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A B S T R A C T   

Despite being an innocuous commensal of human skin and mucous membranes, Staphylococcus 
epidermidis, infects surgical wounds and causes infections through biofilm formation. This study 
evaluates, in a time-dependent experiment, the self-dispersion of S. epidermidis CIP 444 biofilm 
when formed on borosilicate glass (hydrophilic) and polystyrene (hydrophobic) surfaces, using 
physical and molecular approaches. During a seven-day period of incubation, absorbance mea
surement revealed a drop in biofilm optical density on both studied surfaces on day 4 
(0.043–0.035 nm/cm2, polystyrene), (0.06–0.053 nm/cm2, borosilicate glass). Absorbance results 
were correlated with crystal violet staining that showed a clear detachment from day 4. The blue 
color increases again on day 7, with an increase in biofilm optical density indicating the regen
eration of the biofilm. Changes in gene expression in the S. epidermidis biofilm were assessed using 
a real-time reverse transcription-polymerase chain reaction. High expression of agr genes was 
detected on days 4 and 5, confirming our supposition of dispersion in this period, autolysin genes 
like atlE1 and aae were upregulated from day 3 until day 6 and the genes responsible for slime 
production and biofilm accumulation, were upregulated on days 4, 5, and 6 (ica ADBC) and on 
days 5, 6 and 7 (aap), indicating a dual process taking place. These findings suggest that 
S. epidermidis CIP 444 biofilms disperse at day 4 and reform at day 7. Over the course of the seven- 
day investigation, 2-ΔΔCt results showed that some genes in the biofilm were dramatically 
enhanced while others were significantly decreased as compared to planktonic ones.   
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1. Introduction 

Staphylococci are gram-positive bacteria that were first identified in 1878. They have been linked to infections at various body 
sites, more recently to infecting implanted medical devices [1]. Staphylococcus epidermidis, a coagulase-negative staphylococcus, has 
been considered a major nosocomial pathogen despite being a normal component of the human flora, primarily of the skin and mucous 
membranes. It is capable of forming biofilm, infecting surgical wounds, and causing infections associated with indwelling medical 
devices [2]. Globally, it causes 50–70 % of catheter-related infections and 30–43 % of joint prosthetic infections [3,4]. The infection 
rate, however, eventually rises to 100 % for transient implants like venous catheters [5]. 

Biofilms are the typical way that bacteria inhabiting medical equipment gather and spread. Biofilm matrix polymers are chemically 
diverse in nature and include polysaccharides, proteins, lipids, and teichoic acids. Other substances released from dead cells are also 
believed to contribute to the biofilm matrix, including DNA, which is known as extracellular DNA (eDNA). The stages of biofilm 
establishment consist of formation, development, and dispersal. Each stage incorporates a wide set of genes that control the whole 
process. Staphylococci are threatening pathogens in both acute and chronic human infections because of their capacity to appropri
ately regulate a wide arsenal of virulence factors, such as toxins, degradative enzymes, antimicrobial resistance genes, and immune 
evasion mechanisms, and to successfully secure infectious niches in a wide range of organ systems [1,6]. 

