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a b s t r a c t
Background: Aspergillus fumigatus (Af) infection is associated with poor lung health in chronic suppurative
lung diseases but often goes undetected. We hypothesised that inhibition of Af growth by Pseudomonas
aeruginosa (Pa) increases the frequency of false-negative Af culture in co-infected people. Using a substantial group of cystic ﬁbrosis (CF) airway samples, we assessed the relationship between Af and bacterial
pathogens, additionally comparing fungal culture with next-generation sequencing.
Methods: Frequency of co-culture was assessed for 44,554 sputum/BAL cultures, from 1,367 CF patients
between the years 2010–2020. In a subgroup, Internal Transcribed Spacer-2 (ITS2) fungal sequencing was
used to determine sequencing-positive, culture-negative (S+/C-) rates.
Results: Pa+ samples were nearly 40% less likely (P<0.0 0 01) than Pa- samples to culture Af, an effect that
was also seen with some other Gram-negative isolates. This impact varied with Pa density and appeared
to be moderated by Staphylococcus aureus co-infection. Sequencing identiﬁed Af-S+/C- for 40.1% of tested
sputa. Samples with Pa had higher rates of Af-S+/C- (49.3%) than those without (35.7%; RR 1.38 [1.02–
1.93], P<0.05). Af-S+/C- rate was not changed by other common bacterial infections. Pa did not affect the
S+/C- rates of Candida, Exophiala or Scedosporium.
Conclusions: Pa/ Af co-positive cultures are less common than expected in CF. Our ﬁndings suggest an Afpositive culture is less likely in the presence of Pa. Interpretation of negative cultures should be cautious,
particularly in Pa-positive samples, and a companion molecular diagnostic could be useful. Further work
investigating mechanisms, alternative detection techniques and other chronic suppurative lung diseases
is needed.
© 2022 The Authors. Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Aspergillus fumigatus (Af), is the commonest fungus in the cystic ﬁbrosis (CF) airway [1] and is linked with worsened structural
airways disease, lung function, exacerbation frequency and qualityof-life [2–6]. Azole treatment of Af-colonisation, resulting in sig∗
Corresponding author at: National Heart & Lung Institute, Imperial College London, Emmanuel Kaye Building, 1B Manresa Road, London SW3 6LR, UK.
E-mail address: d.hughes17@imperial.ac.uk (D.A. Hughes).

niﬁcant Af airway biomass reduction, improved CT scores and exacerbation rates [7]. Although prolonged incubation may improve
culture detection, standard techniques are suboptimal [8]. This is
compounded by the poor accuracy of cough/throat swabs in nonsputum producers, particularly for fungal culture [9,10]. Estimates
of Af prevalence in CF range widely (9–74%) depending on detection methodology, are rising and increase with age [3,11–13].
Molecular methods improve detection by >90% compared to culture [14,15], but rely on sputum which is now expectorated rarely
by many patients on CFTR modulators.
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Pseudomonas aeruginosa (Pa) is the commonest bacterial infection in CF; chronic infection is strongly linked to morbidity
and mortality [16]. Clinical data on Pa/Af co-infection are unclear, but studies have reported detrimental impact on lung function and need for intravenous (IV) antibiotics compared to either
pathogen alone [2,5,6]. In vitro studies demonstrate that bacterial
CF pathogens demonstrate complex interactions with Aspergillus
[17]. Deeper understanding of the balance of fungi within healthy
and diseased airways has come from the use of next generation sequencing approaches to delineate the mycobiome, and to explore
the complexities of microbial interactions [18,19].
Pa inhibits Af growth in vitro, so we hypothesised this could
lead to false-negative Af culture in Pa-infected samples. Our ﬁrst
aim was to assess the frequency of culture co-positivity of bacterial
and fungal organisms, with particular focus on Pa and Af. Our second aim was to explore the relationship of Pa with the Af detection
gap between culture and molecular, culture-independent methods.

