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Introduction
PROBLEM: In Europe, 8.9 million healthcare-associated infections (HAIs) in hospitals are estimated to occur each year (ECDC, 2016), and the number of drug-resistant infections is increasing. Biocides are
widely used as disinfectants to control and prevent transmission within healthcare settings (Webber et al., 2015). The emergence of bacterial tolerance to biocides and cross-resistance to antibiotics
represents a major potential challenge. Biocides often have to eradicate biofilms presenting an additional difficulty in control of HAIs due to their inherent antimicrobial resistance (Percival et al., 2015).
SOLUTION: Effective Infection Prevention and Control (IPC) strategies are essential to prevent infections and limit the impact of drug-resistant infections. Understanding bacterial responses to different
biocidal agents in biofilms and any link with antibiotic resistance is key to design improved IPC protocols.
AIMS: To investigate the impact of prolonged disinfectant exposure on nosocomial pathogens in biofilm and planktonic conditions to inform how to better control hospital-acquired infections.

Biofilm evolution model
• An in vitro bead-based biofilm evolution model (adapted from Poltak and Cooper, 2011) was used to study the evolutionary changes that occur in Staphylococcus aureus and Enterococcus faecalis
when exposed to biocides (Figure 1). Biofilm and planktonic lineages were exposed to sub-lethal concentrations of two biocides, chlorhexidine (CHX) and octenidine (OCT) in parallel for up to 250
generations. Isolates were randomly recovered from the start, middle and end of each experiment to assess changes over time. A total of 308 isolates were phenotyped.
• E. faecalis biofilms were able to adapt to escalating CHX concentrations (up to 32 μg/ml); biofilm productivity was maintained until growth stopped. Planktonic lineages were able to survive at higher
concentrations of CHX (Figure 2). Similar results were observed for S. aureus (not shown). Both species could also adapt to escalating OCT concentrations but only to lower concentrations than CHX.
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Figure 1. Experimental design. A total of four independent lineages per condition were
established. Phenotypic assays and whole genome sequencing analyses are then performed
with the resulting evolved isolates.

Figure 2. Biofilm (CFU/mm² of bead) and planktonic (CFU/mL) productivity plotted against
biocide concentration, which increased over time (ladder model).

Biofilm biomass production differs between conditions

Colony morphology

E. faecalis mutants showed lower biofilm formation after being stressed with CHX (Figure 3A)
than with OCT (Figure 3B).
• For S. aureus, the biofilm biomass increased for both stresses (not shown).

• Colony morphologies of isolates obtained over the exposure series were scored on a 1-3 scale.
• Colonies isolated from biofilms became paler over time after exposure to CHX for E. faecalis
further demonstrating constraint of biofilm formation by CHX exposure (Figure 4). No
differences were seen over time for OCT and a converse pattern was observed for S. aureus.
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Figure 4. Congo red assay to assess biofilm production and colony morphology.

Figure 3. Biofilm quantification by crystal violet staining for E. faecalis stressed with CHX (A) and OCT (B).

Fitness

Biocide – Antibiotic cross-resistance

• WT S. aureus growth in TSB broth with no biocide was higher than WT E. faecalis (Figure 5).
• Isolates from across the exposure series (in either condition) were not inhibited in their ability
to grow in planktonic culture indicating no fitness deficit. In fact, after CHX exposure, growth of
E. faecalis mutants was higher than the parent strain (Figure 6).

• Antibiotic MICs were determined to identify any cross-resistance resulting from biocide
exposure. Low level changes to various drugs were seen.
• Resistance to cefotaxime was consistently observed for E. faecalis (Figure 7) and S. aureus (not
shown) after CHX and OCT exposure.

Enterococcus faecalis – Stress: CHX

Figure 5. Growth curves of the wild types (WT).

Figure 6. Relative AUC to WT for E. faecalis stressed with CHX.
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Figure 7. Resistance profile of E. faecalis exposed to CHX.

Summary
• Two important nosocomial pathogens could adapt tolerance to two common biocides. This had different collateral impacts between species and selective agents on biofilm formation, colony
morphology and fitness. Cross-resistance to cefotaxime was associated with CHX and OCT exposure.
• Different biocides may have different potential to select for tolerance, fitness costs and cross-resistance to antibiotics. The genetic basis for this is being investigated.

