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ABSTRACT Coronavirus disease 2019 (COVID-19)-associated pulmonary aspergillosis
(CAPA) is a life-threatening complication in patients with severe COVID-19. Previously,
acute respiratory distress syndrome in patients with COVID-19 has been associated
with lung fungal dysbiosis, evidenced by reduced microbial diversity and Candida
colonization. Increased fungal burden in the lungs of critically ill COVID-19 patients is
linked to prolonged mechanical ventilation and increased mortality. However, specific
mycobiome signatures associated with severe COVID-19 in the context of survival
and antifungal drug prophylaxis have not yet been determined, and such knowledge
could have an important impact on treatment. To understand the composition of the
respiratory mycobiome in critically ill COVID-19 patients with and without CAPA and the
impact of antifungal use in patient outcome, we performed a multinational study of 39
COVID-19 patients in intensive care units (ICUs). Respiratory mycobiome was profiled
using internal transcribed spacer 1 sequencing, and Aspergillus fumigatus burden was
further validated using quantitative PCR. Fungal communities were investigated using
alpha diversity, beta diversity, taxa predominance, and taxa abundances. Respiratory
mycobiomes of COVID-19 patients were dominated by Candida and Aspergillus. There
was no significant association with corticosteroid use or CAPA diagnosis and respiratory
fungal communities. Increased A. fumigatus burden was associated with mortality and,
the use of azoles at ICU admission was linked with an absence of A. fumigatus. Our
findings suggest that mold-active antifungal treatment at ICU admission may be linked
with reduced A. fumigatus-associated mortality in severe COVID-19. However, further
studies are warranted on this topic.

IMPORTANCE Invasive fungal infections are a serious complication affecting up to
a third of patients with severe COVID-19. Nevertheless, our understanding of the
fungal communities in the lungs during critically ill COVID-19 remains limited. Evi-
dence suggests a higher fungal burden is associated with prolonged ventilation and
higher mortality, although the particular organisms responsible for this link are unclear.
Antifungal prophylaxis may be beneficial for reducing the burden of fungal co-infections
in COVID-19 intensive care. However, the composition of the fungal microbiome in
severe COVID-19 in relation to prophylactic antifungals, as well as how this is associ-
ated with survival outcomes, is yet to be studied. Our study provides insights into
the lung fungal microbiome in severe COVID-19 and has found antifungal treatment
to be associated with lower Aspergillus fumigatus burden and that higher levels of
this pathogen are associated with mortality. Therefore, our study suggests mold-active
antifungal prophylaxis may be beneficial in severe COVID-19.

KEYWORDS (COVID-19, CAPA, mycobiome, Aspergillus
C oronavirus disease 2019 (COVID-19) is a pulmonary disease caused by severe acute

respiratory syndrome coronavirus 2. There have been over 700 million confirmed
cases of COVID-19 since December 2019 with mortality of ~7 million (1). Around 5%
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of patients with COVID-19 require admission into the intensive care unit (ICU) (2, 3).
Moreover, 50% of those patients need mechanical ventilation (4), thus increasing the
risk of hospital-acquired pneumonia (5). The pulmonary microbiome and its associations
with disease outcomes in COVID-19 patients have been explored since the beginning of
the pandemic (6-8). However, our knowledge on the role of fungi in the pathophysiology
of COVID-19 is limited. Specifically, the association between respiratory mycobiome
composition and patient outcome and the interplay of antifungal use are yet to be
investigated.

Mycobiome sequencing of the upper respiratory tract (nasopharyngeal swabs)
suggests COVID-19 infection significantly reduces fungal diversity, with a higher
abundance of Alternaria and Cladosporium spp. and a lower abundance of other taxa
including Candida and Aspergillus (9). In the lower respiratory tract (tracheal aspirates),
bacterial and fungal microbiome analyses of patients with severe COVID-19 have shown
changes over time that might be linked to antimicrobial pressure (10). A variety of
respiratory mycobiome clusters were identified, including those dominated by Candida
and Cladosporium. Using 18S quantitative PCR (qPCR) in bronchoalveolar lavage (BAL)
samples, studies have reported that critically ill COVID-19 patients with high fungal
burdens are less likely to be liberated from mechanical ventilation (11). However, the
taxa responsible for this outcome remain unclear. Lastly, mycobiome sequencing of
BAL found COVID-19 patients with acute respiratory distress syndrome (ARDS) to be
associated with reduced fungal diversity and an increase in Candida colonization (12).
In patients without Candida colonization, an increased abundance of an unclassified
Ascomycota species was identified.

COVID-19-associated pulmonary aspergillosis (CAPA) is an important complication of
COVID-19, mainly described in critically ill patients. Multicenter cohort studies of CAPA
conducted in the ICU setting report incidence rates varying between 10% and 15% (13-
15). Nevertheless, mortality rates in patients with CAPA were double that observed in
critically ill COVID-19 patients without CAPA (16, 17). Airway epithelial cell damage due
to viral replication and COVID-19-associated downregulation of the interferon y signaling
pathway, aberrant immune responses due to ARDS, corticosteroids, azithromycin, or the
use of immunomodulators have been linked with susceptibility to CAPA (18-21). With
a view to investigating the impact of the respiratory mycobiome in the outcome of
COVID-19, we performed a multinational mycobiome analysis of 39 respiratory samples
from critically ill COVID-19 patients with and without CAPA.

MATERIALS AND METHODS
Study design, participants, and sample collection

This study was based on a multinational retrospective study on the prevalence of
invasive pulmonary aspergillosis in critically ill COVID-19 patients in ICUs during 2020
(14). Inclusion criteria consisted of PCR-confirmed COVID-19 infection, bronchoscopy or
tracheal aspiration performed during routine clinical investigations, and chest imaging
available 7 days before or after respiratory samples were collected. Patients less than 18
years of age were excluded. Respiratory samples not passing quality control (described
in the supplemental methods) were also excluded. Respiratory specimens obtained at
ICU admission or during ICU stay were collected, aliquoted (at least 1 mL), and stored
at —80°C. Criteria for defining aspergillosis were according to previous guidelines (22)
with the following modifications: COVID-19 requiring ICU admission was included as an
additional host factor; tracheal aspirates were equated to BAL fluid for microbiological
tests; and serum and BAL galactomannan (GM) was added as entry criterion. For a
summary of full patient demographics, see Table S1.