The adhesion between the bacterial cells and the surface is mediated by polysaccharide adhesin (PS/A), the bacterial surface- 
associated proteins SSP-1 and SSP-2, autolysin E, and probably bhp, a protein similar to Bap in Staphylococcus aureus. It has been 
proposed that autolysin genes atlE1 and aae promote S. epidermidis adherence to immobilized plasma proteins vitronectin, fibronectin, 
and fibrinogen and that they may be responsible for triggering the development of biofilm on conditioned biomaterial surfaces [7,8]. 
To form the biofilm matrix, the second step involves the production of polysaccharide intercellular adhesin (PIA) or, according to its 
chemical composition, poly-N-acetylglucosamine (PNAG) [9], assuring the accumulation of multilayered bacterial cell clusters. The 
N-acetylglucosaminyl moieties in PIA are 1–6 linked [10]. PIA biosynthesis is encoded by the ica locus in S. epidermidis, which 
comprises the icaA, icaD, icaB, and icaC genes [11]. Upstream of the ica operon is the negative regulator (repressor) icaR gene, which is 
transcribed in the opposite direction of the icaADBC operon [12]. Additional molecule which contribute to biofilm formation espe
cially in the case of PIA-independent biofilms, is the accumulation-associated protein (aap) which is a cell wall-associated protein of 
approximately 220 kDa, and its S. aureus orthologue, sasG [13]. Unknown regulatory mechanisms govern the transcription of aap. A 
transcriptomics investigation of S. epidermidis biofilms at various developmental stages indicated that aap was down-regulated at the 
transcriptional level in late-stage biofilms, indicating that its function may be limited to the early phases of biofilm creation and may 
not be involved in the maintenance of S. epidermidis biofilms [14]. Quorum sensing stands out as one of the most thoroughly inves
tigated and, likely, most significant regulatory mechanisms for the control of pathogenesis. Through cell-cell communication, quorum 
sensing is a form of environment- and population density-dependent gene regulation [15]. The accessory gene regulator (agr) system 
and the luxS system are two regulatory systems found in staphylococci. In Gram-positive bacteria, agr is regarded as the prototype 
quorum-sensing regulator system and luxS’s function as a quorum-sensing system in staphylococci is less clear [16]. In several animal 
models of acute infection caused by S. aureus, the up-regulation of virulence factors by agr is required for disease progression [17,18]. 
The agr locus contains four genes: agrB, agrD, agrC, and agrA [19]. Autoinducing peptide (AIP), a peptide precursor of agr’s extra
cellular quorum signal, is encoded by the agrD transcript [20]. The thiolactone modification, C-terminal cleavage, and export of the 
AIP are all carried out by the transmembrane endopeptidase encoded by the agrB gene [21,22]. agrC is a transmembrane protein that is 
phosphorylated upon the binding of AIP. agrA, the related response regulator, forms a two-part signal transduction system encoded by 
the agrC and agrA genes [23–25]. After maturation to the three-dimensional structure [26], disruptive forces take place through 
enzymes (e.g. proteases and nucleases) that degrade biofilm polymers, and surfactant-like molecules, like the staphylococcal 
phenol-soluble modulins (PSMs), which disrupt non-covalent interactions [27,28]. This disruption causes biofilm detachment. During 
an infection, bacterial cells will detach from the biofilm and colonize other sites. In these cases, auto-dispersed bacterial cells will form 
a fresh biofilm, thus spreading and worsening the infection [29]. PSMs and proteases, two main biofilm structuring and dispersal 
factors, are controlled by the accessory gene regulator system (agr). Enhanced agr activity causes upregulation of many exoproteins, 
such as the delta toxin which belongs to (PSMs) family, promoting biofilm detachment and downregulation of surface-associated 
proteins [30]. 

Biofilm dispersion is a complicated stage incorporating a network of signals that are not fully understood. Two main strategies are 
followed by biofilms during detachment: active dispersal, in which the biofilm cells respond to an anti-biofilm stimulus (nutrient 
starvation or sequestration, dispersal signal release, quorum sensing inhibition, or stringent response interference) by actively 
degrading the matrix, thereby releasing planktonic cells and passive dispersal, in which an external force (sharp debridement) causes 
the complete or partial destruction of the biofilm [30]. We focus our research in this study on the auto-dispersion stage of S. epi
dermidis biofilm in a time-dependent manner on different surfaces used in the medical field, detecting the period of time during which 
biofilm disintegrates with the assessment of gene expression. 

2. Materials and methods 

2.1. Bacterial strain 

In this research, the gram-positive bacterium S. epidermidis CIP 444 (109563) was investigated. It is a clinical strain isolated from a 
patient with an infected implanted device who was being treated at the Mignot Hospital in Versailles, France. This strain is a reference 
strain, extensively described in earlier investigations, and incorporated into the Institute Pasteur’s collection of microorganisms in 
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2007. 
Biofilm formation on different surfaces S. epidermidis CIP 444 was cultured in tryptic soy broth (TSB) from Himedia (Mumbai, India) 

for 18 h at 37 ◦C. For biofilm formation, two different surfaces, slightly polar hydrophilic glass (Borosilicate, 50 mL, Pyrex, Germany) 
and hydrophobic plastic (Polystyrene, 60 mm, Plastilab, Lebanon) were used. Both variants were supplemented with 7 mL of TSB 
supplemented with 0.25 % (wt/vol) glucose, inoculated with 1 × 106 CFU/mL from the preculture and incubated at 37 ◦C for different 
periods of time, from 1 to 7 days. The experiment was carried out in triplicate and with three independent repetitions. 

2.2. Physical examination 

The supernatant (containing planktonic bacteria) was separated daily from the biofilm layer grown on the surfaces. The latter were 
divided into two sets. In the first set, the biofilm was fixed by heating at 80 ◦C and stained for 10 min with 2 mL crystal violet (0.1 % wt/ 
vol), then the stained was discarded and the sample was washed three times with distilled water to remove the excess of the dye. 
However, the second set of biofilm and planktonic bacteria were examined discretely for absorbance at 600 nm using a UV–Vis 
spectrophotometer (GENESYS 10 UV, Thermo Electron Corporation, United States). The area of both studied surfaces was determined, 
and the obtained optical density was calculated as OD per cm2 as shown in Fig. 1(A-D) to compare the biofilm formation and dispersion 
on the two surfaces. 

