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Abstract 

Background  Pseudomonas aeruginosa is a major pathogen in cystic fibrosis (CF), where chronic and intermittent 
infections significantly affect patient outcomes. This study aimed to investigate the molecular epidemiology of P. 
aeruginosa in CF patients from the Brazilian Amazon, focusing on genotypic diversity, resistance profiles, and virulence 
factors.

Methods  A cross-sectional study included 72 P. aeruginosa isolates from 44 CF patients treated at a regional refer-
ence center between 2018 and 2019. Antimicrobial susceptibility patterns were determined using VITEK-2 system 
and Kirby-Bauer disk diffusion. Virulotypes were defined by molecular detection of exoS, exoU, exoT, exoY, algU, 
and algD genes. Genetic diversity was assessed using multilocus sequence typing (MLST). Demographic data, clinical 
severity, and spirometry results were also collected.

Results  Among the patients, 54.55% experienced intermittent infections, while 45.45% had chronic infections. 
Chronic infections were associated with older age, lower FEV1, and reduced Shwachman-Kulczycki scores. Multidrug 
resistance was observed in 15.3% of isolates, particularly against ciprofloxacin and piperacillin/tazobactam. The exoU 
gene was present in 55.56% of isolates, an uncommon finding in CF populations. High genetic diversity was evident, 
with 37 sequence types (STs), including 14 novel STs. High-risk clones (HRCs) constituted 25% of isolates, with ST274 
being the most prevalent (12.5%). Longitudinal analysis revealed transient colonization in intermittent infections, 
while chronic infections were dominated by stable clones.
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Conclusion  This study highlights the molecular and clinical dynamics of P. aeruginosa in CF patients from the Brazil-
ian Amazon. Chronic infections were linked to severe lung impairment , while intermittent infections were dominated 
by HRCs. These findings underscore the need for robust genotypic surveillance to mitigate the burden of P. aeruginosa 
in CF populations.
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Background
Cystic fibrosis (CF) is a severe autosomal recessive 
genetic disorder characterized by mutations in the CFTR 
gene, which leads to the production of thick, viscous 
mucus, particularly in the lungs [1]. This pathological 
condition predisposes individuals to chronic respiratory 
infections and progressive lung deterioration. Among 
the most critical pathogens associated with persistent 
infections in CF patients is Pseudomonas aeruginosa, an 
opportunistic Gram-negative bacterium notorious for 
its remarkable ability to develop multidrug resistance 
(MDR) and adapt to the highly selective environment of 
the CF lung, making clinical management exceedingly 
complex [2].

One of the main challenges in treating P. aeruginosa 
infections in CF is its high genetic and phenotypic diver-
sity, which is crucial for its adaptability and persistence in 
chronic infections. This pathogen possesses a wide array 
of virulence factors which aid in adhesion and biofilm 
formation, such as the secretion of alginate, which pro-
vides protection against both the host immune system 
and antibiotic therapies [3, 4]. Additionally, the type III 
secretion system (T3SS), a needle-like apparatus used to 
inject effector proteins into host cells, plays a major role 
in disrupting host cell functions and evading immune 
responses, thus contributing to the pathogen’s ability to 
establish infections [5, 6]. Indeed, several studies have 
highlighted the role of virulence factors such as exoU in 
bloodstream infections, lung impairment and acute dam-
age, and antimicrobial non-susceptibility [7–13].

Antimicrobial resistance (AMR) presents significant 
challenges in the management of P. aeruginosa infections 
in CF, as repeated and prolonged antibiotic treatments 
in these patients often promote the selection of MDR 
strains. Notably, P. aeruginosa employs various resistance 
mechanisms, including the production of β-lactamases, 
efflux pumps, and biofilm formation, which collectively 
impair antibiotic efficacy and complicate treatment strat-
egies​ [2, 14, 15].

The application of multilocus sequence typing (MLST) 
in the molecular epidemiology of P. aeruginosa has ena-
bled more precise characterization of strains isolated 
from CF patients [16, 17]. MLST has revealed significant 
genetic diversity among isolates, with certain sequence 
types (STs) being particularly prevalent in this context. 

Among these, high-risk clones (HRCs) have been asso-
ciated with worse clinical outcomes, increased rates of 
AMR, and treatment failures [18–21]. Epidemic strains 
are of particular concern in the CF population, as their 
persistence and adaptability often correlate with exacer-
bated disease and additional difficulty in clinical man-
agement [22–25]. However, it is important to note the 
scarcity of MLST-based studies on P. aeruginosa in the 
CF context, particularly in regions such as Brazil. Indeed, 
most of studies genotyping P. aeruginosa isolates from CF 
patients in the country are outdated and utilized alter-
native genotyping methods rather than MLST, such as 
pulsed field gel electrophoresis (PFGE) and ribotyping 
[26–30]. This highlights a significant gap in the literature, 
emphasizing the need for more comprehensive molecu-
lar epidemiological studies using standardized MLST 
protocols to better understand the genetic landscape of P. 
aeruginosa in CF populations.

In the present study, we conducted a comprehensive 
analysis of P. aeruginosa isolates from CF patients at a 
referral center in state of Pará, Brazilian Amazon region. 
This region presents unique challenges due to its geo-
graphic isolation, the potential influence of environmen-
tal factors on pathogen evolution, and low prevalence of 
CF. This study addresses existing gaps by profiling the 
AMR patterns, virulence, and genetic diversity of P. aer-
uginosa isolates from CF patients in the Amazon region, 
providing essential insights into the local epidemiology of 
this critical pathogen in the Brazilian context, contribut-
ing to a broader understanding of the pathogen’s role in 
disease progression and management strategies in such 
patients.