3. Results
3.1. Prevalence of bacterial and Aspergillus positive samples
44,554 sputum/ BAL results were available: 1367 CF patients
with median (IQR) age 24.1 (13.6–35.5) years contributed 19 (5–
51) samples each over 6.0 (2.2–9.6) years. 4844 (10.9%) were completely negative cultures (no bacterial or fungal growth), 39,710
were positive for at least one bacteria or fungus. For individual
bacteria: Pa in 24,833 (55.7%), Sa in 11,163 (25.1%), Burkholderia
cepacia complex (Bcc) in 1874 (4.2%), Achromobacter xylosoxidans
(axe) in 1880 (4.2%) and Stenotrophomonas maltophilia (Sm) in 1635
(3.7%). Af was grown from 5189 (11.6%) samples.
3.2. Determining the relationship between bacterial culture positivity
and Af growth
We hypothesised that bacterial co-infection would inﬂuence the
frequency of Af growth. Across the whole sample set, we ﬁrst assessed frequency of Af culture-positivity in bacteria-negative samples: 1525/9818 (15.5%) (Table 1). We then compared this with
the frequency of Af in samples positive for bacteria: for Pa, Af
was detected signiﬁcantly less frequently (9.8%; RR 0.63 [0.60–
0.66], P<0.0 0 01) (Fig. 1). Similar was seen for Sa (RR 0.82 [0.77–
0.88], P<0.0 0 01), Bcc (0.35 [0.28–0.44], P<0.0 0 01) and axe (0.35
[0.28–0.43], P<0.0 0 01). In contrast, Af occurred more frequently
than expected in samples co-infected with Sm (RR 1.20 [1.03–1.39],
P<0.001).

2. Methods
2.1. Study subjects and design
In a longitudinal, single-centre (Royal Brompton Hospital) cohort, all results from sputum and broncho-alveolar lavage (BAL)
samples from adults and children with CF (2010–2020) were identiﬁed. All samples underwent standard clinical laboratory culture
according to CF Trust guidelines (supplement) [20]. Cough/throat
swab results were excluded. All patients had consented to data
entry into the national CF patient registry whose approval was
granted for this study.
As part of a previous study, Internal Transcribed Spacer-2 (ITS2)
sequencing had been performed on a subset of sputa [19]. The
ﬁrst of paired samples was sent for routine microbiological culture, and the second was split into 300μl sputum aliquots prior
to DNA extraction (supplement). All sequences are available from
the European Nucleotide Database (PRJEB33434). The study was
approved by Royal Brompton and Hareﬁeld Hospital Biomedical
Research Unit Ethics Committee (Advanced lung disease biobank
10/H0504/9).

3.3. Identifying speciﬁc relationships with individual bacterial
pathogens
We analysed the 16,298 (36.6%) samples in which only a single
bacterial species (+/- fungus) had grown. The relationships above
were again observed, with the exception of Sa (Tables 1, S1 and
Fig. 1).
3.4. Sensitivity analyses to reduce confounding from subjects with
frequent samples
In order to minimise the potential impact of sampling frequency from certain subjects, we performed a number of sensitivity analyses, each of which supported the previous ﬁndings. The
ﬁrst included only one sample per subject for each quarter year:
19,987 samples, 1367 patients, 10 (3–25) samples/ subject over
6.0 (2.1–9.6) years; median sampling interval was 0.28 (0.22–0.41)
years. We started by assessing Af culture-positivity in bacterianegative samples (10.3%). Af was again less common with Pa (9.5%;
RR 0.92 [0.85–0.99], P<0.01). The previously described relationships with the other bacterial species persisted (Table S2), except
for Sa which appeared positively associated with Af (12.3%; RR 1.19
[1.08–1.31], P<0.0 0 01).
A second analysis was performed by randomly selecting 10
samples from each patient who had at least 10 culture results recorded. Of these 8650 samples, 13% (1126/8650) had
no bacterial/fungal growth. 4526 (52.3%) grew Pa, 933 (10.8%)
grew Af. Here, the expected Pa/Af co-positivity was 5.65%
((52.3 × 10.8)/100), whereas the observed frequency was 4.65% (RR
0.83 [0.72–0.94], P<0.01).