Optimization for viable cell count. Sonication was an essential step to disintegrate the biofilm sample in order to determine the 
viable count. In order, to exclude the destructive effect of sonication on bacterial viability, pre-cultured planktonic suspensions of S. 
epidermidis CIP 444 were subjected to sonication for periods of increasing duration (1 min, 5 min, 10 min, 15 min) and at an increased 
sonication frequency (20, 25, 30, 35, and 40 kHz). Sonication was performed on an ultrasonic cleaner (Wisd, Daihan, Korea) at 25 ◦C, 
and ice was added to minimize the effect of temperature on the cell viability. The bacteria were then stained with methylene blue for 
Neubauer chamber visualization under a microscope to check cell aggregates before performing a viable count. The results of viable 
counting determined the optimum duration and frequency that are suitable for biofilm disintegration without causing cell death. 

Based on our trials concerning the minimum frequency, it was confirmed that there is no significant effect of using ultrasound at a 
frequency of 20 kHz on the number of viable bacteria for 5 min. This frequency was fixed, and the number of bacteria was evaluated 
three times, repeatedly every 5 min, over a total period of 15 min. A Duncan multiple range test was done to determine, more precisely, 
the perfect time of sonication. A significant difference in bacterial count only after 15 min of sonication. Therefore, a period of 10 min 
was used in the study. After fixing the sonication time, trials were made to choose the best frequency to separate cells while avoiding 
the loss of viable ones. The proposed frequencies were 20, 25, 30, 35, and 40 kHz. The number of bacteria was evaluated with a 
repetition of three times at the above-mentioned frequencies. This work scenario was repeated two times, respectively. The highest 
common frequency between both trials, which did not reflect a significant difference in the bacterial count, was 30 kHz. Henceforth, 
this value was chosen for the continuation of the experiment. 

Colony Forming Units (CFU). Following optimization, biofilm and planktonic cultures were sonicated, and viable counts were 

Fig. 1. Optical density measurement at 600 nm per cm2 for both samples planktonic and biofilm of S. epidermidis CIP 444 growing on borosilicate 
(A, B) and polystyrene (C, D) surfaces. The area of the studied surfaces was calculated for comparison. The biofilm and planktonic were separated on 
a daily basis and optical density was measured for each, for a period of seven days using a UV–Vis spectrophotometer then converted as OD per cm2. 
The letters (a, b, c) represent significant differences in the biofilm density during the seven days on the two surfaces after applying ANOVA followed 
by Duncan’s multiple range test (at p level <0.05). Error bars indicate standard deviations of the means. 
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examined with the pour plate method by adding a volume of 100 μL from the sonicated culture after a series of dilutions on a 
polystyrene plate containing tryptic soy agar (TSA) (Himedia, India). Three plates per dilution were inoculated then incubated at 37 ◦C 
for 24 h, and the concentration of alive bacteria in CFU/mL was determined according to the formula: number of colonies x dilution 
factor/volume of the culture plate. 

2.3. Real-time PCR for genes related to biofilm formation and dispersion of S. epidermidis CIP 444 (109563) 

q-PCR primer design and validation. Based on each gene’s function in S. epidermidis biofilm formation and dispersion, distinct 
primer sets have been developed for each gene. Based only on the coding sequence of the respective genes, primers were designed to 
amplify a 50–150 bp segment and were synthesized by Macrogen (Korea). Primer-dimer or self-complementarities were evaluated 
using the Primer 3 software. Before starting the experiment, primers were optimized using gradient PCR to determine the ideal 
annealing temperature. Table 1 lists the primer pairings for the chosen genes. 

Total RNA isolation. S. epidermidis CIP 444 biofilm was formed on polystyrene plates over 7 days, as mentioned so far. After being 
separated from the supernatant, the biofilm was vigorously pipetted each day using RNase-free water to collect it. The cells were 
centrifuged at 13,000 g for 5 min at 4 ◦C. The pellet was kept separate from the supernatant and pipetted into a 100 μL lysis solution 
containing 10 mg of Tris, 1 mg of EDTA, and 1 mg of SDS. Along with 20 μL of lysozyme (1 mg/mL) and 60 μL of lysostaphin (1 mg/ 
mL), 10 μL of proteinase-K (1 mg/mL) was added. Following a 30-min incubation period, 1 mL of QIAzol lysis reagent (Qiagen, 
Germany) was used to extract RNA from the mixture. 300 μL of chloroform was then added, and the mixture was centrifuged for 15 min 
at 13000 g. In the last stage, 500 μL of isopropanol was used to precipitate the RNA that had been extracted from the top layer. The 
Genova Nano Micro-Volume Spectrophotometer (Life Science, Jenway, UK) was used to measure the total RNA yield and purity of the 
purified RNA after it had been air dried and washed three times with 1 mL of 75 % ethanol. Protein contamination was indicated by the 
absorbance ratio A260/280, whereas contamination with polysaccharides, phenol, or chaotropic salts was indicated by the absorbance 
ratio A260/230. Using the previously described approach, RNA was also extracted for planktonic bacteria. 