Sample processing

BAL DNA was extracted using the cetyltrimethylammonium bromide method (23).
Full details on sample processing are provided in the online supplement. Briefly, for
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mycobiome analysis, the internal transcribed spacer 1 (ITS1) region was amplified using
Nextera XT compatible versions of ITS1 (24) and ITS2degen (a degenerate version of ITS2
primer) (see Table S1). The presence of A. fumigatus in respiratory samples was validated
using a TagMan probe assay targeting the ITS1 region (25). Full details are described in
the supplemental methods.

Data analysis

Raw sequence data have been deposited at the National Center for Biotechnology
Information Sequence Read Archive under accession number PRINA905224. The
code used for analysis is available at https://github.com/Danweaver1/COVID_respira-
tory_mycobiome. Paired-end reads were subject to quality trimming at Q30 and a
minimum length filter of 75 nucleotides using bbduk (26) (BBMap v.38.22). Primer
sequences were removed using Cutadapt (27) (v.1.18). Reads were mapped to UNITE
database (v.8.3) using bowtie2 (28) (v.2.3.5.1). Count data were further processed in
R (v.4.1.3) using the following packages: phyloseq (29) (v.1.38.0), vegan (30) (v.2.5-
7), DESeq2 (31) (v.1.34.0, stringr (32) (v.1.4.0), ggplot2 (33) (v.3.3.5), and tidyr (34)
(v.1.2.0). Abundances were standardized to the median sequencing depth. Extremely low
abundance taxa were removed by retaining only those occurring at >0.2% in any sample.
DESeq2 was used to identify significantly differentially abundant taxa (padj <0.05 and
base mean >500) (full results shown in Table S3). Differences in diversity [Shannon
diversity, Chao1, and observed operational taxonomic units (OTUs)] were assessed using
pairwise Wilcoxon rank-sum tests. Permutational multivariate analysis of variance test
was used to assess differences in Bray-Curtis ordination.

RESULTS
Patient cohort

The respiratory mycobiome of 91 critically ill COVID-19 patients in the ICU was ana-
lyzed using ITST amplicon sequencing of BAL. Table S2 describes demographic and
clinical characteristics of all patients. Samples from 39 patients harbored significant
fungal communities which passed quality control (see Data Analysis section in the
supplemental methods). Table 1 describes demographic and clinical characteristics of
the 39 patients maintained in the mycobiome analysis, stratified by CAPA diagnosis. Of
the 39 patients, 6 patients had a probable CAPA diagnosis (15%). Patients were from
Genoa, Graz, and Rennes (64%, 26% and 10%, respectively). The mean ages of those
with and without CAPA were 61 and 64, respectively. Most patients received systemic
corticosteroids (83% of those with CAPA and 73% of those without CAPA). No patients
diagnosed with CAPA received azole treatment at the time of ICU admission. Mortality
at the end of follow-up in patients clinically diagnosed with CAPA was 33% (2/6), while
mortality in patients without a CAPA diagnosis was also 33% (11/33).

Candida and Aspergillus spp. dominate respiratory mycobiomes in critically ill
COVID-19 patients

The median read count per sample for the 39 samples that passed quality control was
57,913 (range 6,970-342,640). There were 36 genera in total and a median of 5 genera
per sample (range 1-22). There was no significant clustering between sample batches
(Fig. S1), suggesting that sample processing had no impact on mycobiome communi-
ties. Mycobiomes predominantly consisted of Candida and Aspergillus (Fig. 1A). Candida
albicans, Aspergillus fumigatus, and Candida parapsilosis were the most abundant species
(Fig. S2A and B). Notably, Candida auris was identified in two patients (Fig. S2A).
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TABLE 1 Clinical and demographic characteristics of patients with and without probable CAPA diagnosis®

Variable Patients with CAPA (N=6) Patients without CAPA (N =33)
Age

Mean (SD) 61(3.4) 64 (7.9)

Valid (missing) 6 (0) 32(1)
Sex [% (n)]

Male 100 (6) 79 (26)

Female 0(0) 18 (6)

Missing 0(0) 3(D)
Ethnicity [% (n)]

Caucasian 100 (6) 91.0 (30)

Other 6.1(2)

Missing 0(0) 3.0(1)
BMI >30 [% (n)]

Yes 50 (3) 18 (6)

No 50(3) 79 (26)

Missing 0(0) 3(1)
Smoking [% (n)]

Yes 33(2) 12(4)

No 67 (4) 85 (28)

Missing 0(0) 3(D)
Institution [% (n)]

Graz 33(2) 24 (8)

Genoa 17 (1) 73 (24)

Rennes 50 (3) 3(D)
Hematology oncology [% (n)]

Yes 17 (1) 9.1(3)

No 83 (5) 88.0 (29)

Missing 0(0) 3.0(1)
Solid organ transplant [% (n)]

Yes 17(1) 3(D)

No 83 (5) 94 (31)

Missing 0(0) 3(D)
Cardiovascular disease [% (n)]

Yes 67 (4) 45 (15)

No 33(2) 52(17)

Missing 0(0) 3(D)
Pulmonary disease [% (n)]

Yes 33(2) 24 (8)

No 67 (4) 73 (24)

Missing 0(0) 3(1)
Diabetes mellitus [% (n)]

Yes 17 (1) 9.1(3)

No 83 (5) 88.0 (29)

Missing 0(0) 3.0(1)
Corticosteroids [% (n)]

Yes 83 (5) 73 (24)

No 17(1) 24(8)

Missing 0(0) 3(M)
Tocilizumab [% (n)]

Yes 17 (1) 6.1(2)

No 83 (5) 91.0 (30)

Missing 0(0) 3.0(1)

Azithromycin [% (n)]
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TABLE 1 Clinical and demographic characteristics of patients with and without probable CAPA diagnosis®

(Continued)

Variable Patients with CAPA (N=6) Patients without CAPA (N = 33)
Yes 33(2) 33.0(11)
No 67 (4) 61.0 (20)
Missing 0(0) 6.1(2)

Azole treatment at ICU admission [% (n)]

Yes 0(0) 15.0 (5)
No 100 (6) 6.1(2)
Missing 0(0) 79.0 (26)

Life support [% (n)]

Mechanical 100 (6) 70.0 (23)
ECMO 3.0(1)
Non-invasive 6.1(2)
Mechanical and non-invasive 12.0 (4)
None 6.1(2)
Missing 0(0) 3.0(1)

Duration ICU (days)

Mean (SD) 27 (11) 32(28)
Valid (missing) 6 (0) 32(1)

