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Common Virulence Factors for Bacterial 
Pathogenicity in Plants and Animals 

Laurence G. Rahme, Emily J. Stevens,* Sean F. Wolfort, 
Jing Shao,? Ronald G. Tompkins, Frederick M. Ausubel$ 

A Pseudomonas aeruginosa strain (UCBPP-PA14) is infectious both in an Arabidopsis 
thaliana leaf infiltration model and in a mouse full-thickness skin burn model. UCBPP-
PA14 exhibits ecotype specificityforArabidopsis,causinga rangeof symptom8fromnone 
to severe infour different ecotypes. Inthe mouse model, UCBPP-PA14 isas lethalas other 
well-studied P, aeruginosa strains. Mutations in the UCBPP-PA14 toxA, plcS, and gacA 
genes resulted in a significant reduction in pathogenicity in both hosts, indicating that 
these genes encode virulence factors required for the full expression of pathogenicity in 
both plants and animals. 

Bacterial pathogens cornprise a large and 
diverse group of species capable of infecting 
both animals and plants. Most of these 
pathogens cause disease in a single or limited 
number of host s~ecies.The interactions be-
tween bacterial and host factors that limit 
host ranee and determine resistance or sus--
ceptibility are not fully understood. 

Despite the vast evolutionary gulf be-
tween plants and animals, two types of 
observations suggest that some of the un-
derlying mechanisms of bacterial patho-
genesis may be similar in the two king-
doms. First, bacterial proteins involved in 
the export of proteinaceous virulence fac-
tors have been shown to be conserved 
between plant and mammalian pathogens 
( 1  ). Second. for some bacterial s~ecies.~, 

including Pseudomonas cepacia ( 2 ) ,Pseudo-
monas aeruginosa (3 ,  4) ,  and Erwinia spp. 
( 5 ) ,specific strains have been reported to 
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be either plant or animal pathogens. 
Reports indicating similarities between 

plant and animal pathogens prompted LIS to 
search for a strain of P. aeruginosa that was 
capable of eliciting disease in both a well-
defined plant pathogenesis model and a 
well-defined animal pathogenesis model. 
We chose P. aeruginosa for these studies 
because it is a serious opportunistic patho-
gen in irnrn~~noco~npro~ni~edhuman pa-
tients (6) and because individual clinical 
isolates have been reported to cause disease 
in plants (3). Given such a "dual" animal-
plant pathogen, it would be interesting from 
an evolutionary perspective to determine 
which, if any, bacterial virulence factors 
were involved in both plant and animal 
pathogenesis. 

A collection of 75 P. aeruginosa strains 
(7) ,of which 30 were human isolates, were 
screened for their ability to cause disease on 
leaves of at least four different Arabidopsis 
thaliana ecotypes (8, 9) (land races or wild 
accessions). We reasoned that a P. aerugi-
nosa pathogen that exhibited ecotype spec-
ificity on Arabidopsis would most likely be a 
true plant pathogen, rather than a strain 
that has no capacity to be a plant pathogen 
under natural settings but infects plants as a 
consequence of the artificial environment 
created in the laboratorv (10)., .  . 
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typical of a highly virulent Arabidopsis bac-
terial pathogen such as Pseudomonas syrin-
gae (8) (Table 1 ) .  The severe symptoms 
elicited by UCBPP-PA14 were character-
ized b; a water-soaked reaction zone and 
chlorosis, resulting in complete maceration 
and collapse of the leaf 4 to 5 days after 
infection. 