2.2. Statistical analysis
The hypothesis was that Af culture-positivity would be affected
by the presence of co-infecting bacteria. Frequency of Af culturepositivity in samples free of bacteria was compared with observed
frequencies of Af culture-positivity in samples infected with speciﬁc bacterial pathogens. This was performed for all samples containing each bacterium and, for greater speciﬁcity, samples infected
with only that bacterium. Sensitivity analyses were also performed,
ﬁrst using a single sample from 3-monthly time-periods from each
patient, and second by randomly selecting 10 samples from each
patient who had at least 10 culture results recorded in order to
reduce bias from patients with high sample numbers. Age at sampling midpoint was used for patient-based analysis. We planned to
compare observed with expected frequencies of co-culture (where
expected frequency = observed frequency of pathogen A x observed frequency of pathogen B / 100), using Pearson’s chi-squared
test to examine for difference. The Mantel-Haenzsel test was applied for trends across a contingency table, reporting a ‘P for trend’
(ptrend) statistic. Contingency tables examined the performance of
fungal culture versus ITS2 fungal sequencing in the presence or absence of co-infecting bacteria, using relative risk (RR [95% CI]) and
Chi-square testing. SPSS Statistics (version 27; IBM, Armonk, NY)
was used for data processing and statistics. Data are median (IQR)
unless stated. P<0.05 was considered signiﬁcant after corrections
for multiple comparisons.

3.5. Subgroup of patients with Af and either Pa or Sa infection:
assessing frequency of co-infected samples
Pa: 494 patients had samples positive for Pa and samples positive for Af during the study period. Assessing all their 26,548 samples, 15,743 (59.3%) grew Pa and 4752 (17.9%) grew Af. We rea2
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Table 1
Analysis of all 44,554 samples. Expected (15.5%) vs actual frequency of Af isolation expressed as relative risk (95% CI) and grouped by bacterial co-infection. This analysis
is performed for all samples (n = 44,554) and for samples containing a single bacterial species (n = 16,298). ∗∗∗ = P<0.001, ∗∗∗∗ = P<0.0001, ns = not signiﬁcant.

No bacteria
P. aeruginosa
S. aureus
B. cepacia complex
A. xylosoxidans
S. maltophilia

n (%)

Expected Af freq (15.5%),
n (%, 95% CI)

Actual Af freq,
n (%, 95% CI))

All samples
Relative risk (95% CI),
Actual/Expected

Single bacteria
Relative risk (95% CI),
Actual/Expected

9818
24,833 (55.7)
11,163 (25.1)
1874 (4.2)
1880 (4.2)
1635 (3.7)

–
3849 (15.5, 15.0–16.0)
1730 (15.5, 14.8–16.2)
290 (15.5, 13.5–17.1)
291 (15.5, 13.5–17.1)
253 (15.5, 13.7–17.3)

1525 (15.5, 14.8–16.2)
2423 (9.8, 9.4–10.2)
1427 (12.8, 12.2–13.4)
102 (5.4, 4.4–6.4)
101 (5.4, 4.4–6.4)
303 (18.5, 16.6–20.4)

–
0.63
0.82
0.35
0.35
1.20

–
0.63
0.94
0.38
0.41
1.73

(0.60–0.66)
(0.77–0.88)
(0.28–0.44)
(0.28–0.43)
(1.03–1.39)

∗∗∗∗
∗∗∗∗
∗∗∗∗
∗∗∗∗
∗∗∗

(0.59–0.67) ∗∗∗∗
(0.84–1.05), ns
(0.27–0.53) ∗∗∗∗
(0.30–0.58) ∗∗∗∗
(1.34–2.22) ∗∗∗∗