Palliative (Day 28 or 32) [% (n)]

Yes 67 (4) 48 (16)
No 33(2) 48 (16)
Missing 0(0) 3(1)

Survival (at the end of follow-up) [% (n)]

Yes 33(2) 33(11)
No 67 (4) 64 (21)
Missing 0(0) 3(1)

Days from ICU admission to CAPA
Mean (SD) 6.2 (3.5) -

BAL GM (ODI >1) [% (n)]

Positive 83 (5) 9.1 (3)
Negative 17 (1) 82.0(27)
Missing 0(0) 9.1(3)

BAL PCR [% (n)]

Positive 50 (3) 0(0)
Negative 0(0) 58(19)
Missing 50 (3) 42(14)

BAL culture [% (n)]

Positive 50 (3) 0(0)
Negative 50 (3) 97 (32)
Missing 0(0) 3(1)

BAL LFD [% (n)]

Positive 17.(1) 6.1(2)
Negative 0(0) 9.1(3)
Missing 83(5) 85.0(28)
Tracheal aspirate GM [% (n)]
Positive 0(0) 3(1)
Negative 0(0) 3% (1)
Missing 100 (6) 94 (31)
Tracheal aspirate PCR [% (n)]
Positive 33(2) 0(0)
Negative 17 (1) 21 (7)
Missing 50 (3) 79 (26)
(Continued on next page)
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TABLE 1 Clinical and demographic characteristics of patients with and without probable CAPA diagnosis®
(Continued)

Variable Patients with CAPA (N =6) Patients without CAPA (N = 33)
Tracheal aspirate culture [% (n)]
Positive 17 (1) 0(0)
Negative 33(2) 3(1)
Missing 50 (3) 97 (32)
Serum GM (>0. 5) [% (n)]
Positive 33(2) 0(0)
Negative 50 (3) 42(14)
Missing 17 (1) 58 (19)
Bronchial aspirate culture [% (n)]
Positive 17 (1) 0(0)
Negative 33%(2) 21(7)
Missing 50 (3) 79 (26)

9BAL, bronchoalveolar lavage; BMI, body mass index; CAPA, COVID-19-associated pulmonary aspergillosis; ECMO,
extracorporeal membrane oxygenation; GM, galactomannan; ICU, intensive care unit; LFD, lateral flow device.

No significant correlation is found between mycobiome communities and
CAPA status or corticosteroid use

In our study, higher median A. fumigatus levels were observed in CAPA when assessed by
read count (~16,700 vs 35) and A. fumigatus-specific qPCR (0.3 vs 0 genome equivalents)
(Fig. S3A and B), but there was an overlap between the patient groups and statistical
significance was not reached. A. fumigatus burden in patients without a CAPA diagnosis
was varied. Some patients had little to no A. fumigatus, and others contained a particu-
larly high burden (Fig. 1A; Fig. S3A and B). As A. fumigatus levels appeared to be bimodal,
we dichotomized these data into two groups to assess either the predominance of A.
fumigatus (present at over 50% of a mycobiome sample) or high A. fumigatus burden
(gPCR positive at over 0.1 haploid genome equivalents). Analyzing the data in this
manner also found no significant difference between A. fumigatus predominance (Fig.
1B) or high burden (Fig. 1C) in patients with and without a CAPA diagnosis. Furthermore,
species differential abundance analysis did not find significant differences between A.
fumigatus levels based on CAPA status. Instead, Cladosporium delicatulum, Mycosphaer-
ella tassiana, and Filobasidium magnum were found to be at higher abundance in CAPA
patients (Fig. S6). In addition, probable CAPA patients had higher median alpha diversity;
however, this difference was not significant, and no significant effect on beta diversity
was observed (Fig. 1D; Fig. S3C).

Corticosteroid use resulted in lower median alpha diversity (Shannon diversity only);
however, this difference was not significant (Fig. 1E). Median levels of A. fumigatus were
lower in the corticosteroid treated group as assessed by sequencing (8 vs ~5,800 reads)
and gPCR (0 vs 0.1 genome equivalents) (Fig.S3D and E). However, patients on corticoste-
roids were highly heterogenous in terms of A. fumigatus abundance. There was no
significant difference between A. fumigatus predominance (Fig. 1F) or high burden (Fig.
S3F) in patients with and without corticosteroid treatment. Species differential abun-
dance analysis found no significant differences between corticosteroid usage. In
addition, corticosteroid use had no significant impact on beta diversity (Fig. S3G).

Increased A. fumigatus burden is associated with mortality

The mycobiome of surviving individuals showed a trend toward higher median alpha
diversity (Fig. 2A). Grouped mean abundances indicated a lower level of Aspergillus was
present upon survival (Fig. 2B). At the individual sample level, many mycobiomes of non-
surviving patients were predominated by Aspergillus (Fig. S4). Species predominance
analysis suggested that this difference was due to A. fumigatus, with 32% (8 of 25) of non-
surviving patients’ mycobiomes being dominated by this species compared to only 8% (1
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FIG 1 Aspergillus and Candida spp. dominate the respiratory mycobiome in critically ill COVID-19 patients. (A) Aspergillus and
Candida were the main genera observed in the lungs from COVID-19 patients included in the study (n = 39). Samples are
grouped based on CAPA status. (B) A. fumigatus was the predominant species in the mycobiomes of 50% of patients with
CAPA, compared to 27% of those without CAPA. (C) Fifty percent of CAPA patients were A. fumigatus positive by species-spe-
cific QPCR, compared to 21% of those without CAPA. (D) Alpha diversity measures (observed OTUs and Shannon diversity)
trended toward higher diversity in CAPA patients (E) Corticosteroid treatment caused no apparent effect on alpha diversity as
measured by observed OTUs or Shannon diversity. (F) A. fumigatus was the predominant species in the mycobiomes of 24%
of patients receiving corticosteroids, compared to 22% of those without corticosteroids. Hypothesis testing was applied using
Wilcoxon'’s rank-sum tests (D,E) or Fisher’s exact tests (B,C,F). Boxplot data represent median and interquartile range. CAPA,
COVID-19-associated pulmonary aspergillosis; CS, corticosteroid.

