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A B S T R A C T   

Multi-species biofilms are more resistant against stress compared to single-species biofilms. However, the 
mechanisms underlying this common observation remain elusive. Therefore, we studied biofilm formation of 
well-known opportunistic pathogens (Acinetobacter baumanii, Enterococcus faecium, Escherichia coli, Staphylo
coccus haemolyticus and Stenotrophomonas maltophilia) in various approaches. Synergistic effects in their multi- 
species biofilms were observed. Using metatranscriptomics, changes in the gene expression of the involved 
members became evident, and provided explanations for the improved survivability under nutrient limitation 
and exposure to disinfectants. Genes encoding proteins for vitamin B6 synthesis and iron uptake were linked to 
synergism in the multi-species biofilm under nutrient-limited conditions. Our study indicates that sub-lethal 
concentrations of an alcohol-based disinfectant enhance biofilm yields in multi-species assemblages. A reduc
tion of the dominant taxa in the multi-species biofilm under disinfectant pressure allowed minor taxa to bloom. 
The findings underline the importance of minor but antimicrobial-resistant species that serve as “protectors” for 
the whole assemblage due to upregulation of genes involved in defence mechanisms and biofilm formation. This 
ultimately results in an increase in the total yield of the multi-species biofilm. We conclude that inter-species 
interactions may be crucial for the survival of opportunistic pathogens; especially under conditions that are 
typically found under hospital settings.   

1. Introduction 

In nature, bacteria commonly protect themselves by producing 
multicellular surface-associated communities embedded in an extracel
lular polymeric substances (EPS) known as biofilms (Flemming and 
Wingender, 2010). Compared to planktonic forms, biofilms are more 
resistant against abiotic and biotic stress factors, such as desiccation, 
grazing, and antimicrobial agents (Esbelin et al., 2018; O’Toole and 
Kolter, 1998; Raghupathi et al., 2018). Bacteria can also engage in 
inter-kingdom interactions with other organisms such as viruses, 
archaea, protozoa, and fungi in certain biofilms (Flemming et al., 2016). 
Multi-species biofilms are commonly found in natural habitats such as 
sediment surfaces in rivers, soils, and hypersaline lakes, where they 

fulfill important ecosystem functions (Andrews and Harris, 2000; Bri
slawn et al., 2019; Røder et al., 2016) as well as many artificial interfaces 
constructed by humans, such as ship hulls and medical devices in hos
pitals (Khatoon et al., 2018; Salta et al., 2013). From the perspective of 
humans, biofilm formation can pose a serious health problem; many 
opportunistic human pathogens can form biofilms, which allows them to 
thrive in the built environment, and to survive under clinical settings 
(Kelly et al., 2012; Khatoon et al., 2018). 

The majority of bacterial infections in humans is associated with 
biofilms (Paredes et al., 2014). Hospital-acquired infections (HAIs) 
caused by opportunistic pathogens are suggested to further increase and 
to continue to pose a high healthcare burden in both developed and 
developing countries (Allegranzi et al., 2011; Khan et al., 2017). HAIs 
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cause costs of approximately $9.8 billion each year (Monegro et al., 
2020). More than 2.5 million HAI episodes occur each year in Europe 
with approximately 90,000 deaths (Cassini et al., 2016). Due to their 
high resistance against a broad range of antimicrobial agents and com
mon cleaning regimes, biofilms contribute to the persistence of oppor
tunistic pathogens in hospital settings (Guyot et al., 2013; Hu et al., 
2015; Khatoon et al., 2018; O’Neill et al., 2007) and are therefore sug
gested as a risk factor for HAIs. Biofilms are also potential hotspots for 
emerging multidrug-resistant bacteria due to increased antibiotic resis
tance gene transfer among members inside such structures (Parsek and 
Singh, 2003; Schwartz et al., 2003). Various opportunistic pathogens 
such as Acinetobacter baumanii, Stenotrophomonas maltophilia, Escherichia 
coli, Enterococcus, and coagulase-negative staphylococci were previously 
shown to form multi-species biofilms (Hu et al., 2015; Schwering et al., 
2013). As bacteria generally coexist in multi-species communities, the 
response of single-cell cultures of a pathogen is unlikely to be sufficient 
to provide an indication of the degree of pathogen tolerance to antibi
otics (Bottery et al., 2020). Hence, such studies should also focus on the 
multi-species communities in which the pathogens reside. However, 
detailed mechanisms underlying this common observation are still 
scarce. It can be assumed that a better understanding of microbial in
teractions and co-existence in multi-species biofilms could provide a 
basis for better treatment options to eradicate opportunistic pathogens. 

Here we report the results of a mechanistic biofilm interaction 
analysis with defined single and multi-species constructs. We exposed 
them to two stress factors, i.e. antimicrobial exposure and nutrient-poor 
environments; both of them are known to commonly occur under hos
pital settings (Mora et al., 2016). We combined quantitative assessments 
of biofilm formation with whole-genome sequencing analyses and RNA 
sequencing in order to obtain detailed insights into the opportunistic 
pathogens’ responses to the selected stress factors. By combining these 
approaches, we addressed the following questions: (i) how is biofilm 
formation induced in multi-species biofilms formed by opportunistic 
pathogens?, (ii) what are the ecological roles of each bacterial strain in 
multi-species biofilms?, (iii) which molecular mechanisms underpin 
multi-species interactions in biofilms? Our findings provide further ev
idence for synergistic effects in multi-species biofilms under stress 
pressure. Interestingly, certain species with relatively low abundance 
but antimicrobial resistance were shown to be important during biofilm 
formation; they facilitate growth of multi-species biofilm communities 
under antimicrobial exposure by upregulating genes involved in defence 
mechanism and biofilm formation which lead to the overall synergism in 
the multi-species biofilm. 

