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Twenty-Five-Year Outbreak of Pseudomonas aeruginosa Infecting
Individuals with Cystic Fibrosis: Identification of the Prairie Epidemic
Strain
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Transmissible strains of Pseudomonas aeruginosa have been described for cystic fibrosis (CF) and may be associated with a
worse prognosis. Using a comprehensive strain biobank spanning 3 decades, we sought to determine the prevalence and stability
of chronic P. aeruginosa infection in an adult population. P. aeruginosa isolates from sputum samples collected at initial enroll-
ment in our adult clinic and at the most recent clinic visit were examined by a combination of pulsed-field gel electrophoresis
and multilocus sequence typing and compared against a collection of established transmissible and local non-CF bronchiectasis
(nCFB) isolates. A total of 372 isolates from 107 patients, spanning 674 patient-years, including 66 patients with matched isolates
from initial and final encounters, were screened. A novel clone with increased antibacterial resistance, termed the prairie epi-
demic strain (PES), was found in 29% (31/107 patients) of chronically infected patients referred from multiple prairie-based CF
centers. This isolate was not found in those diagnosed with CF as adults or in a control population with nCFB. While 90% (60/66

patients) of patients had stable infection over a mean of 10.8 years, five patients experienced strain displacement of unique iso-
lates, with PES occurring within 2 years of transitioning to adult care. PES has been present in our cohort since at least 1987, is
unique to CF, generally establishes chronic infection during childhood, and has been found in patients at the time of transition
of patients from multiple prairie-based CF clinics, suggesting broad endemicity. Studies are under way to evaluate the clinical

implications of PES infection.

hronic airway infection with cystic fibrosis (CF), punctuated
by repeated bouts of acute perturbations, results in progres-
sive airway destruction, leading to bronchiectasis and respiratory
failure. Pseudomonas aeruginosa, the archetypical CF pathogen,
infects 70% of patients (1-3). The acquisition of this organism and
its conversion to a hyper-alginate-producing mucoid phenotype
are associated with deteriorating clinical status, increased treat-
ment requirements, and progression to end-stage disease (4-8). P.
aeruginosa, which is ubiquitous in the environment (9-11), was
initially presumed to be acquired from each patient’s local envi-
ronment and not transmitted among patients (12). However,
multiple local, national, and transcontinental epidemic strains of
P. aeruginosa have now been described. Several of these strains are
associated with an accelerated clinical deterioration notable for
increased treatment burden (13, 14), increased exacerbation fre-
quency (14), and progression to respiratory failure (9). For further
information on transmissible strains of P. aeruginosa in CF, the
reader is referred to a recent review by Fothergill et al. (15).
Despite extensive study of epidemic strains, little is known re-
garding the stability of infection or the circumstances surround-
ing acquisition (16). Most studies have been prospective and are
thus limited by their short duration of follow-up and lack of his-
torical context. These studies are therefore able to report point
prevalences of infection but provide little information on inci-
dence or when infections first occurred (13, 17). Accordingly, the
development of rational, evidence-based infection control proto-
cols to limit the spread of transmissible organisms has been lim-
ited. Making use of a strain biobank spanning 25 years, we were
able to examine the incidence, prevalence, and stability of strains
of P. aeruginosa within an adult CF cohort managed with tradi-
tional infection control strategies. A novel clonal isolate causing
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chronic infections in several generations of patients transitioning
to adult CF care over 25 years was found in 1/3 of our population.
This clone was found in patients referred from multiple Prairie
Provinces, suggesting a broad distribution across western Canada.
Despite its high prevalence in adult populations, incident infec-
tions were rarely observed, suggesting that its risk for acquisition is
highest during the developing years.