Methods
Study population and adopted criteria
This cross-sectional study evaluated the clinical and epi-
demiological data of CF patients, along with the phe-
notypic and genotypic characteristics of P. aeruginosa 
isolates responsible for infections in this population. 
Between January 2018 and March 2019, a total of 136 CF 
patients were treated at the Cystic Fibrosis Clinic of the 
João de Barros Barreto University Hospital, Federal Uni-
versity of Pará (HUJBB/UFPA), a reference center in the 
state of Pará, Brazilian Amazon. During this period, 49 
(36.05%) patients had positive cultures for P. aeruginosa. 
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However, due to incomplete demographic and microbio-
logical data, only 44 patients (32.35%) were included in 
the study.

Demographic data, clinical severity, and spirometry 
results were collected from the included patients when 
available. The type of infection, categorized as either 
chronic or intermittent, was determined based on medi-
cal follow-up on patients over the years (clinical records) 
and microbial culture results. Intermittent infection was 
defined as a patient with a positive culture for P. aer-
uginosa, followed by treatment with ciprofloxacin (CIP) 
and tobramycin (TOB) and three subsequent consecu-
tive negative cultures, indicating successful eradication 
of the infection after treatment. Chronic infection was 
defined as having more than 50% positive cultures for 
P. aeruginosa over the past 12 months, or three or more 
positive cultures within a six-month period, in accord-
ance with the Brazilian and reference center’s protocol 
[31, 32]. Patients with a positive culture for P. aeruginosa 
who had other lung diseases/infections (asthma, seque-
lae of tuberculosis, mycobacteriosis, Burkholderia cepa-
cia, resistant Staphylococcus aureus and other pathogens) 
were excluded.

The clinical severity of CF patients was assessed using 
the Shwachman-Kulczycki score, which includes four 
components: general activity evaluation, radiological 
findings, physical examination, and nutritional status, 
each scored from 0 to 25. The total score was interpreted 
as follows: 86–100 points indicated an "excellent" condi-
tion, 71–85 points "good," 56–70 points "mild," 41–55 
points "moderate," and below 40 points "severe." Spirom-
etry data were extracted from medical records to evaluate 
lung function in the study population, including Forced 
Expiratory Volume in one second (FEV1), Forced Vital 
Capacity (FVC), the FEV1/FVC ratio (Tiffeneau Index), 
and Forced Expiratory Flow at 25–75% of lung volume 
(FEF25-75%) [32, 33].

Ethical statement
The samples included in this study were obtained during 
routine laboratory procedures at the CF reference center. 
Consent for participation and publication was obtained 
from all included patients upon written signature of 
informed consent form. All data collection and experi-
ments related to this study were performed in accordance 
with Brazilian guidelines and regulations (Resolution 
CNS nº 196/96), as well as the Declaration of Helsinki. 
This study was approved by the Ethics Committee of the 
HUJBB/UFPA (Approval no. 1.910.716) and was regis-
tered with the National System for the Management of 
Genetic Heritage and Associated Traditional Knowledge 
(SisGen; registration no. AF44CCB).

Bacterial isolates
Bacterial isolates were obtained from oropharyngeal 
swabs and/or sputum samples from CF patients, col-
lected during routine clinical visits, which occur every 
2 to 4  months at the reference center. All P. aerugi-
nosa samples were initially processed by the Bacteri-
ology Service at the Reference Center (HUJBB/UFPA) 
and subsequently forwarded to the Molecular Biology 
Laboratory at the Bacteriology and Mycology Section, 
Evandro Chagas Institute (SEBAC/IEC) for further test-
ing and storage.

For preliminary identification, all isolates were cul-
tured on MacConkey and Luria–Bertani agar plates and 
incubated at 37°C for 24 to 48 h to observe colony mor-
phology, the presence or absence of a mucoid pheno-
type, and Gram staining. Bacterial suspensions for each 
sample were prepared to correspond to the 0.5 McFar-
land standards and processed using the automated 
VITEK-2 system (bioMérieux, Marcy l’Etoile, France).

Antimicrobial Susceptibility Testing (AST)
The antimicrobial susceptibility testing (AST) was per-
formed by determining the minimum inhibitory concen-
trations (MICs) using the automated VITEK-2 system 
(bioMérieux, Marcy l’Etoile, France) according to the 
manufacture’s standards for six antimicrobials, includ-
ing piperacillin + tazobactam (TZP), ceftazidime (CAZ), 
cefepime (FEP), imipenem (IMP), meropenem (MEM) 
and amikacin (AMK). Also, two antimicrobials applied in 
patients’ treatment CIP and TOB were tested by employ-
ing the Kirby–Bauer disk diffusion method on Muel-
ler–Hinton Agar. Isolates were classified as sensitive (S), 
intermediate (I), or resistant (R) based on the Clinical and 
Laboratory Standards Institute (CLSI) breakpoints [34]. 
Non-susceptible isolates include both I and R isolates. 
Isolates were also phenotypically categorized as MultiS 
if susceptible to all tested antimicrobial classes, mod-
erately resistant (ModR) if non-susceptible to ≥ 1 drug 
in < 3 antimicrobial classes, multidrug-resistant (MDR) if 
non-susceptible to ≥ 1 drug in ≥ 3 antimicrobial classes, 
and extensively drug-resistant (XDR) if not susceptible 
to one agent in all tested antimicrobial classes except ≤ 2, 
according to previously described criteria [35, 36].

