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A B S T R A C T   

In patients with acute respiratory failure, mechanical ventilation through an endotracheal tube (ET) may be required to correct hypoxemia and hypercarbia. 
However, biofilm formation on these ETs is a risk factor for infections in intubated patients, as the ET can act as a reservoir of microorganisms that can cause 
infections in the lungs. As severely ill COVID-19 patients often need to be intubated, a better knowledge of the composition of ET biofilms in this population is 
important. In Spring 2020, during the first wave of the COVID-19 pandemic in Europe, 31 ETs were obtained from COVID-19 patients at Ghent University Hospital 
(Ghent, Belgium). Biofilms were collected from the ET and the biofilm composition was determined using culture-dependent (MALDI-TOF mass spectrometry and 
biochemical tests) and culture-independent (16S and ITS1 rRNA amplicon sequencing) approaches. In addition, antimicrobial resistance was assessed for isolates 
collected via the culture-dependent approach using disc diffusion for 11 antimicrobials commonly used to treat lower respiratory tract infections. The most common 
microorganisms identified by the culture-dependent approach were those typically found during lung infections and included both presumed commensal and 
potentially pathogenic microorganisms like Staphylococcus epidermidis, Enterococcus faecalis, Pseudomonas aeruginosa and Candida albicans. More unusual organisms, 
such as Paracoccus yeei, were also identified, but each only in a few patients. The culture-independent approach revealed a wide variety of microbes present in the ET 
biofilms and showed large variation in biofilm composition between patients. Some biofilms contained a diverse set of bacteria of which many are generally 
considered as non-pathogenic commensals, whereas others were dominated by a single or a few pathogens. Antimicrobial resistance was widespread in the isolates, e. 
g. 68% and 53% of all isolates tested were resistant against meropenem and gentamicin, respectively. Different isolates from the same species recovered from the 
same ET biofilm often showed differences in antibiotic susceptibility. Our data suggest that ET biofilms are a potential risk factor for secondary infections in intubated 
COVID-19 patients, as is the case in mechanically-ventilated non-COVID-19 patients.   

1. Introduction 

Since the start of the COVID-19 pandemic, respiratory coinfections 
have been reported in a large number of studies, and in the first small- 
scale studies during the initial outbreak in Wuhan (China), coin-
fections were reported in up to 50% of patients investigated [1]. There is 
however substantial variability in the reported prevalence of coin-
fections with some studies showing rates from 30% to 90% [2–5], 
whereas others report far lower rates [6–9]. Studies involving large 
patient cohorts show a percentage of clinically significant bacterial in-
fections in hospitalized patients of around 4–14%, with the highest 
incidence being reported in patients on intensive care units (ICU) 
[10–12]. Although community acquired bacterial coinfections with 

COVID-19 seems to be relatively uncommon, hospital acquired coin-
fections are reported more often (e.g., 47% of patients in eight Italian 
hospitals) [13,14]. A SARS-CoV-2 infection may lead to a compromised 
innate immune response at the infection site leading to an increased 
opportunity for bacterial attachment, growth, and dissemination [15]. 
Likewise, a bacterial infection might predispose to increased viral sur-
vival and replication, as host responses are affected, and coinfections 
may lead to more extensive tissue damage and a more excessive in-
flammatory immune response. In addition, extensive tissue damage 
likely facilitates further dissemination of the pathogens, thus increasing 
the risk of blood stream infections [15,16]. Complications from coin-
fections have also been noted in other respiratory diseases such as 
influenza where patients with coinfections have a significantly higher 
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mortality rate [17,18]. This has also been noted for COVID-19 when 
coinfections lead to further complications such as septic shock [13]. 
However, in a study with 142 patients who underwent bronchoscopy, 
untreated secondary respiratory infections were not associated with 
increased mortality, although the presence of specific bacteria (like the 
oral commensal Mycoplasma salivarium) could potentially be linked to a 
worse prognosis [19]. 

Mechanical ventilation via an endotracheal tube (ET) is used to 
support failing pulmonary gas exchange in critically-ill patients. Previ-
ous research has shown that biofilm formation on the ET has an impact 
on the incidence of bacterial infections in intubated patients and is a risk 
factor for the development of ventilator-associated pneumonia (VAP) 
[20,21]. A biofilm can form on the ET within 24 h of intubation and can 
act as a reservoir of microorganism that can subsequently cause infec-
tion in the lungs [22,23]. In addition, biofilm cells are intrinsically more 
tolerant to antibiotic treatment due to various factors (including lower 
metabolic rates of bacteria in the biofilm and poor penetration of anti-
microbials into a biofilm), which can complicate the treatment of 
biofilm-related infections [24,25]. The hypothesis that biofilms on ETs 
play role in VAP is supported by the fact that in many cases the same 
bacteria are identified in ET biofilms and in other samples from the 
respiratory tract [26,27]. In addition, there is substantial evidence that 
modified ET releasing antimicrobial compounds can have a clinical 
impact by preventing biofilm formation [28]. For example, ET that 
release silver ions lead to a reduced adhesion of P. aeruginosa in an an-
imal model and lower prevalence of VAP compared to uncoated tubes 
[29,30]. Other modifications, including coating with silicone or noble 
metals have also been described to reduce biofilm formation and could 
impact the development of VAP [31]. Such modified ETs could be used 
as such, or in combination with clearance devices [32]. 