Fig. 1. Schematic representation of selected bacterial and Af culture associations, including relative risk (RR) of Af growth compared to benchmark (no bacteria group; 15.5%).
Large grey circles = sample group; solid line for all samples, dashed for single bacterial infection samples. Inner circles = Af positive sub-group; grey = no change in Af
frequency compared to benchmark, blue = signiﬁcant decrease in Af frequency (RR<1), orange = signiﬁcant increase in Af frequency (RR>1).

soned that in the absence of any interaction, expected Pa/Af copositivity would be the product of these frequencies, ie. 10.6%
((59.3 × 17.9)/100). Observed frequency was 9.1% (RR 0.86 [0.82–
0.91], P<0.0 0 01).
Sa: 422 patients had at least one growth of Sa and Af and contributed 22,524 samples: 32.2% Sa and 19.1% Af. Expected (6.1%)
versus observed (6.3%) co-positivity frequencies were not different
(RR 1.03 [0.96–1.11], ns).
Due to low subject numbers, this analysis was not performed
for other bacterial pathogens.

3.6. The relationship between bacterial density and Af co-infection
If Pa infection was associated with a lower chance of Af culture positivity, we reasoned this should be more apparent with
heavy Pa infection. Across the whole sample set, of those samples in which the only bacterium cultured was Pa (12,269), Af was
grown from 98/646 (15.2%, 12.4–18.0) of those with the lowest Pa
density (103 cfu/ml) and 400/5167 (7.7%, 7.0–8.4) with the highest
density (≥107 cfu/ml, ptrend <0.0 0 01) (Fig. 2, Table S3). For samples in which the only bacterium cultured was Sa, a trend in the
3
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highest Pa density (107 cfu/ml) and lowest Sa density (103 cfu/ml),
Af was grown in 8/66 (12.1%, 4.2–20) samples. Conversely, with
lowest Pa density and highest Sa density, Af was grown in 21/56
(37.5%, 24.8–52) samples (ptrend <0.0 0 01). At high Sa density (107
cfu/ml), Af frequency decreased as Pa density increased (ptrend
<0.001). Conversely, at high Pa density, Af frequency increased as
Sa density increased (ptrend <0.05).
3.8. Culture vs non-culture based analysis
Having observed a lower-than-expected frequency of Af coinfection in samples positive for Pa and demonstrated this is greatest at highest Pa densities, conﬁrmed in both patients known to
harbour both pathogens and Pa/Sa dual-infected samples directly,
we hypothesised that Pa was inhibiting Af present in a sample
from growing in culture. ITS2 fungal sequencing data were available for 329 sputa from 124 patients; median age 29.5 (23.0–
37.0) years, 2 (1–4) samples per patient (fungal community composition outlined in Fig. S1 of supplement). Two hundred and 34
(71.1%, 66–76) samples were Pa culture-positive and 38 (11.6%,
8.1–15.1) Af culture-positive. ITS2 sequencing identiﬁed Af in 160
(48.6%, 43.2–54.0) samples; 132 (82.5%, 76.6–88.4) of these were
Af culture-negative, implying that 132/329 (40.1%, 35.8–46.4) were
‘sequencing-positive, culture-negative’ (S+/C-) (Fig. 4). These AfS+/C- samples arose from 84 patients, 55% of whom had at least
one Af positive culture at another point during the study period.
We explored whether Af-S+/C- rate was related to presence of coinfecting bacteria: Af-S+/C- was signiﬁcantly more common in the
presence of Pa (102/234 [43.6%, 37.3–49.9] vs Pa-neg 30/95 [31.6%,
22.2–40.9]; RR 1.38 [1.01–1.94], P<0.05) but was not impacted by
co-infection with Sa, Sm or axe. Neither Pa nor Sa culture positivity
was associated with an increased rate of S+/C- samples for Candida
or the non-Aspergillus ﬁlamentous fungi Exophiala or Scedosporium.
Importantly, we found no signiﬁcant association between the use
of anti-fungal medication and Af-S+/C- rate in patients’ ﬁrst analysed samples (n = 124, 24/77 [31.2%, 20.9–41.5] with anti-fungal vs
11/47 [23.4%, 11.3–35.5] without anti-fungal, ns).