DNA extraction and detection of virulence‑related markers
Bacterial DNA was extracted from overnight cultures for 
each P. aeruginosa isolate using the Easy Pure® Buccal 
Swab Genomic DNA Kit, following the manufacturer’s 
instructions. The DNA was then quantified using the 
Picodrop PICO100 spectrophotometer (Picodrop Lim-
ited, Hinxton, UK). DNA concentrations were adjusted to 
25–50 ng/μl for all posterior molecular experiments.
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The detection of six virulence-related markers was 
performed via PCR, targeting adhesion genes (algU 
and algD) and type III secretion system (T3SS) genes 
(exoS, exoU, exoT, and exoY). The primers and reaction 
parameters used were based on previously described 
methods [37–39]. PCR products were analyzed under 
ultraviolet light on a 1% agarose gel stained with 
Syber®Safe dye (Invitrogen™, Carlsbad, USA). P. aerugi-
nosa strains ATCC 27853 (exoS +) and PA14 (exoU +) 
were used as positive controls. Based on the detection 
of exoS and exoU virulotypes, the strains were classi-
fied as invasive (exoS + /exoU-), or cytotoxic (exoS-/
exoU +), as previously described [40].

Genetic diversity assessment via MLST
Molecular typing based on MLST was performed accord-
ing to the protocol previously described by Curran et al. 
[41], with slight modifications utilizing primers described 
by Santos et  al. [42]. The seven housekeeping genes 
included in the scheme (acsA, aroE, guaA, mutL, nuoD, 
ppsA, and trpE) were amplified by PCR, followed by 
sequencing of the reaction products using the BigDye™ 
Terminator v3.1 Cycle Sequencing Kit (Life Technologies, 
Carlsbad, CA, USA) on an ABI Prism 3500xL genetic 
analyzer (Applied Biosystems, Foster City, CA, USA). 
Allele profiles and STs were determined by comparing 
the obtained sequences with the data documented in 
the Public databases for molecular typing and microbial 
genome diversity (PubMLST) database (https://​pubml​
st.​org/​organ​isms/​pseud​omonas-​aerug​inosa) (Accessed 
on August 20, 2024) [43]. Undefined profiles were con-
sidered as new alleles and STs and were submitted to the 
PubMLST database for curation and validation. Data 
management and the analysis of clonal complexes (CCs) 
were conducted using the PHYLOViZ 2.0 and Bionumer-
ics v6.6 platforms. Clonal complexes were identified as 
clusters of closely related sequence types (STs) that differ 
at a single genetic locus (single locus variant—SLV) and 
double locus variants (DLVs). The minimum spanning 
tree (MST) was constructed following the goeBURST 
Full algorithm [44].

Statistical analysis
Descriptive statistics, including means, standard devia-
tions, and percentages, were calculated for demographic 
variables (age, sex, and geographic origin) as well as clini-
cal variables (type of infection, clinical severity, spiromet-
ric parameters, and annual pulmonary exacerbations). To 
compare groups, various statistical tests were employed. 
A T-test was used to evaluate differences in mean ages 
between patients with intermittent and chronic infec-
tions. Chi-square and G tests were conducted to assess 
associations between infection type and categorical 

variables such as sex, clinical severity, and HRC  status. 
The Mann–Whitney U test was applied for comparisons 
of clinical severity scores and spirometric parameters 
between groups. Additionally, one-way ANOVA was uti-
lized to analyze differences in mean ages across clinical 
severity categories. A normality test was performed to 
determine whether parametric or non-parametric tests 
were appropriate for each dataset. To further investigate 
associations, a binary logistic regression model was con-
structed, with high-risk clone status as the dependent 
variable and independent covariates selected based on 
clinical relevance. All statistical analyses were conducted 
using the Statistical Package for the Social Sciences 
(SPSS) software, with a significance level set at p ≤ 0.05.

Results
Infection profile of P. aeruginosa in CF patients
A total of 72 P. aeruginosa isolates were recovered from 
44 CF patients monitored at a reference center in the 
state of Pará, Brazilian Amazon. Most of the patients 
were male (61.36%; 27/44), with ages ranging from 1 to 
63 years and a mean age of 15.41 years. The highest fre-
quency of patients was observed in the age group of 6 to 
12 years (38.64%; 17/44). The mean age at diagnosis was 
8.96 years, with a minimum of 0.1 years and a maximum 
of 62  years (Table  1). Regarding the geographic origin, 
50.0% (22/44) of patients were from the metropolitan 
region of Belém, including 29.55% (13/44) from Belém/
PA, 11.36% (5/44) from Ananindeua/PA and 9.09% (4/44) 
from Barcarena/PA (Supplementary Material 1).

In terms of infection type, 54.55% (24/44) of the 
patients had intermittent infection and 45.45% had 
chronic infections (20/44). Among patients with inter-
mittent infections, 29.1% (7/24) were female and 70.9% 
(17/24) were male, while patients with chronic infections 

Table 1  Distribution of sex and clinical severity among CF 
patients with chronic and intermittent P. aeruginosa infections

Source: Authors study, 2025. Legend: * Chi-square test, # G-Test

Chronic Infection 
n (%)

Intermittent 
Infection n (%)

P-value

Sex

Male 10 17 0.2703*

Female 10 7

Clinical Severity

Excellent 0 11 (45.83%) 0.004#

Good 5 (25%) 8 (33.33%)

Mild 11 (55%) 3 (12.5%)

Moderate 2 (10%) 2 (8.33%)

Severe 2 (10%) 0

https://pubmlst.org/organisms/pseudomonas-aeruginosa
https://pubmlst.org/organisms/pseudomonas-aeruginosa
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included 50% (10/20) male and 50% (10/20) female. The 
distribution of infection types by sex did not show a sig-
nificant difference, as indicated by the Chi-square test 
(χ2 = 1.215, p = 0.27) (Table  1). Patients with intermit-
tent infection were mostly between 1 and 12  years old, 
while patients with chronic infections were predomi-
nantly older, within the age range of 19 to 29  years. A 
T-test confirmed a significant difference in the mean ages 
between patients with chronic and intermittent infec-
tions, indicating that chronic infections are associated 
with older age (t = 2.31, p = 0.029).