Real-time PCR. Using the manufacturer’s instructions of the iScriptTM cDNA Synthesis Kit (Bio-Rad, USA), the total RNA was 
reverse transcribed. With a final volume of 10 μL, reverse transcription was performed under the following reaction conditions: 
enzyme activation (85 ◦C, 5 min), primer annealing (25 ◦C, 5 min), and reverse transcription (50 ◦C, 15 min). In a 96-well plate, real- 
time PCR experiments were conducted using a BIORAD CFX 96 real-time system (CFX 1000, United States) with iTaq TM Universal 
SYBR Green Supermix (BIO-RAD, United States), a 10 μL mixture comprising 1.5 μL (x 2) reverse and forward primers, 1 μL cDNA, and 
5 μL SYBR Green master mix. The qPCR conditions consist of a 3-min initial denaturation at 95 ◦C, 40 cycles of denaturation and 
annealing for 30 s at 95 ◦C, and 1 min at the optimum annealing temperature, respectively. Then followed by an elongation stage 
lasting 30 s at 72 ◦C. After every qPCR study, a melting curve was generated to confirm the amplification of a single product. 

The housekeeping gene 16S rRNA of S. epidermidis was used to standardize the expression levels of all examined genes. The findings 
are shown as threshold cycles (Ct), and the delta (Ct) method was used to compute the transcript levels: ΔCt(gene) - ΔCt (reference). 
The following fold change was computed for each gene’s expression based on the planktonic bacteria (control): 2-(ΔΔCt), where ΔΔCt is 
equal to ΔCt (control) - ΔCt (sample). At least three separate samples were used for the experiment. 

Statistical analysis. Statistical analysis was done using IBM SPSS, version 23. Analysis of variance ANOVA was applied in order to 

Table 1 
List of reverse and forward primers for the genes used in the study.  

Gene Primers 5’ → 3′ Function 

aae-F 
aae-R 

5′-GAGGAGGATTTTAAAGTGC-3′ 
5′-AACATGACCATAGTAACC-3′ 

Surface-associated protein with bacteriolytic and adhesive properties autolysin/ 
adhesins potentially involved in colonization. 

aap-F 
aap-R 

5′-GCACCAGCTGTTGTTGTACC-3′ 
5′-GCATGCCTGCTGATAGTTCA-3′ 

Accumulation-associated protein (AAP) is involved in protein-associated biofilm 
formation and accumulation 

atlE-F 
atlE-R 

5′- TGT CCT GCT TTC ACG TAT GA -3′ 
5′- TTTACGTGGTTAAGGTTTCT-3′ 

Autolysin/adhesins involved in primary adherence and attachment 

ica ADBC-F 
icaADBC- 
R 

5′-TTATCAATG CCGCAGTTGTC-3′ 
5′- GTTTAACGCGAGTGCGCTAT-3′ 

Gene cluster encoding the production of polysaccharide intercellular adhesin (PIA), 
which mediates the intercellular adherence of bacteria and the accumulation of 
multilayer biofilm 

agrA-F 
agrA-R 

5′- AAGCGGGGAAGTAATTCAGT-5′- 
ATCGTGTCGAACTACTTGCA-3’ 

S. epidermidis accessory gene regulator system. 
Enhanced agr activity causes upregulation of many exoproteins, such as the d-toxin, 
promoting biofilm detachment and downregulation of surface-associated proteins. agrB-F 

agrB-R 
5′-TTCGTTTAGGGATGCAGGTA-3′ 
5′-ATCCTCTGTACGTGTGCCAT-3′ 

agrC-F 
agrC-R 

5′-CATCAATATCGCATTCATCG-3′ 
5′-ATTTCCACTATTAGCGCCAA-3′ 

agrD-F 
agrD-R 

5′CACTACAATCTTGGAATTTATTGGT-3′ 
5′-AACTGCTTGGTCTTCATGGTC-3′ 

luxS-F 
luxS-R 

5′-ACACCGCTGCGATACTGCCGCCGGT-3′ 
5′-AGCCGGTGCGGCAGCCAAACGGTGA-3′ 

Quorum sensing system 

bhp-F 
bhp-R 

5′-TCCTCAGTAGCAGCAAGCAA-3′ 
5′-GAAGTAAACCATTCAGATAGCGACA-3′ 

Bap homologue protein involved in accumulation in a PIA independent biofilm 

16S rRNA-F 
16S rRNA- 
R 

5′- GGGCTACACACGTGCTACAA-3′ 
5′-GTACAAGACCCGGGAACGTA-3′ 

16 S ribosomal RNA/housekeeping genes  
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determine the significant changes in biofilm formation for each day. Afterwards, analysis was done for optical density, and then for 
gene expression with respect to days. Duncan’s multiple range test was applied as post hoc test (in the function One Way ANOVA in 
SPSS software) for pairwise comparison of means. Significant difference is usually shown by the use of letters such as a, b, and c, as well 
as combinations such as ab, bc, etc in case of similarities between treatments in different groups. These letters are frequently used to 
denote groups or categories that, according to the statistical analysis of the data, differ considerably from one another (shown as 
different columns in Duncan test table in SPSS). Therefore, different letters will indicate a significant difference in optical density of the 
biofilm, viable count or genetic expression. 

