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We mapped the coding single nucleotide polymorphisms in four toxin genes—exoS, exoT, exoU, and exoY—of
the Pseudomonas aeruginosa type III secretion system among several clinical isolates. We then used this
information to design a multiplex PCR assay based on the simultaneous amplification of fragments of these
genes. Eight strains of known genotype were used to test our multiplex PCR method, which showed 100%
sensitivity and specificity in this small sample size. This assay appears to be promising for the rapid and
accurate genotyping of the presence of these genes in clinical strains of P. aeruginosa.

Pseudomonas aeruginosa is an opportunistic gram-negative
bacillus that causes a variety of clinically important infections
in compromised hosts and in the critically ill, commonly affect-
ing patients with cystic fibrosis, severe burns, neutropenia, and
the mechanically ventilated (3). It has emerged as one of the
most problematic gram-negative bacteria in hospital settings,
causing 15 to 20% of cases of hospital-acquired pneumonia (2).
Infection is associated with crude mortality rates as high as
70% overall (32) and 90% in mechanically ventilated patients
(7). Attributable mortality risks are about 40% (8).

P. aeruginosa utilizes a large number of secreted and cell-
associated virulence factors that have been implicated in the
pathogenesis of infection. These include exotoxin A, phospho-
lipase, alkaline protease, elastase, pyocin, pili, flagella, and
lipopolysaccharide (34). One important determinant of viru-
lence is the type III secretion system (TTSS), which is present
in several gram-negative bacilli, including Salmonella, Shigella,
and Yersinia spp. (16). P. aeruginosa is able to produce and
secrete virulence factors directly into the cytoplasm of host
cells by the cell contact-mediated TTSS. The system consists of
three separate protein complexes: the secretion apparatus it-
self, the translocation or targeting apparatus, and the secreted
toxins (effector proteins) and their cognate chaperones (25).
The effector proteins currently described include two ADP-
ribosylating enzymes (ExoS and ExoT) (13, 14, 39), an acute
cytolytic factor (ExoU) (11, 22), and an adenylate cyclase
(Ex0Y) (40).

The genes that encode these proteins are characterized by
variable traits, i.e., they are present in some isolates but not in
others and they are scattered throughout the 6.3-Mb genome
of P. aeruginosa (35). Several studies have shown that the TTSS
is present in nearly all clinical and environmental isolates but
that individual isolates and populations of isolates from dis-
tinct disease sites differ in their effector genotypes (9). Al-
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though exoY and exoT are present in nearly all clinical isolates,
a significant number lack either exoS or exoU (9, 11, 22). Var-
ious authors have classified P. aeruginosa strains based on the
genotypic expression of these toxins. For example, Fleiszig et
al. (12) have classified isolates based on their ability to invade
host cells. Others have shown that invasive strains tend to
express ExoS, whereas noninvasive or cytotoxic strains express
ExoU (11, 22). Clinical isolates that secrete type III secretion
(TTS) toxins are associated with worse clinical outcomes in
patients with ventilator-associated pneumonia (11, 12, 33) and
the presence of ExoS, ExoT, or ExoU secretion correlates with
a sixfold greater relative risk of mortality (33). ExoU, in par-
ticular, correlates with acute cytotoxicity and lung damage
(11). Introduction of the exoU gene confers a cytotoxic pheno-
type on some otherwise-noncytotoxic P. aeruginosa strains and,
for recombinant strains that could express ExoU, there was
markedly increased virulence in a mouse model of acute pneu-
monia and systemic spread (1). Isogenic mutants that do not
produce or secrete ExoU resulted in a loss of cytotoxicity and
reduced virulence in a mouse model of acute lung infection
(11), a finding also reported by Hauser et al. (22). Clinically,
isolates that secrete ExoU in vitro were more likely to have
caused severe pneumonia in mechanically ventilated patients
(21).