The assessment of clinical severity revealed signifi-
cant differences between patients with intermittent and 
chronic infections. Among those with intermittent infec-
tions, 45.83% (11/24) were classified as "Excellent," and 
33.33% (8/24) as "Good." Instead, most patients with 
chronic infections were classified as "Mild" (55%, 11/20), 
and as "Severe" (10%, 2/20). The G test confirmed a sig-
nificant association between infection type and clinical 
severity (χ2 = 18.27, p = 0.004) (Table 1).

We evaluated the  differences between infection types 
and variables such as age, spirometry parameters, and 
Shwachman-Kulczycki scores. Intermittent infections 
were associated with a significantly lower median age 
(p = 0.004) and a mean difference of 9  years. Further-
more, spirometric parameters consistently demonstrated 
better outcomes in the intermittent group. Specifically, 
FEV1, FVC% and FEF25-75% (p = 0.004) and the Shwach-
man-Kulczycki scores (p < 0.001) were markedly higher in 
the intermittent group (Table 2).

Significant correlations were observed between age 
and certain spirometric parameters, indicating that 
age is an important factor affecting lung function in CF 
patients. The Spearman correlation analysis showed that 

FEF25-75% had a significant negative correlation with 
age (ρ = − 0.41, p = 0.014), indicating a decline in this 
parameter with increasing age. These results highlight 
the importance of considering age-related decline in lung 
function, particularly for parameters like FEF25-75%, in 
CF patients. Other parameters did not show statistically 
significant correlations (FEV1: ρ = − 0.28, p = 0.105; FVC: 
ρ = − 0.29, p = 0.086; FEV1/FVC: ρ = − 0.24, p = 0.158).

AST and resistance features
The AST revealed that the isolates were predominantly 
non-susceptible to CIP (16/72–22.2%), PIP/TAZ (13/72–
18.1%), CPM (11/72–15.3%), IMP (11/72–15.3%), and 
AMK (9/72–12.5%). The antibiotics with the lowest rates 
of non-susceptibility were meropenem MER (5/72–6.9%) 
and CAZ (4/72–5.6%). All tested isolates presented sus-
ceptibility to TOB (72/72 – 100.0%) According to the 
phenotypic classification, the most of isolates were cat-
egorized as MultiS (54.1%; 39/72), followed by ModR 
(30.6%; 22/72) and MDR (15.3%; 11/72).

The association between AMR phenotypes and clini-
cal parameters in CF patients were analyzed, revealing 
no statistically significant differences between the resist-
ance phenotypes (MDR, ModR, and MultiS) for any of 
the evaluated parameters. Spirometric measures, clinical 
assessments, likewise, the Shwachman-Kulczycki total 
showed similar mean values across the phenotypes indi-
cating comparable clinical severity among CF patients 
with different resistance phenotypes. These findings 
highlight the lack of a clear relationship between resist-
ance phenotypes and the clinical parameters evaluated in 
this cohort (Supplementary Material 2).

Table 2  Comparison of age, spirometry parameters, and Shwachman-Kulczycki scores by infection type in cystic fibrosis patients

Source: Authors study, 2025. Legend: *Mann–Whitney U test

Group Mean Median Standard deviation P-value* Mean difference

Age Chronic 24.4 22.5 15.4 0.004 9

Intermittent 13.4 10 7.4

FEV1 Chronic 56.6 49 30.2 0.004 −28.38

Intermittent 85 86 24.42

FVC Chronic 67.1 63 28.4 0.004 −28.25

Intermittent 95.3 102 25.9

FEV1/FVC Chronic 81.2 84.5 14.5 0.064 −7.5

Intermittent 88.7 89 8.27

FEF25-75% Chronic 47.9 33 35.7 0.004 −37.18

Intermittent 85.1 86 35.09

Shwachman-Kulczycki 
scores

Chronic 61.8 65 14.2  < 0 .001 −24.75

Intermittent 83.1 85 13.22
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Virulence related‑data
The T3SS exoS and exoY genes were detected in all iso-
lates (72/72; 100.0%), while exoU and exoT gene were 
detected in 40 (55.56%) and 68 (94.44%) isolates, respec-
tively. Alginate production-related genes (algD and 
algU) were both detected in all isolates (72/72 – 100.0%). 
Based on the presence of exoS-exoU genes, an unusual 
40 isolates (55.56%) were classified as cytotoxic-inva-
sive (exoS + /exoU +), while the remaining 32 isolates 
(44.44%) were classified as invasive (exoS +). Also, three 
distinct virulotypes where identified: V1: exoS ( +); exoU 
( +); exoT ( +); exoY ( +); algD ( +); algU ( +); V2: exoS ( +); 
exoU (-); exoT ( +); exoY ( +); algD ( +); algU ( +); V3: exoS 
( +); exoU (-); exoT (-); exoY ( +); algD ( +); algU ( +). The 
relationship between T3SS virulotypes, infection status, 
and clinical data was extensively investigated in a previ-
ous study by our research group [13].

Fisher’s exact test revealed significant and negative 
associations between exoU presence and non-suscep-
tibility to CPM (p = 0.0017), IMP (p = 0.0089), and MER 
(p = 0.0144). No significant associations were observed 
for PIP/TAZ (p = 0.7617), CAZ (p = 1.0000), AMK 
(p = 0.2821), or CIP (p = 0.7764). Also, no significant 
association between exoU and the susceptibility pheno-
types (Table 3).