In the present study, we investigated biofilms composition on 31 ETs 
recovered from intubated COVID-19 patients receiving care at Ghent 
University Hospital (Ghent, Belgium) during the first wave of the 
COVID-19 pandemic (Spring 2020), using culture-dependent and 
culture-independent methods, and determined the occurrence of anti-
microbial resistance of the isolates recovered from these biofilms. 

2. Materials and methods 

2.1. Sample collection and processing 

31 ETs were obtained from 31 mechanically ventilated COVID-19 
patients admitted to the Intensive Care Units of Ghent University Hos-
pital that were extubated between the 7th of April and 5th of May 2020. 
This study was approved by the Ethical Committee of Ghent University 
Hospital (registration number: B6702010156). Each ET (Fig. 1) was 
transversally cut open, the biofilm was scraped from the distal part of 
the ETs and subsequently resuspended in 500 μL 0.9% (w/v) NaCl 
(physiological saline, PS). Subsequently, the ET was placed in a 50 mL 
falcon tube containing 10 mL PS, which was then vortexed and sonicated 
(3 × 30 s each). After removing the ET, the falcon tube was centrifuged 
at 5000 rpm (5804 R, Eppendorf, Hamburg, Germany) for 15 min, the 
supernatant was discarded, the pellet was resuspended in 1 mL PS, and 
combined with the earlier collected biofilm material. Half of this sus-
pension was added to a Microbank vial which was stored at − 80 ◦C for 
subsequent culture-dependent identification. The other half was split in 
two, spun down at 5000 rpm (5804 R, Eppendorf) for 15 min, and after 
removing the supernatant, the pellets were frozen at − 80 ◦C until DNA 
extraction for culture-independent identification. Handling of samples 
potentially containing active SARS-CoV-2 was carried out in a biosafety 

Fig. 1. A: Distal section of clean (unused) ET. B, C, D: Distal sections of ETs recovered from COVID-19 patients 17, 23, and 24 respectively prior to processing for 
biofilm recovery. 

F. van Charante et al.                                                                                                                                                                                                                          



Biofilm 4 (2022) 100079

3

cabinet in a BSL-2 level facility (permit number AMV/121202/ 
SBB219.2002/0916). 

2.2. Plating and picking of colonies 

From the Microbank vials stored at − 80 ◦C, 10, 100, and 1000-fold 
dilutions were prepared in PS and plated under different oxygen con-
ditions, i.e. aerobically, micro-aerobically at 3% O2/5% CO2/92% N2 in 
a BACTROX-2 Hypoxia chamber (SHEL LAB, Cornelius, USA) or anaer-
obically at 5% H2/5% CO2/90% N2 in a BACTRONEZ-2 anaerobic 
chamber (SHEL LAB). The following media and conditions were used: 
Mueller Hinton Agar (MHA) (Lab M Limited, Lancashire, UK) (aerobic 
and anaerobic incubation at 37 ◦C), Tryptone Soy Blood Agar (TSA 
blood agar) (Oxoid, Basingstoke, UK) (microaerobic and anaerobic in-
cubation at 37 ◦C), TSA blood agar with 5 μg/mL gentamicin (Oxoid) 
(microaerobic incubation at 37 ◦C), Mannitol Salt Agar (MSA) (Lab M 
Limited) (aerobic incubation at 37 ◦C), MacConkey agar (Lab M Limited) 
(aerobic incubation at 37 ◦C), Cetrimide agar (Lab M Limited) (aerobic 
incubation at 42 ◦C), Nutrient agar with 5 μg/mL mupirocin and 10 μg/ 
mL colistin sulphate (NMC) (Lab M Limited; TCI Europe, Zwijndrecht, 
Belgium) (aerobic incubation at 37 ◦C) [33], Haemophilus isolation agar 
(Oxoid) (microaerobic incubation at 37 ◦C), Sabouraud agar (SAB) with 
0.05 g/L chloramphenicol (Lab M Limited; Sigma-Aldrich, Saint Louis, 
USA) (aerobic incubation at 37 ◦C), Brain Heart Infusion agar with 5 
μg/mL vancomycin, 3 μg/mL trimethoprim, 15 μg/mL acetazolamide 
(BHIVTA) (Lab M Limited; Sigma-Aldrich) (aerobic incubation at 37 ◦C) 
[34], Acinetobacter CHROMagar (CHROMagar, Paris, France) (aerobic 
incubation at 37 ◦C), and VIA agar, consisting of 1 g/L beef extract (BD, 
Sparks, USA), 15 g/L peptone water (Oxoid), 10 g/L D-mannitol (Sig-
ma-Aldrich), and 12 g/l agar (Lab M Limited) supplemented with 60 
mg/L bromothymol blue, 5 mg/L vancomycin hydrochloride, 32 mg/L 
imipenem, and 2.5 mg/L amphotericin B (Sigma-Aldrich) (aerobic in-
cubation at 37 ◦C) [35]. Morphologically distinct colonies were picked 
from plates incubated aerobically (after 24–48 h), microaerophilic (after 
24–48 h) and anaerobically (after 48–72 h) and were subcultured on 
MHA, SAB, or TSA blood agar, until a pure culture was obtained. From 
these pure cultures − 80 ◦C stocks in Microbank vials were prepared and 
stored. 