of 13) of patients who survived (Fig. 2C and D). Furthermore, mycobiome differential
abundance analysis found A. fumigatus and C. albicans to be significantly less abundant
upon survival, with log fold change values of —4.3 and —4.6, respectively (padj <0.05) (Fig.
2E). Quantitative PCR data also showed 32% of patients who did not survive displayed a
high burden of A. fumigatus compared to only 8% of surviving patients (Fig. 2F). All
datapoints for A. fumigatus relative abundance and gqPCR burden are shown in Fig. S5A
and B. BAL GM index values were not significantly different between the patient groups,
with an outlier in the survival group having a very high index (Fig.S5C).
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respectively). Taxa were counted if present at over 50% of the total counts, and only taxa found in at least 10% of the samples
of either group are shown. (D) A. fumigatus was the predominant species in 8 of 25 (32%) patients who did not survive,
compared to 1 of 13 (8%) of patients who did survive. (E) Analysis using DESeq2 identified A. fumigatus and C. albicans to
be at significantly lower abundance in patients who survived. (F) Thirty-two percent of patients who did not survive were A.
fumigatus positive by species-specific qPCR, compared to 7% of those which survived. Hypothesis testing was applied using
Wilcoxon rank-sum tests (A), Fisher’s exact tests (D and F), or DESeq2 (E). NS, no survival; S, survival.

Azole treatment at intensive care unit admission is associated with reduced
A. fumigatus burden in critically ill COVID-19 patients and COVID-19 survival

For a subset of patients (13 of 39), data were available regarding the use of azole
treatment, and subsequent analyses are on this group of patients only. Use of azole
treatment at ICU admission in critically ill COVID-19 patients resulted in significantly
reduced alpha diversity when analyzing raw mycobiome data. Upon removal of very rare
taxa, there was a trend toward reduced median alpha diversity upon azole treatment
(Fig. 3A). There was a lack of Aspergillus in the mycobiomes of patients with azole
treatment, and Aspergillus was present at a considerable relative abundance in ~38%
(three of eight) of patients receiving azoles (Fig. 3B). At the species level, A. fumigatus
was the predominant species in 25% of patients without azole treatment, whereas this
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species was not detectable in patients receiving treatment (Fig. 3C and D). Furthermore,
differential abundance analysis of mycobiome data found a significant reduction of A.
fumigatus in patients who underwent azole treatment (log; fold change (LFC) —6.3,
padj 0.04) (Fig. 3E). This analysis also found Candida albicans, Candida parapsilosis, and
Candida tropicalis had significantly higher abundance in COVID-19 patients receiving
azole treatment (LFC 5.3, 9.4, and 14.5, respectively). gPCR data found 38% of patients
which did not receive azoles displayed a high burden of A. fumigatus compared to no
patients on azole treatment (Fig. 2F). Datapoints for A. fumigatus relative abundance and
qPCR burden with and without azole treatment at ICU admission are shown in Fig. S5D
and E. BAL galactomannan index was not statistically different between patients with or
without azole treatment. However, all individuals receiving treatment were GM negative,
whereas only half of the patients without treatment were GM negative (Fig. 3G).

Our findings suggest an association between A. fumigatus abundance and mortality
in critically ill COVID-19 patients and that azole treatment at ICU significantly reduces A.
fumigatus levels. Therefore, we combined these factors to assess the association between
A. fumigatus and survival outcomes, depending on the presence or absence of azole
treatment. It was apparent that Aspergillus was associated with mortality only in
COVID-19 patients who had not received azole treatment (Fig. 4A). Presence of A.
fumigatus in only those patients who did not survive or receive azole treatment was
confirmed by gPCR (Fig. 4B). Therefore, these findings suggest azole treatment at ICU
admission may have been protective against A. fumigatus-associated mortality in this
patient cohort with severe COVID-19.

DISCUSSION

This multinational study found that higher Aspergillus fumigatus levels in critically ill
COVID-19 patients were associated with increased mortality. In addition, the association
of A. fumigatus with mortality was found only in patients who did not receive azole
treatment at ICU admission, suggesting that the use of prophylactic mold-active
antifungals in patients with severe COVID-19 is potentially valuable for the reduction of
A. fumigatus-associated mortality in this cohort.

The respiratory mycobiomes of critically ill COVID-19 patients described here were
dominated by Candida and Aspergillus. Previous studies using similar patient groups
have also reported lung fungal communities to contain Candida and Aspergillus;
however, the mycobiomes identified were largely dominated by Candida (10, 12).
However, one study identified a significant increase in unidentified Ascomycota species
in patients without Candida colonization (12). Due to the reported incidence of CAPA in
severe COVID-19, the authors hypothesized that Aspergillus could be present in these
patients and, although COVID mycobiome data were mostly negative for Aspergillus
(excluding one patient), the presence of Aspergillus was confirmed by PCR in follow-up
BAL samples in over 20% of patients. As noted by the authors, the lack of Aspergillus
identification in the mycobiome analysis of this study could have been due to a variety of
factors such as changes in Aspergillus load during the development of CAPA and the
occurrence of Candida colonization obscuring the detection of Aspergillus by sequencing
(but not targeted PCR). In addition, data analysis method may influence the taxa that are
identified. In this study, we aligned sequencing reads directly to the UNITE database
using a short read alignment tool. Unlike ASV/OTU clustering methods, this method does
not require paired-end reads to overlap and be merged in the analysis. This was particu-
larly important in this study as we employed the iSeq100, which produces relatively short
reads, and certain fungal taxa have relatively large ITST amplicons. Our method may have
a different bias compared to commonly used OTU/ASV clustering methods such as
QIIME2 and DADA2. Direct alignment is more likely to accurately identify taxa to the
species level; however, it may be less effective at identifying closely related taxa that are
not present in the database. We performed Basic Local Alignment Search Tool (BLAST)
searches to validate the identifications of clinically relevant taxa such as A. fumigatus and
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FIG 3 A. fumigatus is associated with the absence of azole treatment at intensive care unit admission in critically ill COVID-19
patients. Data shown here are for a subset of patients (n = 13) for which azole treatment information was available. (A) Alpha
diversity measures (observed OTUs and Shannon diversity) trended higher diversity in COVID-19 patients without azoles at
ICU admission. (B) At the genus level, BAL ITST mycobiomes from COVID-19 patients who received azoles (n = 5) displayed
an absence of Aspergillus, whereas three of eight patients not receiving azoles harbored Aspergillus. For simplicity, genus-level
data are shown here. The corresponding species data are shown in Fig. S7A. (C) C. albicans was prevalent as the predominant
species of a mycobiome in more patients who received azoles (gray, prevalence of 0.6) than those who did not receive azoles
(blue, prevalence of 0.38). A. fumigatus was prevalent as the predominant species in 25% of patients receiving azoles. A.
fumigatus was not prevalent in any patients who received azoles. Taxa were counted if present at over 50% of total counts, and
only taxa found in at least 10% of samples of either group are shown. (D) A. fumigatus was the predominant species in two
of eight (25%) patients who did not survive, compared to none of the patients which did survive. (E) Analysis using DESeq2
identified A. fumigatus to be at significantly lower abundance in patients who received azoles. C. albicans, C. parapsilosis, and
C. tropicalis were all at significantly higher abundance in patients receiving azoles. (F) Thirty eight percent (three of eight) of
patients who did not receive azoles were A. fumigatus positive by species-specific qPCR, compared to no patients who did
receive azoles. (G) All patients receiving azoles were BAL galactomannan negative (ODI of 1 or lower). Two-thirds (four of six)
of patients not receiving antifungals were galactomannan positive. Hypothesis testing was applied using Wilcoxon rank-sum
tests (A and G), Fisher’s exact tests (D and F), or DESeq2 (E). AZ, azole; ODI, optical density index.