Given the evidence that the toxins of the TTSS are impor-
tant for the determination of strain virulence and prediction of
more severe clinical outcomes, it would be advantageous to
have a simple, rapid, and accurate system for the detection of
these genes. We describe here the construction of single-nu-
cleotide-polymorphism (SNP) maps for the four known effec-
tor proteins of the P. aeruginosa TTSS. Thus, we were able to
determine the genetic heterogeneity among clinical strains and
to identify conserved regions within each gene. We used this
information to develop a reliable multiplex PCR assay for the
simultaneous detection of these genes.

MATERIALS AND METHODS

Determination of gene heterogeneity. In previous experiments (33), we col-
lected 108 clinical isolates from blood and respiratory sources. We randomly
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TABLE 1. P. aeruginosa isolates used in gene sequencing and
multiplex PCR

Isolate(s)” Use Reference
PAO1 exoT and exoY sequencing, 35
M-PCR?
PA103 exoU sequencing, M-PCR 11
2038, 2013, 2002, 2036, exoT sequencing 33
1047, 1027, 2034,
and 1061
1089, 2038, 2013, 2026, exoU sequencing 33
2002, and 1105
2038, 2002, 1072, 2056, exoY sequencing 33
1079, 1080, 1056,
1027, and 1105
6294, 6206, 6073, 6487, M-PCR 12

and PAK

“PAOI1, PA103, 19960, and PAK are laboratory stock strains. Isolates 2002
and 1105 were obtained from blood culture; isolates 6294, 6206, 6073, and 6487
were obtained from ocular cultures. The remaining strains were obtained from
respiratory culture.

® M-PCR, multiplex PCR.

chose 23 of these isolates for sequencing. Eight were cloned and sequenced for
exoT, six were cloned and sequenced for exoU, and nine were cloned and se-
quenced for exoY (Table 1). Bacteria from frozen stock were grown overnight at
37°C in Luria-Bertani medium (Fisher Scientific, Pittsburgh, Pa.), and DNA was
isolated by using a DNA purification kit according to the manufacturer’s protocol
(Clontech, Palo Alto, Calif.). Each gene was amplified in total by using a single
set of PCR primers (Table 2), the proofreading DNA polymerase PFU (Strat-
agene, San Diego, Calif.), and an optimal protocol. The results were analyzed on
a 0.9% agarose gel (Life Technologies, Carlsbad, Calif.) with ethidium bromide
(0.5 mg/ml). A band of appropriate size was excised, and DNA was extracted by
using a QIAquick gel extraction kit (Qiagen, Valencia, Calif.) according to the
manufacturer’s manual. Each gene was cloned into the plasmid vector pCR-
Blunt II-TOPO (Invitrogen, Carlsbad, Calif.). Cloned DNA was sequenced by
the University of California San Francisco Biomolecular Resource Center by
using two to five primers. The entire gene sequence was reconstructed from these
data by using DNA analysis software. The sequences of strains previously pub-
lished in GenBank were used for the evaluation of exoS (10, 35). These included
the following strains (accession number): 388 (L27629), PAK (AY029248),
CCU1 (AY029240), CCU2 (AY029241), CCU3 (AY029252), CCU4
(AY029243), CCUS (AY029246), CCU6 (AY029250), CCU8 (AY029249),
CCU9 (AYO029239), DG1 (AYO029247), FRD1 (AY029251), PA-U1
(AY029245), PA-U3 (AY029242), and ATCC 27853 (AY029244).

Multiplex PCR assay. Multiplex PCR was performed on eight previously
isolated strains of P. aeruginosa (Table 1). Mapping of the gene sequence vari-
ability was used to design PCR primers that were placed in conserved regions of
each gene. They amplified a 118-bp fragment of exoS, a 134-bp fragment of exoU,
a 153-bp fragment of exoT, and a 289-bp fragment of exoY. Bacteria were grown
overnight at 37°C in Luria-Bertani medium (Fisher Scientific), and DNA was
isolated by using a DNA purification kit according to the published protocol
(Clontech). The PCR was set up as follows: 1 pul of DNA template (100 to 200
ng), 4 pl of total PCR primers (Operon Technologies, Alameda, Calif.), (a final
200 mM concentration of each primer), 12.5 pl of AccuPrime SuperMix II
(Invitrogen), and 7.5 pl of sterile water. The negative control contained Ac-
cuPrime SuperMix II, no DNA, and 8.5 ul of sterile water. The standard reaction
included 1 pl each of PAO1 and PA103 DNA, AccuPrime SuperMix II, and 6.5
wl of sterile water. The PCR was as carried out follows: initial denaturation at
94°C for 2 min; 36 cycles of 94°C for 30 s, 58°C for 30 s, and 68°C for 1 min; and
a final extension step at 68°C for 7 min. The reaction was run in a 2% Metaphor
agarose gel (FMC BioProducts, Rockland, Maine) with 0.5 mg of ethidium
bromide/ml (Fig. 1).