Among the 72 isolates analyzed, the non-mucoid phe-
notype was the most common, seen in 63.89% (46/72) 
of cases. Of these non-mucoid isolates, 43.48% (20/46) 
were linked to chronic infections, while 56.52% (26/46) 
were associated with intermittent infections. In contrast, 
the mucoid phenotype appeared in 36.11% (26/72) of 
isolates, with the majority, 92.30% (24/26), coming from 
chronic infections. Statistical analysis confirmed a sig-
nificant association between colony phenotype and infec-
tion type (χ2 = 16.80, p < 0.001). The mucoid phenotype 

was much more common in chronic infections, while 
the non-mucoid phenotype was more frequently found 
in intermittent infections. Also, G-test revealed no sta-
tistical evidence for a significant association between the 
resistance phenotype and the mucoid/non-mucoid phe-
notype (p = 0.9992).

Molecular epidemiology by MLST
A remarkable genetic diversity was observed among the 
investigated P. aeruginosa population with a total of 37 
identified STs, including 14 newly identified STs and 23 
previously reported and curated at the PubMLST dabase 
for P. aeruginosa. Furthermore, the novel allele (mutL 
– 395) was associated with the novel genotype ST4993. 
The isolates demonstrated low relatedness overall, with 
only four showing closer genetic relationships, differing 
by a SLV between them (Fig. 1). Among the isolates, 18 
(25.0%) were identified as HRCs (ST235, ST274, ST357 
and ST446) while the remaining 54 (75.0%) were classi-
fied as non-HRCs.

ST274 was the most prevalent and associated with nine 
isolates (12.50%), followed by the novel ST4978, linked 
to eight isolates (11.11%), and ST357, with seven isolates 
(9.72%). Other notable STs included ST2140, identified in 
six isolates (8.33%), while ST2476, ST4256, and ST3118 
were each found in three isolates (4.17%). Additionally, 
the novel ST4979, as well as ST1284 and ST2021, were 
each linked to two isolates (2.78%). Several STs were iden-
tified in only one isolate (1.39%), 15 of which had been 
previously reported: ST9, ST109, ST235, ST252, ST256, 
ST273, ST446, ST569, ST900, ST1490, ST1685, ST2069, 
ST2603, ST2747, and ST3090. The remaining STs were 
newly discovered in this study: ST4981, ST4983, ST4985, 
ST4986, ST4988, ST4990, ST4991, ST4992, ST4993, 
ST4995, ST4996, and ST4997 (Fig. 1).

The association between the type of infection and the 
presence of HRCs was statistically significant (Fisher’s 
exact test, p = 0.0016), suggesting that HRCs are more 
frequently associated with intermittent infections, while 
non-HRCs are predominantly linked to chronic infec-
tions. We also conducted a analysis to investigate the 
differences between HRCs groups and infection types, 
comparing numerical variables such as age, spirometry 
parameters, and Shwachman-Kulczycki total scores. 
For HRCs, only Shwachman-Kulczycki total scores were 
significant based on the Student’s T-test (p = 0.004) 
(Table 4).

Chi-square test was conducted to assess the associa-
tion between HRCs and AST data. For AMR, the only 
significant association observed was for CIP, where HRC 
isolates were significantly less likely to be non-susceptible 
(p = 0.0015). In terms of resistance phenotypes, no sig-
nificant associations were found. Overall, these findings 

Table 3  Association between AMR features and cytotoxic 
virulotype (exoU +) in P. aeruginosa isolates from CF patients

Source: Authors study, 2025. Legend: * Chi-square test, # G-Test

Antibiotic/Resistance 
Phenotype

exoU +  exoU- P-value

CPM 1 10 0.0017*

IMP 2 9 0.0089*

MER 0 5 0.0144*

PIP/TAZ 8 5 0.7617*

CAZ 2 2 1.0000*

AMK 3 6 0.2821*

CIP 8 8 0.7764*

MDR Phenotype 3 8 0.0992#

MultiS Phenotype 25 14

ModR Phenotype 12 10
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suggest that HRC status is not significantly associated 
with resistance to most antibiotics or resistance pheno-
types, accordingly to the evaluated data (Supplementary 
Material 3).

Our data also revealed significant variability in STs 
among isolates recovered from the same patient, high-
lighting the genetic diversity of P. aeruginosa in CF 

infections. A total of 15 patients had more than one iso-
lated collected in the period of study (Fig.  2). Among 
patients with intermittent infections (P12, P19, P33 and 
P35), a higher diversity of STs was observed, with dis-
tinct STs identified across isolates. For instance, ST274, 
ST1284, and ST4996 were found in different patients. 
There were few recurrent STs, reflecting the transient 

Fig. 1  goeBURST full MST of P. aeruginosa isolated from CF patients demonstrating unique STs and clonal complexes. Each node represents 
a unique ST and node size is proportional to the isolates related with that ST. Solid lines between STs shaded in grey represents SLVs and belong 
to CCs, and dashed lines between STs represents double locus variants DLVs
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nature of colonization in these cases. For patients with 
chronic infections, several STs persisted over time, indi-
cating clonal stability. Notably, ST4978 was frequently 
isolated in multiple samples. Other recurring STs, such 
as ST3118 and ST2476, were also prominent. The figure 
stresses the differences in ST dynamics between infection 
types, with intermittent infections characterized by high 
ST variability and chronic infections dominated by sta-
ble, recurrent clones and provides insights into the longi-
tudinal behavior of P. aeruginosa in CF patients.

We conducted a final multivariable logistic regres-
sion model with independent variables to identify fac-
tors associated with HRCs among all 72 isolates. The 
analysis revealed that intermittent infection (p = 0.001, 
OR = 10.40, 95% CI = 2.584–41.855) was associated with 
a tenfold higher likelihood of being linked to HRCs. (Sup-
plementary Material 4).

Discussion
This study investigated the molecular epidemiology and 
clinical impact of P. aeruginosa infections in CF patients, 
with particular focus on genetic diversity, AMR patterns, 
and associated virulence factors. The findings reveal sig-
nificant differences between chronic and intermittent 
infections, which are closely linked to patient demo-
graphics, clinical severity, spirometric parameters, and 
microbial-related factors. Importantly, the study high-
lights the infection dynamics and high prevalence of 
novel STs and the widespread presence of HRCs within 
the CF population in the Brazilian Amazon, highlighting 
the evolving nature of P. aeruginosa in this patient group.