C. albicans. Therefore, although our method may be less suitable for exploratory
community analyses, it is suitable for a more clinically focused analysis.
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FIG 4 A. fumigatus is associated with mortality in patients with COVID-19 who have not received azole treatment at the intensive care unit admission. Data

shown here are for a subset of patients (n = 13) for which azole treatment information was available. (A) When combining the use of azoles at ICU and survival

outcomes, Aspergillus was found in the BAL ITS1 mycobiomes from 50% of patients who neither received azoles nor survived (three of six). No Aspergillus was

present in samples from the remaining three patient groups. For simplicity, genus-level data are shown here. The corresponding species data are shown in Fig.

S7B (B) A. fumigatus levels (measured by qPCR) did not differ significantly between groups (Wilcoxon rank-sum test). However, A. fumigatus burden was observed

only in the patient group which neither survived nor received azole treatment at ICU admission. AZ, azole; NS, no survival; S, survival.

A recent report suggests higher fungal burden in the lung microbiota of patients with
proven/probable CAPA (11). However, a considerable overlap in fungal burdens between
those with and without CAPA was noted. Our study found CAPA patients had higher
median levels of A. fumigatus and trended toward higher fungal diversity. However,
these findings did not meet statistical significance, which may have been driven by
the low sample size (n = 6 in the CAPA group). Some patients within the non-CAPA
group harbored considerable levels of A. fumigatus. It is known that high Aspergillus
burdens can be found in the lungs of healthy small mammals and humans (35, 36). These
observations suggest that if a sufficient level of Aspergillus is present in the lung, other
factors such as disease susceptibility or strain virulence in the context of CAPA may be
more important than burden in the outcome of infection. This study was limited to one
sample time point, and it would be interesting to assess how Aspergillus burden changes
during CAPA or COVID-19 infection.

It has been suggested that corticosteroid treatment increases lung fungal burden
(particularly A. fumigatus) (37) and lowers Shannon diversity (38) in asthma. In contrast,
no significant differences were found between mycobiome diversity or taxa abundance
in respiratory fungal communities of COPD patients with or without inhaled corticoste-
roid treatment (39). Another recent study found that alterations in the airway myco-
biome in COPD were not significantly affected by corticosteroid use (40). Large cohort
studies suggest systemic corticosteroids are a risk factor for CAPA (15, 18). However,
there are no specific reports of the influence corticosteroid use has on lung fungal
communities in COVID-19. In our study, patients receiving corticosteroids displayed
lower median levels of A. fumigatus and lower fungal diversity compared to those not
receiving corticosteroids. However, these differences did not meet statistical significance.
As most (~74%) patients received corticosteroids in this cohort, this may have contrib-
uted to low power in these statistical comparisons, warranting further data on this topic.

A high fungal burden has previously been associated with a lower likelihood of
release from mechanical ventilation and increased mortality risk in patients with severe
COVID-19 (11). However, as this study utilized pan-fungal gPCR to identify burden, there
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was no indication of the specific fungal taxa responsible for this association. Our findings
suggest that higher levels of A. fumigatus are associated with increased mortality in
severe COVID-19. There are no previous reports on the impact of antifungal use on
the respiratory mycobiome in COVID-19 patients. In this study, the use of azoles at ICU
admission was associated with an absence of A. fumigatus and appeared protective
against A. fumigatus-associated mortality.

Our study investigated the composition of respiratory fungal communities in critically
ill COVID-19 patients with and without CAPA. Candida and Aspergillus were predominant
in the respiratory communities. CAPA diagnosis was associated with higher median
A. fumigatus level and fungal diversity, and a higher prevalence of A. fumigatus was
associated with mortality and a lack of azole treatment at ICU admission. Our data
suggest that the potential use of prophylactic antifungals (with anti-Aspergillus activity)
in seriously ill COVID-19 patients is worthy of further consideration for the possible
prevention of A. fumigatus-associated mortality. However, a limitation of this study is
the small number of patients included, particularly the low number of CAPA cases. In
addition, incomplete clinical data with respect to azole use reduced the sample sizes
for this comparison, which may have resulted in low power for these statistical tests.
Therefore, a study of a larger cohort would be valuable to improve our understanding
of the association between prophylactic azole use, the presence of A. fumigatus in the
respiratory mycobiome, and patient outcome in COVID-19 critical care.

ACKNOWLEDGMENTS

This work was part of the ECMM CAPA initiative under the umbrella of the ECMM NGS
Working group. This work was funded by the NIHR Manchester Biomedical Research
Centre (NIHR203308). The views expressed are those of the authors and not necessarily
those of the NIHR of the Department of Health and Social Care.

S.G. was co-funded by the NIHR Manchester Biomedical Research Centre, The Fungal
Infection Trust, Manchester Academy of Health Sciences, and The Dowager Countess
Eleanor Peel Trust.

D.W. was funded by the NIHR Manchester Biomedical Research Centre.

Conception and design: D.W,, S.G, M.B, D.RG., JP, MH, JPG., MJB., and PB;
processing of specimens and generation of data: D.W,, S.G.,, M.B,, J.P, J.PG,, F.R, and H.G;
analysis and interpretation of data: D.W,, S.G., M.H., M.J.B,, and P.B.; final approval of the
manuscript: D.W.,, S.G., M.B.,, DR.G,, J.P, MH,, FR., H.G,, J.P.G, M.J.B.,and PB.