MATERIALS AND METHODS

Clinic population and structure. The Calgary Adult Cystic Fibrosis
Clinic (CACFC) serves the needs of all CF patients living in southern
Alberta, a province of 3.65 million individuals living in an area spanning
661,848 km?. Patients attend the clinic at least quarterly and are hospital-
ized exclusively at the Foothills Medical Centre. Prior to 2009, traditional
infection control standards were limited to a common waiting room
where personal contact was excluded to a 1-m “bubble” and good cough
and hand hygiene was strictly enforced. Since then, universal segregation
has been adopted, with patients immediately escorted to private rooms
and seen by circulating health care workers. Inpatients are excluded from
sharing rooms with other individuals with CF. Upon enrollment at the
CACEFC, all patients consent to the regular submission and banking of
sputum and bacterial isolates from each and every encounter. All patho-
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gens recovered by culture are stored at —80°C in the CACFC strain bio-
bank. Ethical approval for this study was granted by the Calgary Health
Region Ethics Board (CHREB) (approval no. E23087).

Patient and strain selection. CACFC attendees had a diagnosis of CF
according to established criteria (18). Patients were randomly selected and
categorized as follows: (i) active patients, i.e., patients who were being
monitored and managed for chronic P. aeruginosa infection at the time of
study; (ii) transferred patients, i.e., those who had left the care of our clinic
and moved to an area outside southern Alberta; and (iii) patients who
experienced end-stage CF lung disease and either succumbed to CF or
received lung transplantation. Chronic infection was defined per the
Leeds criteria (19). A distinct morphotype of P. aeruginosa was defined a
priori as a macroscopically distinct colony type on MacConkey agar. To
assess the stability of infection, sputum isolates were assessed at two time
points: the first encounter (FE; enrollment in clinic) and the most recent
encounter (RE; last clinic visit or visit prior to transplant/death/leaving
the catchment area). Every distinct morphotype from each sputum sam-
ple (up to a maximum of five morphotypes/sample) was evaluated. Ex-
tracted clinical data were limited to age of diagnosis, residence at the time
of enrollment, and referral source. Patients with confirmed non-CF bron-
chiectasis (nCFB) were used as local controls. Multiple established trans-
missible strains of P. aeruginosa were used as controls.

Molecular typing. Pulsed-field gel electrophoresis (PFGE) was used as
the primary screening procedure for all isolates, using a protocol modified
from the work of Aaron et al. (9). Gels were electrophoresed using a Chef
Mapper XA system (Bio-Rad, Hercules, CA) under the following condi-
tions: buffer temperature, 10°C; voltage, 6.0 V/cm; run time, 20 h; in-
cluded angle, 120°; initial switch time, 5 s; and final switch time, 45 s.
Strains that had banding patterns that were =80% identical were consid-
ered related, conforming to the Tenover criteria, in which isolates with 1
to 3 band differences are still considered related (20, 21). PFGE profiles
were compared using BioNumerics, version 7.0 (Applied Maths, Austin,
TX). Dendrograms were generated with a 2.0% position tolerance by us-
ing the unweighted-pair group method using average linkages (UPGMA)
and the Sgrensen-Dice similarity coefficient.

Clusters involving isolates from three or more patients were consid-
ered clonal a priori. Patients who had isolates with discrepant PFGE pro-
files between FE and RE samples underwent multilocus sequence typing
(MLST) to determine if relatedness existed despite changes in PFGE pro-
files, using a method developed by Curran et al. (22). The procedure
followed methods from previously published works (23-25). Sequences
were compared to those publically available at the P. aeruginosa MLST
online database (http://pubmlst.org/paeruginosa/) to identify allele and
sequence types. Clonality was defined when MLST results for isolates
matched for each of the seven sequenced housekeeping loci. Clonally re-
lated isolates were defined as those isolates from the same patient at dif-
ferent points in time that had =2 loci altered. Patients with discordant
isolates identified at FE and RE were a priori considered to have under-
gone a “superinfection” if a new strain had displaced a prior colonizing P.
aeruginosa strain, as demonstrated by discrepancies by both PFGE and
MLST.

