 
thesis of phospholipids, and the product ion of pathogenic 
factor, alginate. In the parasitic state of P. aeruginosa, 
glycerol is supplied in the form of phospholipids from the 
host such as phosphat idylchol ine, a major component  of 
human lung surfactant (Schweizer et al., 1 997). 

The similari ty in the organizat ion of the gene cluster 
and the putat ive gene products suggests that P. tolaasii 
strain PT814 reported here should have a glycerol meta- 
bolic pa thway very similar to that  of P. aeruginosa. It is 
interesting to note, however,  that in terms of host-para- 
site interactions, P. ostreatus contains a signif icant 
amount of free glycerol (0.4~ in dry weight;  Yoshida et 
al., 1 984). Previously, I and my coworkers reported that 
sugars present in P. ostreatus such as trehalose, which is 
abundant in the host (8.1 ~ in dry weight ;  Yoshida et al., 
1984), st imulate tolaasin product ion in the bacterium 
(Murata and Magae, 1996; Murata et al., 1998). While 
sugars present in the host could play an important role as 
a signal in the product ion of pathogenic factors and other 
secondary metabol i tes, it is also worth examining the 
contr ibut ion of sugars as wel l  as the mechanisms in- 
volved in the sugar metabol ism as components required 
for their house-keeping process. 

Presently it is unclear precisely how the glp system 
controls these features. However,  it is plausible to 
speculate that glycerol is one of the major energy sources 
that confers a balanced metabol ic status, part icularly in 
the process of host-parasite interactions, and/or that  it is 
involved in the biosynthesis of cell components such as 
those containing a glycerol moiety. An example of such 
components,  which are biological ly most critical, may be 
the phospholipids of the bacterial cell membrane, where 
transcript ion/translat ion of genes occurs, toxins, pro- 
teins and other extracel lular products are excreted, and 
exot ic compounds such as antibiot ics are secreted. The 
data presented here and reported previously underscore 
the importance of the sugars present in P. ostreatus 
during the host-parasite interaction in a mushroom- 
pathogenic bacterium, P. tolaasii. The phenomena ob- 
served offer a clue to approaches for analyzing molecular 
mechanisms of the pathogenic process. 
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