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GRAPHICAL ABSTRACT Summary of the study. In a genome-wide association study (GWAS) of 1037 Canadians with cystic fibrosis (CF), we found
two novel loci linked to chronic Pseudomonas aeruginosa infection age. We found evidence of a shared polygenic component and a potential
causal relationship between chronic P. aeruginosa infection and lung disease. #: the rs62369766 locus was validated using an independent French
cohort (n=501).
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Shareable abstract (@ERSpublications)
This GWAS on 1037 Canadians with CF found two novel loci linked to chronic Pseudomonas
aeruginosa (Pa) infection age, along with evidence of a shared polygenic component and a
potential causal relationship between chronic Pa infection and lung disease https://bit.ly/4fcMeFg

Cite this article as: Lin B, Gong J, Keenan K, et al. Genome-wide association study of susceptibility to
Pseudomonas aeruginosa infection in cystic fibrosis. Eur Respir J 2024; 64: 2400062 [DOI: 10.1183/
13993003.00062-2024].

Abstract
Background Pseudomonas aeruginosa is a common pathogen that contributes to progressive lung disease
in cystic fibrosis (CF). Genetic factors other than CF-causing CFTR (CF transmembrane conductance
regulator) variations contribute ∼85% of the variation in chronic P. aeruginosa infection age in CF
according to twin studies, but the susceptibility loci remain unknown. Our objective is to advance
understanding of the genetic basis of host susceptibility to P. aeruginosa infection.
Materials and methods We conducted a genome-wide association study of chronic P. aeruginosa
infection age in 1037 Canadians with CF. We subsequently assessed the genetic correlation between
chronic P. aeruginosa infection age and lung function through polygenic risk score (PRS) analysis and
inferred their causal relationship through bidirectional Mendelian randomisation analysis.
Results Two novel genome-wide significant loci with lead single nucleotide polymorphisms (SNPs)
rs62369766 (chr5p12; p=1.98×10−8) and rs927553 (chr13q12.12; p=1.91×10−8) were associated with
chronic P. aeruginosa infection age. The rs62369766 locus was validated using an independent French
cohort (n=501). Furthermore, the PRS constructed from CF lung function-associated SNPs was
significantly associated with chronic P. aeruginosa infection age (p=0.002). Finally, our analysis presented
evidence for a causal effect of lung function on chronic P. aeruginosa infection age (β=0.782 years,
p=4.24×10−4). In the reverse direction, we observed a moderate effect (β=0.002, p=0.012).
Conclusions We identified two novel loci that are associated with chronic P. aeruginosa infection age in
individuals with CF. Additionally, we provided evidence of common genetic contributors and a potential
causal relationship between P. aeruginosa infection susceptibility and lung function in CF. Therapeutics
targeting these genetic factors may delay the onset of chronic infections, which account for significant
remaining morbidity in CF.

Introduction
Pseudomonas aeruginosa is a common respiratory pathogen in cystic fibrosis (CF) [1–3]. Chronic respiratory
infection by P. aeruginosa is associated with more rapid lung function decline [4–6] and reduced survival in
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CF [7, 8]. Up to 60% of individuals with CF are eventually infected with P. aeruginosa [1, 9, 10], but the
ages of onset of the first and of chronic P. aeruginosa infection, defined as three consecutive years of culture
data with at least one positive culture in at least two of the three years, vary considerably among individuals
who have the same causal CFTR (CF transmembrane conductance regulator) variants, indicating the presence
of modifying factors [11]. Host genetic factors have been shown to play a significant role in the
establishment and timing of P. aeruginosa infection in CF [11, 12]. The CFTR functional class has been
identified as an important risk factor for the age of P. aeruginosa acquisition [13]. Moreover, the estimated
heritability of age of onset of chronic P. aeruginosa infection is ∼85% from twin studies [11], but the
contributing genetic modifiers and pathways remain unknown. In contrast, there is less evidence from these
same twin studies that the age at first infection with P. aeruginosa is heritable, guiding genetic studies to
focus on the analysis of chronic P. aeruginosa infection age [11].

Discovery of genetic modifiers affecting age of onset of P. aeruginosa infection could inform contributing
mechanisms to host P. aeruginosa infection susceptibility in CF. While eradication therapy has already
been employed to target early P. aeruginosa, genetic modifiers may further serve as biomarkers for
screening CF subgroups that could benefit from earlier intervention with aggressive infection-targeting
treatment. Although an exome sequencing study [14] and candidate gene studies [15] have identified
potential genetic modifiers for phenotypes related to age of P. aeruginosa infection [12], to the best of our
knowledge there are no genetic association studies for age of chronic P. aeruginosa infection genome-wide
and there is a lack of independent assessment of previously reported loci from genetic studies of
P. aeruginosa infection.

Additionally, we are interested in understanding the genetic overlap and causal relationship between age of
P. aeruginosa infection and lung disease severity in CF. A previous study has shown that earlier
P. aeruginosa infection, particularly before 5 years of age, is strongly associated with severe CF lung
disease later in life [16]. Such evidence led us to consider the effect of earlier P. aeruginosa infection on
pulmonary function in individuals with CF. In particular, we are interested in investigating whether the
phenotypic correlation between chronic P. aeruginosa infection age and lung disease severity is driven by
a common genetic architecture, which could guide future research in choosing therapeutic targets to delay
the onset of chronic P. aeruginosa infections that will have the greatest impact on improving lung disease.