2. Material and methods 

2.1. Origin of the bacterial isolates 

We used five different opportunistic pathogens namely Acinetobacter 
baumanii strain 6340276, Enterococcus faecium strain 6428631, Escher
ichia coli strain 6402087, Staphylococcus haemolyticus strain 48/6 and 
Stenotrophomonas maltophilia strain EA23. The first three isolates were 
obtained from the culture collection of the Department of Internal 
Medicine, Medical University of Graz. The S. haemolyticus strain 48/6 
was previously isolated from a hospital setting (Oberauner et al., 2013) 
while S. maltophilia strain EA23 was previously isolated from eyecare 
solution and shown to be closely related to a clinical strain, S. maltophilia 
K279a (Berg et al., 1999; Lira et al., 2017). These two isolates are part of 
the microbial culture collection of the Institute of Environmental 
Biotechnology, Graz University of Technology. 

2.2. DNA extraction, bacterial identification using 16S rRNA gene 
fragments, and whole genome sequencing 

All bacterial isolates were obtained from − 80 ◦C stocks by inocu
lation of tryptic soy agar (TSA; Sigma-Aldrich, USA) and overnight 

incubation at 25 ◦C. Bacterial genomic DNA was extracted from cultures 
using the MasterPure™ Complete DNA and RNA Purification Kit (Luci
gen, Epicentre; USA) with a modification of the manufacturer’s in
structions by adding an additional 15 μL lysozyme (15 µg/μL, Sigma- 
Aldrich; USA) during cell lysis steps. 

The 16S rRNA gene fragments were amplified using the primers 8F 
and R1492. Polymerase chain reactions (PCR) were performed with as 
Whatman Biometra® Tpersonal thermocycler (Biometra 141 GmbH; 
Göttingen, Germany) in a total volume of 25 μL. The reaction mixture 
contained 1 μL DNA template, 5 μL Taq&Go (MP Biomedicals, Heidel
berg, German), 1 μL of each primer that was adjusted to 10 μM, and 18 
μL ultrapure water. The PCR-amplified 16S rRNA gene fragments were 
sequenced with Sanger sequencing at LGC Genomics GmbH (Berlin, 
Germany). The sequences were manually trimmed using BioEdit (Hall, 
1999) to remove ambiguous sequences and compared against those of 
known origin using the Basic Local Alignment Search Tool (BLAST) 
(Boratyn et al., 2013) and the GenBank database (http://www.ncbi.nlm. 
nih.gov). Genomic DNA, except for S. maltophilia EA23 (its genome was 
already available at Genbank with accession no. NEQT00000000, (Lira 
et al., 2017)), was obtained using the Nextera XT DNA Library Prepa
ration Kit (Illumina Inc.; Cambridge, UK) according to the manufac
turer’s instructions and sequenced on the NextSeq platform using the 
paired-end 150-bp protocol at LGC Genomics GmbH (Berlin, Germany). 

2.3. Biofilm formation assay under exposure to sub-lethal disinfectant 
concentrations 

A commercial disinfectant (Bacillol, BODE Chemie GmbH, Germany) 
with the active ingredients ethanol, propan-2-ol, propan-1-ol, and N- 
alkyl-aminopropylglycine in an approximate ratio of 10:6:1 was selected 
as a common alcohol-based surface disinfectant for the subsequent ex
periments. It is commonly used under clinical settings for surface 
disinfection (Brühwasser et al., 2017; Kenters et al., 2017; Reichel et al., 
2014). Biofilm formation assays were performed in transparent 
flat-bottom polystyrene 96-well microtiter plates (Sarstedt, Germany). 
The method was adapted on the basis of a previous protocol by Stiefel 
et al. (2016). Cultures of the opportunistic pathogens that were grown 
overnight in TSB at 25 ◦C and 100 rpm, were adjusted to an optical 
density (OD600) of 0.05 with (concentration range between 0.312% and 
20%) or without Bacillol for the control treatments. Each well was 
inoculated with 200 μL bacterial suspension and incubated at 25 ◦C for 
24 h under static conditions. Negative controls were included defined as 
columns with sterile TSB. Following the 24 h incubation, planktonic 
cells were removed, and the biofilms were washed twice with 0.9% NaCl 
to remove nonadherent bacteria. Negative controls were treated with 
the same procedure. Subsequently, a total of 200 μL 0.5% crystal violet 
(CV) solution was added to each well. After a 30 min incubation at room 
temperature, the CV solution was removed, and the wells were rinsed 
twice with 0.9% NaCl to remove excess CV. Finally, the stained biofilm 
was solubilized in 200 μL of absolute ethanol and quantifications were 
performed by measuring the OD595 of each well using the Infinite® 200 
PRO microplate reader (Tecan; Mannedorf, Switzerland). To calculate 
the net amount of biofilm formed, the absorbance value of the control 
(wells without any bacterial inoculation) was subtracted. 