RESULTS

For each gene considered, the sequences of several isolates
were aligned and analyzed for deviation from the sequence of
the reference strain (Table 3). Each gene ranged from about
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TABLE 2. PCR primers used for gene amplification and
multiplex assay

PCR primer use and name* Primer, DNA sequence

Gene amplification
exoT (1,564-bp fragment)
5'-Primer (position —100)........ ExoT5, 5'-CGA CGG CCG CCA
ACA GTA AAA-3’
3'-Primer (position 1464)......... ExoT3, 5'-AGG TAT CCT TGC
CGC CCA TTG-3'

exoU (2,103-bp fragment)
5'-Primer (position —38).......... ExoUS, 5'-ATA TTT GCT CCG
AAC CCT CG-3’
3'-Primer (position 2065)......... ExoU3, 5'-CTG TGC CAG CCA
TGT ATC AA-3'

exoY (1,178-bp fragment)
5'-Primer (position —15).......... ExoT5, 5'-GCG GGA AAA
CGA ACC ATG-3’
3'-Primer (position 1163)......... ExoT3, 5'-CGG GCT TTG CCA

ACG ACC-3’
Gene detection in multiplex assay
exoS (118-bp fragment)
5'-Primer (position 680)........... ExoS-MP5, 5'-GCG AGG TCA
GCA GAG TAT CG-3’
3'-Primer (position 804)........... ExoS-MP3, 5'-TTC GGC GTC

ACT GTG GAT GC-3’

exoT (152-bp fragment)

5'-Primer (position 624)........... ExoT-MP5, 5'-AAT CGC CGT
CCA ACT GCA TGC G-3'
3'-Primer (position 776)........... ExoT-MP5, 5'-TGT TCG CCG

AGG TAC TGC TC-3'

exoU (134-bp fragment)
5'-Primer (position 1265)......... ExoU-MP5, 5'-CCG TTG TGG
TGC CGT TGA AG-3’
3'-Primer (position 1399)......... ExoU-MP3, 5'-CCA GAT GTT
CAC CGA CTC GC-3’

exoY (289-bp fragment)
5'-Primer (position 755)........... ExoY-MP5, 5'-CGG ATT CTA
TGG CAG GGA GG-3’
3'-Primer (position 1044)......... ExoY-MP3, 5'-GCC CTT GAT
GCA CTC GAC CA-3’

“ Position 1 is at the translational start site.

1.1 to 2.0 kb. Although almost all strains of P. aeruginosa
possess a set of genes for the TTSS itself (25), not all strains
carry genes for all of the TTS toxins. For instance, PAO1, the
strain sequenced by the Pseudomonas Genome Project (35),
has a negative genotype for exoU, and strain PA103 has a
negative genotype for exoS. Therefore, PAO1 was the refer-
ence strain for exoS, exoT, and exoY, and PA103 was the ref-
erence strain for exoU. The total number of SNPs was ascer-
tained and then further divided into those which were
nonsynonymous (i.e., resulted in a change in the amino acid
sequence) and those that were synonymous (i.e., resulted in the
same amino acid). The number of base pairs per nonsynony-
mous SNP (NSS) was calculated to represent the frequency of
sequence variability. The largest gene, exoU, had the smallest
number of SNPs (14 total), while the other genes had similar
total SNPs (27 to 34 each). When only NSSs were considered,
exoU remained the most conserved (5 versus 9 to 18 varia-
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FIG. 1. Genotyping of exoS, exoT, exoU, and exoY in clinical and
laboratory P. aeruginosa isolates by multiplex PCR. Agarose gel elec-
trophoresis shows bands representing amplified DNA fragments of
each gene. All isolates were genotype positive for exoT, but only strain
19660 was genotype negative for exoY. Strains positive for exoU were
genotype negative for exoS. M.W.M., molecular weight marker; stan-
dard, standard DNA fragments representing each gene; bps, base
pairs.

