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Introduction and Discussion
In the late 1920s Alexander Fleming discovered the uses of 
penicillin. Since then, the continual discoveries of antibiotics 
have been the most important discoveries of medical science [1]. 
Despite the notable success in the field of infectious diseases, 
the Centers for Disease Control (CDC) states that more than 
23,000 Americans die annually because of antibiotic-resistant 
bacteria, with the rate of morbidity and mortality rising globably 
[2].  Many pathogens colonize their host, evade the immune 
system and persist over time due to antibiotic resistance and 
tolerance. Although several bacterial survival mechanisms are 
well described, the formation of phenotypic divergent persister 
cells is not well understood [3]. A persister cell is an individual 
bacterium that survives exposure to a toxin that kills much of 
the existing population [4].  Likewise, the term persistence is 
used to describe a small subpopulation of bacterial cells that are 
transiently tolerant to a lethal activity of toxins [5]. Bacteria can 
evade modern medical treatments by many factors relating to 
the patient and the drug-specific evasion [5]. However, to better 
understand the development of persister cells, it is important to 
distinguish between resistance and tolerance. Antibiotic resistance 
indicates a resistance or inhibition from antibiotics and antibiotic 

tolerance denotes an ability to survive the duration of an antibiotic 
treatment. While antibiotic tolerance describes slow killing of 
the bacterial population, persistence refers to a small fraction 
of the population that is tolerant. In recent years, evidence has 
become increasingly supportive of persister cells being involved 
in the relapse of infection. For instance, uropathic E. coli (UPEC) 
was sequenced from a set of patients that were treated with 
antibiotics for urinary tract infections (UTI). It was found that 
the persister cells were genetically identical to the original strain 
indicating antibiotic tolerance and persistence [6]. Similarly, these 
persistent phenotypes have been shown with other microbes such 
as Salmonella and S. pyogenes [7,8]. The molecular mechanisms 
underlying persister cell formation and maintenance under stress 
cues are complex and not yet fully understood. 

The current study aimed to evaluate whether ethanol, as an 
environmental stressor, induces the formation of phenotypically 
distinct persister cells in Escherichia coli and Staphylococcus 
epidermidis. First, both bacterial species were exposed to a range 
of ethanol concentrations and culture growth was monitored 
by measuring optical density (OD600). As shown in Figure 1, 
growth was observed in all ethanol-supplemented media in a dose-
dependent manner, whereas no growth occurred in the presence 
of bleach, confirming that the ethanol treatments imposed a 
dose-specific stress without causing outright cell death. Recent 
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ABSTRACT
Persister cells are a subpopulation of bacteria capable of surviving high doses of antibiotics and various stressors, contributing to chronic infections and 
antibiotic resistance. Ethanol exposure is known to induce significant morphological and physiological changes, such as alterations in fatty acid composition, 
ion leakage, and increased membrane fluidity, which may promote biofilm formation. In the current study, Escherichia coli and Staphylococcus epidermidis 
were cultured in LB broth supplemented with varying concentrations of ethanol (0 – 10%). Concurrently, growth curves were recorded, and membrane 
potential was assessed using flow cytometry to determine the impact of ethanol stress on cellular membrane alterations. Following growth, cells were 
centrifuged to remove ethanol and resuspended in fresh LB broth for an additional 18-hour static incubation to promote biofilm formation. Biofilms were 
subsequently fixed, stained, washed, and solubilized in acetic acid for quantification via OD530 measurements. The results demonstrated that bacteria 
maintain growth under high ethanol stress while exhibiting a significant reduction in membrane potential, consistent with the induction of a dormant 
persister phenotype. Moreover, ethanol exposure markedly enhanced biofilm formation, particularly in S. epidermidis, with robust biofilm production 
observed even at ethanol concentrations as high as 10%. In conclusion, these findings provide a comprehensive and quantitative analysis of bacterial responses 
to ethanol-induced stress, linking decreased membrane potential and enhanced biofilm formation to persister cell development. This work deepens our 
understanding of the mechanisms underlying bacterial persistence and may inform the design of novel therapeutic strategies to combat chronic infections 
and curb the emergence of antibiotic resistance.
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studies have highlighted the importance of specific signaling 
pathways and regulatory factors. For example, an alarmone is a 
small intracellular signaling molecule that can facilitate persister 
cell formation in Escherichia coli and other bacteria [9,10]. The 
global transcriptional regulator HipA has been implicated in the 
maintenance of persister cells in Mycobacterium tuberculosis 
[11,12]. Other factors that have been linked to persister cell 
formation and survival include stress response systems, such as the 
toxin-antitoxin molecules, and the bacterial cell envelope [13]. In 
addition to molecular mechanisms, bacterial metabolic modulation 
is critical for persistence in stressful environments. Persister cells 
are metabolically dormant which improves survival from most 
bacteriostatic antibiotic regimens [4,5,14]. The mechanism of 
metabolic dormancy is not fully understood; however, toxin-
antitoxin (TA) molecules are linked to metabolism and persister 
cell formation [15]. Toxin-antitoxin (TA) molecules encode a 
toxin that can inhibit metabolic processes that decrease the proton 
motive force and ATP levels, thus improving survival in harsh 
environments.  After the stressor is removed, an antitoxin is able to 
neutralize the activity of the toxin and the cell suspends dormancy 
and reinstates normal growth strategies [16]. Similar TA systems 
implicated in persister cell formation have been identified in M. 
tuberculosis and Staphylococcus aureus that inhibit a broad range 
of cellular processes, including translation, DNA metabolism, and 
the proton moving force [17-25].