In participants of the Canadian CF Gene Modifier Study (CGMS), we performed a genome-wide
association study (GWAS) and identified two novel loci associated with age of chronic P. aeruginosa
infection in CF. We validated these findings in an independent cohort from France. We further
demonstrated genetic overlap and a potential causal relationship between age of chronic P. aeruginosa
infection and lung function in CF. Some of the results in this paper have been previously reported in the
form of an abstract [17].

Material and methods
Please see the supplementary material for more details.

Recruitment and study design
The study included a total of 2728 genotyped individuals with CF from CGMS and an independent
validation cohort from the French CF Modifier Gene Study (FCGS) (n=501). To minimise the
confounding effect of variation in severity of the causal CFTR genotype, we included only individuals
with genotypes known to confer pancreatic insufficiency [2]. Moreover, to reduce the confounding
influence of CF treatment, we restricted the analysis to modulator-naïve individuals. We obtained written
informed consent from adults, or from parents or guardians for participants aged <18 years old [2]. CGMS
was approved by the Hospital for Sick Children Research Ethics Board with research ethics approval
number 1000065760. FCGS was approved by the French ethical committees and written informed consent
was obtained from each patient and/or guardian.

The same sample quality control procedures were implemented for the CGMS and FCGS analyses
(supplementary appendix S1) and the phenotype analysed in the FCGS conformed to the inclusion criteria
specified in a previous study using the same cohort [6]. The flowcharts of subject inclusion and exclusion
are outlined in figure 1.

Genotype data
Genotyping, variant calling and quality control were conducted as in GONG et al. [2], with phasing and
imputation as described in PANJWANI et al. [18]. After standard quality control and imputation, a total of
6 994 213 genotyped and imputed SNPs (with imputation quality allelic r2⩾0.8) were analysed. We then
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conducted principal component analysis to control for population stratification and inferred sample
relatedness. Details are provided in supplementary appendix S1 and supplementary figures Si–Siii.

Phenotype definitions
The P. aeruginosa culture data in the Canadian study were obtained from chart review and registry
data. Specifically, we defined the phenotype based on longitudinal data that were collected as part of the
national registry, with clinics conducting chart reviews to address data inconsistencies where possible.
Following GREEN et al. [11], the first infection was defined as the first positive respiratory culture
for P. aeruginosa, and chronic infection was defined as the presence of three consecutive years of
records with at least one positive culture in at least two of the three years. The age of the subject at
the time of the first culture meeting this criterion was recorded as the age of chronic infection
(supplementary appendix S1 and supplementary figure Siv; see Discussion) [11]. In the French study,
chronic infection was defined as at least three positive samples at least 1 month apart over a 6-month
period, and chronic P. aeruginosa age was the age at the third isolation [6]. Calculating the phenotype
defined by GREEN et al. [11] using the French data is not possible due to the lack of longitudinal
microbiological analysis of sputum samples.

The distributions of the first P. aeruginosa age and chronic P. aeruginosa age were highly right-skewed
(supplementary appendix S1 and supplementary figure Sv), which could reduce the power of the
association test [19]. The residuals, after regressing on current age (supplementary appendix S7), appeared
symmetric (Kolmogorov–Smirnov symmetric test p=0.223; supplementary appendix S1 and supplementary
figure Sv) [20]. Thus, these residuals are the primary outcomes for our genetic analyses (supplementary
appendix S1).

Canadian genotyped 

sample

n=2728

a)

Chronic P. aeruginosa

age GWAS sample

n=1037

Excluded:

    307 unknown or sufficient pancreatic function

    1380 chronic P. aeruginosa age unavailable

    4 randomly selected one from each pair of

        monozygotic twins

French genotyped 

sample

n=2465

b)

French validation

sample

n=501

Excluded:

    38 sufficient pancreatic function

    1414 chronic P. aeruginosa age unavailable

    5 randomly selected one from each pair of

        monozygotic twins

    507 born before 1 January 1991#  

FIGURE 1 Flowcharts illustrating inclusion and exclusion criteria for a) 2728 genotyped individuals with cystic
fibrosis (CF) from the Canadian CF Gene Modifier Study for the genome-wide association study (GWAS) of
chronic Pseudomonas aeruginosa age and b) 2465 genotyped individuals from the French CF Modifier Gene
Study for validation analysis. To minimise the confounding effect of variation in severity of the causal CFTR (CF
transmembrane conductance regulator) genotype, we included only individuals with genotypes known to
confer pancreatic insufficiency [2]. Moreover, to reduce the confounding influence of CF treatment, we
restricted the analysis to modulator-naïve individuals. #: we followed the sample inclusion procedures in
MESINELE et al. [6] which restricted to individuals born between 1 January 2001 and 31 December 2019.
However, within this cohort, only 144 individuals (born before 2010) were genotyped and presented chronic
P. aeruginosa infection. To ensure a sufficient sample size, we instead utilised a cohort (n=501) born within a
two-decade span preceding the date of birth of the youngest genotyped individual. This selected cohort
consists of individuals born between 1 January 1991 and 31 December 2009.
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Heritability estimation
We used GCTA [21] to estimate the SNP-based heritability (h2) of the two residualised phenotypes
(supplementary appendix S1). The estimation was conducted on unrelated participants of European origin
with CF from CGMS (n=937 for chronic P. aeruginosa and n=1476 for first P. aeruginosa age).