tions). Despite being the smallest gene, exoY had the highest
total number of SNPs (34 SNPs) and almost two to three times
as many amino acid-altering SNPs as the other genes (18 ver-
sus 5 to 10). The number of base pairs per NSS was lowest in
exoY and highest in exoU (63 versus 413). The genes exoS and
exoT had similar values for total SNPs, NSS, and the number of
base pairs per NSS. The position and frequency of the SNPs
and amino acid substitutions resulting from the NSSs in ExoS,
ExoT, and ExoU is shown in Fig. 2, 3, and 4, respectively.

ExoS contains a C-terminal ADP-ribosyltransferase (amino
acids 232 to 453), which modifies and blocks activation of RAS
in vivo (17, 23, 28, 31, 37) and Rho GAP (GTPase-activating
protein) activity (amino acids 1 to 234) in vitro (20). Although
the SNPs were scattered throughout the gene, the NSSs were
concentrated in the amino terminus of ExoS in the strains
investigated (Fig. 2). The GAP domain contains a catalytic
arginine (Arg-146) in the arginine finger domain, which is
necessary for the stimulation of GAP by Rho (41). In addition
to this amino acid, several other residues are conserved be-
tween the bacterial GAP of Yersinia (YopE) and Salmonella
(SptP) spp.: Ala-139, Gly-141, Gly-143, Leu-145, and Thr-150
(38). These residues were conserved in the clinical isolates
sequenced. The consensus leucine between eukaryotic and
bacterial GAP (Leu-171) and the catalytic glutamate of the
ADP-ribosyltransferase domain (Glu-381) were also con-
served.

The last 27 amino acids of ExoS form the binding site for the
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FIG. 2. Position and frequency of exo§ DNA and amino acid se-
quence variations (n = 13) and position of PCR primers, GAP, and
ADP-ribosyltransferase functional domains. The x axis represents the
nucleotide or amino acid position; the y axis represents the percentage
of P. aeruginosa isolates that differed in sequence from PAOI1 at each
position. Arg-146 is essential for Rho GAP activity, whereas Glu-381 is
essential for ADP-ribosyltransferase activity. E-son in the ADP-ribo-
syltransferase domain is the binding site of a 14-3-3 protein (factor for
activating ExoS [FAS]). The exoS sequence of various isolates reported
by Ferguson et al. (10) was used in this analysis.

eukaryotic protein FAS (factor for activating ExoS), a member
of the 14-3-3 family, which is necessary for the ADP-ribosylat-
ing activity of both ExoT (39) and ExoS (4, 15). Deletion of this
binding site results in a protein that is unable to efficiently
inactivate Ras and displays reduced lethal activity (24). There
was a single amino acid substitution in this region in the ExoS
sequence of one (10%) of the clinical isolates sequenced (Fig.
2), but this single point mutation (residue 443) was not suffi-
cient to prevent infection by this strain.

The N terminus of ExoT contains an ADP-ribosyltransferase
that has only 0.2 to 1% of the catalytic activity of ExoS in vitro
(29, 39). It also has GAP activity for Rho GTPases at its C
terminus and inhibits bacterial internalization by eukaryotic
cells (5, 18, 26). Although the 9-amino-acid signal sequence

TABLE 3. Summary of the gene sequence heterogeneity of exoS, exoT, exoU, and exoY

Reference Total no.