The proportion of patients registered in the studied 
service with positive cultures for P. aeruginosa (36.0%—
49/136) is lower than the prevalence reported in the 

U.S. Cystic Fibrosis Patient Registry (46.4%) but slightly 
higher than the European Cystic Fibrosis Society Patient 
Registry (32.8%) [45, 46]. In both the U.S. and Europe, 
reductions in P. aeruginosa prevalence over the past dec-
ade have been attributed to improved CF care strategies, 
such as enhanced infection control measures and the 
adoption of highly effective CFTR modulators. Although 
trends were not assessed in this study, the observed prev-
alence aligns with global patterns, reflecting comparable 
standards of CF management within the studied cohort, 
however, variations in healthcare infrastructure, access to 
CF-specific therapies, and microbiological surveillance 
protocols, as well as differences in diagnostic criteria and 
definitions of chronic infections across regions, might 
influence such rates [46].

There is strong evidence suggesting that the clinical 
status of CF patients deteriorates soon after the first iso-
lation of P. aeruginosa from the respiratory tract. This 
decline is particularly alarming as infections become 
chronic, leading to rapid lung function impairment, 
frequent pulmonary exacerbations, and significantly 
increased mortality rates [47–49]. It is important to 
emphasize that FEV1 is the gold-standard measure for 
assessing the severity and prognosis of pulmonary dis-
ease in CF. It is also a key criterion for lung transplant 
eligibility and access to high-cost medications, making 
it a critical focus in studies evaluating clinical outcomes 
across reference centers. Factors such as poor nutri-
tional status, chronic P. aeruginosa infection, and CF-
related diabetes are strongly associated with a more rapid 
decline in FEV1 [50]. Our study reinforces these findings 
as the clinical severity analysis further demonstrated 
stark differences between intermittent and chronic infec-
tions. The presented data emphasize the critical role of 

Table 4  Comparison of age, spirometry parameters, and Shwachman-Kulczycki total scores between HRC and non-HRC groups in CF 
patients

Source: Authors study, 2024. * Student’s t-test

Group Mean Median Standard deviation P-value* Mean difference

Age Non-HRC 21.5 18 14.8 0.074 5

HRC 13.1 10 6.06

FEV1 Non-HRC 70 80 33.8 0.623 −5.34

HRC 75.4 81 24.62

FVC Non-HRC 79.7 83.5 32.1 0.497 −7.32

HRC 87 97 27.4

VEF1/CVF Non-HRC 84.4 89 13.5 0.720 1

HRC 86.7 86 9.2

FEF25-75% Non-HRC 65 70.5 42.3 0.566 −8.11

HRC 73.2 80 35.56

Shwachman-Kulczycki Total 
Scores

Non-HRC 67.2 67.5 17.3 0.004* −16.51

HRC 83.7 85 11.54
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Fig. 2  Longitudinal distribution of P. aeruginosa Sequence Types (STs) in CF patients with intermittent and chronic infections. Legend: ST: sequence 
type; Virulotype. V1: exoS ( +); exoU ( +); exoT ( +); exoY ( +); algD ( +); algU ( +); V2: exoS ( +); exoU (-); exoT ( +); exoY ( +); algD ( +); algU ( +); V3: exoS ( +); 
exoU (-); exoT (-); exoY ( +); algD ( +); algU ( +). Resistance pattern: MultiS: Multi susceptive; ModR: Moderate resistant; MDR: Multidrug resistant
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P. aeruginosa in the clinical deterioration of CF patients, 
especially those with chronic infections and older age, 
which were associated with a higher degree of lung func-
tion impairment and the profound impact of chronic P. 
aeruginosa infections on the overall health and quality of 
life of CF patients.

The rising prevalence of P. aeruginosa infection in 
adolescence and early adulthood can be attributed to 
repeated environmental exposure and the frequent use 
of antibiotics treatments aimed at eradicating other early 
airway pathogens. Analyses of CF patient registry data 
have shown a notable increase in P. aeruginosa prevalence 
between the ages of 6 to 10 years and 18 to 24 years [51]. 
The early colonization by P. aeruginosa observed in our 
cohort adds further urgency to these findings. Among 
the patients studied, 6.82% (3/44) of children aged 1 to 
5 years had already developed chronic infections, a nota-
ble finding given that early P. aeruginosa infections are 
typically intermittent and often eradicated with antibiotic 
therapy in more than 69% of the cases [52, 53]. This early 
colonization has also been linked to elevated pulmo-
nary inflammation markers, early lung function decline, 
and irreversible airway changes [49]. Furthermore, early 
colonization predisposes individuals to chronic coloniza-
tion, as previously reported [31, 54]. Despite these obser-
vations, our data reveal that most chronic infections 
occurred in older patients, demonstrating the progressive 
nature of P. aeruginosa infections in CF patients, with 
a transition from intermittent infections during child-
hood to chronic infections in adulthood, accompanied by 
worsening clinical outcomes.