AUTHOR AFFILIATIONS

'University of Manchester, Manchester, United Kingdom

*Department of Health Sciences (DISSAL), University of Genoa, Genoa, Italy

*Infectious Diseases Unit, IRCCS San Martino Polyclinic Hospital, Genoa, Italy

“Division of Infectious Diseases, Medical University of Graz, Graz, Austria

*Biotech Med, Graz, Austria

®Translational Medical Mycology Research Unit, ECMM Excellence Center for Medical
Mycology, Medical University of Graz, Graz, Austria

’Medical Intensive Care Unit, Centre Hospitalier Universitaire de Rennes, Rennes, France
8CHU Rennes, Inserm, EHESP, Institut de Recherche en Santé, Environnement et Travail
(IRSET), Université de Rennes, Rennes, France

°Centre Hospitalier Universitaire de Rennes, Laboratoire de Parasitologie-Mycologie,
Centre National de Référence Mycoses et Antifongiques-Laboratoire Associé Asp-C,
European Excellence Center for Medical Mycology (ECMM), Rennes, France

AUTHOR ORCIDs

Danielle Weaver (2 http://orcid.org/0000-0002-4983-8352
Sara Gago & http://orcid.org/0000-0002-7027-4598
Daniele Roberto Giacobbe @ http://orcid.org/0000-0003-2385-1759

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.04110-23 12

Downloaded from https://journals.asm.org/journal/spectrum on 07 January 2025 by 129.20.30.41.


https://doi.org/10.1128/spectrum.04110-23

Research Article

Héléne Guegan  http://orcid.org/0000-0001-6338-3094
Jean-Pierre Gangneux  http://orcid.org/0000-0002-4974-5607
Michael John Bromley @ http://orcid.org/0000-0002-7611-0201
Paul Bowyer (@ http://orcid.org/0000-0002-1083-9286

FUNDING

Funder Grant(s) Author(s)

NIHR | Manchester Biomedical Research Centre (BRC) ~ NIHR203308 Danielle Weaver
Sara Gago

ETHICS APPROVAL

Institutional review board approval was obtained at each participating center: Medical
University of Graz (EC #32-296 ex 19/20), University of Genoa Liguria Region Ethics
Committee (registry number 163/2020), and Rennes Teaching Hospital (number 16-117).

Microbiology Spectrum

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum04110-23-s0001.docx). Supplemental figures, tables,
and methods.

REFERENCES

1.

World Health Organisation. 2024 WHO coronavirus dashboard. Available
from: https://covid19.who.int/

Wiersinga WJ, Rhodes A, Cheng AC, Peacock SJ, Prescott HCP. 2020.
Pathophysiology, transmission, diagnosis, and treatment of coronavirus
disease 2019 (COVID-19): a review. JAMA 324:782-793. https://doi.org/
10.1001/jama.2020.12839

Osuchowski MF, Winkler MS, Skirecki T, Cajander S, Shankar-Hari M,
Lachmann G, Monneret G, Venet F, Bauer M, Brunkhorst FM, et al. 2021.
The COVID-19 puzzle: deciphering pathophysiology and phenotypes of
a new disease entity. Lancet Respir Med 9:622-642. https://doi.org/10.
1016/52213-2600(21)00218-6

Dongelmans DA, Termorshuizen F, Brinkman S, Bakhshi-Raiez F, Arbous
MS, de Lange DW, van Bussel BCT, de Keizer NF, Dutch COVID-19
Research Consortium. 2022. Characteristics and outcome of COVID-19
patients admitted to the ICU: a nationwide cohort study on the
comparison between the first and the consecutive upsurges of the
second wave of the COVID-19 pandemic in the Netherlands. Ann
Intensive Care 12:5. https://doi.org/10.1186/s13613-021-00978-3
Grasselli G, Scaravilli V, Mangioni D, Scudeller L, Alagna L, Bartoletti M,
Bellani G, Biagioni E, Bonfanti P, Bottino N, et al. 2021. Hospital-acquired
infections in critically Ill patients with COVID-19. Chest 160:454-465.
https://doi.org/10.1016/j.chest.2021.04.002

Merenstein C, Liang G, Whiteside SA, Cobian-Gliemes AG, Merlino MS,
Taylor LJ, Glascock A, Bittinger K, Tanes C, Graham-Wooten J, Khatib LA,
Fitzgerald AS, Reddy S, Baxter AE, Giles JR, Oldridge DA, Meyer NJ,
Wherry EJ, McGinniss JE, Bushman FD, Collman RG. 2021. Signatures of
COVID-19 severity and immune response in the respiratory tract
microbiome. mBio 12:2021.04.02.21254514. https://doi.org/10.1101/
2021.04.02.21254514

Lloréns-Rico V, Gregory AC, Van Weyenbergh J, Jansen S, Van Buyten T,
Qian J, Braz M, Menezes SM, Van Mol P, Vanderbeke L, Dooms C, Gunst J,
Hermans G, Meersseman P, CONTAGIOUS collaborators, Wauters E, Neyts
J, Lambrechts D, Wauters J, Raes J. 2021. Clinical practices underlie
COVID-19 patient respiratory microbiome composition and its
interactions with the host. Nat Commun 12:6243. https://doi.org/10.
1038/541467-021-26500-8

Ren L, Wang Y, Zhong J, Li X, Xiao Y, Li J, Yang J, Fan G, Guo L, Shen Z,
et al. 2021. Dynamics of the upper respiratory tract microbiota and its

Month XXXX Volume 0 Issue 0

10.

11.

12.

13.

14.