Antibiotic susceptibility testing. Antibiotic susceptibility to tobra-
mycin, ceftazidime, ciprofloxacin, and meropenem (Oxoid, Basingstoke,
Hampshire, England) was determined using the Kirby-Bauer disc diffu-
sion method and interpreted according to current Clinical and Labora-
tory Standards Institute guidelines (26). Nonsusceptibility refers to
isolates with both intermediate and resistant MIC values. Multidrug
resistance (MDR) and pan-drug resistance (PDR) were defined as non-
susceptibility to =3 and 4 classes of antibacterials, respectively (27).

Statistics. Statistical analysis was performed using Stata, version 11.0
(Stata-Corp, TX). Asymmetrically distributed variables were reported as
medians with interquartile ranges (IQRs) and were compared using the
rank sum test for pairs and the median test for multiples. Differences in
proportions among categorical data were assessed using Fisher’s exact test
for pairwise comparisons and the chi-square test for multiple groups.
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FIG 1 Patients included in the study. Of the 106 patients with chronic infec-
tion, 66 had matched first encounter (FE) and recent encounter (RE) isolates
screened. Whereas PES isolates demonstrated stability over time, 12% of pa-
tients with unique (U) isolates experienced superinfections, predominately
with PES. Genomic changes resulting in discrepant PFGE profiles of clonally
related unique isolates were identified to have occurred in three instances,
owing to apparent clonal relatedness by MLST.

RESULTS

Patient population. A cohort of 113 patients was included in the
study (Fig. 1). This population included 107 patients with chronic
P. aeruginosa infection and 6 patients with transient infection. Of
those included in the cohort, 72 (63%) patients are currently ac-
tive within the CACFC cohort, 12 (11%) patients were transferred
to another CF clinic, and 29 (26%) patients experienced respira-
tory failure and either received a life-saving lung transplant (24) or
succumbed to CF (5). Among the members of the cohort, 101
(89%) patients had received prior care at a pediatric CF care cen-
ter, and 12 were adults diagnosed with CF late in life, among which
9 received care only at CACFC.

Strains. P. aeruginosa morphotypes were screened in 93 FE and
92 RE sputum samples. Sixty-six patients had matched FE and RE
isolates screened. A mean of 1.89 (standard deviation [SD], £0.3)
morphotypes were screened from each sputum sample. A total of
342 isolates (156 FE and 186 RE isolates) were included in the
initial portion of the study. Seven isolates could not be typed suc-
cessfully by PFGE. Ten strains causing transient infections (having
failed to establish chronic infection), obtained from six patients at
eight time points, were also included. In those patients with dis-
crepant FE and RE isolates, 54 serial isolates, representing one
randomly selected morphotype per available year, were screened
to determine when “superinfection” occurred. Thirty-five isolates
from nine patients who had discrepant PFGE profiles over time
underwent MLST to clarify if changes in PFGE profiles were due to
strain displacement or, rather, to mutation of a chronic colonizing
strain.

Forty representatives of epidemic strains were included, in-
cluding the Liverpool epidemic strain (LES)/strain A (6/10), strain
B (10), the Midlands strain (Md1) (2), the Manchester epidemic
strain (1), Australian epidemic strains AUST-01 (3), AUST-02 (2),
AUST-03 (1), AUST-04 (1),and AUST-6 (2), and isolates 0207 (1)
and 0227 (1). Two clone C isolates, representing a P. aeruginosa
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strain with global distribution in the environment but found
within CF patients, were also included (29, 30). Seventeen strains
of P. aeruginosa isolated from 16 patients with nCFB were used as
controls.

Prevalence of clonal infection within the CACFC. The major-
ity of patients in the cohort (81/113 patients [71%]) were infected
with unique/nonclonal strains of P. aeruginosa. Only one patient
was identified as having a previously described transmissible
strain (data not shown). This patient had been chronically in-
fected with LES since her transition from a CF clinic in Ontario 2
years prior. Ninety-seven strains formed one dominant shared
clonal complex, which was identified in 29% (31/107 patients) of
patients with chronic infection. The identified clonal strain was
not similar to described epidemic strains (Fig. 2) and corre-
sponded to MLST sequence type 192.