2.4. Biofilm formation assays with different growth media and isolate 
combinations 

Biofilm formation assays were performed in 96-well flat bottom 
microtiter plates as described above. A rich medium (tryptic soy broth, 
TSB; Sigma-Aldrich; USA), a minimal medium (M9; Sigma-Aldrich; 
USA) supplemented with 0.8% glucose (Sigma-Aldrich; USA), and TSB 
supplemented with a sub-lethal concentration of Bacillol (2.5%), herein 
referred as TSB-BAC, were used for the cultivation of the analyzed iso
lates. All possible combinations that consisted of either single or com
bined isolates (2, 3, 4, and 5 species) were implemented for the detailed 
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biofilm formation analyses (Supplementary Table 1). Observed biofilm 
interactions were defined according to Ren et al. (2015). Synergism in 
multi-species biofilms occurs when the total biomass of the biofilm is 
greater than then total biomass of the best single-strain biofilm producer 
that is present in the relevant combination. If this was not the case, then 
it was classified as non-synergy. 

2.5. Metatranscriptomic analysis of single and multi-species biofilms 

To assess intra-biofilm interactions on a functional level, a setup 
consisting of E. faecium, S. haemolyticus, and S. maltophilia was selected 
due to strong synergistic interaction in multi-species biofilms. 
Comparative gene expression analyses were performed with single and 
the abovementioned multi-species biofilm. Briefly, biofilm formation 
was induced as described above, except the biofilms were grown in six- 
well plates with a total of 4 mL bacterial suspension per well with equal 
inoculum densities. After removing planktonic cells, the biofilms were 
mixed with 500 μL TRIzol™ reagent (ThermoFisher Scientific; USA) and 
transferred to 2 mL reaction tubes filled with glass beads (0.25 mL–0.1 
mm size). The samples were homogenized at room temperature using a 
FastPrep®-24 Instrument (MP Biomedicals; Germany) for 2 × 30 s at 6.0 
m/s with 1 min in-between cooling on ice and subsequently incubated 
for 5 min at room temperature. The RNA extraction was performed ac
cording to the manufacturer’s protocol. Genomic DNA was removed 
implementing DNAase (Lucigen, Epicentre; USA) according to the 
manufacturer’s protocol. The RNA quality and quantity were assessed 
with a NanoDrop™ 2000/2000c Spectrophotometer (ThermoFischer 
Scientific; USA) and Qubit RNA HS Assay Kit (ThermoFischer Scientific; 
USA), respectively. In addition, the RNA integrity was analyzed using 
the Qubit RNA IQ Assay (ThermoFischer Scientific; USA) to assure suf
ficient quality before further processing. Library preparation (including 
rRNA depletion) and RNA sequencing on the Illumina NextSeq platform 
using the single-end 75-bp protocol was performed by the sequencing 
provider LGC Genomics GmbH (Berlin, Germany). 

2.6. Bioinformatic analysis 

The read quality of genomic and transcriptomic reads was checked 
using FASTQC (S. Andrews, 2010). Illumina adaptor removal and 
quality filtering was performed using Trimmomatic and VSEARCH 
(Bolger et al., 2014; Rognes et al., 2016). For whole genome sequencing 
analysis, high quality paired-end reads were assembled with SPAdes 
with the “careful option” (Bankevich et al., 2012). Contigs with a size 
less than 1000 bp were removed using BBTools (Bushnell, 2014). The 
completeness and the percentage of contaminants in the draft genomes 
was estimated by using CheckM (Parks et al., 2015). Open reading 
frames of each draft genome were predicted using GeneMark (Bor
odovsky et al., 2003) and annotated using the blastp algorithm in DIA
MOND (Buchfink et al., 2015) against the eggNOG database 5.0 
(Huerta-Cepas et al., 2019) for ecological function profiling and with the 
deepARG database (Arango-Argoty et al., 2018) for antibiotic resistance 
profiling. To minimize the risk of false-positives, reads were defined as 
ARG-like reads at the cutoff of E value of 10-10 and a similarity of 90%. 
To compare relative proportions of bacteria in the multi-species biofilm, 
we used Kraken2 and Bracken (Lu et al., 2017; Wood et al., 2019) to 
assign metatranscriptomic reads to E. faecium, S. haemolyticus, and S. 
maltophilia in the multi-species biofilm dataset. Quantification of 
expressed genes was performed using the Bowtie2 aligner and Featur
eCounts (Langmead and Salzberg, 2012; Liao et al., 2014) as described 
above. The whole genome and metatranscriptomic sequencing datasets 
were deposited in the European Nucleotide Archive public repository 
(BioProject no: PRJEB43664). 

2.7. Statistical analysis 

All statistical analyses and graph visualizations were performed in R 

v3.3.1 (R Core Team, 2017) via the Rstudio IDE (available on www.rs 
tudio.com). Analysis of variances (ANOVA) was used to determine the 
significance of disinfectant use on the biofilm yield. Nested ANOVA was 
implemented to determine the significance of the number of species in a 
biofilm and the species composition (nested within number of species) 
on the biofilm yield. The data were log (n + 1) or rank transformed 
whenever required to fulfil the ANOVA assumption. Linear regression 
analysis was used to describe correlations between the observed biofilm 
yield and species richness in single and multi-species biofilms. Linear 
regression analysis is generally more powerful than ANOVA to detect 
statistical significance when the response variable varies monotonically 
with the treatment factor (Cottingham et al., 2005). For comparative 
transcriptomic analysis, the read count tables from FeatureCounts (Liao 
et al., 2014) were used as input for DESeq2 to conduct data normali
zation and differential expression analysis (Love et al., 2014). To 
analyze the significant effects of treatment on expressed bacterial genes, 
normalized transcriptomic abundance profiles which were corrected 
using a regularized logarithm transformation were constructed using the 
DESeq2 R package (Love et al., 2014). For the Bray-Curtis distance 
matrix, the negative values in the normalized transcriptomic abundance 
profiles were replaced with a zero under the assumption that negative 
values represent very low or zero abundance and therefore are insig
nificant for the analysis. The permutational analysis of variance (PER
MANOVA, 999 permutations) was then used to test for significant effects 
of the culture media (TSB vs. M9 vs. TSB-BAC) and the biofilm type 
(single vs. multi-species). DESeq2 was implemented to obtain a list of 
differentially expressed genes in pairwise comparisons between each 
isolate that grew in single and mixed cultures in different media. Vol
cano plots were used to visualize the genes that were differentially 
expressed under two specified conditions (Blighe et al., 2019). Gene 
ontology (GO) terms of the target genes (genes that were upregula
ted/downregulated in each pairwise comparison) were extracted from 
the eggNOG-mapper results and the analysis of the enrichment of GO 
terms was further performed using the topGO package that is imple
mented in R (Fisher test; p-value < 0.05; (Alexa and Rahnenfuhrer, 
2010)). 