2.3. Initial identification and dereplication 

Isolates were subjected to basic microbiological tests and plated on 
selective media to allow recovery of as many different organisms as 
possible and to allow a first dereplication. The selective media used were 
the same as for the initial plating with the addition of Candida Colorex 
(bioTRADING Benelux, Mijdrecht, The Netherlands). Tests performed 
included the oxidase test (to check for cytochrome oxidase activity using 
tetra-methyl-p-phenylenediamine dihydrochloride), catalase test (to 
check for the presence of catalase activity using H2O2), lysostaphin 
susceptibility (to differentiate Staphylococcus spp. from Micrococcus 
spp.), DNAse activity (to check the production of DNAse using an agar 
plate with DNA and precipitating with HCl), coagulase activity (to check 
for the production of coagulase using blood plasma), optochin suscep-
tibility (to assist in identifying Streptococcus pneumoniae), bacitracin 
susceptibility (to assist in identifying Streptococcus pyogenes), and he-
molysis (to differentiate isolates based on α, β, or ϒ hemolysis) [36,37]. 

2.4. Identification and dereplication using MALDI-TOF mass 
spectrometry (MS) 

Isolates were subcultured twice on either MHA, SAB, or TSA blood 
agar. For the preparation of cell extracts, a 1 μL-loopful of bacterial cells 
was suspended in 300 μL of Milli-Q water and vortexed to obtain a ho-
mogeneous suspension. After adding 900 μL of absolute ethanol, the 
suspension was mixed through inversion and centrifuged for 3 min at 
14000 rpm at 4 ◦C. Samples were stored at − 20 ◦C. Prior to extraction, 

samples were centrifuged as described above, supernatants were dis-
carded and centrifugation was repeated to remove any residual ethanol, 
followed by air drying for 5 min at room temperature. The resulting 
pellet was suspended in 40 μL of 70% formic acid and vortexed. Next, 40 
μL of acetonitrile was added and the mixture was vortexed. The extract 
was then centrifuged for 2 min at 14000 rpm at 4 ◦C to remove cell 
debris and the supernatant, called the ‘cell extract’, was transferred to a 
new tube. Bacterial cell extracts (1 μL) were spotted in duplicate on a 
target plate (Bruker Daltonik, Germany) and air-dried at room temper-
ature. The sample spot was overlaid with 1 μL of matrix solution (10 mg/ 
mL α-cyano-4-hydroxycinnamic acid suspended in acetonitrile:Milli-Q 
water:trifluoroacetic acid [TFA] [50:47.5:2.5] solvent). Each target 
plate comprised one spot of pure matrix solution, used as a negative 
control, and one spot of Bacterial Test Standard (Bruker Daltonik, Ger-
many), used for calibration. The target plate was measured automati-
cally on a Bruker Microflex LT/SH Smart platform (Bruker Daltonik). 
The spectra were obtained in linear, positive ion mode using FlexControl 
software (version 3.4) according to the manufacturer’s recommended 
settings (Bruker Daltonik). Each final spectrum resulted from the sum of 
the spectra generated at random positions to a maximum of 240 shots 
per spectrum. Mass spectra generated were compared to the BDAL (MSP- 
8468, Bruker Daltonik) and the LM-UGent in-house (MSP-2876) identi-
fication databases and the identification log scores obtained were 
interpreted according to Bruker’s instructions. MALDI-TOF MS der-
eplication was performed using the SPeDE algorithm [38] in order to 
group isolates that represent the same taxon. 