Fig. 2. Percentage (+/- 95% CI) of samples culture positive for Af against log10
cfu/ml bacterial density when Pa or Sa are the only bacterial culture growth.
P. aeruginosa = ﬁlled circles, S. aureus = clear circles. ∗∗∗∗ = ptrend <0.0 0 01,
ns = ptrend not signiﬁcant.

opposite direction was seen, although this did not reach statistical
signiﬁcance: Af cultured from 31/273 (11.4%, 7.6–15.2) of samples
with lowest density Sa (103 cfu/ml) and 104/706 (14.7%, 12.1–17.3)
with highest density (≥107 cfu/ml).
3.7. Exploring the complex interactions between Pa, Sa and Af
We were observing a clear signal from Pa, with presence of the
bacterium associated with lower than expected culture positivity
of Af, and more exaggerated ﬁndings in densely infected samples.
The signal from Sa was less clear, differing at various stages of this
analysis. As Pa/Sa co-infection is common, we sought to interrogate
this further in Pa/Sa co-infected samples (a) and subjects (b).

4. Discussion
In this large study, we describe a signiﬁcantly reduced frequency of Aspergillus culture-positivity in samples infected with
Pseudomonas aeruginosa and several other Gram-negative respiratory pathogens. The discrepancy between culture and molecular
detection leads us to hypothesise that this relates to inter-species
competition: the presence of Pa impairs Af growth either under
laboratory culture conditions or, as ITS2 testing does not distinguish live from dead organisms, within the airway itself.
Positive Af cultures were seen nearly 40% less often in the presence of Pa than when no bacterial pathogen was isolated, an effect
more pronounced with increasing Pa density. This negative association between Pa and Af, in combination with a corresponding
increase in sequencing-positive, culture-negative samples, suggests
that Pa-free conditions may be favourable for fungal culture either
within pockets in the CF airways or on the culture plate. This ﬁnding was corroborated by analysis of patients with serial cultures
demonstrating both Pa and Af infections, in whom dual-positive
cultures were less common than expected mathematically. The relative reduction in Af risk with Pa in sensitivity analyses predominantly reﬂects the lower Af prevalence in bacteria-negative samples from this smaller group. Future work should elucidate this further by using molecular methods of bacterial/fungal detection on
clinical samples and in vitro co-infection models.
An even more pronounced negative association with Af was
seen with Burkholderia and Achromobacter isolates, although depth
of analysis was limited by lower sample numbers. Bcc has been

(a) Af in dual Pa/ Sa co-infected samples
Of all samples, 2653/44,554 (6.0%) were Pa/Sa co-infected; 352
(13.3%) of them also cultured Af. Culture density was used to categorise light (103 –105 cfu/ml) and heavy (106 –108 cfu/ml) growths
for each bacterial species. Af culture-positivity was signiﬁcantly
less common in association with heavy Pa and light Sa growths
(9.2%) compared to light Pa and heavy Sa (19.1%. P<0.0 0 01). There
were signiﬁcantly fewer Af-positive cultures in the presence of
heavy vs light Pa, both when Sa was light (9.2% vs 14.2%, P<0.05)
and heavy (12.9% vs 19.1%, P<0.05).
(a) Af growth in samples from patients with both Pa and Sa during the study period
In contrast to limiting analysis to only dual bacterially-infected
samples as above, we here included all samples from the 381
(27.9%) patients that had grown Pa, Sa and Af at any time, either alone or together, during the study. These patients contributed
21,136 samples: 56.6% (55.9–57.3) grew Pa, 31.5% (30.9–32.1) grew
Sa and 18.9% (18.4–19.4) grew Af. Af was more commonly grown
from samples with Sa not Pa (22.8%), than in those with Pa not
Sa (15.9%. P<0.0 0 01). Of the 3421 samples co-positive for Pa and
Sa, 17.2% (15.9–18.5) also grew Af. The frequency of Af culturepositivity varied within these samples depending on Pa/Sa density in a manner similar to that seen in (a) (Fig. 3, Table S4). With
4
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Fig. 3. Heat map illustrating the impact of Pa and Sa culture density on Af culture frequency. Highest frequency of Af culture (red) seen with lowest Pa density (cfu/ml) and
highest Sa density. Lowest frequency of Af culture (blue) seen with highest Pa density and lowest Sa density. At any given Sa density, there is a trend towards increasing Af
frequency as Pa density decreases. At any given Pa density, there is a trend towards increasing Af frequency as Sa density increases.