The degree of proliferation of strains 
UCBPP-PA14 and UCBPP-PA29 in Arabi-
dopsis leaves was correlated with the sever-

Time (days) 

Fig. 1. Growth of P, syringae and P. aeruginosa in 
Arabidopsis leaves. (A)Growth of P. syringae pv. 
macu/ico/astrain ES4326 (0)and P. aeruginosa 
strains UCBPP-PA14 (0)and UCBPP-PA29(A)in 
ecotype Llagostera. (8)Growth of P. aeruginosa 
strain UCBPP-PA14 in three Arabidopsis eco-
types: Columbia (m),Argentat (a),and Bensheim 
(A).(C)Growth of P. aeruginosastrain UCBPP-I 4 
(a)and isogenic p/cS (a),toxA (O),and gacA (A) 
mutants in ecotype Llagostera. Bacterial counts in 
Arabidopsis leaves were done as described (8). 
Means of four samples + SD are shown. Three 
independent experiments gave similar results, n -
cubation conditions were as described in Table 1.  

ity of disease symptoms ( I  I ) (Fig. 1 ,  A and 
B, and Table 1) .  I11 each case, reduced 
bacterial counts in leaves were associated 
with less severe symptom developme~lt 
(12). Moreover, the growth profile of 
UCBPP-PA14 and UCBPP-PA29 in the 
susceptible ecotype Llagostera (Ll) was es-
sentially identical to that of the Arabidop-
sis bacterial pathogen P .  syringae pv, macu-
licola strain ES4326 ( 8 )  (Fig. 1A) .  

The pathogenicity of strains UCBPP-
PA14 and UCBPP-PA29 was measured in a 
mouse model in which a fiull-thickness ther-
mal burn injury involving 5% of the body 
surface area was fashioned on an out-
stretched area of abdominal skin (13). In 
this model, the damaged epidermis and der-
mis iundergo coagulation necrosis, but the 
underlying rectus abdomini (RA)  muscles 
are not injured (13). A P. aeruginosa inoc-
ulum is injected intradermally into the mid-
line crease of the burn eschar 113.  14). The~ , . ,  
bacteria proliferate in the burn wound, and 
some strains lnav invade the normal under-
lying R A  musclks. The  number of bacteria 
found in the R A  muscles underlying and 
adjacent to the burn after 24 hours gives a 
sensitive and uiuantitative measure of local 
invasiveness. Some strains may also invade 
the vasculature and lymphatics, resulting in 
the widespread dissemination of bacteria 
throughout the host. Mortality is an indi-
cator of systemic invasiveness. 

Strains UCBPP-PA14 and UCBPP-
PA29 nroliferated and invaded the RA 
muscles as well as the P ,  aer~~ginosahiunan 

isolates PO37 (13), P A 0 1  (15), and PAK 
(16) (Table 2). In addition, strain UCBPP-
PA14 caused a high level of mortality 
( 2 7 7 % )  in this model (Table 3) .  Impor-
tantly, heat-killed cells caused no mortality, 
suggesting that mortality is not a simple 
consequence of endotoxin-induced shock. 

Strain UCBPP-PA14 was selected for 
additional studies because it was locallv in-
vasive and was significantly lethal in an 
established mouse model and because the 
severity of symptoms that it elicited in dif-
ferent Arabidopsis ecotypes was directly cor-
related with the extent of growth in Arabi-
dopsis leaves. Moreover, the level of viru-
lence of UCBPP-PA14 in the mouse and 
Arabidobsis models was comuarable to that 
of well-studied plant (P.  syringae) and ani-
mal (P.  aeruginosa) pathogens:'-~pecifically, 
we sought to determine whether there are 
common virulence determi~lantsin strain 
UCBPP-PA14 required for pgthogenicity in 
both hosts. We used a marker exchange 
procedure to generate UCBPP-PA14 mu-
tants carrying insertion mutations in three 
different penes, two k11ow11 to be virulence - , 

determinants for P ,  aeruginosa in animal 
hosts and one known to be a virulence 
determinant for phytopathogenic bacteria 
in plant hosts. The two animal virulence-
related genes of P. aeruginosa were plcS and 
toxA, encoding the exported proteins phos-
pholipase S (17) and exotoxin A (18 ) ,  re-
spectively. Phospholipase C preferentially 
degrades phospholipids of eukaryotic cells 
(17) and exotoxin A inhibits protein syn-

Table 1. Growth of P. aeruginosa strains UCBPP-PA14 and UCBPP-PA29 on different Arabidopsis 
ecotypes and disease symptoms elicited. 