2.5. Culture-independent identification 

DNA was extracted from cell pellets of the original samples as pre-
viously described [39]. In brief, cell pellets were resuspended in 400 μL 
TE buffer (10 mM Tris, 1 mM EDTA, pH 8) to which 5 μL of 0.5 M EDTA 
was added. The suspension was combined with 200 mg 0.1 mm silica: 
zirconia beads, 200 mg 1 mm silica:zirconia beads, and 1 chrome bead 
(Biospec Products, Bartlesville, USA) in a bead beat tube (Labconsult, 
Brussels, Belgium). Bead beating was done for 60 s using a bead mill 
homogenizer (Labconsult). Afterwards the tubes were incubated at 
95 ◦C for 5 min and cooled on ice. Lysozyme (Sigma-Aldrich) (final 
concentration: 3 mg/mL) and lysostaphin (Sigma-Aldrich) (final con-
centration: 0.14 mg/mL) were added, and tubes were incubated at 37 ◦C 
on a shaker at 100 rpm for 60 min. Subsequently, proteinase K (Ther-
moFisher Scientific, Waltham, USA) was added (final concentration: 1.4 
mg/mL), the tubes were incubated at 56 ◦C for 30 min, and cooled on 
ice. 400 μL of the cell lysate was transferred to a fresh tube. Subse-
quently, 180 μL dH2O was added to the original tube and again trans-
ferred to the fresh tube to minimize DNA loss. Subsequently, 400 μL of 5 
M NaCl and 1 mL phenol:chloroform:isopropylalcohol 25:24:1 (Sig-
ma-Aldrich), were added, mixed, and incubated at room temperature for 
20 min while shaking at 100 rpm. Then, the tubes were spun down at 
13000 g for 20 min, the top 800 μL of the aqueous layer was transferred 
to a fresh tube, and combined with 106 μL 7.5 M ammonium acetate and 
906 μL ethanol. After precipitation on ice for 30 min, the supernatant 
was removed and the DNA was cleaned up using QIAEX II Gel Extraction 
Kit (Qiagen, Hilden, Germany). After DNA extraction, library generation 
and sequencing was performed according to the Illumina protocols for 
16S rRNA gene and ribosomal internal transcribed spacer 1 (ITS1) 
sequencing [40,41]. Sequences were analyzed using the DADA2 pipeline 
[42] after primer removal using the Cutadapt tool [43], which was all 
performed in R. Taxonomy was assigned by using the SILVA version 132 
database [44] for the 16S rRNA sequencing data and the UNITE version 
8.3 database [45] for the ITS1 data. Alpha diversity was calculated using 
the phyloseq R package [46]. Analysis of correlation between diversity 
indexes and sequence abundance was done using SPSS Version 26 (SPSS 
Inc., Chicago, USA). Sequencing data has been deposited in the 
EMBL-EBI database under accession number PRJEB47052. 
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2.6. Antimicrobial susceptibility testing 

Antimicrobial susceptibility towards a selection of antibiotics 
commonly used to treat lower respiratory tract infections was deter-
mined using disc diffusion according to the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) guidelines [47] using 
MHA for all isolates, except for Streptococcus and Candida spp. isolates 
for which it was performed on TSA blood agar [47] and MHA supple-
mented with 2% glucose [48], respectively. The following antibiotic 
discs were used: aztreonam 30 μg (AZT), ceftazidime 30 μg (CAZ), 
clindamycin 2 μg (CDM), gentamicin 10 μg (GEN), meropenem 10 μg 
(MEM), moxifloxacin 5 μg (MXF), and vancomycin 30 μg (VAN) (Oxoid). 
For the Candida spp. isolates the following discs were used: caspofungin 
(CAS) 5 μg, fluconazole (FLU) 25 μg, itraconazole (ITR) 50 μg, and 
nystatin 100 μg (Labconsult). The zone of inhibition was measured after 
18 h of incubation. MICs of fluconazole and itraconazol were deter-
mined for Candida albicans, Candida tropicalis, and Candida parapsilosis 
isolates according to the EUCAST guidelines [49]. Antimicrobial resis-
tance was classified based on EUCAST breakpoints except for caspo-
fungin where CLSI breakpoints were used (due to a lack of breakpoints in 
the EUCAST guidelines). Isolates were classified as: susceptible (S) (high 
likelihood of therapeutic success), intermediate (I) (high likelihood of 
therapeutic success with increased dosage), or resistant (R) (high like-
lihood of therapeutic failure) [50–52]. 

3. Results and discussion 

3.1. Culture-dependent identification 

In total, 832 isolates from 31 patients with COVID-19 were recov-
ered. After dereplication, 430 isolates were selected for analysis by 
MALDI-TOF MS. This approach allowed to cluster and identify the iso-
lates, and 2 to 11 MALDI-TOF MS clusters (a cluster being defined as a 
set of isolates representing the same mass spectrometry-defined inde-
pendent strain [38] were identified per patient (Supplementary 
Table S1). In samples from 20/31 patients 6 or less clusters were iden-
tified. The most commonly identified species were Staphylococcus epi-
dermidis (recovered from 24/31 patients), Candida albicans (22/31 
patients), Enterococcus faecalis (10/31 patients), Pseudomonas aeruginosa 
(8/31 patients), and Klebsiella aerogenes (8/31 patients) (Table 1). While 
MALDI-TOF MS did not allow identification of all isolates at the species 
level (for 216/430 isolates MALDI-TOF MS only allowed identification 
to the genus level), in some cases species-level identification was still 
possible based on the already performed initial basic microbiological 
tests, e.g. for Candida spp. isolates and these are included in Table 1. 

Among the isolates we identified commensal as well as potentially 
pathogenic bacteria. This included common presumed commensals such 
as lactobacilli and Prevotella spp., but also more unusual species such as 
Slackia exigua, an anaerobic Gram-positive member of the human oral 
microbiota that is occasionally recovered from extra-oral infections 
[53]. We also recovered well-known potential respiratory pathogens, 
including Pseudomonas aeruginosa (8/31 patients) and Staphylococcus 
aureus (5/31 patients). Many other potentially opportunistic respiratory 
pathogens were found as well, including Citrobacter koseri (5/31), 
Morganella morganii (4/31) and members of the Enterobacter cloacae 
complex (3/31) [54–56]. From 26/31 ETs at least one Candida spp. was 
recovered, which is not surprising as Candida spp. are commonly present 
in healthy individuals and are often (in up to 80% of cases) the cause of 
nosocomial fungal infections [57]. We also recovered three isolates 
(from patient 1 and 3) that are likely Aspergillus spp., but could not be 
verified with the BDAL (MSP-8468, Bruker Daltonik) and the LM-UGent 
in-house (MSP-2876) identification databases. Overall, the 
culture-dependent identification showed that many potential pathogens 
associated with lung infections could be recovered from biofilms formed 
on ETs used to mechanically ventilate COVID-19 patients. No patterns of 
co-occurring species were observed, although identification of such 

patterns would likely be difficult, considering the relatively small sam-
ple size. 