3. Results 

3.1. Genomic features of the opportunistic pathogens 

To provide insights into the genetic background of the opportunistic 
pathogens used in this study, whole-genome sequencing was conducted 
for four bacteria (A. baumannii strain 6340276, E. faecium strain 
6428631, E. coli strain 6402087 and S. haemolyticus strain 48/6) and 
retrieved for S. maltophilia strain EA23 from a public database. The 
estimated completeness of the genomes was more than 99% with 
contamination levels lower than 0.6% which can be classified as a high- 
quality draft genome (Supplementary Table 2). The draft genome sizes 
varied from 2.47 to 4.75 Mb, with the GC content in a range of 
32.5–66.4%. A total of 3685, 2720, 3073, 2301, and 4010 genes from 
the A. baumannii, E. faecium, E. coli and S. haemolyticus, and S. maltophilia 
genomes were annotated using eggNOG database, respectively. By 
annotating the draft genomes with the eggNOG and deepARG databases, 
biofilm-associated genes such as pgaA (A. baumanii), veg and divIVA 
(E. faecium), tomB, matB, tabA, and fimA (E. coli), clp, sarA, and agrA (S. 
haemolyticus), yqcC, rpfF, and rmlA (S. maltophilia) were recovered from 
the draft genomes (Supplementary Table 3). The molecular chaperones 
groL and grpE (heat shock proteins) were predominantly found within 
the draft genomes. In addition, hslO a molecular chaperone that is 
involved in the bacterial defense system toward oxidative stress was also 
prevalent. The genes sodA and sodC that encode superoxide dismutase 
which protects against ROS-mediated host defense were also prevalent. 
A total of 17 antibiotic resistance gene classes were detected within the 
draft genomes. E. coli harbored 14 antibiotic resistance genes in its 
genome. Aminoglycoside, bacitracin, betalactam, macrolide- 

W.A. Wicaksono et al.                                                                                                                                                                                                                         

http://www.rstudio.com
http://www.rstudio.com


Journal of Hazardous Materials 422 (2022) 126836

4

lincosamide-streptogramin and multidrug resistance genes were pre
dominantly found in the five genomes. Genes to confer resistance to 
glycopeptide were exclusively detected in the E. faecium genome, 
whereas genes to confer resistance against fosmidomycin, kasugamycin, 
as well as peptide, polymyxin, and sulfonamide antibiotics were exclu
sively detected in the E. coli genome. 

3.2. Biofilm formation assays with single species 

To study the effect of sub-lethal disinfectant concentration on biofilm 
formation of the opportunistic human pathogens, an initial screening 
was performed to find the optimal concentration range. All of the tested 
isolates were able to form biofilms; however, different sensitivities 
against Bacillol were observed. The highest biofilm yield was observed 
with S. maltophilia (OD595 of 2.86 ± 0.04) in TSB whereas the lowest 
yield was observed with E. coli (OD595 of 0.37 ± 0.01) (Fig. 1). Acine
tobacter baumannii, E. faecium and S. haemolyticus produced biofilms 
with an OD595 of 1.54 ± 0.03, 0.67 ± 0.03, and 1.25 ± 0.02, respec
tively. When the isolates were grown in TSB with 5–20% Bacillol (v/v), 
biofilm formation was not detected (OD595 of < 0.05) for A. baumannii, 
E. coli, and S. maltophilia (Fig. 1). However, E. faecium and 
S. haemolyticus were able to form a biofilm when grown in TSB with 10% 
Bacillol (v/v) indicating that these isolates were more resistant to 
Bacillol. Interestingly, E. faecium showed a tendency to produce more 
biofilm when grown in TSB with 0.31–2.5% Bacillol (v/v) in comparison 
to TSB without disinfectant. The observations led to the selection of 
2.5% Bacillol as the sub-lethal disinfectant concentration for mixed 
culture experiments, because this concentration inhibited biofilm for
mation (43–77% inhibition) for most of isolates except for E. faecium 
(Fig. 1). 

3.3. Single and multi-species biofilm formation assays with different 
growth media 

A relatively higher prevalence of synergy in multi-species biofilms 
was observed when the bacteria were grown in M9 (minimal medium) 
and TSB-BAC (medium with disinfectant) compared to TSB. From all 
possible combinations (n = 31; Supplementary Table 1), TSB-BAC led to 
the highest synergistic effects (53.8%), followed by M9 (42.3%), and 
TSB (26.9%) (Fig. 2a). The prevalence of synergistic effects in M9 and 
TSB-BAC showed a tendency to increase with the number of species. 
Within the mixed culture experiments, the combination of E. faecium, 
S. haemolyticus, and S. maltophilia yielded more biofilm in the mixed 
culture compared to the sum up the single cultures indicated a strong 
synergistic interaction (Supplementary Fig. 1). 