Arabidopsis P. aeruginosa UCBPP-PA14 P. aeruginosa UCBPP-PA29 

ecotype* CFU/cm"eaf area-: Symptoms$ CFU/cm"eaf areat Symptoms 

LI 2.6 X lo7 + 2.0 X lo7 Severe 2.7 x l o 7 +  1 . 3 ~lo7 Severe 
Col 9.0 x lo6 +- 6.0 x lo6 Severe 6.0 x lo5 +- 3.0 x lo5 Weak 
Ag 3.0 x 1O5 i 1.4 x 1O5 None 1 . 5 ~1 0 5 i - 9 . 0 ~lo4 None 
Be 1.1 X lo6 i 4.9 x lo5 Moderate 4.5 x lo5 i 2.0 x lo5 None 

*Arabidopsis land races: Ll, Lagostera;C o ,  Columbia; Ag, Argentat; and Be, Bensheim, tMeans of four samples 
'.SD of maximum bacterial counts obtained at 5 days after infection of 103cells. isymptoms were ellcited 5 
days after injection. None, no symptoms; weak, localized weak water-soaking and chlorosis of tissue crcumscribing 
the injection site, moderate, moderate water-soaking and chlorosis with most of the tssue softened around the 
inoculaton site; severe, severe soft-rotting of the entre inoculated leaf characterized by a water-soaked reaction 
zone and chlorosis c~rcumscr~b~ngthe injecton site at 2 to 3 days after njection.The soft-rot symptoms pervaded the 
leaf at 4 to 5 days after injection. 

Table 2. Proliferation of P. aeruginosa strains in a mouse full-thicknessskin burn model 

P. aeruginosa Mean titer i- SD in biopsies Mean titer i SD in biopses 
strain underneath burn* adjacent to burn 

UCBPP-PA14 20.0 x lo7 i- 9.0 x lo7 
UCBPP-PA29 36.0 x lo7 i- 10.0x lo7 
PO37 30.0 x lo7 11.0 x lo7 
PAK 18.0x 107 + 9.1 x lo7 
PA01 31.0 x lo7 10.0 x lo7 

*Mice were injected wth -5 x 1 03cells. NOviable bactera cells were retrieved from the underlyng rect~lsabdominus 
muscle immedatey after bacterial injection or in sham-njured anmals n other studes. 
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thesis by ribosylating elongation factor 2 
(18). The plant pathogen virulence deter-
minant was gacA, first identified as a global 
regillator of excreted antifungal factors in 
the nonpathogenic soil bacteriiun Pseudo-
monas fluorescens (19, 20). In the phyto-
pathogen P. syringae pv. syringae, gacA ap-
pears to serve as a transcriptional regulator 
of genes that encode extracelli~larproducts 
involved in pathogenicity (21). 

The UCBPP-PA14 homologs of plcS and 
t o d  were identified in a geno~niccosrnid 
library of strain UCBPP-PA14 (22) with 
cloned DNA fragments corresponding to 
the plcS and t o d  genes of P. aeruginosa 
strain PAK as hybridization probes (23,24). 
The UCBPP-PA14 homolog of gacA was 
identified in the same cosmid library with a 
polymerase chain reaction-amplified prod-
uct corresponding to a conserved region of 
the P. fluorescens gacA gene (19, 25). All 
three genes were subcloned and mu-
tagenized by the insertion of a cassette en-
coding genta~nicinresistance (26).The mu-
tated genes were transferred to the UCBPP-
PA14 genome by means of standard marker 
exchange techniqiles (27). 

The effects of the plcS, t o d ,  and three 
independently constructed gacA mutations 
on the pathogenicity of UCBPP-PA14 in 
the Arabidopsis model were tested by infil-
trating the mutant strains into Arabidopsis 
ecotype Ll. Unlike wild-type UCBPP-
PA14, none of the mutants caused macer-
ation and collapse of the leaf. Specifically, 
the isogenic t o d  mutant caused attenuated 
soft-rot and chlorosis sylnptolns without the 
accompanying maceration of the affected 
tissue characteristic of UCBPP-PA14. The 
plcS and gacA mutants elicited even weaker 
symptoms, causing only chlorosis. Consis-
tent with the attenuated symptoms, the 
growth of the t o d ,  plcS, and gacA mutants 
after 5 days was less than the growth of the 
wild-type by a factor of approxirnately 10, 
lo2, and 5 x lo3, respectively (Fig. IC).  