15.

association with mortality in COVID-19. Am J Respir Crit Care Med
204:1379-1390. https://doi.org/10.1164/rccm.202103-08140C

Gupta A, Bhanushali S, Karyakarte R, Joshi S, Das R, Shouche Y, Sharma
A. 2023. Mycobiome profiling of nasopharyngeal region of SARS-CoV-2
infected individuals. Microbes Infect. 25:105059. https://doi.org/10.
1016/j.micinf.2022.105059

Ruiz-Rodriguez A, Lusarreta-Parga P, de Steenhuijsen Piters WAA,
Koppensteiner L, Balcazar-Lopez CE, Campbell R, Dewar R, McHugh MP,
Dockrell D, Templeton KE, Bogaert D. 2022. Bacterial and fungal
communities in tracheal aspirates of intubated COVID-19 patients: a
pilot study. Sci Rep 12:9896. https://doi.org/10.1038/5s41598-022-13482-
w

Kullberg RFJ, de Brabander J, Boers LS, Biemond JJ, Nossent EJ, Heunks
LMA, Vlaar APJ, Bonta PI, van der Poll T, Duitman J, Bos LDJ, Wiersinga
WJ, ArtDECO Consortium and the Amsterdam UMC COVID-19 Biobank
Study Group. 2022. Lung microbiota of critically ill patients with
COVID-19 are associated with nonresolving acute respiratory distress
syndrome. Am J Respir Crit Care Med 206:846-856. https://doi.org/10.
1164/rccm.202202-02740C

Viciani E, Gaibani P, Castagnetti A, Liberatore A, Bartoletti M, Viale P,
Lazzarotto T, Ambretti S, Lewis R, Cricca M. 2022. Critically ill patients
with COVID-19 show lung fungal dysbiosis with reduced microbial
diversity in patients colonized with Candida spp. Int J Infect Dis 117:233-
240. https://doi.org/10.1016/}.ijid.2022.02.011

Janssen NAF, Nyga R, Vanderbeke L, Jacobs C, Ergiin M, Buil JB, van Dijk
K, Altenburg J, Bouman CSC, van der Spoel HI, et al. 2021. Multinational
observational cohort study of COVID-19-associated pulmonary
aspergillosis'. Emerg Infect Dis 27:2892-2898. https://doi.org/10.3201/
eid2711.211174

Prattes J, Wauters J, Giacobbe DR, Salmanton-Garcia J, Maertens J,
Bourgeois M, Reynders M, Rutsaert L, Van Regenmortel N, Lormans P,
et al. 2022. Risk factors and outcome of pulmonary aspergillosis in
critically ill coronavirus disease 2019 patients-a multinational observa-
tional study by the European confederation of medical mycology. Clin
Microbiol Infect 28:580-587. https://doi.org/10.1016/j.cmi.2021.08.014
Gangneux J-P, Dannaoui E, Fekkar A, Luyt C-E, Botterel F, De Prost N,
Tadié J-M, Reizine F, Houzé S, Timsit J-F, et al. 2022. Fungal infections in
mechanically ventilated patients with COVID-19 during the first wave:

10.1128/spectrum.04110-23 13

Downloaded from https://journals.asm.org/journal/spectrum on 07 January 2025 by 129.20.30.41.


https://doi.org/10.1128/spectrum.04110-23
https://covid19.who.int/
https://doi.org/10.1001/jama.2020.12839
https://doi.org/10.1016/S2213-2600(21)00218-6
https://doi.org/10.1186/s13613-021-00978-3
https://doi.org/10.1016/j.chest.2021.04.002
https://doi.org/10.1101/2021.04.02.21254514
https://doi.org/10.1038/s41467-021-26500-8
https://doi.org/10.1164/rccm.202103-0814OC
https://doi.org/10.1016/j.micinf.2022.105059
https://doi.org/10.1038/s41598-022-13482-w
https://doi.org/10.1164/rccm.202202-0274OC
https://doi.org/10.1016/j.ijid.2022.02.011
https://doi.org/10.3201/eid2711.211174
https://doi.org/10.1016/j.cmi.2021.08.014
https://doi.org/10.1128/spectrum.04110-23

Research Article

20.

21.

22.

23.

24,

25.

Month XXXX Volume 0

the French multicentre MYCOVID study. Lancet Respir Med 10:180-190.
https://doi.org/10.1016/52213-2600(21)00442-2

Bartoletti M, Pascale R, Cricca M, Rinaldi M, Maccaro A, Bussini L, Fornaro
G, Tonetti T, Pizzilli G, Francalanci E, Giuntoli L, Rubin A, Moroni A,
Ambretti S, Trapani F, Vatamanu O, Ranieri VM, Castelli A, Baiocchi M,
Lewis R, Giannella M, Viale P, PREDICO Study Group. 2021. Epidemiology
of invasive pulmonary aspergillosis among intubated patients with
COVID-19: a prospective study. Clin Infect Dis 73:e3606-e3614. https://
doi.org/10.1093/cid/ciaa1065

Salmanton-Garcia J, Sprute R, Stemler J, Bartoletti M, Dupont D, Valerio
M, Garcia-Vidal C, Falces-Romero |, Machado M, de la Villa S, Schroeder
M, Hoyo |, Hanses F, Ferreira-Paim K, Giacobbe DR, Meis JF, Gangneux J-
P, Rodriguez-Guardado A, Antinori S, Sal E, Malaj X, Seidel D, Cornely OA,
Koehler P, FungiScope European Confederation of Medical
Mycology/The International Society for Human and Animal Mycology
Working Group. 2021. COVID-19-associated pulmonary aspergillosis,
March-August 2020. Emerg Infect Dis 27:1077-1086. https://doi.org/10.
3201/eid2704.204895

Leistner R, Schroeter L, Adam T, Poddubnyy D, Stegemann M, Siegmund
B, Maechler F, Geffers C, Schwab F, Gastmeier P, Treskatsch S, Angermair
S, Schneider T. 2022. Corticosteroids as risk factor for COVID-19-
associated pulmonary aspergillosis in intensive care patients. Crit Care
26:30. https://doi.org/10.1186/s13054-022-03902-8

Koehler P, Bassetti M, Chakrabarti A, Chen SCA, Colombo AL, Hoenigl M,
Klimko N, Lass-Florl C, Oladele RO, Vinh DC, et al. 2021. Defining and
managing COVID-19-associated pulmonary aspergillosis: the 2020
ECMM/ISHAM consensus criteria for research and clinical guidance.
Lancet Infect Dis 21:2149-e162. https://doi.org/10.1016/51473-
3099(20)30847-1

Feys S, Gongalves SM, Khan M, Choi S, Boeckx B, Chatelain D, Cunha C,
Debaveye Y, Hermans G, Hertoghs M, et al. 2022. Lung epithelial and
myeloid innate immunity in influenza-associated or COVID-19-
associated pulmonary aspergillosis: an observational study. Lancet
Respir Med 10:1147-1159. https://doi.org/10.1016/52213--
2600(22)00259-4