3.2. Culture-independent identification of bacteria based on 16S rRNA 
gene sequencing 

16S rRNA amplicon sequencing was performed for DNA extracted 
from ET biofilms recovered from all 31 patients (Fig. 2). Overall, DNA 
from a large variety of potential lung pathogens was detected, including 
Pseudomonas spp. (31/31 patients, up to 99% of reads), Streptococcus 
spp. (30/31 patients, up to 57% of reads), Staphylococcus spp. (30/31 
patients, up to 89% of reads), Mycoplasma spp. (30/31 patients, up to 

Table 1 
Summary of culture-dependent identification.   

Identification Number of ETs from 
which taxon was 
recovered (n = 31) 

Pseudomonadales Pseudomonas aeruginosa 8 
Moraxella spp. 2 

Enterobacterales Klebsiella aerogenes 8 
Klebsiella variicola 2 
Klebsiella spp. 1 
Escherichia/Shigella spp.a 7 
Citrobacter koseri 5 
Morganella morganii 4 
Enterobacter cloacae complex 3 
Enterobacteriaceae spp.b 3 
Hafnia alvei 1 

Other 
Proteobacteria 

Stenotrophomonas spp. 3 
Neisseria bacilliformis, Neisseria spp., 
Eikelenella spp., Aureimonas spp., 
Paracoccus yeei 

1 

Caryophanales Staphylococcus epidermidis 24 
Staphylococcus aureus 5 
Staphylococcus hominis 4 
Staphylococcus haemolyticus, 
Staphylococcus capitis 

1 

Staphlyococcus spp. 9 
Bacillus cereus complex, Bacillus 
subtilis complex 

1 

Lactobacillales Enterococcus faecalis 10 
Enterococcus faecium 1 
Enterococcus spp. 3 
Streptococcus pneumoniae, 
Streptococcus anginosus, 
Streptococcus parasanguinis, 
Streptococcus salivaris, Streptococcus 
sanguinis, Streptococcus vestibularis 

1 

Streptococcus spp. 11 
Lacticaseibacillus rhamnosus, 
Lacticaseibacillus paracasei 

1 

Lacticaseibacillus spp. 2 
Lactobacillus spp. 1 

Other Firmicutes Veillonella spp. 2 
Megasphaera spp. 2 
Peptoniphilus spp. 1 

Actinobacteria Schaalia spp. 2 
Kytococcus schroeteri, Micrococcus 
luteus, Corynebacterium spp., 
Alloscardovia omnicolens, 
Bifidobacterium spp., Gardnerella 
vaginalis, Slackia exigua 

1 

Bacteroidetes Prevotella spp. 2 
Bacteroides fragilis 1 

Fungi Candida albicans 22 
Candida tropicalis 3 
Candida kefyr 1 
Candida parapsilosis 1 
Candida spp. 11  

a MALDI-TOF MS was unable to distinguish between Escherichia spp. and 
Shigella spp. 

b MALDI-TOF MS was unable to distinguish between Klebsiella oxytoca and a 
number of Raoultella spp. 
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6.2% of reads), Actinomyces spp. (22/31 patients, up to 16% of reads), 
Stenotrophomonas spp. (18/31 patients, up to 94% of reads), Haemophilus 
spp. (17/31 patients, up to 14% of reads), Klebsiella spp. (16/31 patients, 
up to 78% of reads), Enterobacter spp. (12/31 patients, up to 92% of 
reads), Morganella spp. (8/31 patients, up to 1.2% of reads), and Aci-
netobacter spp. (12/31 patients, up to 0.1% of reads). 

Using the culture-independent approach, taxa also identified with 
the culture dependent approach were generally found in relatively high 
abundances. Eight isolates recovered from six patients were not identi-
fied in these patients with the culture-independent approach, which 
could be due to their low relative abundance and/or sequencing depth. 
The isolates missing in the culture-independent approach belonged to 
the genera Staphylococcus, Moraxella, Bacillus, Kytococcus, Aureimonas, 
and Paracoccus. Nevertheless, compared to the culture-dependent 
approach, a large number of additional taxa per sample were detected 
with the culture-independent approach. Some taxa like Fusobacterium 
spp. (21/31 patients, up to 19% of reads) or Rothia spp. (7/31 patients, 
up to 2% of reads) were not found at all using culture-dependent ap-
proaches, while other taxa like Neisseria spp. (19/31 patients, up to 55% 
of reads), Veillonella spp. (25/31 patients, up to 8% of reads), and Pre-
votella spp. (30/31 patients, up to 77% of reads) were found to be more 
prevalent using the culture-independent approach. The differences be-
tween both approaches is most-likely due to the use of a limited set of 
selective and general media, that could have favored the recovery of 
certain abundant or fast-growing organisms, while more fastidious ones 
went undetected. In addition, recovery of strict anaerobes may have 
been hampered by the (extended) exposure to oxygen prior to and 
during sampling the ET. 