Chronic infection with the clonal isolate was strongly associ-
ated with attendance at a pediatric CF clinic (33% [31/95 patients]
versus 0% [0/12 patients] for those diagnosed as adults; P = 0.02).
Furthermore, colonization with this isolate was related to the re-
ferral source: the local pediatric CF clinic (25/61 patients [41%]),
other Prairie Province clinics (3/9 patients [33%]), British Co-
lumbia clinics (0/3 patients [0%]), eastern province clinics (0/6
patients [0%]), clinics outside Canada (0/1 patient [0%]), or
newly diagnosed patients first assessed at the CACFC (0/9 patients
[0%]) (P = 0.06). No difference in rates of prairie epidemic strain
(PES) infection were observed through three separate decades of
patients enrolling in the CACFC, with rates of 27% (3/11 patients)
for 1980 to 1990, 37% (14/38 patients) for 1990 to 2000, and 22%
(14/65 patients) for 2000 to 2010 (P = 0.199). The strain was
observed exclusively in chronic infections and was not seen in
transient infections (29% [97/332 isolates] of chronic infections
versus 0% [0/10 isolates] of transient infections; P = 0.06). Pa-
tients infected with this strain were not observed to be coinfected
at the same time point with other P. aeruginosa strains.

Common environmental sources of acquisition were deemed
exceedingly unlikely, as infected patients lived in 13 different com-
munities in Alberta (spanning an area of 196,350 km?) and two
other prairie-based provinces upon enrolling in the CACFC. Ac-
cordingly, we have putatively termed this clonal complex the prai-
rie epidemic strain (PES). PES was uniquely associated with
chronic infections in CF patients and was not found in any patient
with nCFB (29% [31/107 patients] of CF patients versus 0% [0/16
patients] of nCFB patients) (P = 0.01).

Stability of infection. Sixty-two percent of patients (66/107
patients) with both FE and RE isolates were screened, enabling an
assessment of strain stability. These patients were monitored for a
median of 8.7 years (IQR, 2.8 to 15.8 years), with a total microbi-
ologic follow-up of 651.4 patient-years. Of those patients with
chronic infection assessed at only one point, 23 (21%) had only FE
isolates screened, and 18 (17%) had only RE isolates screened.

PFGE profiles were concordant for 87% (57/66 patients) of
patients with matched FE and RE sets, even when samples were
separated in time by as much as 25 years. Thirty-five isolates from
9 patients with discrepant PEGE patterns between FE and RE sam-
ples were subjected to MLST (Fig. 3). In three cases, while clonality
could be inferred, at least one locus was altered, suggesting clon-
ally related isolates in each instance, but conferring different
MLST types. A new strain could be observed to displace existing
colonizers in six instances of discrepant profiles. Of these “super-
infections,” five represented incidences of PES infection. From
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these five patients, 54 additional P. aeruginosa serial yearly isolates
obtained over 58 patient-years between FE and RE were screened.
Acquisition of PES occurred within 2 years of transition to the
CACEFC and was then stable for the total length of follow-up (Fig.
4). Notably, each of these patients was chronically infected with a
unique strain that was no longer observed after PES superinfec-
tion.

The risk of PES superinfection occurring throughout the study
was 1.2% per patient-year. Once chronic infection was estab-
lished, PES was never observed to be displaced by other colonizing
P. aeruginosa strains, despite a median length of culture follow-up
of 10.9 years (IQR, 5.7 to 16.2 years), for a total of 261.4 patient-
years of follow-up.