Association testing
Genome-wide association testing was carried out using a linear mixed effects model implemented in the
GENESIS package [22] to account for sibling relationships in CGMS (supplementary appendix S1). For
both the first and chronic P. aeruginosa infection age, we conducted genome-wide association analysis
while controlling for sex and genetic principal components. We conducted a discovery GWAS on
individuals of European ancestry. We then validated the GWAS with the remaining independent
non-European participants. Next, we jointly analysed both European individuals and non-European
individuals to maximise power. We used the conventional p-value threshold of 5×10−8 to declare
genome-wide significance [23]. Finally, we validated the association studies at the identified genome-wide
significant signals using the independent French cohort (n=501). We used a Bonferroni corrected threshold
of 0.025 at each of the two genome-wide significant SNPs to conclude significance at the 5% level.

Cross-trait polygenic risk score
We conducted a cross-trait polygenic risk score (PRS) analysis to assess the genetic overlap between
chronic P. aeruginosa age and the International CF Gene Modifier Consortium lung phenotype (SaKnorm,
a measurement of lung disease based on forced expiratory volume in 1 s (FEV1) adjusted for age, height,
sex and CF-related mortality, was calculated prior to taking CFTR modulators [24, 25]). We first selected
7756 top-ranked and independent (linkage disequilibrium (LD) r2<0.1) SNPs associated with SaKnorm
(with p<0.014, determined from a grid search for the optimal threshold with the corresponding PRS
explaining the largest proportion of chronic P. aeruginosa age variation; supplementary appendix S2),
based on the summary statistics from CORVOL et al. [24] (n=6365). We then constructed the PRS using the
120 CGMS individuals who were not included in the consortium lung function GWAS. Subsequently, we
estimated the proportion of variance in chronic P. aeruginosa age that could be explained by the PRS of
SaKnorm through regression (supplementary appendix S2).

Bidirectional Mendelian randomisation
We conducted bidirectional Mendelian randomisation (MR) analysis [26] to investigate the causal
relationship between chronic P. aeruginosa infection and lung function in CF, utilising the summary
statistics of our chronic P. aeruginosa age GWAS (n=1037) and the SaKnorm GWAS in CORVOL et al.
[24] (n=6365). We first tested whether the onset of chronic P. aeruginosa infection affects lung function in
CF. To improve the statistical power, we used the set of 677 independent SNPs (LD r2<0.001) as the
multivariate instrument variables (IVs) for chronic P. aeruginosa age, the exposure variable. We chose this
set based on a PRS that explained the largest proportion of chronic P. aeruginosa age variation
(supplementary appendices S2 and S3). Reversely, following the same steps, we tested whether reduced
lung function leads to earlier chronic P. aeruginosa age. Sensitivity analysis (supplementary appendix S3)
was conducted with different multivariate IV selection criteria, as well as alternative MR methods
accounting for bias arising from weak IVs (MR weighted median [27]), outliers (MR weighted median and
simple mode) and horizontal pleiotropy (MR-Egger [28]).

Results
Study samples
The demographic and clinical characteristics of the study samples are detailed in table 1. The CGMS sample
included 2728 genotyped individuals born between 1940 and 2020, with the majority (mean age±3SD) born
between the 1970s and 1990s. 73.3% of individuals were diagnosed with CF before the age of 3 years. The
primary enrolment periods were from 2002 to 2006 and 2012 to 2018 (supplementary figures S3 and S4). For
the GWAS, we excluded individuals with missing response variables (details and proportions of reasons for
missing data are available in supplementary appendix S6 and supplementary figure Si), resulting in 1653
individuals for the age of first P. aeruginosa infection analysis and 1037 individuals for the age of chronic
P. aeruginosa infection analysis. The clinical attributes of the first and chronic P. aeruginosa age GWAS
samples were largely consistent (table 1). In comparison, while the French validation cohort was younger than
the Canadian cohort, the mean first and chronic P. aeruginosa ages and proportions of individuals diagnosed
with CF before the age of 3 years (83.6%) remained consistent across the cohorts (table 1).

Heritability estimates
The estimated SNP-based heritability was 22.5% for the first P. aeruginosa infection age residual
(p=0.090) compared to 46.0% for the chronic P. aeruginosa infection age residual (p=0.044)
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(supplementary appendix S1 and supplementary table Si). These results are qualitatively consistent with
the heritability estimates obtained from a previous twin study: 0% for first P. aeruginosa age and 85% for
chronic P. aeruginosa age [11].

Since the heritability estimate of the first P. aeruginosa age residual was relatively low and did not reach
statistical significance at the 5% level, our primary analyses focused on the chronic P. aeruginosa age
residual. For completeness, results for a GWAS of the first P. aeruginosa age residual are available in
supplementary appendix S4 and summary statistics can be found at https://github.com/strug-hub/gwas_psa.

Two novel loci associated with the chronic P. aeruginosa age residual
The GWAS of the chronic P. aeruginosa age residual was first conducted on 991 individuals of European
ancestry and 6 994 213 SNPs passing quality control (supplementary appendix S1). We identified one
genome-wide significant locus associated with the chronic P. aeruginosa age residual (figures 2 and 3 and
table 2), with the top SNP rs927553 (β=1.53 years, p=3.33×10−8 at chr13q12.12). Additionally, we
identified a second locus with the top SNP rs62369766, just shy of the genome-wide significant threshold
(β=−1.96 years, p=7.13×10−8 at chr5p12). The two top SNPs from the loci are common (table 2) and
jointly explain 3% of the phenotypic variation.