Figure 1:  E. coli (left) and S. epidermidis (right) growth for 16 
hours. Growth was measured at OD600 every hour in the same 
growth conditions and the media supplemented with various 
concentrations of ethanol (0.0%, 0.08%, 1%, 2%, 3%) or bleach 
(2.5%). Optimal growth was reached at 0% ethanol. Low ethanol 
concentrations (0.08%) were not different from control. A dose-
dependent decrease in growth was observed in bacteria grown in 
media supplemented with >1% ethanol

Given that growth persisted at all ethanol levels, further analyses 
were conducted using flow cytometry to determine whether the 
surviving cells exhibited characteristics of persister cells rather 
than nonspecific physiological adaptations. Persister cells are 
documented as a dormant subpopulation with reduced metabolic 
activity, low ATP levels, and diminished membrane potential, 
which contribute to their tolerance persister characteristics. 
E. coli expresses a membrane potential near (-)220mV in the 
early exponential phase, stabilizing near (-)140mV during 
late phase growth. Because the membrane potential of gram-
negative bacterial is not primarily driven by the H+ gradient, the 
membrane potential of S. epidermidis alone was tested. Whereas 
S. epidermidis and other similar gram-positive bacteria have a 
membrane potential of smaller magnitude that is dominated by 
intracellular pH, and the H+ ion and the internal control DiOC2 
moves proportionally to the H+ ion gradient. In the current study, 
3% ethanol induced a moderate growth restriction which translated 

to a significant drop in membrane potential.  By 4% ethanol, both 
growth and membrane potential were significantly affected. The 
membrane potential is affected by ethanol at concentrations as low 
as 0.5%. Furthermore, membrane potential of S. epidermidis was 
decreased by alcohol in a dose-dependent manner. Similarly, using 
JC1, researchers were able to induce persister cell by measuring 
fluorescently labeled membrane potential, where persister cells 
of different bacterial genus have a reduction of their membrane 
potential [24,26,27]. 

Figure 2: S. epidermidis membrane potential. Bacterial cells 
grown in media supplemented in various concentration of ethanol 
(0 – 5%) were fluorescently labeled and membrane potential 
measured via flow cytometry – red to greed ratio (%). Positive 
control (Pos) represents CCCP is a protonionophore which 
embeds itself into cellular membranes effectively depolarizing 
H+ membrane potentials. Negative control (Neg) represents cells 
not labeled. Bars represent two independent experiments and data 
are expressed as means ± SEM. Statistically significant results by 
one-way ANOVA indicated by asterisks **p<0.01, ***p < 0.001, 
****p<0.0001

Bacterial stress responses can activate the formation of persister 
cells. These cells frequently participate in biofilm formation 
by contributing to the extracellular matrix, thereby enhancing 
community-level survival under hostile conditions. In the current 
study, biofilms were grown, fixed, stained, and solubilized, and 
their OD was measured (Figure 3). Both species exhibited increased 
biofilm formation between 3% and 5% ethanol, with biofilm 
production still evident at the highest ethanol concentrations 
tested. Biofilm offers distinct advantages, including enhanced 
protection from the host immune system and reduced susceptibility 
to antibiotics. These protective effects are primarily attributed to 
the dense and intricate structure of the biofilm matrix, which acts as 
a physical barrier against antimicrobial agents [28,29]. Moreover, 
biofilms facilitate intercellular communication through quorum 
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sensing, enabling coordinated physiological responses among 
bacterial cells [30]. The findings in the current study suggest 
that persister cells actively contribute to biofilm development 
by participating in the formation of the extracellular matrix 
and promoting community interactions. The divergent persister 
cell phenotype ensures the survival of the biofilm, even when a 
majority of the bacterial population is eradicated [31]. Elucidating 
the underlying mechanisms governing persister cell formation 
and their role in biofilm growth is an area of intense research. 
However, recent studies have revealed various factors influencing 
persister cell formation, including genetic regulation, nutrient 
availability, stress responses, and the presence of quorum-sensing 
molecules [30,32]. Additionally, the emergence of persister cells 
can be influenced by stochastic processes, leading to phenotypic 
heterogeneity within bacterial populations [33,34]. Novel imaging 
techniques and single-cell analysis have provided valuable insights 
into the dynamics of persister cells within biofilms.