Antimicrobial resistance. Four hundred isolates were screened
for antimicrobial susceptibility, including 249 unique isolates, 89
PES isolates, 16 nCFB isolates, 18 LES isolates, 10 strain B isolates,
and 18 other epidemic/global isolates. Antimicrobial nonsuscep-
tibility was found to be more common among the epidemic
strains, particularly LES (Fig. 5). Within the CACFC, PES was
found to have higher rates of nonsusceptibility to =1 class (51%
versus 31%; odds ratio [OR] = 1.63; 95% confidence interval
[95% CI] = 1.24 to 2.17; P = 0.001) and =2 classes (20% versus
12%; OR = 1.73;95% CI = 1.02 to 2.97; P = 0.04) of antimicro-
bials than the case for unique isolates. In particular, drug nonsus-
ceptibility rates were increased in PES relative to unique isolates
for ceftazidime (12% versus 5%; OR = 2.35;95% CI = 1.1 to 5.07;
P = 0.04), ciprofloxacin (30% versus 22%; OR = 1.36; 95% CI =
0.92 to 2.02; P = 0.09), and tobramycin (30% versus 15%; OR =
1.98; 95% CI = 1.29 to 3.04; P < 0.01). MDR and PDR were
uncommon and not significantly different among PES strains rel-
ative to unique strains. Within the CACFC cohort, antimicrobial
nonsusceptibility was observed to increase over the course of the
study in both PES and unique isolates for each period, from 1980
t0 1989, 1990 to 1999, 2000 to 2009, and 2010 to present, with rates
of nonsusceptibility to =1 class of drugs of 5% (1/20 isolates),
12% (11/62 isolates), 41% (50/123 isolates), and 45% (60/133 iso-
lates), respectively (P < 0.001), and rates of nonsusceptibility to
=2 classes of drugs of 5% (1/20 isolates), 6% (4/62 isolates), 15%
(18/123 isolates), and 18% (24/133 isolates), respectively (P =
0.05). In particular, this was driven by the emergence of resistance
to ciprofloxacin and tobramycin (data not shown).

DISCUSSION

Transmissible strains of P. aeruginosa have been well documented
for European CF populations, but within North America, few
studies have been attempted.

Only strain A (LES), strain B, Houston-1, and now PES have
been described to date in North America (9, 31, 32). The mecha-
nisms by which these strains are capable of being transmitted from
one patient to another are poorly understood, but cough aerosol is
the most commonly presumed mechanism (16, 33). Furthermore,
phenotypic characteristics of these transmissible strains enabling
patient-to-patient spread are unclear (15).

Here we describe a novel clonal strain, PES, found in 29% of
our adult CF population. PES has been present in the CACFC for
=25 years and continues to be responsible for chronic infection
with each generation graduating to our adult CF clinic. While a
few strains of P. aeruginosa generally observed infrequently in the
CF population have also been found in the environment (with the
notable exception of clone C, a highly prevalent environmental
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FIG 2 PES represents a novel transmissible P. aeruginosa strain distinct from previously reported epidemic strains included in the strain collection. Only one
isolate from each patient with PES is displayed, for the sake of simplicity. PES isolates share a 92% degree of similarity, whereas LES/strain A isolates share 86%
similarity.
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Sequence

acsA aroE guaA mutl nuoD ppsA trpE  type

A011-P23-02/02/11-muc-R 1 5 T 5 4 4 2 192
A011-P604-02/22/92-muc-F 23 5 1" 7 1 12 7 274

A043-P83-03/30/11-muc-R 1 5 7 5 4 4 2 192

A043-P84-03/30/11-pkmuc-R 1 5 7 5 4 4 2 192
A043-P261-09/15/09-pk-F 6 5 6 7 4 6 7 27
A131-P290-08/04/04-muc-F 39 5 4 7 3 15 2 1497