Fig. 4. Flow chart demonstrating the culture and non-culture based analysis of 329 sputum samples, separated depending on Pseudomonas aeruginosa (Pa) culture status.
Results represented as n (%) (95% CI found in manuscript text). ∗ = P<0.05.

demonstrated to inhibit Af in vitro, though understanding of the
mechanisms behind these interactions remains limited [21]. In
contrast, Af was cultured in samples positive for Stenotrophomonas
signiﬁcantly more frequently than would be expected. Unfortunately, these bacterial species were not seen with suﬃcient
frequency in the ITS2-sequenced samples to draw conclusions
about potential mechanisms. It is biologically plausible that the
Stenotrophomonas-association reﬂects a supportive microbiological
interaction between these pathogens in vitro and in vivo, such as
has been reported between Pa and Sm [22]. Another study demonstrated that speciﬁc co-infection reduced the susceptibility of organisms to antibiotic-mediated killing [23]; it is plausible that
species interactions could similarly protect against host defence
mechanisms. To our knowledge this has not been studied and is
a potential area for future research.
The second most frequent bacterial species, S. aureus, led to
conﬂicting ﬁndings in different subgroups of analysis. A small ap-

parent reduced risk of Af in Sa-positive samples was lost in samples with Sa as the only bacterial infection and was likely confounded by the high rates of Sa/Pa co-infection. Indeed, there was
a trend towards increasing frequency of Af growth as Sa culturedensity increased which, in the absence of an impact on Af-S+/Crates, hints at the possibility of an in vivo survival advantage of coinfection with Sa. Exploring this further with samples co-infected
with Pa/Sa provided an interesting insight into potential interactions with Af. As Pa density increased, Af frequency decreased, but
this association appeared to be modulated by Sa. In patients with a
history of all 3 pathogens, the rate of Af was higher when samples
cultured Sa not Pa, than in those with Pa not Sa. Pa and Sa can
adopt complex, often mutually antagonistic, relationships in vitro,
which are summarised in a recent review [24]. It is not yet clear
how this relationship and its impact on immune/inﬂammatory responses affects CF airways, or behaviour towards other pathogens
such as Aspergillus.
5

JID: JCF

ARTICLE IN PRESS

D.A. Hughes, M. Rosenthal, L. Cuthbertson et al.