Using the ‘R’ program, Version 3.4. (R Foundation for Statistical Computing, Vienna, Austria) [31], Pearson’s correlation (r) was 
generated for all studied genes. Genes are said to be positively correlated, when r ≥ 0.5 and negatively correlated when r ≥ -0.5 and 
heat map was done for gene expression in biofilm cells as folds (log10) compared to planktonic using function heat map 2 in ‘R’. All 
assays were conducted in triplicates. 

3. Results and discussion 

Optical density measurement. Planktonic and biofilm cultures were separated as previously described. The absorbance of each 
part was measured at 600 nm (Fig. 1A-D) according to the area of the used surface. Results of optical density/cm2 revealed that 
planktonic cells growing on the two surfaces with an initial OD of 0.045 and 0.031 decreased after 24 h of inoculation to 0.014 and 
0 for the borosilicate glass and polystyrene surfaces, respectively. For the biofilm, an increase in OD from 0 to 0.041 (polystyrene) and 
0.055 (borosilicate) was detected (Fig. 1B and D). OD remained approximately stable until day 4, where it decreased (0.035 poly
styrene, 0.053 borosilicate glass), and then rose on day 5 to 0.057 (polystyrene), and 0.086 (borosilicate). This decline is due to dead 
cells lysing (autolysis), which led to a drop in cellular density (concentration). Hence, it indicates that dispersion is taking place in the 
biofilm at this period; furthermore, the OD value rose at day 5, which was explained by biofilm disintegration that increases particles in 
the suspension, and thus more light will be scattered by particles, so diffraction will be intensified, which in turn will be recorded on 
the detector as a higher “OD”. In a study concerning the response of P. aeruginosa biofilms to Cephalosporin-3′-diazeniumdiolates 
(C3D) a decrease in biomass and a rise in optical density in a flow-cell’s effluent, was an indication of biofilm dispersion [32]. This 
declined as the biofilm dispersion process continued till day 7, where on polystyrene it began to increase (OD = 0.034, day 6; OD =
0.041, day 7) as new cells are growing and preparing for a new cycle (Fig. 1D). In fact, when dispersion takes place, the majority of cells 
will lyse, and the remaining cells will become free cells with distinguished traits capable of forming a new biofilm. The biofilm may 
disperse totally, and thus all the architecture will be destroyed completely or partially, which will allow imbedded, alive cells, even in 
dormant stages, to sense condition changes and may reestablish a new biofilm at the original site of formation. The fluctuation in OD 
was similar on both surfaces, with a delay on borosilicate for a new reformation of the biofilm. This was proved by the obtained OD of 
the planktonic bacteria at day 1 (OD = 0) (Fig. 1C), whereas on borosilicate, not all planktonic cells formed a biofilm as the recorded 
OD was higher (0.013) (Fig. 1A). Thus, microbial cell attachment to surfaces is influenced by a multitude of variables, such as surface 
electrostatic charges, van der Waals attraction, gravitational forces, and Brownian movement [33]. This dissimilarity was confirmed 
by applying ANOVA, which revealed a significant difference between the two surfaces in terms of biofilm formation during the same 
period (p < 0.05). The differences that account for this delay originate from the type of culturing surface, where polystyrene (hy
drophobic) had a higher affinity for cells’ attachment [34,35]. As illustrated in the study done by Oliveira et al. four polymeric ma
terials, including silicone rubber, that are often used in indwelling medical devices were tested for S. epidermidis adhesion. All 
substances were regarded as hydrophobic (with different degrees of hydrophobicity), and the quantity of adhered cells was linearly 
associated with an increase in hydrophobicity [36]. Therefore, the comparison between biofilm formation on glass and plastic by 
applying ANOVA reveals that there is no difference between the two surfaces in terms of biofilm formation during the same period 
except in primary attachment (p = 0.037 < 0.05). 