A131-P291-03/19/07-pkmuc-R 1 5 7 5 4 4 2 192

A064-P243-03/22/07-ty-F 13 4 5 5 12 7 15 308
A064-P244-03/22/07-pk-F 13 4 5 5 12 7 15 308
A064-P119-04/11/11-muc-R 13 4 5 5 12 7 172 D_New
A064-P120-04/11/11-ty-R n/a n/a n/a n/a n/a n/a n/a N/A
A134-P384-06/20/94-R 1 5 7 5 4 4 2 192
A134-P385-06/20/94-R 1 5 7 5 4 4 2 192
A134-P383-06/20/94-R 1 5 7 5 4 4 2 192
A134-P381-02/12/80-F 7 5 12 3 4 1 7 549
A134-P382-02/12/80-F 7 5 12 3 4 1 7 549
A018-P602-09/21/87-pk-F 36 27 28 3 4 13 7 179
A018-P603-09/21/87-pk-F 36 27 28 3 4 13 74 179
A018-P34-01/13/11-Igpk-R 36 176 28 new 4 13 176 B New
A018-P35-01/13/11-smpk-R 147 27 28 3 4 13 7 1494
A018-P36-01/13/11-ty-R 36 27 28 3 4 13 74 179
A008-P16-11/04/10-muc-R 23 5 11 7 1 12 7 274
A008-P17-11/04/10-pk-R 23 5 11 7 1 12 7 274
A008-P18-11/04/10-smpk-R 23 5 11 7 1 12 7 274
A008-P654-12/02/98-smpk-F 16 5 20 5 4 4 10 1498
A078-P142-03/01/10-muc-R 1 5 7 5 4 4 2 192

. A078-P143-03/01/10-pk-R 1 5 7 5 4 4 2 192
A078-P568-10/21/87-muc-F 1 20 1 65 4 4 10 381
A078-P570-10/21/87-muc-F 1 20 1 65 4 4 10 381
A078-P569-10/21/87-clrmuc-F 11 20 1 65 4 4 10 381
A078-P571-10/21/87-Igpk-F 17 22 5 3 1 14 3 389
A129-P637-09/21/87-clrmuc-F 36 27 28 3 4 13 7 179
A129-P638-09/21/87-clrmuc-F 36 27 28 3 4 13 T 179
A129-P639-09/21/87-muc-F 36 27 28 3 4 13 7 179
A129-P284-07/06/05-pk-R 36 27 28 148 4 13 7 1496

FIG 3 Nine patients had discrepant PEGE profiles between FE and RE samples. Superinfections can be seen to have occurred in six cases: five with PES and one
with a new, unique strain. Three patients with significant differences in PFGE profiles still showed evidence of clonal relatedness by MLST. Samples are named
as follows: patient ID (A number)/strain ID (P number)/date collected (month/day/year)-morphotype. n/a or N/A, samples that were unable to be amplified

despite repeated attempts.

isolate), the vast majority of prevalent CF strains have not been
found in environmental reservoirs, supporting the theory of pa-
tient-to-patient spread (10, 29, 30, 34). Given the large geograph-
ical area in which patients with PES reside, the diversity of their
ecological environments, the potential for these patients to have
interacted through common clinics and summer camps, the fact
that it has not previously been identified as an environmental
source, and the inability to identify this isolate in local patients
with nCFB, it is exceedingly unlikely that PES represents a com-
mon environmental source of infection. Rather, we believe that
PES is a newly recognized transmissible P. aeruginosa strain rele-
vant to patients with CF residing in the Prairie Provinces of
Canada.

April 2014 Volume 52 Number 4

While only a minority of patients in this cohort were referred
from other prairie-based CF clinics, PES was present in many of
these individuals at the time of enrollment at the CACFC. These
data suggest that PES is prevalent in other prairie-based Canadian
CF clinics. Furthermore, MLST sequence type 192 was also re-
cently identified in a strain collection from Vancouver, Canada, in
strain A097, a minor clone not previously thought to represent a
prevalent transmissible strain (32; D. Speert and J. Zlosnik, per-
sonal communication). In this context, PES has now been identi-
fied in at least four western Canadian provinces. Cross-Canadian
prevalence studies similar to those in the United Kingdom and
Australia are required to fully gauge the extent of transmissible
strains within Canada (20, 35).
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FIG 4 Longitudinal follow-up of a patient with P. aeruginosa CF isolates through 23 years. A single example of a PEGE profile is shown for a patient who acquired
PES superinfection during follow-up at the CACFC, including all morphotypes from FE and RE samples and at least one isolate collected yearly in between.
Samples are named as follows: patient ID-strain ID-date collected-morphotype.