We found supporting evidence for the two loci with the remaining 46 non-European individuals. Despite the
limited sample size of the non-European subset, the effect sizes and directions of the top-ranked SNPs were

TABLE 1 Demographic and clinical characteristics of the Canadian CF Gene Modifier Study (CGMS) and French CF Modifier Gene Study (FCGS)
individuals

CGMS
genotyped#

First P. aeruginosa
age GWAS¶

Chronic P. aeruginosa
age GWAS+

Chronic P. aeruginosa age
FCGS validation analysis§

Individuals (n) 2728 1653 1037 501
Ageƒ (years)
Mean±SD 34.6±13.6 34.0±11.9 36.3±11.2 23.6±4.7
Range (3.5–90.1) (5.0–80.5) (6.8–71.1) (12.6–30.7)

Male (%) 53.3 51.8 51.7 48.9
Age at CF diagnosis (years) 4.1±8.8 2.3±5.1 2.1±4.1 1.3±2.4
CFTR genotype distribution (%)
F508del/F508del 52.1 58.3 59.0 66.7
F508del/MF 37.8 33.6 33.1 31.3
MF/MF 10.2 8.2 7.9 2.0

Pancreatic exocrine insufficient## (%) 88.7 100 100 100
Sweat chloride (ng·mL−1) 97.4±22.5 101.2±19.6 102.0±20.3 102.1±26.7
Newborn screening (%) 11.6 8.8 11.4 22.2
European ancestry (%) 96.0 96.1 95.7 92.2
First P. aeruginosa age (years)
Mean±SD 9.9±10.1 8.8±8.2 9.0±7.8 7.3±6.1
Range (0.0–74.6) (0.0–64.4) (0.0–52.1) (0.0–28.4)
Range of diagnosis date 06/11/1966–

28/12/2018
06/11/1966–
28/12/2018

06/11/1966–
29/08/2017

12/07/1991–
13/08/2021

Missing rate (%) 33.6 NA 7.9 0
Chronic P. aeruginosa age (years)
Mean±SD 12.7±9.3 11.4±7.9 11.9±7.9 11.6±6.3
Range (0.3–66.8) (0.3–52.1) (0.3–52.1) (0.01–29.2)
Range of diagnosis date 06/11/1966–

29/08/2017
06/11/1966–
29/08/2017

06/11/1966–
29/08/2017

01/09/1991–
13/08/2021

Missing rate (%) 59.1 42.3 NA NA

Data are presented as mean±SD, unless otherwise stated. CF: cystic fibrosis; P. aeruginosa: Pseudomonas aeruginosa; GWAS: genome-wide association
study; CFTR: CF transmembrane conductance regulator; MF: minimal function; NA: not applicable. #: all individuals from CGMS who passed quality
control; ¶: sample from CGMS for the GWAS of the first P. aeruginosa age, where individuals have insufficient pancreatic function and non-missing first
P. aeruginosa age and are modulator-free; +: sample from CGMS for the GWAS of the chronic P. aeruginosa age, where individuals have insufficient
pancreatic function and non-missing chronic P. aeruginosa age and are CF modulator-free; §: French sample for the validation analysis of the two
genome-wide significant single nucleotide polymorphisms identified from the chronic P. aeruginosa age GWAS, where individuals have non-missing
chronic P. aeruginosa age and insufficient pancreatic function and were born after 1 January 1991; ƒ: calculated by 1 November 2021 minus the date of
the birth; ##: for the CGMS genotyped samples, 88.7% of individuals in the cohort were pancreatic insufficient; however, for the GWAS presented here
of the first and chronic P. aeruginosa age, we only included individuals who were pancreatic insufficient.
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consistent with the estimates from the European sample (table 2). To maximise power, we jointly analysed
European and non-European individuals in a combined sample of 1037 individuals which provided
genome-wide significance of the top SNPs at the two loci (p=1.98×10−8 at rs62369766 in chr5p12 and
p=1.91×10−8 at rs927553 in chr13q12.12) (table 2). The variant rs62369766 is associated with an earlier onset
of chronic P. aeruginosa infection by 2.00 years when carrying an additional copy of the effect allele
T. Conversely, the variant rs927553 demonstrates a delay in the onset of chronic P. aeruginosa infection by
1.51 years for each additional copy of the effect allele G carried. The association of rs927553 with chronic
P. aeruginosa infection showed a consistent effect direction, but it did not display a significant association at the
5% level in the validation study with the French cohort (β=0.05 years, p=0.90). The association of rs62369766
was validated in the independent French cohort (β=−1.24 years, for effect allele T versus the reference allele
G, p=0.01; n=501) with a consistent effect direction as estimated in the Canadian sample (table 2).