Species richness and composition (nested under species richness) had 
a statistically significant effect on the biofilm yield (Table 1). In detail, 
the species richness significantly affected biofilm yield when the isolates 
were co-cultured in M9 and TSB-BAC media, but there was no significant 
difference when they were grown in TSB. Pairwise comparisons indi
cated that treatments containing 3, 4, and 5 species had a significantly 
higher biofilm yield compared to treatments containing 1 and 2 species 
(P < 0.05) when the isolates were cultured in M9 medium. Interestingly, 
in TSB-BAC, the biofilm yields significantly increased along with the 
increase of species richness (1 species < 2 species < 3 and 4 species < 5 
species; P < 0.05). This strengthens the observation that enhanced 
biofilm formation was caused by synergistic interactions in multi- 
species biofilms under nutrient-poor conditions and presence of disin
fectant in the media. 

Based on linear regression analysis, we found that species richness 
had a positive and significant linear effect on the biofilm yield 
(Fig. 2b–d). Biofilm yields showed a tendency to increase with an 
increasing number of bacterial species when the isolates were grown in 
TSB, although the correlation was not statistically different (Fig. 2; 
P = 0.056; r = 0.112). However, a positive correlation between biofilm 

Fig. 1. Effect of the commercial disinfectant Bacillol on biofilm formation. Biofilm yields of (a) Acinetobacter baumannii, (b) Enterococcus faecium, (c) Escherichia 
coli, (d) Staphylococcus haemolyticus, (e) Stenotrophomonas maltophilia that were grown in TSB with a gradient of Bacillol (0–20%) at 25 ◦C for 24 h. Data are presented 
as mean ± SD for each treatment. The different letters above each bar indicate statistical significance at P < 0.05 based on the Tukey post hoc test. 
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yield and the number of species was observed when the isolates were 
grown in M9 and TSB-BAC media (Fig. 3; P < 0.05). Different types of 
growth media affected biofilm yield together with the number of spe
cies; this was supported by the higher r-values that were observed when 
the isolates were grown in TSB-BAC (r = 0.253), followed by M9 
(r = 0.201), and TSB (r = 0.112). 

3.4. Metatranscriptomic analysis of single and multi-species biofilms 

In order to explore the underlying molecular mechanisms of synergy 
in multi-species biofilms cultivated in different media, we selected a 
consortium consisting of E. faecium strain 6428631, S. haemolyticus 

strain 48/6, and S. maltophilia strain EA23 due to their strong synergistic 
interaction in multi-species biofilms (Supplementary Fig. 1). A total of 
404 million raw reads were obtained and the number of reads per 
sample ranged from 27,905 to 10,731,819 after quality filtering, align
ment with the reference genomes and annotation using eggNOG data
base (Supplementary Table 4). The growth medium type substantially 
affected the bacterial composition in the multi-species biofilm (Fig. 3a). 
Multi-species biofilms obtained in TSB and M9 media were dominated 
by S. maltophilia with a relative abundance of 51.1% and 66.8%, 
respectively. Interestingly the proportion differed in the medium with 
disinfectant, TSB-BAC. Under these conditions, E. faecium dominated the 
multi-species biofilm (62.1%) which was followed by S. maltophilia 

Fig. 2. Evaluation of synergism and biofilm yields with different multi-species assemblies that were grown in three different media. Synergism within 
multi-species biofilms was defined according to Ren et al. (2015). Single and multi-bacterial assemblies were grown in TSB (b), M9 (c), and TSB supplemented with 
2.5% of the disinfectant (d). The observed data points (black dots) in panel b-d were collected by quantifying total biomass of single and multi-species biofilms of all 
possible cocultures (up to 5 bacterial species) using the CV assay as described in Supplementary Table 1. 
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(33.9%). The relative abundance of Staphylococcus haemolyticus 
increased to 4% in the multi-species biofilm obtained with TSB-BAC. 
Here, an increased abundance of E. faecium indicated that this taxon 
plays an important role in the multi-species biofilm when disinfectant is 
added and hence it was defined as a keystone species. 

Functional profiles were affected by the biofilm type (single vs. 
multi-species) as well as the utilized medium. Clustering analyses based 
on bacterial functions (eggNOG) showed that samples from single spe
cies biofilms and multi-species biofilms grouped separately (Fig. 3b–d). 
The effect was more pronounced in E. faecium and S. haemoltyticus 
samples (Fig. 3b and c) when compared with S. maltophilia (Fig. 3d). A 
distinct cluster was also formed in single and multi-species biofilms that 
were grown in M9 minimal medium compared to other cultivation 
media (Fig. 3b–d). PERMANOVA analysis indicated that the biofilm type 
(single vs. multi-species) was the major factor influencing gene expres
sions of E. faecium and S. haemolyticus (R2 = 0.303 and 0.359, respec
tively; Table 2) whereas the gene expression in S. maltophilia was mainly 
affected by the medium type (R2 = 0.522). Overall, the biofilm type and 
the cultivation medium affected the global transcriptome of all isolates 
(P < 0.05; Table 2); it explained between 60.0% and 64.1% of the var
iations in gene expression (Table 2). 

3.5. Bacterial functions in single and multi-species biofilms 

To analyze the impact of the biofilm type (single vs. multi-species) 

Table 1 
Summary of the nested analysis of variance (ANOVA) with the parameter species 
richness and species composition on biofilm yield.  