Our data indicated that the bacterial diversity varied substantially 
between samples (Fig. 3A). Whereas the composition of some ET bio-
films was diverse, other biofilms were dominated by a single pathogen. 
An example of such a dominant taxon is the genus Pseudomonas. DNA 
from Pseudomonas spp. was detected in all 31 patients and it made up a 
relatively large fraction (>50%) in seven of them, i.e. patients 1, 2, 9, 10, 
11, 19 and 30. From these seven patients Pseudomonas aeruginosa was 
also isolated using the culture-dependent approach. It is known that 
Pseudomonas aeruginosa can inhibit the proliferation of other bacteria, 
leading to samples with low microbial diversity, which might also have 
occurred in these biofilms [58]. Indeed, a linear correlation between the 
decrease of the Simpson diversity index and the increase in Pseudomonas 

abundance could be observed (R2 = 0.59, p < 0.001; Fig. 3B), which 
would support this hypothesis. Of note, when we restrict this analysis to 
patients with a Pseudomonas abundance >1%, we get an even stronger 
linear correlation with an R2 of 0.92 (P < 0.001) (Supplementary 
Fig. S1). ET biofilms recovered from several other patients were also 
dominated by a limited number of taxa. In patient 8 mainly sequences 
assigned to Staphylococcus spp. were found while in the biofilm from 
patient 15 mainly sequences from Stenotrophomonas spp. were found. 
Finally, ET biofilms recovered from patients 7, 14, 23, 24, and 29 were 
dominated by members of the Enterobacterales. In patient 7, 83% of reads 
were identified as derived from Escherichia spp. or Shigella spp., in pa-
tient 23 68% of the reads were derived from Klebsiella oxytoca and 10% 
from another (unidentified) Klebsiella species, and in patient 29, 92% of 
reads were derived from Enterobacter spp. (likely a member of the 
Enterobacter cloacae complex based on the culture-dependent identifi-
cation). For patient 14 and 24, the culture-independent approach did not 
allow identification to the species level, but based on the 
culture-dependent approach these sequences are likely derived from 
Klebsiella aerogenes. With the exception of the Klebsiella spp. in patient 
23, these potential pathogens were also recovered in the 
culture-dependent approach, suggesting that both the 
culture-dependent and culture-independent methods are effective at 
finding the dominant pathogen. 

3.3. Culture-independent identification of fungi based on ITS1 sequencing 

ITS1 amplicon sequencing was done for 18 patients (for the 
remaining 13 patients not enough DNA could be recovered to perform 
ITS1 sequencing). The results of the ITS1 sequencing were similar for the 
different patients, with Candida albicans being detected in all 18 patients 
and making up >95% of the reads in 13/18 patients. Two of the other 
patients ET samples were dominated by Candida dubliniensis (patient 20: 
94%; patient 7: 99% of reads) and two more by Aspergillus spp. (patient 
1: 99% of reads; patient 28: 74%) (Fig. 4). From the ET biofilm of patient 
1 (but not from patient 28) a putative Aspergillus spp. isolate was also 
identified using the culture-dependent approach. Besides Aspergillus spp. 
and Candida spp. only a few other fungal taxa were detected of which 
Malassezia spp. were the most common and most abundant (Malassezia 
restricta in 12/18 patients and up to 58% of reads, Malassezia globosa in 
5/18 patients and up to 0.6% of reads, and Malassezia sympodialis in 2/ 

Fig. 2. Abundance of most-frequently identified bacterial families in every sample (‘most-frequently identified’ is defined as the top 20 across all the ET biofilms).  
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18 patients and up to 1.2% of reads). This predominance of Candida spp. 
is in line with what was observed using the culture-dependent identifi-
cation approach. 

3.4. Comparison with other (microbiome) studies 

The composition of the lung microbiome can vary substantially be-
tween individuals depending on a multitude of factors, however Bac-
teroidetes, Firmicutes, and Proteobacteria have been most commonly 
isolated from healthy individuals [59]. Moving down to the genus level, 
Prevotella, Streptococcus, and Veillonella seem to be the most prevalent 
[60]. Potential pathogens are also frequently isolated from the respira-
tory tract of healthy individuals and include Haemophilus spp., Neisseria 
spp., and Pseudomonas spp.; these potential pathogens typically only 

make up a small fraction of the community [59]. During an infection the 
lung microbiome is typically disturbed, and the prevalence of presumed 
commensals like Prevotella spp. decreases in favor of that of pathogenic 
bacteria [59–61]. On the ETs investigated in the present study common 
members of the lung microbiome were indeed found, with Prevotella 
spp., Streptococcus spp., and Veillonella spp. being identified in the ma-
jority of samples. However, in a considerable number of ETs, potential 
pathogenic bacteria dominated the biofilm, creating a community that 
seems more similar to that found during an infection in the lungs [62, 
63]. A higher combined fraction of potential pathogens (Pseudomonas 
spp., Staphylococcus spp., Streptococcus spp., Stenotrophomonas spp., 
members of the Enterobacterales, Haemophilus spp., and Actinomyces 
spp.) was correlated (R2 = 0.57, p < 0.001) with a lower Simpson di-
versity index (Fig. 3C). A modest correlation (R2 = 0.28, p < 0.05) 