Colorimetric assay using Crystal violet. With respect to the crystal violet assay, the direct observation of the biofilm after fixation 
and staining with crystal violet (0.1 %) showed a more obvious illustration in terms of dispersion that occurred after biofilm matu
ration. The stained area begins to decrease on day 4, showing a clear detachment of the biofilm on different supports (borosilicate 
glass, polystyrene) (Fig. 2A, B). After six days of incubation, the coverage area and intensity of the violet color increased this was 

Fig. 2. Biofilm of S. epidermidis after fixation by heat and crystal violet (blue color) staining at different periods of biofilm life cycle on two surfaces. 
Borosilicate Pyrex (A) and Polystyrene (B). The stain was added for 10 min to the biofilm then rinsed with distilled water. The remained blue stain 
reveals the biofilm that will be visualized by the naked eye. Detachment was noticeable on day 4 (decrease in blue color stain) on both supports and 
biofilm regeneration on day 7 (re-increase in the stained area in terms of blue color). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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visualized at day 7 on both surfaces indicating a neo-formation of the biofilm. Crystal violet stains both bacteria and the surrounding 
biofilm matrix by binding negatively charged molecules [37]. Gram-positive bacteria have a thick peptidoglycan coating on their cell 
walls, which the crystal violet dye adheres to, coloring them violet under a light microscope. Consequently, it offers the benefit of 
allowing for quick monitoring of biofilm development on physical supports. However, it does not provide a quantitative evaluation of 
the stained surface. Hence, the results of the physical methods used were correlated, suggesting that detachment occurred on day 4. 

Viable Count (CFU). According to colony count, an increase in biofilm population (Fig. 3A) was followed by a decrease in 
planktonic population in terms of CFU/mL on day 1 (Fig. 3B). This indicates the switch of planktonic cells to biofilm mode. The biofilm 
viable cells decline from 291.6 × 10 6 CFU/mL (day 3) to 177.6 × 106 CFU/mL (day 4). As mentioned so far, dispersion is possibly the 
cause, viable cells begin to increase at day 7 (205 × 106 CFU/mL), which assures the emergence of a new population and verifies the 
hypothesis of new biofilm. The CFU measurement accounts for culturable cells in the biofilm, not the total number of alive cells. Viable 
but not culturable cells (vbnc), in addition to dormant cells, are also a portion of the biofilm-embedded population that may be a cause 
for a new formation after signaling an activation message [38,39]. 

Real-time PCR. Over time, changes in gene expression levels were observed (Fig. 4a–i), qPCR results showed a high expression of 
atlE1 (days 3 and 4) (Fig. 4a) and aae genes (days 4,5, and 6) (Fig. 4b). Genetic data shows that the S. epidermidis autolysin atlE1 
promotes bacterial binding to unmodified polystyrene, as illustrated by the defect in the S. epidermidis O-47 atlE::Tn917 transposon 
mutant, which was unable to cling to plastic surfaces [7]. Significant changes in cell surface hydrophobicity are induced by atlE1 
expression [40]. Also, it is clear that atlE1 plays a crucial role in S. epidermidis biofilm production that is mediated by eDNA [41,42]. 
Besides, aae represents a novel member of the staphylococcal autolysin/adhesin family that is enrolled in the colonization process. A 
study revealed that aae possesses bacteriolytic activity and adhesive properties when expressed in E. coli [43]. Hence, the expression of 
these two autolysins strongly support our hypothesis of new biofilm formation after dispersion, allowing cells to re-attach to the 
surface and move back to the sessile mode. Yet, we can’t predict which type of cells inside the biofilm are expressing these autolysins 
and promoting a novel formation. In addition, high expression of aap was detected on days 6 and 7 (Fig. 4c). It is known that aap has a 
role in the accumulation of cells to construct the 3D structure of the biofilm [44]. When fully expressed, aap aids in the initial adhesion 
of bacterial cells (e.g., abiotic surface or host protein), promotes intercellular accumulation and biofilm formation, in addition, 
contributes to S. epidermidis virulence [44]. Furthermore, aap from S. epidermidis drives amyloid fiber formation, [45]. Amyloids are 
highly aggregative proteins that form organized, self-templating fibers that play a role in the stability of biofilms. The production of the 
amyloid by aap is driven by the release of eDNA [46] from lysed bacterial cells that is maintained through the bacterial cell wall 
hydrolase autolysin gene atlE as mentioned so far. Therefore, this explains the early expression of atlE1 gene (days 3 and 4) followed by 
aae and aap genes Figs. (4a, 4b and 4c). Expression of all four icaADBC genes, is necessary for the production of a functionally active 
PIA molecule [47]. In our study, the transcript level of icaADBC increased over time (day 4, day 5, and day 6) (Fig. 4d). This expression 
indicates the progressive production of the biofilm matrix components, thus preparing for new establishment. icaADBC was not 
expressed in the first three days of the biofilm cycle since at this stage the biofilm is already mature. In addition, agr genes were 
expressed mainly in the period between days 3 and 5, Figs. (4e, 4f, and 4g). Evidently, the agr quorum sensing (QS) system regulates 
the secretion of proteases in S. epidermidis and S. aureus [48,49]. Therefore, by triggering the release of extracellular proteases, the 
addition of AIP to preexisting biofilms may reactivate agr and aid in biofilm detachment [30]. These findings are synchronized with the 
expression of agr system genes between days 3 and 5, when dispersion of the old biofilm is taking place which implies a dual process 
occurring at this stage. Furthermore, in an animal model of device-associated infection, luxS, another QS system of S. epidermidis, 
restricts biofilm development and pathogenicity. In our case, luxS had a low expression during the entire experiment and to date, the 
exact function of luxS is still unknown, maybe narrowing the study period will provide us with more information regarding this 
complicated system. As for luxS, bhp expression was also low on all days, as it is reported in the absence of PIA, bhp promotes biofilm 
development and accumulation [50] (Fig. 4h and i). Since S. epidermidis CIP 444 has a PIA-dependent biofilm [51], it appears that there 
is no direct role for bhp in biofilm formation. Due to its presence, bhp may have another function, or its expression may be limited to 