Hoenigl M, Seidel D, Sprute R, Cunha C, Oliverio M, Goldman GH,
Ibrahim AS, Carvalho A. 2022. COVID-19-associated fungal infections.
Nat Microbiol 7:1127-1140. https://doi.org/10.1038/s41564-022-01172-2
Blot SI, Taccone FS, Van den Abeele A-M, Bulpa P, Meersseman W,
Brusselaers N, Dimopoulos G, Paiva JA, Misset B, Rello J, Vandewoude K,
Vogelaers D, AsplCU Study Investigators. 2012. A clinical algorithm to
diagnose invasive pulmonary aspergillosis in critically ill patients. Am J
Respir Crit Care Med 186:56-64. https://doi.org/10.1164/rccm.201111-
19780C

Fraczek MG, Bromley M, Buied A, Moore CB, Rajendran R, Rautemaa R,
Ramage G, Denning DW, Bowyer P. 2013. The cdr18B efflux transporter is
associated with non-cyp57a-mediated itraconazole resistance in
Aspergillus fumigatus. J Antimicrob Chemother 68:1486-1496. https://
doi.org/10.1093/jac/dkt075

White TJ, Bruns T, Lee S, Taylor J. 1990. Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. PCR
Protocols:315-322. https://doi.org/10.1016/B978-0-12-372180-8.50042-
1

Walsh TJ, Wissel MC, Grantham KJ, Petraitiene R, Petraitis V, Kasai M,
Francesconi A, Cotton MP, Hughes JE, Greene L, Bacher JD, Manna P,

Issue 0

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Microbiology Spectrum

Salomoni M, Kleiboeker SB, Reddy SK. 2011. Molecular detection and
species-specific identification of medically important Aspergillus species
by real-time PCR in experimental invasive pulmonary aspergillosis. J Clin
Microbiol 49:4150-4157. https://doi.org/10.1128/JCM.00570-11

Bushnell B. 2018. BBMap. Available from: https://sourceforge.net/
projects/bbmap/

Martin M. 2011. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17:10. https://doi.org/10.14806/
€j.17.1.200

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with
Bowtie 2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923
McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. https://doi.org/10.1371/journal.pone.0061217

Dixon P. 2003. VEGAN, a package of R functions for community ecology.
J Veg Sci 14:927-930.
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol 15:550.
https://doi.org/10.1186/513059-014-0550-8

Wickham H. 2019. Stringr simple, consistent wrappers for common
string operations. R package version 1.4.0. https://CRAN.R-project.or.
Wickham H. 2019. ggplot2: elegant graphics for data analysis. Springer-
Verlag.

Wickham H, Henry L. 2020. tidyr: tidy messy data. R package version
1.1.0. https://CRAN.R-project.or.

Nguyen LDN, Viscogliosi E, Delhaes L. 2015. The lung mycobiome: an
emerging field of the human respiratory microbiome. Front Microbiol
6:89. https://doi.org/10.3389/fmicb.2015.00089

Salazar-Hamm PS, Montoya KN, Montoya L, Cook K, Liphardt S, Taylor
JW, Cook JA, Natvig DO. 2022. Breathing can be dangerous: opportunis-
tic fungal pathogens and the diverse community of the small mammal
lung mycobiome. Front Fungal Biol 3:996574. https://doi.org/10.3389/
ffunb.2022.996574

Fraczek MG, Chishimba L, Niven RM, Bromley M, Simpson A, Smyth L,
Denning DW, Bowyer P. 2018. Corticosteroid treatment is associated
with increased filamentous fungal burden in allergic fungal disease. J
Allergy Clin Immunol 142:407-414. https://doi.org/10.1016/jjaci.2017.
09.039

Huang C, YuY, DuW, LiuY, Dai R, Tang W, Wang P, Zhang C, Shi G. 2020.
Fungal and bacterial microbiome dysbiosis and imbalance of trans-
kingdom network in asthma. Clin Transl Allergy 10:42. https://doi.org/10.
1186/513601-020-00345-8

Martinsen EMH, Eagan TML, Leiten EO, Haaland I, Husebgo GR, Knudsen
KS, Drengenes C, Sanseverino W, Paytuvi-Gallart A, Nielsen R. 2021. The
pulmonary mycobiome-A study of subjects with and without chronic
obstructive pulmonary disease. PLoS One 16:20248967. https://doi.org/
10.1371/journal.pone.0248967

Tiew PY, Dicker AJ, Keir HR, Poh ME, Pang SL, Mac Aogain M, Chua BQY,
Tan JL, Xu H, Koh MS, Tee A, Abisheganaden JA, Chew FT, Miller BE, Tal-
Singer R, Chalmers JD, Chotirmall SH. 2021. A high-risk airway
mycobiome is associated with frequent exacerbation and mortality in
COPD. Eur Respir J 57:2002050. https://doi.org/10.1183/13993003.
02050-2020

10.1128/spectrum.04110-23 14

Downloaded from https://journals.asm.org/journal/spectrum on 07 January 2025 by 129.20.30.41.


https://doi.org/10.1016/S2213-2600(21)00442-2
https://doi.org/10.1093/cid/ciaa1065
https://doi.org/10.3201/eid2704.204895
https://doi.org/10.1186/s13054-022-03902-8
https://doi.org/10.1016/S1473-3099(20)30847-1
https://doi.org/10.1016/S2213-2600(22)00259-4
https://doi.org/10.1038/s41564-022-01172-2
https://doi.org/10.1164/rccm.201111-1978OC
https://doi.org/10.1093/jac/dkt075
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1128/JCM.00570-11
https://sourceforge.net/projects/bbmap/
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1186/s13059-014-0550-8
https://CRAN.R-project.or
https://CRAN.R-project.or
https://doi.org/10.3389/fmicb.2015.00089
https://doi.org/10.3389/ffunb.2022.996574
https://doi.org/10.1016/j.jaci.2017.09.039
https://doi.org/10.1186/s13601-020-00345-8
https://doi.org/10.1371/journal.pone.0248967
https://doi.org/10.1183/13993003.02050-2020
https://doi.org/10.1128/spectrum.04110-23

	Mycobiome analyses of critically ill COVID-19 patients
	MATERIALS AND METHODS
	Study design, participants, and sample collection
	Sample processing
	Data analysis

	RESULTS
	Patient cohort
	Candida and Aspergillus spp. dominate respiratory mycobiomes in critically ill COVID-19 patients
	No significant correlation is found between mycobiome communities and CAPA status or corticosteroid use
	Increased A. fumigatus burden is associated with mortality
	Azole treatment at intensive care unit admission is associated with reduced A. fumigatus burden in critically ill COVID-19 patients and COVID-19 survival

	DISCUSSION