We observed a PES superinfection risk of 1.5% per patient-year
of follow-up through 25 years in a cohort of adults with P. aerugi-
nosa-positive sputum cultures managed with traditionally conser-
vative infection control strategies. Because our entire clinic cohort
was not assessed (i.e., we excluded those without P. aeruginosa
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FIG 5 Antibiotic nonsusceptibility of the isolates within the collection to four
common antipseudomonal antibacterial agents. TSC, transmissible strain col-
lection representing global strains other than LES/strain B.

1132 jcm.asm.org

infection), this number overestimates the true measure of inci-
dent infections. These low rates of acquisition are in accord with
the work of Aaron et al. during their 3-year prospective study
involving 446 CF adults in Ontario, as they observed an incidence
of 7 cases per 1,000 person-years (9).

Unfortunately, little information exists regarding the risk and
mechanism of acquisition of transmissible P. aeruginosa strains.
This is largely owing to the fact that the majority of studies are
prospective in nature and thus unable to determine when the ini-
tial transmission event occurred (13, 17, 28, 36-39). Critically, the
bulk of transmission studies are concentrated in the pediatric pa-
tient age group (17, 28, 36, 38—42). Our study provides an impor-
tant longitudinal perspective to studies of transmissible P. aerugi-
nosa infection in adult populations. Despite being a retrospective
analysis, our study used prospectively collected strains, which al-
lowed a unique assessment of the natural history of infection
transmission potential. This is different from other studies, where
point prevalence assessments of clonality limit the ability to infer
the timing of acquisition. The key finding of our study was that
almost 90% of adult patients infected with PES were infected prior
to enrolling in an adult CF clinic. Those who acquired PES as
adults did so within 1 to 2 years of enrolling at the CACFC. This
finding suggests that infection control standards might need to be
adapted to recognize the heightened risk of infection in the
younger years. Our decision to increase infection control stan-
dards to include standard patient segregation took place prior to
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this study, in keeping with international standards of care. It is not
clear, however, nor do we advocate that infection control stan-
dards such as the universal patient segregation recently adopted by
the majority of CF clinics could be reduced in adult clinics (43).

In this study, we observed significant movement of patients to
and from our clinic during the 25-year study period, including
those with chronic infections with P. aeruginosa strains such as
PES and LES. We were surprised to find that other epidemic
strains of P. aeruginosa occurred rarely in our patient cohort (in-
cluding only one patient with LES). Nevertheless, the local epide-
miology with respect to potential transmissible P. aeruginosa
strains is likely to exist in a state of flux, as new, potentially trans-
missible strains may be introduced into a naive region. As such,
point prevalence studies showing no or low levels of cross infec-
tion may be falsely reassuring, since there is a theoretical concern
that a transmissible strain may be introduced into a community
and spread (44-47). Therefore, a means by which CF patients with
chronic P. aeruginosa infection can be assessed routinely for infec-
tion with clonal strains is required to ensure that critical metrics,
such as incidence and prevalence, can be tracked over time.

Drug resistance is a common feature of transmissible P. aerugi-
nosa strains (13, 23, 31, 37, 39). In this study, the newly identified
transmissible strain PES was observed to have higher rates of
nonsusceptibility than those of unique isolates. Generally, this
drug resistance was observed against the aminoglycoside and
fluoroquinolone classes. However, relative to other transmissible
strains, PES appears to have a narrow nonsusceptibility profile.
MDR and PDR were uncommon within the CACFC.