While antibiotic therapies have significantly extended 
survival and improved the quality of life for CF patients, 
their extensive and repeated use has also accelerated the 
development of AMR [55]. The progressive nature of CF-
related lung infections often necessitates cycles of "sup-
pressive" and "curative" antibiotic strategies, which, while 
essential for managing exacerbations, inadvertently select 
for resistant strains [56]. Of particular concern are chron-
ically infected patients, where prolonged treatment facili-
tates the emergence of chromosomal mutations, leading 
to stable resistance mechanisms. Over time, this dynamic 
has driven the increasing prevalence of MDR/XDR P. aer-
uginosa clones within CF populations worldwide, a trend 
consistently observed over recent decades [57, 58]. While 
most isolates were categorized as fully susceptible, a 
considerable proportion demonstrated ModR and MDR 
phenotypes, and non-susceptibility rates were observed 
for ciprofloxacin, piperacillin/tazobactam, cefepime and 
imipenem, and amikacin. These findings align with the 
known resistance mechanisms of P. aeruginosa, includ-
ing efflux pump activity and β-lactamase production [3, 
4, 59]. Also, the prevalence of MDR P. aeruginosa strains 

observed in this study (15.3%) is consistent with global 
reports, which recorded a slightly higher rate of 18.1% 
[45, 46]. In particular, the occurrence of MDR in patients 
from rural (far from capital areas) of Pará raises signifi-
cant concerns. Factors such as delayed identification of 
P. aeruginosa infections, limited access to specialized CF 
care centers, challenges in obtaining appropriate antibi-
otic therapy, and repeated courses of intravenous antibi-
otics may contribute to this trend.

The exoS, exoU, exoT, and exoY genes encode tox-
ins that are directly injected into eukaryotic host cells, 
mediating distinct pathogenic effects, including antif-
agocytic activity, necrotic damage, disruption of wound 
healing, and edema formation [3]. These genes have been 
strongly associated with invasive acute infections and 
high mortality rates [5, 9, 40]. Previous studies have also 
reported that CF isolates are less likely to carry exoU, as 
the chronic nature of pulmonary infections in CF does 
not favor strains producing this highly cytotoxic enzyme. 
Such strains can cause rapid tissue damage, often lead-
ing to either early death or infection clearance—out-
comes that are inconsistent with the persistence typically 
observed in CF infections. Also, harboring multiple 
virulence and resistance mechanisms simultaneously 
imposes significant metabolic and selective pressures on 
the bacterium, often leading to downregulation of certain 
genes. This trade-off may explain the reduced frequency 
of highly virulent and resistant strains [60].

Our findings showed a higher prevalence of the 
exoS + /exoU + virulotype than previously reported in CF 
contexts, raising concerns that more virulent strains may 
be emerging in this population. Our research group pre-
viously evaluated the relationship between P. aeruginosa 
virulence factors and infection outcomes in CF patients. 
In Sarges et  al. [13], the atypical exoS + /exoU + viru-
lotype was found at a higher frequency than pre-
viously reported, predominantly associated with 
intermittent infections, pulmonary exacerbations, and 
clinical changes, though not linked to worse outcomes in 
chronic infections. Conversely, the exoS + /exoU − viru-
lotype was strongly associated with chronic infections 
and worse clinical outcomes, including lower spiromet-
ric measures. Expanding on this, our study tested 72 iso-
lates from 44 patients, confirming the presence of the 
exoS + /exoU + virulotype at an uncommon prevalence. 
These results further support the importance of detect-
ing P. aeruginosa virulotypes, given their decisive impact 
on pulmonary impairment, clinical progression, and dis-
ease severity in CF patients. Our study also revealed that 
exoU + isolates were negatively associated with CPM and 
carbapenems and mainly related to non-sucesptibility 
to CIP AND PIP/TAZ. Such findings agree with previ-
ous negative association of virulence of T3SS and AMR, 
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as maintaining both traits impose a fitness cost the bac-
teria [12, 61]. Also, such finding highlights the potential 
for these strains to evolve into HRCs clones with both 
increased virulence and moderate resistance, posing a 
significant threat to CF patient outcomes.

The algD and algU genes were detected in all isolates 
(72/72–100%), which is in line with previous data of high 
prevalence of those genes [62, 63]. These genes encode 
proteins crucial for alginate production, a key exopoly-
saccharide involved in biofilm formation, which is one 
of the main adhesins found in the respiratory tracts of 
patients with acute and CF infections [3]. In our study, 
the mucoid phenotype, was less frequent, found in 25 
(34.72%) of the 72 isolates analyzed. However, mucoid 
isolates were predominantly from chronic infections 
(96%; n = 24/25). The non-mucoid phenotype was more 
common (63.89%; n = 46/72), yet the number of non-
mucoid isolates in chronic infections (43.47%; 20 out of 
46 isolates) raised concerns. This support that the mucoid 
form may play a role in long-term, persistent infections 
and suggests a potential conversion to the mucoid phe-
notype, which remains a feared complication in CF 
treatment due to the increased difficulty in eradicating 
infections and the greater damage to CF airways [64].

Typically, P. aeruginosa isolates recovered from diverse 
environments, including CF patients, reveal notable 
clonal diversity, with most isolates represented by unique 
genotypes [19, 20]. This clonal diversity was further 
highlighted by MLST genotyping in our study, reveal-
ing impressive genetic diversity and low genetic relat-
edness among P. aeruginosa populations in CF patients 
(Fig. 1). The clonal complex ST274 (CC/ST274) has been 
reported as a major clone among CF patients and associ-
ated with high mutation rates in AMR markers [22, 65]. 
In our study, ST274 strains isolated from seven patients, 
in which six were under nine years displaying heteroge-
neous genotypes and phenotypes. All ST274 related with 
chronic infections were exoU-, but were MDR or ModR.