Fig. 3. A: Alpha diversity of ET biofilms based on their Shannon and Simpson index. B: Simpson index compared to abundance of Pseudomonas spp. as % of reads (R2 

= 0.59, p < 0.001). C: Simpson index compared to combined abundance of the most abundantly identified potential pathogens (Pseudomonas spp., Staphylococcus 
spp., Streptococcus spp., Stenotrophomonas spp., members of the Enterobacterales, Haemophilus spp., Actinomyces spp.) as % of reads (i.e. the sum of the relative 
abundances of each taxon) (R2 

= 0.57, p < 0.001). D: Simpson index compared to abundance of Prevotella spp. as % of reads (log2 transformed) (R2 
= 0.28, p < 0.05). 
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between an increased abundance of Prevotella spp. and a higher Simpson 
diversity index was also observed (Fig. 3D). 

Bacterial infections, both community or hospital acquired, have been 
reported with many respiratory viral infections. In influenza (the most 
studied viral infection in this context), infections with Streptococcus 
pneumoniae, Staphylococcus aureus, and Haemophilus influenzae are 
commonly reported, and these infections can severely affect disease 
outcome [64–66]. Infections with other potential pathogens like Kleb-
siella spp. and Pseudomonas aeruginosa have also been reported [67]. For 
COVID-19, hospital acquired infections are common with Mycoplasma 
pneumoniae, Pseudomonas aeruginosa, and Haemophilus influenzae [11]. 
Other pathogens found in the present study have also been reported, 
including Enterobacter cloacae, Acinetobacter baumannii, and Klebsiella 
pneumoniae [68]. These bacterial infections are all caused by species also 
identified in the ET biofilms investigated in the present study. Although 
the presence of these bacteria in the lungs does not seem to increase 
mortality in COVID-19 patients, they could be associated with potential 
severe complications and may extend the hospital stay of the patients 
[13,19]. Both the culture-dependent and culture-independent approach 
revealed that many potential lung pathogens were present in the ET 
biofilms. Combined, our data show that biofilms recovered from ETs 
from mechanically ventilated COVID-19 patients are diverse and contain 
many different organisms that are known to be clinically relevant. 
Although the small sample size and the diverse nature of the patient 
population investigated does not allow to link ET biofilm composition 
and clinical outcome, it is not unlikely that the ET biofilm may serve as a 
reservoir for subsequent lung infections. 

Fig. 4. Abundance of most-frequently identified fungal genera in every sample 
(‘most-frequently identified’ is defined as the top 5 across all the ET biofilms 
investigated). 

Fig. 5. Prevalence of resistant (R), intermediate-resistant (I) and susceptible (S) bacterial isolates against aztreonam (AZT), ceftazidime (CAZ), clindamycin (CDM), 
gentamicin (GEN), meropenem (MEM), moxifloxacin (MXF), and vancomycin (VAN) for A: All tested isolates, B: Klebsiella spp., C: Enterobacter spp., D: Pseudomonas 
aeruginosa, E: Staphylococcus spp., F: Enterococcus spp. 
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3.5. Antimicrobial susceptibility 

Resistance towards antibacterial agents varied between different 
antibiotics, i.e. from 0% (for vancomycin, n = 44) to 68% (for mer-
openem, n = 123) (Fig. 5A). The occurrence of resistance also varied 
between different genera (Fig. 5B–H), e.g. 42% of all Klebsiella spp. 
isolates investigated were resistant (n = 33) to meropenem while this 
was 94% for Pseudomonas aeruginosa (n = 32). Similarly, moxifloxacin 
resistance was observed in only 27% of all Enterobacter spp. isolates 
investigated (n = 15), while 91% of all Klebsiella spp. isolates investi-
gated (n = 33) were resistant to this antibiotic. Antimicrobial suscepti-
bility was lowest in Pseudomonas aeruginosa, which is not a surprise as 
this organism is notoriously resistant to many antibiotics [69,70]. 
Overall, the frequency of antimicrobial resistance was high, which was 
expected as these were samples from an ICU setting, where antibiotic 
resistance occurrence is typically high [71]. Additionally, it is likely that 
these patients were treated with antibiotics prior to and during the 
mechanical ventilation, which could potentially also lead to a higher 
incidence of resistance in the ET biofilm. 

Overall, the frequency of resistance to antifungals was rather low 
(5% for caspofungin, 33% for fluconazole and 28% for itraconazole) 
(Fig. 6). No breakpoints were available for nystatin, but for all isolates 
except two, the zone of inhibition ranged from 19 mm to 28 mm. The 
two exceptions were two Candida albicans isolates with no zone of in-
hibition. These same two isolates were also resistant to caspofungin. As 
most of the isolates available for testing were identified as Candida 
albicans, a comparison of resistance between the different species is 
difficult, although it was noted that the five Candida tropicalis isolates, 
recovered from three ET biofilms, were all resistant to fluconazole and 
itraconazole. 