In the mouse model. mice that were 
burned and infected with kither p l c ~or t o d  
mutants exhibited significantly lower mor-

Table 3. Lethality of P. aeruginosa strains in a 
mouse full-thickness skin burn model. 

Mortality ratio of 
P. aeruginosa mice at 1 0  days 

strain after burn and 
infection* 

UCBPP-PA14 17/22 
UCBPP-PA14-heat killed? 0/5 
UCBPP-PA14 PICS 6/15 
UCBPP-PA14 t0xA 6/15 
UCBPP-PA14 gacA 0/1 O$ 
UCBPP-PA29 1/16 

'Mice were injectedwith -5 x 1O3cells. tCells were 
boiledfor 10 min. $Threeindependentlyconstructed 
gacA mutants gave the same result. 

talitv (40% with both mutants) as com-
pareh to infection with the wild-iypestrain 
( 7 7 % )  (Table 3) (28). None of the three 
indepenhent gacA mu;ants caused mortality 
(Table 3).  

The pathogenicity of the UCBPP-PA14 
mutants in both plants and mice was re-
stored to either wild-type levels or near 
wild-type levels when the t o d  mutant was 
complemented with a plasmid carrying only 
the toxA gene, when the plcS mutant was 
complemented with a plasmid carrying the 
plcSR operon, and when the mutated gacA 
gene was replaced with a 2.4-kb DNA frag-
ment containing the wild-type gene (29). 

The above resillts demonstrate that mu-
tations in the plcS, t o d ,  and gacA genes 
result in diminished pathogenicity in both 
Arabidopsis and mice (30). One of these 
genes, gacA, is active at the regulatory level, 
suggesting that mechanisms for regulation 
of virulence factors may be conservecl be-
tween plant and animal pathogens. The 
plcS and t o d  gene prodilcts are specific 
virulence determinants that attack mem-
branes and inhibit protein synthesis, respec-
tively, in animal cells (17,18). Althoi~gh 
there is no direct evidence that they play 
the same roles in plant cells, the fact that 
the UCBPP-PA14 plcS and toxA mutants 
caused less severe disease in Arabidopsis 
than the wild-type strain is consistent with 
the possibility that the plcS and t o d  gene 
products play a similar role in plant and 
animal pathogenesis. 

The "dual" animal-plant pathogen sys-
tem described in this report has both fun-
damental and practical ramifications. From 
an evolutionary perspective, our results sug-
gest that the molectllar basis of P. aerugino-
sa-based pathogenesis may be similar in 
plants and animals. At a practical level, the 
dual pathogen system can be used to cir-
cumvent certain inherent limitations that 
an animal model imposes on the identifica-
tion and study of P. aeruginosa virulence 
factors. Pseudomonas aeruginosa genes first 
identified as encoding virulence factors re-
quired for pathogenesis in plants can subse-
quently be tested in the mouse full-thick-
ness skin burn model to identifv virulence 
factors that are required for both plant and 
animal pathogenesis. Insights gained from 
this dual animal-plant pathogen system may 
help to elucidate the ~nolecularbasis under-
lying host specificity of bacterial pathogens. 
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26. A3.6-kb Bgl I-Bam HI fragment containng theplcS 
gene was subcloned into the Bam HI site of pBR322 
and then mutagenzed by inserton of a gentamicin-
resistance gene cassette into the Xho I slte of the 
p1cS gene to construct pLGR201. The gentamicn-
resistance gene cassette is a 1.8-kb Bam HI frag-
ment from plasmd pH1J [R. A. Rubin, Plasmid 18, 
84 (198711 provided by S. Lory. The Xho I site IS 