The HRCs ST357 and ST235 are more prevalent in 
hospital environments and are among the top 10 global 
high-risk P. aeruginosa clones due to their prevalence, 
global dissemination, and association with MDR/XDR 
profiles, particularly in relation to horizontally acquired 
β-lactamases such as ESBLs (Extended-Spectrum Beta-
Lactamases) and carbapenemases [21, 66]. ST357 is fre-
quently associated with XDR strains and outbreaks of 
fluoroquinolone-resistant, potentially virulent strains 
carrying the exoU + genotype in various countries 
[12, 67, 68]. In our study, ST357 was related to seven 
unique isolates from distinct patients under 16  years, 
all non-mucoid, from intermittent infections, positive 
for all virulence genes tested, but presenting non-MDR 
phenotypes (three ModR isolates and the remaining 

MultiS). This homogeneity among the isolates may 
suggest possible spread of this clone in the region and 
possible cross-transmission between these patients, 
underscoring the importance of continuous and per-
sonalized monitoring of P. aeruginosa infections. In our 
study, ST235 showed no resistance to the antimicrobi-
als tested but exhibited high virulence potential, carry-
ing all tested virulence markers (exoU +), and isolated 
from a 19-year patient with an intermittent infection. 
Similarly, ST446 was identified as ModR and invasive-
cytotoxic and has previously been linked to outbreaks 
of carbapenem-resistant P. aeruginosa strains carry-
ing the IMP-1 gene among kidney transplant recipi-
ents [69]. Finally, these findings highlight the evolving 
dynamics of hospital-disseminated HCR like ST357, 
ST235 and ST446 within CF infections.

The non-HRC group predominated among the iso-
lates analyzed (54/72; 75.0%). In this group, a new line-
age, ST4978, was the most prevalent, found in eight 
isolates from two patients, both with chronic infections 
and classified as ModR, carrying virulence genes variably. 
Another new lineage, ST4979, was recovered from two 
patients, both with chronic infections and classified as 
MultiS and ModR, with one being invasive and the other 
invasive-cytotoxic. The other new lineages were found in 
only one isolate each, notable among them were ST4993, 
related to the new mutL 395 allele, and ST4996. ST4993 
was recovered from a chronic infection, displaying an 
MDR phenotype and an invasive virulotype. ST4996, also 
MDR, came from an intermittent infection and exhibited 
an invasive-cytotoxic virulotype. In this group contrast-
ing finding was the higher association with increased 
non-susceptibility rates compared to the HRC group, 
which challenges the common association of HRCs with 
MDR/XDR phenotypes [70]. These findings underscore 
the high heterogeneity of the P. aeruginosa population 
and potentially suggest local transmission events due to 
occurrence of new lineages in more than one patient.

Several non-HRC STs, previously associated with 
potentially resistant and virulent profiles, were identi-
fied in this study, including ST1284, ST2603, ST9, ST109, 
ST252, ST273, and ST900, as detailed in Supplementary 
Material 5. The remaining STs, to our knowledge, were 
only recorded in the PubMLST database [43] in different 
countries (ST2140, ST4256, ST1685, ST2021, ST3090, 
ST569, ST256, ST1490, ST2069, ST2747, ST2476, and 
ST3118) [71-76]. Of note are STs 2476 and 3118, which, 
in our study, were associated with MDR isolates (Supple-
mentary Material 5).

Another particularly interesting finding in our study 
was the significant variability in STs among samples col-
lected from the same patient over time. Additionally, 
virulotypes, resistance profiles, and colony morphologies 
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(mucoid and non-mucoid) also showed temporal vari-
ability. On this matter, Parkins, Somayaji e Waters [17] 
explain that, although patients with chronic infections 
are typically infected by a single strain of P. aeruginosa, 
in some cases, multiple genetically unrelated strains 
may coinfect CF patients either temporarily or perma-
nently. This can lead to complete strain replacements or 
the coexistence of distinct strains, resulting in persis-
tent, genetically distinct lineages with varying functional 
characteristics [77]. Furthermore, the genotypic and 
phenotypic changes within genetically related bacterial 
populations can be strongly attributed to the selective 
pressures imposed by the hostile CF airway environment. 
The continuous presence of antibiotics used in treatment 
and the intrinsic components of the host immune system 
drive the adaptive evolution of bacterial populations in 
CF patients. This process results in genomic alterations 
and phenotypic changes within the bacteria over time 
[58].

While this study provides valuable insights, certain 
limitations should be acknowledged. First, the cross-sec-
tional and retrospective design limits the ability to assess 
long-term trends to a better picture of the evolution of 
infection dynamics over time. Second, the relatively small 
sample size and regional focus may not fully capture the 
genetic and phenotypic diversity of P. aeruginosa across 
other regions in Brazil or globally. Third, while genotypic 
methods like MLST were employed to identify STs and 
clonal diversity, whole-genome sequencing (WGS) could 
have provided a more comprehensive understanding 
of resistance mechanisms and virulence factors. Finally, 
the study’s findings are constrained to a single reference 
center, and broader multicenter studies are needed to 
validate these results and generalize them to other CF 
populations in diverse geographic and clinical contexts. 
Despite these limitations, the study demonstrates criti-
cal trends in Brazil and highlights the need for continued 
surveillance and tailored treatment strategies for P. aer-
uginosa infections in CF patients.

Conclusion
This study offers a comprehensive exploration of the 
molecular epidemiology of P. aeruginosa in CF patients 
from the Brazilian Amazon, emphasizing its genetic 
diversity, AMR patterns, and virulence-associated 
traits. The identification of novel STs and HRCs, along 
with unique regional infection dynamics, highlight the 
pathogen’s adaptability and the challenges it poses in 
clinical management. Importantly, the findings high-
light significant associations between chronic and inter-
mittent infections, resistance phenotypes, and patient 
clinical data. The detection of uncommon virulotypes, 

such as exoS + /exoU + , further underscores the evolv-
ing pathogenic landscape in this population. These 
results emphasize the critical need for continuous sur-
veillance, tailored therapeutic approaches, and mul-
tidisciplinary strategies to mitigate the progression 
of chronic infections, improve patient outcomes, and 
address AMR in CF care. Future research should focus 
on longitudinal studies and whole-genome analyses to 
unravel the mechanisms driving resistance and clinical 
severity in this context.
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