Media 
type 

Effect df MS F P 

TSB Species number  4  2.83  0.99  0.429  
Species composition (species 
number)  

26  2.86  29.00  < 0.001 

M9 Species number  4  6.64  2.86  0.043  
Species composition (species 
number)  

26  2.32  30.21  < 0.001 

TSB-BAC Species number  4  7.53  3.27  0.027  
Species composition (species 
number)  

26  2.30  78.74  < 0.001  

Fig. 3. Relative abundances and species composition in different multi-species biofilms. The bar plot (a) shows the relative abundance of Enterococcus faecium, 
Staphylococcus haemolyticus, and Stenotrophomonas maltophilia in different biofilms. The principal component analysis (PCA) plots (b-d) show the distribution of 
replicate samples. b: Enterococcus faecium, c: Staphylococcus haemolyticus, and d: Stenotrophomonas maltophilia. 
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and the cultivation medium (TSB vs. M9 vs. TSB-BAC) on the detailed 
bacterial transcription activity, a differential gene expression analysis 
was performed using DESeq2. We focused on pairwise comparisons 
between single species biofilms from TSB medium and such that were 
obtained with different media (n = 2). In addition, pairwise compari
sons between multi-species biofilms from TSB medium and the other 
cultivation media (n = 2) were compared. This was complemented by 
pairwise comparison between single and multi-species biofilms that 
were obtained with the same medium (n = 3). Differential gene 
expression was visualized using volcano plots (Supplementary 
Figs. 2–4). The range of differentially expressed genes (Padjusted < 0.05, 
log2fold change > 1, Supplementary Figs. 2–4) varied for each species; 
E. faecium (4.2–21.6%), S. haemolyticus (3.7–25.4%), and S. maltophilia 
(0.5–16.4%). The preliminary results indicated that the S. maltophilia 
transcriptome was relatively less affected by the factors tested in this 
study in comparison to the other bacteria. 

To further characterize the differentially expressed genes in the 
multi-species biofilm obtained with different media, a GO enrichment 
analysis was conducted. Peptide biosynthetic and metabolic processes 
were downregulated whereas the cellular response to iron was upregu
lated when E. faecium was grown in the mixed culture using M9 medium 
in comparison to TSB. A similar response was observed in the tran
scriptome of S. maltophilia, where biosynthetic and metabolic processes 
related to enterobactin were upregulated under this condition. More
over, in the transcriptome of S. haemolyticus, vitamin B6 biosynthesis 
and related metabolic processes were upregulated under this condition. 
Interestingly, S. haemolyticus showed an increased expression of genes 
associated with iron ion transport in the mixed culture using M9 me
dium in comparison to the single culture under the same condition. 
Polysaccharide transport was upregulated when E. faecium was grown in 
the mixed culture using TSB-BAC medium in comparison to TSB. 
Moreover, trehalose biosynthesis was also upregulated. In 
S. haemolyticus, we observed upregulation of arginine biosynthesis and 
metabolic processes under the same conditions. Genes associated to 
cellular respiration and catabolic process were also overrepresented. 

In the deepening analyses, we focused on differentially expressed 
genes that might play an important role in each bacterium’s response 
towards limited nutrient and disinfectant pressure. Stenotrophomonas 
maltophilia was the predominant species in the multi-species biofilm 
obtained in nutrient-limited medium (M9). Genes encoding the putative 
siderophore enterobactin to scavenge iron entE and entF were upregu
lated when S. maltophilia was grown in single or mixed cultures in M9 
medium in comparison to TSB. A gene that encodes a hemin import 
protein showed a similar pattern. These genes likely facilitate the 
growth of this bacterium in the mixed culture under limited nutrient 
availability. Two genes associated with biofilm formation in 
S. haemolyticus, clpB and clpP, were respectively upregulated and 
downregulated, when S. haemolyticus was grown in TSB-BAC. We 
identified a gene that encodes the antiholin-like protein lrgA; it was 
consistently enriched in single cultures of S. haemolyticus in TSB-BAC 
when compared to TSB. Moreover, this gene was also upregulated in 
the mixed culture when grown in TSB-BAC, which highlighted the 
importance of this gene under disinfectant pressure. Expression of hrtA 

that encodes an ABC transporter with efflux transmembrane activity was 
also induced by the presence of the disinfectant. 

Specific genes associated with biofilm formation and defense 
mechanisms in E. faecium were induced by exposure to the disinfectant. 
Among the genes that are involved in cell wall formation, murA and 
murE were downregulated when E. faecium was grown in the mixed 
culture in comparison to the single culture regardless of the medium. In 
addition, murF and murG were shown to be simultaneously upregulated 
in the mixed culture when TSB-BAC was used in comparison to TSB. A 
gene (mprF) that is responsible for the production of lysylphosphati
dylglycerol (LPG) was upregulated when E. faecium was grown in the 
single culture with TSB-BAC in comparison to TSB. Interestingly, the 
gene expression was also increased when compared to the mixed culture 
using TSB-BAC. The same gene was also upregulated in the mixed cul
ture and the same growth media (TSB-BAC vs. TSB). It was induced by 
the presence of disinfectant irrespective of the biofilm type and thus 
likely responsible for the resilience of the keystone species, E. faecium 
under disinfectant pressure. In addition, the glycopeptide resistance 
gene vanA was found to be enriched when E. faecium was grown in the 
mixed culture with TSB-BAC in comparison to TSB (Supplementary 
Table 5). The same gene was enriched in the mixed culture with TSB- 
BAC when compared with the single culture that was grown in the 
same medium. This observation indicated that vanA was specifically 
induced by the disinfectant and presence of other bacterial members in 
the multi-species biofilm. In contrast, disinfectant exposure did not 
induce higher expression of any antibiotic resistance genes of the 
dominant member, S. maltophilia (Supplementary Table 5) under the 
same conditions. Overall, we showed that, the keystone species, 
E. faecium expressed genes that are needed to enhance survival of multi- 
species biofilms under antimicrobial stress. 