Sensitivity analysis showed that the signals were robust when analyses were stratified based on potential
confounding factors including CF diagnostic age, CFTR genotype, birth cohorts, recruitment sites and
diagnosis by newborn screening (supplementary appendix S5). The signals also remained significant when
adjusting for survival bias. This adjustment included 534 individuals whose chronic infection status was
censored at the end of follow-up and 834 individuals who were chronically infected with P. aeruginosa
before enrolment but lacked a specific date defining chronic infection (supplementary appendix S6 and
supplementary figure Si; diagnostic plots: supplementary appendix S6 and supplementary figures Sii–Siv).
Notably, the effects of the two GWAS signals diminished in the analysis that restricted to more recent
cohorts (supplementary appendix S5 and supplementary table Siii), but SNP contributions remained in a
consistent direction, suggesting a potential attenuating genetic effect possibly with the advances of CF
treatment and interventions.

Chronic P. aeruginosa age-associated locus is associated with lung function in non-CF populations
We conducted a phenome-wide association study (PheWAS) using the GWAS Atlas [29] (Release 3:
v20191115; accessed on 2 May 2023). We assessed the leading SNPs from the chr5p12 and chr13q12.12
loci with a p-value threshold of 1.05×10−5 determined by Bonferroni correction for analysing the 4756
phenotypes at the nominal family-wise error rate of 0.05. rs62369766 (chr5p12) was significantly
associated with lung function measurements including forced vital capacity (FVC) (p=2.59×10−6) and
FEV1 (p=3.81×10−6) (supplementary appendix S1 and supplementary figure Svi) in the earlier genome-
wide meta-analysis (n=400 102) of lung function in non-CF individuals of European descent from the UK
Biobank (n=321 047) and SpiroMeta consortium [30] (n=79 055). Interestingly, both datasets are
population-based and not CF-specific. For the four lung function phenotypes investigated (FEV1, FVC,
peak expiratory flow and FEV1/FVC), rs62369766 demonstrated genetic effect directions consistent with
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FIGURE 2 Manhattan plot for the genome-wide association study of chronic Pseudomonas aeruginosa age in
1037 individuals with cystic fibrosis. Each dot corresponds to a single nucleotide polymorphism (SNP)
association p-value, with the x-axis indicating the position in the base-pair coordinate (hg19) and the y-axis
indicating −log10(p). In total, 6 994 213 SNPs were analysed, all with minor allele frequency >5%. The red
horizontal line corresponds to the genome-wide significance threshold of p=5×10−8 on the −log10 scale. The
QQ plot and histogram of the p-values are shown in supplementary figure S1, showing no inflation with a
genomic control λ-value of 1.003.

https://doi.org/10.1183/13993003.00062-2024 6

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | B. LIN ET AL.

http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00062-2024.figures-only#fig-data-supplementary-materials


our study (table 3; each copy of coded allele T is associated with 2-year earlier chronic P. aeruginosa
infection in our study and a decrease of 0.01–0.02 standard deviations in lung function in SHRINE et al.
[30]; details on the spirometry measurements for their studies are available in their supplementary tables 2
and 3 and in their supplementary note).
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diamond and labelled with the dbSNP ID).
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Colocalisation of CF lung disease and chronic P. aeruginosa age GWAS summary statistics at lung
disease-associated loci
We examined our GWAS results at loci previously reported to be associated with chronic P. aeruginosa
age and lung disease in CF. No previously reported SNPs [14, 24, 31] demonstrated significance at the
level of 0.05 in our GWAS (supplementary table S2). Although none of the individual CF lung

TABLE 2 Three single nucleotide polymorphisms (SNPs) significantly associated with chronic Pseudomonas aeruginosa age at the genome-wide
significance level

SNP Chromosome Effect allele Reference allele Sample n MAF β# (95% CI) (years) p-value

rs927553 13 G C CGMS 1037 0.44 1.51 (0.98–2.04) 1.91×10−8

European 991 0.43 1.53 (0.98–2.07) 3.33×10−8

Non-European 46 0.49 1.15 (−0.82–3.11) 0.25
FCGS 501 0.45 0.05 (−0.68–0.77) 0.90

rs927552 13 G A CGMS 1037 0.41 1.51 (0.97–2.04) 3.64×10−8

European 991 0.40 1.55 (1.00–2.11) 3.88×10−8

Non-European 46 0.47 0.64 (−1.19–2.47) 0.49
FCGS 501 0.41 0.01 (−0.71–0.73) 0.97

rs62369766 5 T G CGMS 1037 0.17 −2.00 (−2.70–−1.30) 1.98×10−8

European 991 0.17 −1.96 (−2.68–−1.25) 7.13×10−8

Non-European 46 0.10 −2.91 (−5.92–0.10) 0.06
FCGS 501 0.17 −1.24 (−2.19–−0.30) 0.01

MAF: minor allele frequency. The genetic effects and p-values are provided, separately, for association analyses using 1) the combined sample of
1037 individuals in the Canadian CF Gene Modifier Study (CGMS), 2) 991 European individuals (including 52 sibling pairs) in CGMS, 3) 46
non-European individuals (including five sibling pairs) in CGMS and 4) 501 individuals in the independent French CF Modifier Gene Study (FCGS).
The association analysis accounted for sample relatedness through the linear mixed effect model (supplementary appendix S1). #: effect estimate
for each additional copy of the effect allele.