Size No. of Size

Gene n Size (bp) sequence of SNPs (bp)/SNP NSSs (bp)/NSS Deletion(s)
exoS 13 1,361 PAO1 30 45 9 151 None

exoT 8 1,374 PAO1 27 50 10 137 None

exoU 6 2,064 PA103 14 147 5 413 None

exoY 9 1,137 PAO1 34 33 18 63 Three isolates
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FIG. 3. Position and frequency of exoT DNA and amino acid se-
quence variations (n = 8) and the position of PCR primers and signal
sequence, GAP, and ADP-ribosyltransferase domains. The x axis rep-
resents the nucleotide or amino acid position; the y axis represents the
percentage of P. aeruginosa isolates that differed in sequence from
PAOL at each position.

(amino acids 1 to 9) was conserved, both the region of GAP
activity (amino acids 78 to 237) (26) and ADP-ribosyltrans-
ferase activity (amino acids 235 to 457) (29) contained protein
sequence-altering SNPs (Fig. 3).

ExoU, the largest of the toxin genes, was the most highly
conserved on both the nucleic acid and amino acid levels (Ta-
ble 4). When compared to the reference strain PA103, the
SNPs were scattered throughout the ExoU gene, but there
were no changes in the 359-amino-acid N-terminal sequence of
the protein (Fig. 4). Furthermore, the five amino acid sequence
alterations found in the C-terminal of the protein occurred in
only 16% of the strains sequenced.

The only gene with a deletion in the clinical strains studied
was exoY (Table 4). It is an adenylate cyclase that elevates the
intracellular cyclic AMP levels in eukaryotic cells and causes
rounding of certain cell types (36, 40). Although PA103 con-
tains this gene, it does not secrete the protein; thus, this strain
is not included in the analysis of nucleotide or amino acid
sequence variability. Figure 5 shows the position of the SNPs
and deletions in exoY. There was an 11-bp deletion in PA103 at
positions 140 to 150. There was also a single-base-pair deletion
in strain 2038 at position 727 and in strain 2002 at position
1121. These deletions resulted in a frameshift mutation and a
predicted protein product truncated at amino acid positions 63
and 249 for strains PA103 and 2038, respectively. The deletion
in strain 2002 resulted in an alteration in the last five amino
acids. This alteration was not sufficient to prevent infection by
this strain.

Two areas of homology exist between ExoY and the calm-
odulin-activated adenylate cyclases of Bordetella pertussis
(CyaA) and Bacillus anthracis (edema factor) (6, 30, 40). In
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FIG. 4. Position and frequency of exoU DNA and amino acid se-
quence variations (n = 6) and position of PCR primers. The x axis
represents the nucleotide or amino acid position; the y axis represents

the percentage of P. aeruginosa isolates that differed in sequence from
PA103 at each position.

ExoY, conserved region I (amino acids 41 to 107) contains an
ATP/GTP-binding site A motif, which is thought to play a role
in contacting the a-phosphate of bound nucleotide (19). Con-
served region II (amino acids 209 to 221) is proposed to par-
ticipate in contacting the B- and y-phosphates of bound nucle-
otide (19). Four residues are essential for the adenylate cyclase
activity of ExoY. Two in conserved region I (Lys-81 and Lys-
88) are predicted to be directly involved in ATP binding. Two
in conserved region II (Asp-212 and Asp-214) are thought to
play a role in contacting bound nucleotide (19). These residues
were conserved in the clinical isolates sequenced (Fig. 5).
Purified DNA from eight strains of P. aeruginosa previously
classified as either cytotoxic (PA103, 6206, 6073, and 19660) or
noncytotoxic and invasive (PAO1, PAK, 6294, and 6487) (11,
12) were used in the multiplex PCR assay (Fig. 1). All of the
strains tested have exoT. Also, all of the strains except strain
19660 have exoY. Four of the strains (PA103, 6206, 19960, and
6073) have exoU but not exoS, and the remainder had exoS but
not exoU (PAO1, 6294, PAK, and 6487). The accuracy of the