4. Discussion 

By combining various mechanistic approaches we showed that spe
cific stress factors, namely limited nutrient availability and disinfectant 
exposure, induced synergistic interactions in multi-species biofilms. 
Moreover, we observed that in such biofilms species that are more 
resistant played a key role for the survival of the whole assemblages. The 
genomes of the implemented clinical strains Acinetobacter baumanii 
strain 6340276, Enterococcus faecium strain 6428631, Escherichia coli 
strain 6402087, Staphylococcus haemolyticus strain 48/6 and Steno
trophomonas maltophilia strain EA23 were shown to harbor various genes 
that may play a crucial role in their survival in hostile environments. For 
example, grpE (a heat-shock stress responsive chaperone) and sodA 
(superoxide dismutase) play essential roles in the survival of bacteria 
that cope with osmotic and oxidative stress, respectively and that they 
are also important for their pathogenesis (Heindorf et al., 2014; Kim 
et al., 2018; Salze et al., 2020; Soto-Giron et al., 2016). Several known 
genes that encode proteins that are responsible for biofilm formation 
such as pgaA, divIVA, fimA, clp, sarA, agrA, rpfF and rmlA (Choi et al., 
2009; Fattahi et al., 2015; Frees et al., 2004; Huang et al., 2006; 
McCarthy et al., 2015; Sharma and Khan, 2018; Zhuo et al., 2014) were 
detected in the current study, indicating that the selected isolates 
harbored a strong potential for biofilm formation. 

Multi-species biofilms reproducibly showed synergistic effects in 
biofilm formation under stress conditions (nutrient-poor medium and 
disinfectants), when specific assays were conducted. Our study showed 
that sub-lethal concentrations of a common disinfectant enhanced bio
film yields of pathogenic bacteria when they occur in multi-species as
semblages. Low concentrations of disinfectants are known to induce 
biofilm production in E. faecium and various staphylococci (Luther et al., 
2018; Pidot et al., 2018). Moreover, a foregoing study reported that 
increased biofilm formation by S. aureus grown in 2.5% ethanol (Slany 
et al., 2017), which is comparable with the alcohol concentration in the 
disinfectant that was used in this study. In multi-species biofilms, a 
higher prevalence of synergism was observed when the bacteria were 

Table 2 
Effects of the biofilm type (single vs. multi-species) and the cultivation medium 
on bacterial gene expression.  

Factor E. faecium strain 
6428631 

S. haemolyticus 
Strain 48/6 

S. maltophilia 
strain EA23 

R2 

value 
P 
value 

R2 

value 
P 
value 

R2 

value 
P 
value 

Biofilm type  0.303  0.001  0.359  0.001  0.119  0.009 
Medium  0.297  0.001  0.258  0.001  0.522  0.001 
Biofilm 

type × Medium  
0.098  0.071  0.201  0.001  0.066  0.200  
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grown under stress, i.e. nutrient-poor medium and medium with disin
fectant. Similar cooperative interactions in multi-species biofilms under 
selective antimicrobial have been reported previously (Parijs and Stee
nackers, 2018). Furthermore, we found that the overall biofilm forma
tion increased together with the number of bacterial species in the 
multi-species biofilm. This cooperation could be due to changes in the 
global gene expression of the bacteria as a response to the environmental 
changes and also to the presence of other members in the multi-species 
biofilm. Our results are supported by previous findings (Burmølle et al., 
2006; Raghupathi et al., 2018), which demonstrated that inter-species 
compatibility is crucial in order to ensure better survival under hostile 
conditions. Hence it can be argued that compatible multi-species bio
films are crucial for the survival of certain opportunistic pathogens; 
especially under conditions that are typically found under hospital set
tings. In this study, we allowed biofilms to form for only 24 h. In the 
built environment, bacteria are commonly exposed to long-term 
nutrient-poor conditions and continuous disinfection regimes. There
fore, further studies implementing combined exposure over extended 
periods of time will be needed to further refine our understanding of 
biofilm development and biological interactions therein. 

S. maltophilia is known to be an efficient biofilm producer (Maes 
et al., 2019; Pompilio et al., 2011). It was found that biofilm formation is 
an important feature of S. maltophilia, when it has to compete with other 
microorganisms as well as in its natural environment, which is the plant 
root (Ryan et al., 2009). This is also reflected in our study, where 
S. maltophilia dominated the multispecies biofilms (> 50%) under 
nutrient-poor as well as under nutrient-rich conditions. We hypothesize 
the implemented isolates competed under ideal growth conditions (TSB 
medium). Competition for resources and niches, for instance, by pro
ducing biofilm inhibitory compounds leading to higher competitiveness 
and lower prevalence of synergism in biofilm formation is well known 
(Guillonneau et al., 2018; Rao et al., 2005). However, this changes under 
stress conditions as it was also evidenced in the present study where 
inter-species communication was observed in multi-species biofilm. Iron 
depleted conditions can inhibit bacterial growth as well as biofilm 
development (Banin et al., 2017; Lin et al., 2012; Oglesby-Sherrouse 
et al., 2014). Hence, upregulated genes that were assigned to the side
rophore enterobactin and iron uptake likely facilitated thriving of 
S. maltophilia under limited nutrient availability. Interestingly, 
E. faecium upregulated cellular response to iron ion suggesting a 
co-habitant response in the multi-species biofilm. Simultaneously, 
vitamin B6 biosynthesis in S. haemolyticus was upregulated, which 
indicated increase utilization of it. Vitamin B6 is an essential cofactor for 
enzymes that are involved in amino acid metabolism (Rosenberg et al., 
2018). Overall, we hypothesize that each bacterium in the multi-species 
biofilm played a specific role by producing compounds that were limited 
under the experimental conditions, which ultimately lead to an overall 
higher biofilm formation than for the individual bacteria. Further 
studies with knockout mutants targeting iron uptake and vitamin B6 
pathways could provide deeper understanding of the molecular mech
anisms behind the observed synergistic biofilm production. 