For both antibacterial and antifungal agents, differences between 
isolates from the same ET biofilm were observed and are summarized in 
Table 2. This heterogeneity was observed in 14 out of 31 ETs for at least 
one species and one antibiotic. However for most ETs, only 1–4 isolates 
of the same species were tested and the criteria for heterogeneity were 
quite strict (≥5 mm difference in zone of inhibition or ≥ factor 8 dif-
ference in MIC value in a single ET biofilm). Because of these reasons, it 
seems likely that additional heterogeneity would be detected if antimi-
crobial susceptibility would be determined for more isolates and/or with 
less strict criteria. The highest number of isolates from the same species 
in a single ET biofilm were 10 Pseudomonas aeruginosa isolates (patient 
10). In this case a single isolate was classified as R for ceftazidime while 
the nine others were classified as I. It is clear that if only 1 in 10 isolates 
shows reduced susceptibility, this could easily be missed if only a few 
were available for testing. While the experimental setup was not 

designed to accurately determine the prevalence of this heterogeneity in 
ET biofilms, it is clearly present and likely quite common. Heterogeneity 
in antimicrobial susceptibility could have important ramifications for 
antimicrobial susceptibly testing in a clinical setting in terms of how 
many isolates should be tested to determine whether a treatment would 
be effective. This type of heterogeneity in samples obtained from a single 
patient has been reported and investigated before, especially for cystic 
fibrosis patients [72], but should also be further investigated in relation 
to VAP in future studies. 

3.6. Limitations of the present study 

There are a number of limitations of this study, the first being the 
small sample size. Secondly, as patient identity was blinded, no clinical 
characteristics could be collected, which prevents us from identifying 
potential confounding factors that could affect biofilm composition 
(including -but not limited to-age, smoking status, comorbidities and 
medication status). Finally, we have no information on whether lung 
infection was present prior to COVID-19 infection and/or being 
admitted to the ICU. 

Fig. 6. Prevalence of resistant (R) and susceptible (S) Candida spp. isolates against caspofungin (CAS), fluconazole (FLU), and itraconazole (ITR) for A: All tested 
isolates, B: Candida albicans, and C: Candida tropicalis. 

Table 2 
Heterogeneity in antimicrobial susceptibility against aztreonam (AZT), ceftazi-
dime (CAZ), clindamycin (CDM), fluconazole (FLU), gentamicin (GEN), itraco-
nazole (ITR), meropenem (MEM), and moxifloxacin (MXF) in isolates recovered 
from the same ET and belonging to the same MALDI-TOF cluster. Heterogeneity 
is defined as presence of isolates with ≥5 mm difference in zone of inhibition or 
≥ factor 8 difference in MIC value in a single ET biofilm.  

Species Antimicrobial(s) (number of 
ETs in which heterogeneity in 
susceptibility towards this 
antibiotic was observed/total 
number of ETs from which 
this species was isolated) 

Number of ETs in which 
heterogeneity in susceptibility 
to any antibiotic was 
observed/total number of ETs 
from which this species was 
isolated 

Staphylococcus 
epidermidis 

CDM (4/28), GEN (5/28) 7/28 

Pseudomonas 
aeruginosa 

AZT (1/8), CAZ (2/8), MEM 
(1/8) 

3/8 

Klebsiella 
aerogenes 

AZT (2/7), CAZ (2/7), MEM 
(1/7), MXF (1/7) 

2/7 

Klebsiella 
variicola 

AZT (1/2), CAZ (1/2), MEM 
(1/2), MXF (1/2) 

1/2 

Citrobacter koseri CAZ (1/5) 1/5 
Morganella 

morgannii 
AZT (1/4) 1/4 

Candida 
parapsilosis 

FLU (1/1), ITR (1/1) 1/1  

F. van Charante et al.                                                                                                                                                                                                                          



Biofilm 4 (2022) 100079

9

4. Conclusion 

Investigation of biofilms formed on 31 ETs obtained from 
mechanically-ventilated COVID-19 patients showed that these consisted 
of species that are typically part of the lung microbiome, and contained 
conventional respiratory pathogens. Where the culture-independent 
approach yielded a more complete picture of the biodiversity in these 
biofilms, the culture-dependent approach also allowed species level 
identification of the dominant potential pathogens. The taxa identified 
were similar to those observed in other studies investigating coinfections 
in COVID-19 patients and studies investigating coinfections that 
occurred with other respiratory viruses. Finally, results from the present 
study indicated that many isolates recovered from ET biofilms were 
resistant to commonly-used antibiotics, potentially further complicating 
treatment of infections in these patients. 

CRediT authorship contribution statement 

Frits van Charante: Investigation, Formal analysis, Writing – orig-
inal draft. Anneleen Wieme: Writing – review & editing. Petra Rigole: 
Investigation. Evelien De Canck: Investigation. Lisa Ostyn: Investiga-
tion. Lucia Grassi: Investigation, Writing – review & editing. Dieter 
Deforce: Formal analysis, Supervision, Writing – review & editing. 
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