TABLE 3 Supporting evidence for rs62369766 from the genome-wide meta-analysis of lung function in the non-cystic fibrosis (CF) population from
SHRINE et al. [30]

Coded allele Non-coded
allele

Trait Study Coded allele
frequency

β# SE z-score p-value

Chronic P. aeruginosa
age GWAS
T G Chronic

P. aeruginosa age
CGMS (n=1037) 0.17 −2.00

(year)
0.36 −5.61 1.98E-8

SHRINE et al. [30]
T G FEV1 UK Biobank (n=321 047) 0.16 −0.014 3.53E-3 −3.97 7.23E-5

SpiroMeta (n=79 055) 0.15 −0.020 7.64E-3 −2.67 7.53E-3
Meta-analysis (n=400 102) 0.16 −0.015 3.20E-3 −4.62 3.81E-6

FVC UK Biobank (n=321 047) 0.16 −0.014 3.55E-3 −4.04 5.46E-5
SpiroMeta (n=79 055) 0.15 −0.020 7.66E-3 −2.58 9.82E-3

Meta-analysis (n=400 102) 0.16 −0.015 3.20E-3 −4.70 2.59E-6
PEF UK Biobank (n=321 047) 0.16 −0.013 3.57E-3 −3.78 1.55E-4

SpiroMeta (n=24 218) 0.16 −6.21E-3 0.012 −0.48 0.628
Meta-analysis (n=345 265) 0.16 −0.013 3.00E-3 −3.69 2.25E-4

FEV1/FVC UK Biobank (n=321 047) 0.16 −8.68E-4 3.62E-3 −0.33 0.740
SpiroMeta (n=79 055) 0.15 −7.73E-4 7.58E-3 −0.10 0.919

Meta-analysis (n=400 102) 0.16 −9.00E-4 3.30E-3 −0.26 0.794

Summary statistics for spirometric phenotypes are derived from a genome-wide meta-analysis of lung function in non-CF individuals of European
descent, combining data from the UK Biobank (n=321 047) and the SpiroMeta consortium (n=79 055). This analysis, reported by SHRINE et al. [30],
included a total of 400 102 individuals. The phenotypes are ranked and inverse-normal transformed residuals from linear regression of each trait
(forced expiratory volume in 1 s (FEV1), forced vital capacity (FVC), peak expiratory flow (PEF) and FEV1/FVC) against age, age squared, sex, height,
smoking status (ever/never) and genotyping array. Individual study characteristics are summarised in supplementary tables 2 and 3 of SHRINE et al.
[30]. Summaries of the spirometry measurements for each study are available in their supplementary note. #: effect estimate for each additional
copy of the effect allele T. GWAS: genome-wide association study; CGMS: Canadian CF Gene Modifier Study.
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disease-associated SNPs were significant in our GWAS, we did find evidence at the locus level. That is,
we found compelling evidence of colocalisation between GWAS summary statistics of CF lung disease and
chronic P. aeruginosa age at SaKnorm-associated locus AGTR2/SLC6A14 at chrXq22–q23 (supplementary
table S3) [24]. In contrast, the genome-wide significant loci on chr5p12 and chr13q12.12 identified from
the chronic P. aeruginosa age GWAS showed no evidence of colocalisation with the CF lung function
GWAS summary statistics.

CF lung function PRS is significantly associated with the chronic P. aeruginosa age residual
We observed phenotypic correlation between chronic P. aeruginosa age and SaKnorm: Pearson correlation
coefficient=0.12 (p=0.0002) in the unrelated European CGMS sample (n=887). Moreover, the identified
genome-wide significant SNP rs62369766 for chronic P. aeruginosa age is also associated with respiratory
phenotypes in the general population. These findings led us to consider the possibility of genetic overlap
between chronic P. aeruginosa age and lung function in CF and non-CF populations. We subsequently
investigated the potential genetic overlap through a cross-trait PRS analysis.

Using the C+T (clumping+thresholding) method (supplementary appendix S2), the PRS calculated from
7756 independent SNPs at an optimal threshold p⩽0.014 (supplementary appendix S2 and supplementary
table Sii) was associated with SaKnorm (p=0.002) (supplementary appendix S2 and supplementary figure
Si) and explained 3.6% of the phenotypic variance in the chronic P. aeruginosa age residual. The effect
size estimate was 0.618, indicating that a higher PRS score was associated with a later chronic
P. aeruginosa age. The PRS analysis does not provide additional insight on particular contributing genes
but rather that there are shared genetic mechanisms between lung function and chronic P. aeruginosa age
(supplementary appendix S2 and supplementary table Si). Aligned with heritability estimates, there was no
significant association between the PRS derived from lung function and first P. aeruginosa infection age
(supplementary appendix S2 and supplementary figure Si).

Bidirectional causal relationship between chronic P. aeruginosa infection and SaKnorm
The significant genetic overlap between chronic P. aeruginosa age and lung function further led us to
consider their causal relationship. Using bidirectional MR, we examined the causal link between chronic
P. aeruginosa infection and lung disease in CF, utilising summary statistics from our GWAS (n=1037) and
the CF lung function GWAS [24] (n=6365).

We first tested whether the earlier onset of chronic P. aeruginosa infection affects lung function in CF.
A significant causal effect (β=0.002, p=0.011) of chronic P. aeruginosa infection on lung function was
estimated using the inverse variance weighted (IVW) method. Due to the potential inclusion of a weak
instrument (F-statistic=9.38), the causal effect estimate should be interpreted with caution. Further
sensitivity analysis, based on MR methods accounting for bias arising from weak IVs, outliers and
horizontal pleiotropy, did not support strong causal effects (p-values >0.05 for MR-Egger, MR weighted
median-NOME and MR-PRESSO) (supplementary appendix S3 and supplementary table Si).