Resistance to antipseudomonal antibiotics has increased over
time in CF patient isolates (1, 48). This is true for epidemic strains
as well. Ashish et al. observed an increase in resistance to all com-
mon antipseudomonals in LES between 2004 and 2008 (49). In the
present study, PES isolates collected through more than 3 decades
showed the same trends, albeit to a lesser degree.

It will be important to review the clinical impact of PES on
outcomes. While several strains have been shown to have a dele-
terious impact on outcome measures of CF as diverse as quality of
life, treatment burden, exacerbation frequency, and progression
to end-stage lung disease, others appear to have a negligible effect
(9, 13, 14, 20, 50). The long duration of matched clinical and
microbiologic follow-up from this study should enable longitudi-
nal comparisons over time between those infected with PES and
nonclonal strains through multiple cohort years to see if differ-
ences persist or change over time. The observed increased inci-
dence of aminoglycoside and fluoroquinolone nonsusceptibility
in PES during our study may indicate an increased treatment re-
quirement and treatment burden in those infected with PES. PES
has been demonstrated to be capable of tremendous within-pa-
tient phenotypic diversity, as measured by colony morphology,
motility, protease production, auxotrophy, siderophore produc-
tion, antibiotic resistance, quorum sensing, and growth patterns,
similar to the within-patient heterogeneity of LES (51, 52).

The optimal P. aeruginosa strain typing method for use in the
longitudinal analysis of individuals with CF has been the subject of
recent research. Whereas other studies have assessed techniques
such as random amplified polymorphic DNA PCR (RAPD-PCR)
(25), enterobacterial repetitive intergenic consensus PCR (ERIC
PCR) (24), and variable-number tandem repeat (VNTR) analysis
(53) in combination with MLST and PFGE, we used a comple-
mentary approach. Whereas others have reported PFGE to have
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markedly discrepant profiles for up to 47% of paired patient iso-
lates collected less than 1 year apart, we observed a high degree of
conservation in our clinic cohort, as 87% (57/66 patients) of our
patients had concordant profiles for up to 25 years. Of those few
with discrepant PFGE types over time, 66% represented new in-
fections, and only three patients with significantly discrepant
PFGE profiles had strains with differences identified to have oc-
curred through genomic changes. Furthermore, in these strains,
mutations in at least one MLST locus were also evident, conferring
different strain types despite a probable ancestral relationship
(54). Given the low cost, high availability, and speed with which it
can be accomplished, this study confirms that PFGE continues to
have a useful role in longitudinal P. aeruginosa strain typing stud-
ies.

This study has several limitations. Our focus on morphologi-
cally distinct populations of P. aeruginosa did not enable sufficient
sampling depths to identify minor strains during coinfections,
particularly following superinfection events. However, once PES
was identified during serial assessments of patients with displace-
ment events, unique strains were no longer observed. Further-
more, in a small sample of patients infected with PES for which
morphotypic diversity was explored in great depth, coinfections
were not observed (52). The identification of a high degree of
concordance in infecting strains at FE and RE does not strictly rule
out the possibility of a transient infection with other strains during
time points not assessed. However, the clinical impact of such a
transient infection is unlikely to be significant, as exacerbations
are not attributed to newly acquired strains (55). While PES iso-
lates were not observed with different PFGE profiles, this remains
a possibility that may have led to an underestimate of prevalence.

This study represents the longest observational study to date of
chronic P. aeruginosa infection and the study of transmissible
strains among individuals with CF. By assessing up to 25 years of
data for individual patient follow-up, we conclusively demon-
strated that for the vast majority of individuals, chronic infections
remain stable. We have identified a new epidemic strain, PES,
which is both pervasive and persistent in our own cohort and
possibly throughout the Prairie Provinces of Canada. Detailed
studies on the clinical impact of PES, the circumstances surround-
ing infection acquisition, and the microbiological factors that
confer epidemic transmission of PES are under way.
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