Our findings also indicate that low-abundant but antimicrobial- 
resistant species, defined as keystone species, can play an important 
role in multi-species biofilms when they are exposed to disinfectants. 
Despite the predominance of S. maltophilia in the multi-species biofilm, 
the relative abundance of the keystone species, E. faecium and 
S. haemolyticus increased in multi-species biofilms under disinfectant 
pressure when compared to the reference growth condition. This 
observation indicates that bacterial community shifts are induced by 
disinfectants, which lead to an increase of the keystone species and 
simultaneously can have positive effects on the whole assemblage. The 
bacterial community shifts allowed low abundant taxa to bloom due to a 
higher resistance towards the disinfectant. They served as “protectors” 
for the dominant taxa. By implementing a metatranscriptomic approach, 
expression of vanA was shown to be upregulated. It is known for its 
potential to confer cross-resistance to both disinfectants and antibiotics 

(Mc Carlie et al., 2020). Numerous studies demonstrated that the 
application of disinfectants can induce cross-resistance to antibiotics 
including multidrug efflux pumps (Camarena et al., 2010; Chen et al., 
2021; Merchel Piovesan Pereira et al., 2021). Our study provides further 
insights into the risks associated with the use of chemical disinfectants in 
terms of activation of cross-resistance to antibiotics in emerging 
opportunistic pathogens as a part of their defense strategy. Moreover, 
considering that biofilms are more difficult to be treated than planktonic 
bacteria, upregulation of certain antibiotic resistance genes suggests the 
potential for exacerbating bacterial virulence. 

The low-abundant species also showed an enriched expression of 
certain genes i.e. lrg and mprF (Peschel et al., 2001; Ranjit et al., 2011; 
Sohlenkamp and Geiger, 2016) and pathways i.e. polysaccharide 
transport (Flemming and Wingender, 2010) that are involved in biofilm 
formation. These upregulated genes in low-abundant but 
antimicrobial-resistant keystone species of the assessed multi-species 
biofilm might be a key factor for the observed resilience towards the 
disinfectant and determinative for the overall synergism in the 
multi-species biofilm. From a previous study, diffusible signal molecules 
that were released by S. maltophilia could modulate biofilm formation 
and tolerance toward antibiotics in Pseudomonas aeruginosa indicating 
that interspecies signalling can influence the behavior of organisms 
growing in multi-species communities (Ryan et al., 2008). The overall 
findings of the study provide novel insights into survival mechanisms in 
multi-species biofilms under sub-lethal concentrations of disinfectants, 
where bacteria likely rely to each other. It was shown that limited nu
trients and disinfectants influence the bacterial composition and gene 
expression in multi-species biofilms, which collectively leads to syner
gism (Fig. 4). Hence, our study underlines the importance of a better 
understanding of inter-species interactions in order to improve the 
control of human pathogens. 

5. Conclusions 

This study provides novel insights into interactions between oppor
tunistic human pathogens in multi-species biofilms. Synergism in the 
multi-species biofilm was prevalently observed when the pathogens 
were exposed to different stress factors. Our findings shed light on po
tential key genes for commonly observed synergism in multi-species 
biofilms and highlight the so far mostly overlooked importance of 
low-abundant species in such structures. We highlight that improper 
application of can result in an unwanted outcome, i.e. higher synergism 
and resilience of biofilms due to changing in community composition 
and global gene expression. Deeper understanding of the underlying 
inter-species interactions might help us to effectively control the 
persistence and spreading of opportunistic pathogens in the built 
environment. 
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Fig. 4. Schematic illustration of multi- 
species biofilms that were grown under 
different conditions. Key genes that were 
differentially expressed within the mixed cul
tures under the experimental conditions are 
highlighted. Each cultivation medium, namely 
TSB (nutrient-rich), M9 (nutrient-limited) and 
TSB-BAC (nutrient-rich with disinfectant) 
resulted in a distinct bacterial community 
structure. Under nutrient-rich and nutrient- 
limited conditions, Stenotrophomonas malto
philia dominated the multi-species biofilm. 
Under the latter condition, all strains simulta
neously increased iron uptake and vitamin B6 

synthesis pathways. Under disinfectant pressure, the relative abundance of Enterococcus faecium and Staphylococcus haemolyticus increased and was followed by 
upregulation of expression of genes involved in defence mechanisms and biofilm formation. These regulations ultimately lead to an overall higher biofilm formation 
than for the individual bacteria under nutrient-limited and disinfectant pressure conditions. Gray: Enterococcus faecium, purple: Staphylococcus haemolyticus, yellow: 
Stenotrophomonas maltophilia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)   
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