[m5G;July 21, 2022;14:26]
Journal of Cystic Fibrosis xxx (xxxx) xxx

Fungal sequencing demonstrated an overall Af-S+/C- rate of
40.1%, in-line with other data from CF sputum where 43% of samples were Aspergillus culture-negative but PCR-positive [15]. Our
novel ﬁnding is the signiﬁcantly increased risk (RR 1.38) of Af
failing to grow in samples infected with Pa. This was speciﬁc to
this fungus/bacterium pair and was not seen with Pa and other
fungi. In vitro data suggests that Pa and Af have a mutually coinhibitory relationship, with the effect of Pa appearing dominant,
best described as indirectly via the Pa siderophore, pyoverdine
[25,26]; there may also be other mechanisms for example contactdependant killing [27]. Such mechanisms could be active either in
vivo or in vitro following expectoration. Future work should include
detailed exploration of these complex inter-kingdom interactions
in vitro, but should also allow for consideration of intra-kingdom
interactions within the whole microbial community using novel
approaches such as metagenomics, metatranscriptomics and integrative microbiomics [18].
Our dataset included all positive and negative cultures during
the period of interest, giving an overall Af-positive sample prevalence of 11.6%. This is not directly comparable to prevalence within
a CF population, where existing estimates appear to be increasing [12]. Higher Af prevalence estimates from CF sputa originate
from molecular techniques, reported to increase prevalence from
8 to 35.3% (culture) to 47.9–68% (PCR) [11,14]. Reece at al. found
a 94% increased detection rate of Af in CF sputum using qPCR
compared to standard fungal culture;[14] other studies demonstrated the utility of qPCR for early detection of fungus following azole treatment [7]. Several adjustments to standard fungal
culture have narrowed the detection gap with molecular methods [8,14] though this may primarily improve culture sensitivity
of non-Aspergillus ﬁlamentous fungi such as Scedosporium [28]. We
do not have corroborative PCR data from our samples, but the ITS2
methodology is recognised as sensitive and robust [29]. Alternative
detection methods include the measurement of galactomannan, a
polysaccharide produced during the logarithmic growth-phase of
ﬁlamentous fungi. This biomarker is detectable in homogenised CF
sputum, improves detection of fungus versus culture alone [13],
and could be incorporated into future research protocols exploring pathogen-pathogen interactions. Access to sputum samples in
the numbers seen here is likely to decrease in future due to the
impact of HEMT. We may see a move towards more widespread
use of induced sputum sampling techniques, and it is encouraging
that non-sputum based detection methods [30] are being explored.
In addition, early data supports reduced airway pathogen culture
positivity (bacterial and fungal) in patients on HEMT, thought likely
secondary to improved mucociliary clearance and host immune response [31].
The exclusion of cough/throat swab data from analysis means
that the group was largely sputum producing and older (median
24.1 years), reﬂecting a cohort with more advanced lung disease,
higher rates of both Pseudomonas [32] and Aspergillus [1] infection,
and perhaps bacterial adaptations. We considered this approach
would more accurately represent lower airway infection [9], whilst
avoiding a sampling bias against fungal infections;[14] our ﬁndings
may therefore not extrapolate to young children.
Limitations of the present study include the low prevalence
of non-Aspergillus ﬁlamentous fungi for comparison with the described Af-bacterial associations. The sequencing data however
does not suggest that large numbers of these infections are being
missed on culture. Another limitation is a lack of contemporaneous clinical information such as anti-microbial therapies. Oral antifungal medication use in the adult CF population can be high and
may in part explain declining Af prevalence during older age. Our
previous UK registry study suggested that anti-fungal prescribing
is increased in those with chronic Pa irrespective of their Af status, presumably based on clinical markers of disease severity [5].

We might expect that anti-fungal therapy would increase the proportion of S+/C- samples, though we did not see evidence of this
in the small cohort of patients from whom we had sputum ITS2
sequencing data. Nebulisation of the polymyxin-antibiotic colistin
is widespread for Pa treatment in Europe. Colistin has been reported to have some in vitro anti-fungal activity [33], though a recent study only reported this in combination with isavuconazole
against non-fumigatus Aspergillus strains [34]. Whilst it seems plausible that the presence of anti-fungal compound in the sputum of a
chronic Pa patient may impact on these results, our within-patient
analyses, in particular the signiﬁcant dose relationships with Pa
density, would argue against this and suggest a mechanism related
to the bacterium itself. Other studies have reported an increase
in Af prevalence with nebulised Pa eradication treatment [35] and
chronic suppressive therapy [36–39] which would be complimentary to this data, suggesting that a reduction in Pa prevalence or
density may lead to an increase in Af recovery on culture.
Failure to detect Af infection has signiﬁcant implications for
the treatment, health and well-being of people with CF, and likely
also for others with chronic suppurative lung diseases. For the ﬁrst
time, we report the strong relationship of Af culture-negativity
with speciﬁc bacterial infections, in particular Pa. We recommend
caution in the interpretation of fungal culture data alone, particularly negative fungal cultures in Pa-infected samples. There is an
urgent need to develop molecular techniques and/or biomarkers of
fungal infection to support decision-making, and to assess the clinical outcomes.
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