located approximately in the middle of thep1cS-cod-
ing region ( I7).A 1.6-kb Bam HI fragment containing 
the toxA gene was subconed Into pBR322 and then 
mutagenized by ntroduction of the gentamcin cas-
sette Into the B g  I site of the toxA gene to construct 
plasmd pLGR202. The Bgl I s~ teIS located near the 
m~ddleof the toxA-codlng reglon (24).A 2.4-kb Hlnd 
Ill-Eco RI fragment containing the gacA gene was 
suhcloned Into pBR322 and then mutagenized by 
insertion of the gentamicin cassette n t o  the Bam HI 
site of gacA to construct the plasmid pLGR203. Ap-
proximately 300 bp of the presumptive gacA gene 
was sequenced (from the Bam HI site) and was 
found to exhibt 89% identity at the nuceotde levelto 
the P, fluorescens gacA gene (19).The Bam HI slte IS 

located near the middle of the P, aeruginosa gacA 
gene-codng regon. 

27. Plasmids pLGR201, pLGR202, and pLGR203 were 
used for gene repacelneit of plcS, toxA, and gacA 
genes, respectively, as described [L. G. Rahme, M. 
N. Mindrinos, N. J. Panopoulos, J. Bacteriol. 170, 
575 (1991)], by first seectlng for resistance to gen-
tamicn (30 kglml) and then screening for sensitivity 
to carbencilin (300 kg/ml). Three Independent gacA 
mutants were constructed. The structures of all of 
the resulting marker exchange mutations were veri-
fed by DNA blot analysis. The UCBPP-PA14 p1cS 
mutant exhhted reduced hemolytc activity on blood 
agar plates (17) and the UCBPP-PA14gacA mutant 
exhibited sensitvity to ultraviolet (UV) radiation (21) 
and did not produce exrracellular cyanide (19).None 
of these three mutations had any detectable effect 
on either the growth rate or the f ~ n adensity of the 
bactera In vitro compared to the w d  type in either 
rich or mnimal media. 

28. Statstcal significance for mortairy dara was derer-
mined by the x2 test w~ thYates'correction. Differ-
ences between groups were considered sratisticaly 
significant at P 5 0.05. A the mutants were signifl-
cantly different from the w~ ldtype @IcSand t o A ,  P 
5 0.05; gacA, P 5 0.00005). 

29. A 6 . 1 k b  Bam HI fragment containing the plcSR 
operon of strain UCBPP-PA14 was subconed Into 
the Bam HI site of plasmd pRR54 atid used for 
genetic complementaton studies. A 2.4-kb Eco RI-
~ c oRVfragment containing only the toxA gene from 
P, aeruginosa strain PAK was cloned In the Sma I site 
of pRR54 and used for complementation studies. An 
8.7-kb DNA fragment containing the gacA-uvrC 
operon of straln UCBPP-PA14 was cloned in the 
poylinker of pRR54 and used for complementation 
stud~es,In addition, a 2.4-kb Hind I-Eco R frag-
ment contaning the UCBPP-PA14 gacA gene was 
cloned into pBR322 and used to replace the gacA 
gene interrupted by the gentamicn cassette with a 
wild-type copy of gacA, In the mouse model, the 
lethality elicited by the complemented plcS and toxA 

mutants and the reconstructedgacA ' strain was not 
statistically dfferent from that of the UCBPP-PA14 
wild type. The complemented gacA mutant was UV-
resistant, synthesized cyanide, and elicited approxl-
mately 50% lethality n the mouse model as com-
pared to 0% for thegacA mutant. In the plant mode, 
the complemented p1cS and toxA mutants and the 
reconstructed gacA+ strain eci ted disease symp-
toms simlar to those of wild-type UCBPP-PA14, the 
reconstructed gacA + strain grew to wild-type levels, 
the final populat~onlevel of the complemented 
gacA mutant was approximately 1.5 orders of 
magntude less than that of the w d  type, and the 
complemented toxA and p1cS mutants grew to a 
level that was approxmately 0.5 order of magn-
tude less than that of the w ~ l dtype. The partal 
complementaton observed In some of these ex-

perimelits may be due to gene dosage effects. 
30. The toxA gene is not known to be part of an operon. 