Reversely, we found evidence that reduced lung function leads to earlier chronic P. aeruginosa age, with
significant causal effect estimate 0.78 (p=4.23×10−4 under the IVW method). Sensitivity analysis
accounting for horizontal pleiotropy with MR-Egger (p=0.06) and the weighted median (p=0.01) show
consistent effect estimates (supplementary appendix S3 and supplementary table Si). The causal effect was
consistently observed with more stringent p-value thresholds for IV selection (supplementary appendix S3
and supplementary table Si).

In conclusion, our findings suggest a robust causal effect of diminished lung function on an earlier onset
of chronic P. aeruginosa infection, with a moderate effect in the reverse direction. We note that the
validity of these inferences is dependent on the quality and sample size of the GWAS data and the
reliability of the instrumental variables used.

Discussion
The major cause of morbidity and mortality in CF is progressive lung disease, where cycles of infection and
inflammation result in bronchiectasis and end-stage lung disease [32, 33]. Thus, an earlier acquisition of
infection would be predicted to hasten this process. We set out to understand the genetic architecture of age of
onset of P. aeruginosa acquisition: is it heritable, is it polygenic, are the genetic contributors unique to CF or
do they contribute to lung function variation and infection phenotypes in the general population? SNP-sense
heritability estimation [34] confirmed earlier reports from family studies [11] that age of chronic P. aeruginosa
infection is more heritable than age of the first infection, focusing our choice of phenotype for the GWAS.
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In the discovery GWAS using Canadian participants, we identified two common genetic variants,
rs62369766 and rs927553, associated with the age of chronic P. aeruginosa infection residual in
individuals with CF. The effect size and direction were consistent in the GWAS of European and
non-European participants. These two SNPs explained ∼3% of variation in chronic P. aeruginosa infection
age. The association at rs62369766 was validated using an independent French cohort. This analysis used
a different phenotype and the analysis did not include older birth cohorts. According to our PheWAS
results, the rs62369766 variant was associated with several spirometry phenotypes in non-CF populations
[30], presenting robust evidence across several independent datasets.

Although a GWAS identifies loci rather than genes, the two loci encompass interesting candidate genes
with previously reported impact on lung function and the respiratory system. According to the
Genotype-Tissue Expression (GTEx) portal [35], the genome-wide significant SNP rs62369766 (chr5p12)
is an expression quantitative trait locus (eQTL) for NNT (nicotinamide transhydrogenase, mitochondrial)
across several tissues including lung, with p=4.7×10−3. NNT plays a pivotal role in sustaining cellular
redox balance and is increasingly recognised as a participant in immune response regulation [36]. It has
notably been shown to modulate the immune response and host defence against pathogens [37].
Overexpression of NNT in a macrophage cell line resulted in defective secretion of pro-inflammatory
cytokines and inefficiency in the clearance of intracellular bacteria (Escherichia coli). Further, mice with
deletion of the NNT gene are more resistant to acute pulmonary infection caused by Streptococcus
pneumoniae [37]. A redox imbalance with higher oxidative stress is well known in CF and promotes
inflammation [38]. As a modulator of oxidative stress, it would therefore be interesting to understand the
role of NNT in the context of CF and its functional involvement in P. aeruginosa infection.

Although NNT is compelling as the responsible gene, rs62369766 is an intergenic SNP near FGF10
(fibroblast growth factor 10), a driver of branching morphogenesis in the lung airway. Signalling defects of
FGF10 during development are reported to cause neonatal lung disease, while in adulthood FGF10
mutations may lead to airway abnormalities which increase the risk of chronic airway disease [39].
Specifically, individuals with CF tend to have congenital abnormalities in the shape and size of the airway
[39–41]. Moreover, infants with CF demonstrate airway abnormalities, such as smaller calibre tracheas,
before developing clinically apparent respiratory bacterial infection including P. aeruginosa [39, 42].
FGF10 is involved in the development of submucosal glands, which are important sources of host defence
molecules [43, 44]. The association of SNP rs62369766 with reduced lung function is noteworthy
considering that severe mutations in FGF10 can disrupt lung development and may predispose individuals
to childhood interstitial lung disease [24, 45].

Since the presence of chronic P. aeruginosa infection leads to progressive lung disease [4], we were
interested in whether variants identified through a GWAS of CF lung function also contribute to an earlier
age of chronic P. aeruginosa infection. Five loci display significant association with variation in CF lung
disease [24]. Although none of the top SNPs at these loci, individually, showed association with chronic
P. aeruginosa infection age at the 5% level in the GWAS reported here (supplementary table S3), we did
see colocalisation at the locus level at SaKnorm-associated locus AGTR2/SLC6A14 at chrXq22–q23. We
also hypothesised that there is an overlap in CF genetic contributors between chronic P. aeruginosa age
and CF lung disease at the sub-genome-wide significance level. The PRS defined on summary statistics
from CORVOL et al. [24] showed significant association with the chronic P. aeruginosa age residual,
indicating that there is a shared polygenic component between the two phenotypes.