Fig. 3. The quantification of viable bacteria in biofilm (A) and planktonic cells (B) of S. epidermidis CIP 444 during seven days after inoculation with 
an initial concentration 1 × 106 CFU/mL. The number of CFUs was counted to assess the time of biofilm dispersion. Biofilm samples were sonicated 
and diluted before plating. The formula: number of colonies x dilution factor/volume of the culture plate was used to calculate the concentration of 
living bacteria in CFU/mL. Bars labeled by different letters on the graph are significantly different from each other in terms of viable count (CFU) 
during the incubation period (p < 0.05) based on one-way ANOVA and Duncan’s multiple range test. Error bars indicate standard deviations of 
the means. 
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more stressful conditions. 
Fold Change relative to Planktonic 2 -ΔΔCt. The transcripts from the biofilm cultures were normalized by the reference gene 

(16SrRNA), and compared to the planktonic ones by calculating the fold change (2 -ΔΔCt) (Fig. 5a- 5i). A common method of visualizing 

Fig. 4. The expression level of the genes (agrD, agrC, agrB, bhp, atlE1, aae, aap, icaADBC and luxS) were assessed by real-time PCR reactions. The 
expression levels of all tested genes were normalized using the housekeeping gene 16SrRNA. Results are presented as threshold cycles (Ct) values of 
genes expressed in biofilm cells of S. epidermidis CIP 444 (a–i) during 7 days (day 1 to day 7), in addition to planktonic (day 0). Ct values ≥ 30 were 
chosen as very low or no expression. Columns with different annotation letters (a,b,c.) indicate days with a significant difference in gene expression 
with a p-value <0.05 based on Duncan’s multiple range test. 
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gene expression data is to display it as a heat map combined with clustering methods which group genes together based on the 
similarity of their gene expression pattern this can be useful for identifying genes that are commonly regulated in a particular con
dition. Some of the genes in biofilm were significantly increased and others were significantly decreased when compared to planktonic 
over the seven-day study (Fig. 6). The columns in the heat map indicate the comparison between the studied genes in biofilm at 
different days of incubation and rows represent the expression of these genes relative to planktonic cells. The colors of heatmap 
indicate scaled expression of genes (folds log10), the color value ranging from red to yellow while red indicates downregulation and 

Fig. 5. Fold change 2-ΔΔct expressed in Log 10 for biofilm genes (a–i) after normalization with reference gene16srRNA compared to planktonic 
sample during seven days. Where ΔΔCt = ΔCt (sample) -ΔCt (control), the control is the planktonic sample. Some genes in biofilm were enhanced 
while others were significantly decreased as compared to planktonic. Fold change (log10) = 0 indicate same expression of the gene in biofilm and 
planktonic sample. Folds >0 indicate positive increase in the expression relative to the control, folds <0 indicate negative expression (down
regulation) of the gene relative to control. The assay was performed with at least three independent sample. Analysis of variance was not performed; 
error bars indicate standard deviation of the means. 
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yellow indicates up regulation. According to the obtained results, in comparison with planktonic transcript’s level atlE1 and aae that 
function as adhesins increase at the early stage that promote biofilm formation on abiotic or biotic surfaces, and this was found in our 
study, as they increase about 4 folds compared to planktonic free cells which was also, clearly illustrated in the heat map (orange- 
yellow color). It must be mentioned that cells in each step may exhibit different expression of genes even at the same time as a variety 
of cellular modes are present, and this is also dependent on their position and how it is influenced by the microenvironment inside the 
biofilm. So free cells will typically have a low expression of adhesins in addition to the genes required for accumulation and matu
ration. The expression of ica operon genes and aap later in the biofilm cycle explained that fact. icaADBC and aap genes exhibit an 
upsurge on days 6 and 7 by 6.5 and 4.2 positive folds (Fig. 5a and e), respectively with a yellow-white range on heat map indicating 
very high expression. 