TABLE 4. Deletion mutations found in exoY of
P. aeruginosa isolates

Isolate lsgilt?(?rtll(i‘): le]i;fnn(%np) Translational result

PA103  140-150 11 The protein was truncated at amino
acid 63

2038 727 1 The protein was truncated at amino
acid 249

2002 1121 1 The last five amino acids were
altered
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FIG. 5. Position and frequency of exoY DNA and amino acid se-
quence variations (n = 9) and position of PCR primers and conserved
regions between P. aeruginosa, B. pertussis, and B. anthracis adenylate
cyclases. The x axis represents the nucleotide or amino acid position;
the y axis represents the percentage of P. aeruginosa isolates that
differed in sequence from PAO1 at each position. Two lysine residues
(Lys-81 and Lys-88) in conserved region I and two arginine residues
(Arg-212 and Arg-214) in conserved region II are essential for the
adenylate cyclase activity of ExoY.

amplification of each gene fragment was checked against the
results of Southern blot analysis of exoS, exoT, and exoU pre-
viously published, in collaboration, by members of our lab (33).
The results of the multiplex system completely matched the
results obtained by Southern blot. Furthermore, when the mul-
tiplex PCR was repeated four times with the same samples, the
patterns remained the same. These results indicate that this
multiplex system is both accurate and reproducible.

DISCUSSION

The aim of the present study was to develop a simple, rapid,
and reliable technique for the detection of the genes of four
effector proteins of the P. aeruginosa TTSS. As the evidence for
the importance of these toxins accumulates, the use of a less
cumbersome alternative to Southern blot for the detection of
these genes will become increasingly desirable. Rapid identi-
fication of the bacterial genotype would greatly aid clinical
studies correlating genes and gene expression with clinical out-
come. The first step was to sequence the genes of a reasonable
but arbitrary number of clinical strains to determine the se-
quence variability of each gene. This step was necessary in
order to design primers in conserved regions of the gene. This
placement greatly increases the likelihood that the primers will
successfully amplify the sequence of any isolate containing that
gene. The data presented here indicate that this multiplex PCR
technique is very sensitive and specific, providing results within
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3 h. Strategies to improve the sensitivity of this assay include
sequencing more clinical strains to possibly capture more ge-
netic variations. This would increase our confidence that the
primers designed are in conserved regions. Also, we could use
multiple sets of primers for each toxin gene. With this strategy,
we would be more likely to detect the gene even if one set of
primers were inadvertently in a polymorphic region.

The relationship between the genotype and phenotype dif-
fers for each toxin gene. One study looking at P. aeruginosa
isolated from the lower respiratory tracts of patients with ven-
tilator-associated pneumonia found that, although every iso-
late examined harbored TTS genes, only 77% were capable of
secreting detectable amounts of TTS proteins in vitro (21). The
genotype and phenotype matched in 94% of the isolates for
exoU but in only 80% of the isolates for exoS. ExoU, in par-
ticular, has been associated with cell death in tissue culture
systems and more severe disease in animal models of acute
pneumonia (11, 22, 27). In the clinical setting, ExoU-secreting
isolates more frequently caused severe disease than did isolates
not secreting TTS toxins. Others have reported that the vast
majority of P. aeruginosa isolates contain either exoS or exoU
but not both (9, 11, 12). This was also seen in our small sample,
and the multiplex PCR was able to accurately distinguish the
genotypes. Also, despite having 75% amino acid sequence ho-
mology, we were able to consistently differentiate exoS from
exoT by this PCR method (Fig. 1). This is especially important
since exoT is almost ubiquitous in the P. aeruginosa genome
(9). PA103 is phenotype negative for exoY (40). We found a
deletion mutation in this isolate, as well as two others, which
produced an early stop codon and, therefore, a truncated pro-
tein product. This accounts for the discrepancy between the
exoY genotype and phenotype seen in PA103.

Given the success of this multiplex system, we would be able
to use the same strategy to develop a genotyping system for
other virulence factors of the TTSS. Because an association
between the expression of TTS proteins and morbidity and
mortality in patients infected with P. aeruginosa has been de-
scribed, the identification of the TTSS phenotype in clinical
isolates may be useful in the determination of a patient’s prog-
nosis or help distinguish colonization from infection. In the
future, we may be able to combine this simple genotyping
system with an equally elegant phenotyping system, such as
real-time PCR or microarray, to develop a system to fully
characterize P. aeruginosa strains.
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