Our PRS analysis is primarily designed to identify the shared genetic factors between chronic
P. aeruginosa infection and lung function, without specifically pinpointing if these factors are purely
modifiers of severe lung disease or if they confer additional, distinct susceptibility to P. aeruginosa
infection. Our findings suggest that some of the same genetic modifiers influencing severe lung disease
may also affect the age of onset of chronic P. aeruginosa. This does not exclude the possibility that other
genetic factors specifically enhance abnormal host defence mechanisms against P. aeruginosa infection,
which the PRS analysis is not equipped to assess. Moreover, although the CF lung function PRS explained
a significant proportion of variation in age of chronic P. aeruginosa, it would not have captured all the
genetic factors given the limited sample size of the study. A limitation of this analysis, which may
contribute to the low estimate of correlation between the two phenotypes, is the variability in timing of
SaKnorm measurements relative to the chronic P. aeruginosa age.

The shared polygenic component between chronic P. aeruginosa age and CF lung function led us to
consider their potential causal relationship. CF arises from genetic variation in CFTR that disrupts chloride
transport via the apical membrane of epithelial cells. Loss of CFTR function weakens respiratory defences,
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increasing susceptibility to bacterial infections, and leading to chronic inflammation and progressive lung
disease in CF patients [32, 33, 46]. Two potential causal pathways are: 1) reduced lung function, stemming
from genetic predisposition, could lead to earlier chronic P. aeruginosa age or 2) earlier chronic
P. aeruginosa age might result in reduced lung function. Using bidirectional MR, we identified strong and
robust evidence for a causal effect of reduced lung function on earlier chronic P. aeruginosa age
(p=4.23×10−4) and a moderate causal effect for the direction of earlier chronic P. aeruginosa age on
reduced lung function (p=0.01). Our findings corroborate the clinical perspective regarding the cyclic
nature of escalating infection and diminishing lung function in CF [32, 33]. Moreover, the causal effect
magnitude differences between the two directions may explain the previous results, that although earlier
P. aeruginosa infection is strongly associated with severe CF lung disease later in life [16], it is a weaker
predictor than early compromised childhood lung function [47]. While MR analysis provides evidence for
a causal relationship between chronic P. aeruginosa infection and lung function, it does not precisely
disentangle the timing of this causal effect due to the multifactorial nature of lung disease progression in CF.

There are many extrinsic factors that affect the age at chronic P. aeruginosa infection in CF. Certain
P. aeruginosa strains are known to be more virulent and more transmissible among people with CF;
exposure to these strains may shift the age of chronic infection to younger years [48]. Although the
majority of people with CF are thought to acquire initial P. aeruginosa from environmental sources,
patient-to-patient transmission of P. aeruginosa has been described, both in healthcare and non-healthcare
settings [49]. Within households, siblings with CF frequently share P. aeruginosa strains due to
cross-infection, limiting the generalisability of heritability estimates from the twin study by GREEN et al. [11]
to the broader CF population [50]. Moreover, GREEN et al.’s [11] definition of the first P. aeruginosa infection
requires an initial negative culture to accurately assign the first positive culture. This requirement may
exclude participants with early infections, but it ensures precise assignment and prevents overestimating
infection ages. For instance, individuals without prior negative cultures might have had an earlier
unobserved infection than our data shows. Sensitivity analysis (supplementary appendix S6) confirmed
consistent results when 565 individuals with censored event times were included. Accurately measuring
initial and chronic infections in an observational cohort study is challenging, especially without extensive
longitudinal records. We recognise that accurately measuring the first and chronic infection events is
complex in an observational cohort study, particularly when dense longitudinal records are not available.
Additionally, the institution of infection control practices over the last several decades has undoubtedly
reduced P. aeruginosa transmission among people with CF and led to an increased age of chronic
infection [51–56]. Differences in clinical management between CF centres as well as improvements in the
quality of care may also have impacted the age of chronic P. aeruginosa infection over the course of our
study [57]. Finally, different types of respiratory specimens (throat swab, induced sputum and
bronchoalveolar lavage) [58, 59] and different diagnostic methods (culture versus molecular-based
techniques) [60] have varying sensitivity in the detection of organisms, influencing the age of onset of
chronic infection. The number of external elements that contribute to P. aeruginosa infection in people
with CF may thus limit the ability to detect host genetic factors, accounting for the discovery of only two
novel loci linked to chronic P. aeruginosa infection age. The GWAS sample size of n=1037 may have also
limited the detection of significant loci that modify chronic P. aeruginosa age. Similar sample size
challenges may have also affected previous studies on genetic modifiers of P. aeruginosa infection age
(supplementary table S2) [14].

Here we identify two genome-wide significant loci for chronic P. aeruginosa age and support previous
findings that the age of first P. aeruginosa acquisition is less heritable and potentially more opportunistic.
eQTL support at one locus suggests that the responsible gene may be NNT and acting directly through host
defence mechanisms, although the GWAS and eQTL statistics do not colocalise in general [61, 62].
Analysis of this SNP in the phenome of the general population indicates contributions to lung function,
while PRS analysis demonstrates a shared polygenic component between chronic P. aeruginosa age and
lung function in CF, and to a lesser degree, in the general population (supplementary appendix S2 and
supplementary table Sii). There is also evidence for a causal effect of reduced lung function on the age of
chronic P. aeruginosa infection and a moderate causal effect in the reverse direction, albeit less robust.
Taken together, there is substantial overlap in the genetic contributions of earlier acquisition of chronic
P. aeruginosa and lung disease in CF. Therapeutics and treatment modalities that aim to delay chronic
infection should thus be a priority to preserve lung function.
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