agrC transcripts were higher in the planktonic bacteria except for days 4 and 5 where the relative expression was similar in both 
cultures (Fig. 5h). Whereas agrD transcript level was double in the biofilm culture compared to the planktonic at day 4 (Fig. 5f), while 
agrB accounts for a 4.7-fold increase on day 2 than the planktonic culture (Fig. 5g). bhp had a low expression in the planktonic cells in 
contrast with the dispersed biofilm cells at days 4 and 5, where it had no expression (Fig. 5d). This result indicates that in this strain, 
bhp has no direct role in self-detachment. Many pathogenic bacteria with luxS mutants exhibit reduced pathogenicity, in contrast, the 
S. epidermidis luxS mutant has higher virulence in a model of catheter-associated infection. Most likely, the enhanced PIA production 

Fig. 6. Heat map or clustering technique, which place genes in groups based on how similarly their gene expression patterns behave, a typical 
approach of displaying gene expression data can help discover the genes that are often regulated in a given circumstance, showing the expression 
patterns of 9 genes in biofilm cells compared to planktonic cells over a period of seven-days. The columns in the heat map indicate the comparison 
between the studied genes in biofilm at different days of incubation and the rows represent the expression of these genes relative to planktonic cell. 
The colors indicate scaled expression of genes (folds log10). Yellow and red represent up-and downregulated gene expression respectively color 
density indicating levels of fold change was displayed. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 7. Pearson’s Correlation (r) for the studied genes obtained through “R” program, throughout the studied period. Each cell in the table shows the 
correlation between two specific variables (the vertical and the horizontal). Significant positive correlation r ≥ 0.5, and negatively correlated r ≥
-0.5. (*) refer to degree of correlation. 
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and intensified biofilm formation contribute to the higher pathogenicity [52]. In our findings, the expression of luxS was low and 
similar in planktonic and biofilm cells except for the period after day 5, when a lower expression was detected, and possibly this further 
decrease promoted new biofilm formation and the slight increase in its expression in the first three days may indicate its contribution in 
the downregulation of icaADBC expression to prevent biofilm formation (Fig. 5i). In addition, the expression of luxS was significantly 
inversely proportional to bhp and bhp was downregulated when compared to the planktonic (red color in heat map). bhp in 
S. epidermidis isolates serve as early attachment elements in the development of biofilms [53] however, its low expression in the biofilm 
over the studied period with a slight increase on days 6 and 7 raise a question about its role in virulence or early biofilm formation, 
further work will be needed to investigate more about its expression in both planktonic and biofilm cells. Despite the idea that 
dispersed cells become planktonic and then return to the bulk, it was demonstrated that dispersed P. aeruginosa cells are different from 
both biofilm and planktonic cell, and surpassed their planktonic counterparts in their ability to penetrate and kill macrophages [54]. 

The Pearson test (Fig. 7) showed a strong correlation between agrD and agrC with r = 0.84, aap and aae genes, (r = 0.87) and 
between aae, icaADBC (r = 0.80). Whereas a moderate correlation was found between aap and icaADBC (r = 0.61), atlE1 and agrC (r =
0.55), agrB and luxS (r = 0.58). aap showed a moderate correlation inversely proportional with luxS (r = − 0.61). While bhp revealed a 

Fig. 8. Pearson correlation showing the p-value of the correlated genes and its linear distribution using ‘R’ program. Each square represents the 
correlation between two genes (a–i), the dots indicate the expression of both genes throughout the studied period from day 0 to day 7. The closer the 
dots come to forming a straight line when plotted, the higher the correlation between the two variables, or the stronger the relationship. r ≥ ±0.5 
are said to be correlated, p-value <0.05 the correlation is significant. 
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moderate inversely proportional correlation with atlE1 (r = − 0.66) and a strong correlation varying inversely with luxS (r = − 0.75) 
and no correlation with other genes. All mentioned correlations were significance with a p-value <0.05 (Fig. 8a–i). 

Pearson test showed a significant correlation between the autolysins/adhesins genes expressed on the same period and the icaADBC 
operon (Fig. 8a) Compared to the planktonic profile, icaADBC showed a great increase in its expression (pale yellow and white in heat 
map) (Fig. 7). 

Finally, it was revealed that genes related to attachment were correlated with the expression of dispersal genes, which explains the 
fact that two processes are occurring during the same period of the biofilm cycle of S. epidermidis CIP 444. Gene expression results from 
planktonic and biofilm cells showed interesting differences. Therefore, genetic investigation of biofilm cells particularly during the 
dispersion phase, will help in understanding the dynamics of microbial biofilms, including different metabolic states of bacteria 
embedded in the extracellular matrix, time of self-dispersion, characteristics of the dispersed cells and their spatial distribution 
implemented into a three-dimensional individual-based model of biofilm including the incorporated genes and that can be applied and 
help in the management and control of infections related to S. epidermidis. 
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