Because the plcS gene is situated in an operon with 
plcR, a gene that regulates p1cS expression, and the 
gacA gene IS situated in an operon w ~ t huvrC, the 
reduced pathogenic~typhenotypes of the plcS and 
gacA mutants may be due to polar effects on the 
downstream plcR or uvrC genes. 
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Reversal of Raf-1 Activation by Purified and 
Membrane-Associated Protein Phosphatases 

Paul Dent, Tomas Jelinek, Deborah K. Morrison, 
Michael J. Weber, Thomas W. Sturgill* 

The Raf-1 protein kinase participates in transduction of mitogenic signals, but its mech-
anisms of activation are incompletely understood.Treatment of human Raf-1 purified from 
insect Sf9 cells co-expressing c-H-Ras and Src(Y527F)(in which phenylalanine replaces 
tyrosine at residue 527) with either serine-threonine or tyrosine phosphatases resulted in 
enzymatic inactivation of Raf-1. Inactivation of purified Raf-1 was blocked by addition of 
either the 14-3-35 protein or heat shock protein 90. Loading of plasma membranes from 
transformed cells with guanosine triphosphate (GTP) resulted in inactivation of endog-
enous or exogenous Raf-I; inactivation was blocked by inclusion of protein phosphatase 
inhibitors. These results suggest the existence of protein phosphatases in the cell mem-
brane that are regulated by GTP and are responsible for Raf-1 inactivation. 

T h e  proto-oncogene product Raf-1 is a 
serine-threonine protein kinase that func-
tions in one or Inore protein kinase cascades 
i~nportantfor lllitogenic signali~lg(1). Raf-1 
phosphorylates and activates mitogen-acti-
vated protein (MAP) kinase kinase (MKK, 
also kno\vn as MEK), the specific activator 
of MAP kinase. MAP kinase in turn phos-
phorylates several regulatory proteins (2 )  in 
the cytoplasln and nucleus to alter the pro-
gram of transcription and translation re-
quired for mitogenesis. 

The mechanism of Raf-1 activation is 
~~nc lear .Activation of Raf-1 in vivo occurs 
at the plaslna ~nelnbraneand is dependent 
on association with the guanosine triphos-
phate (GTP)-bound form of Ras (1). Arti-
ficial targeting of Raf-1 to the plaslna men-
brane in vivo bvpasses Ras dependence and , 
results in an enhancement of Raf-1 enzymat-
ic activity (3).Raf-1 is also activated in vitro 
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by purified plas~na~lle~nbra~lesfrom trans-
formed cells in an adenosi~letriphosphate 
(ATP)-dependent manner (4). However, 
the association of purified Raf-1 and Ras 
proteins in the presence of ATP in vitro is 
not sufficient for Raf-1 activation, suggesting 
that an ATP-dependent ~nechanisrnsuch as 
phosphorylation exists for Raf-1 activation 
at the plaslna membrane. 

Raf-1 is phosphorylated in quiescent 
cells, and its phosphorylation increases at 
several sites in cells stimulated with mito-
gens (5-7). Threonine-268, serines-43, 
-259, -499, and -621 (5),and tyrosines-340 
and -341 have been identified as phospho-
rylation sites in Raf-1 (6) .  Mitogenic stim-
mi la ti on of fibroblasts with platelet-derived 
growth factor or phorbol esters increases 
phosphorylatio~lof SerZi9 (5)  and Ser"' 
( 6 ) ,  respectively. Mutation of Ser259 or 
Ser4" to Ala does not inhibit the activa-
tion of Raf-1 in insect Sf9 cells bv Ras and 
Src(Y527F) (5) ;  the effects of thkse muta-
tions on activation by phorbol esters are 
unclear (7). Mutation of Sera', which is 
phosphorylated in quiescent fibroblasts and 
in Sf9 cclls expressing Raf-1 alone, results 
in a protein that cannot be activated (5) .  
Furthermore, mutation of Tyr3" and 
Tyr"', the major sites of tyrosine phospho-
rylation, to Phe also results in a Raf-1 pro-
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