Figure 3:  E. coli (left) and S. epidermidis (right) biofilm growth. 
Bacteria grown in media supplemented with various concentrations 
of ethanol (0-10%), followed by removal of ethanol and static 
biofilms grown. Biofilms were fixed, processed, and measured at 
OD530. Bars represent two independent experiments and data are 
expressed as means ± SEM. Statistically significant results by one-
way ANOVA indicated by asterisks ***p < 0.001, ****p<0.0001

Overall, the objective of the current study was to establish an 
optimal set of conditions for testing ethanol-induced persister 
cells for future research. It is crucial to underscore the broader 
implications of ethanol-induced persister cell formation. In 
clinical settings such as hospitals and surgical centers, ethanol 
is a ubiquitous disinfectant used for surface sanitation and 
instrument sterilization. However, sublethal exposure—common 
in scenarios where ethanol rapidly evaporates or is diluted by 
organic matter—may inadvertently trigger stress responses in 
bacteria that favor the formation of persister cells. These dormant 
cells are notably tolerant to antibiotics and standard sterilization 
protocols, which poses a significant challenge for infection control 
and may contribute to the persistence and recurrence of nosocomial 
infections. This study not only provides insights into the molecular 
basis of ethanol-induced persistence in E. coli and S. epidermidis 
but also emphasizes the need for improved sterilization procedures 
that can effectively eliminate these resilient subpopulations.

Furthermore, ethanol-induced persister cell formation is critical 
for understanding how hazardous alcohol consumption may 

contribute to the emergence of more resilient, biofilm-forming, 
and antibiotic-tolerant persistent bacteria. Sustained high blood 
alcohol concentrations can chronically expose the normal 
flora—particularly in the gastrointestinal, respiratory, and oral 
cavities—to sublethal ethanol stress. Such exposure may drive 
normal commensal bacteria to adapt by forming persister cells, 
which are not only more tolerant to antibiotics but also display an 
enhanced capacity for biofilm formation and distinct physiological 
changes. Altered gut microbiota in chronic alcoholics has been 
linked to increased intestinal permeability, dysbiosis, and systemic 
inflammation, thereby contributing to a higher risk of infections 
and reduced effectiveness of conventional antimicrobial therapies. 
These ethanol-induced persister cells can persist undetected by 
the host immune system and may serve as reservoirs for recurrent 
infections or even transform into more virulent forms over time.

Conclusion
The current study identified the ethanol range of 0.5% to 2.5% 
as the initiating concentration for an emerging persister cell 
phenotype, the range of 3%-5% ethanol as inducing a divergent 
persister cell phenotype, and concentrations above 5% ethanol as 
a near to full bactericidal level for most bacteria with tolerance 
levels increased for some bacteria that resulted in biofilm 
formation. Additionally, the differences seen between E. coli 
and S. epidermidis demonstrate that these levels are affected by 
the physiological processes unique to each Genus and species of 
bacteria, namely: tendency to grow biofilm, extracellular matrix 
structure, ions used to maintain the membrane potential, and likely 
many others [35-37]. Testing ethanol-induced persister cells is 
vital not only for advancing our understanding of bacterial stress 
responses and persistence mechanisms but also for informing the 
development of improved sanitation protocols in hospitals and 
surgical centers, as well as guiding both public health strategies 
aimed at reducing alcohol-related microbial dysbiosis and the 
development of targeted therapeutic approaches to manage 
infections in chronic alcohol users.

Limitations and Future Directions
This study has proven useful for developing a protocol for ethanol-
induced persister cell formation and identifying concentrations 
of ethanol that will induce said phenotype. Future studies should 
explore different sets of gram-positive and gram-negative bacteria 
beyond E. coli and S. epidermidis. Furthermore, studies should 
include various antibiotics and mechanisms of action.  Phenotypic 
changes to persister cells have been noted and studied, yet the lack 
of microscopic visualization techniques for biofilm and planktonic 
cells limits the scope of the study. 

Materials and Methods
Bacterial Growth Conditions and Growth Curves
To determine the effects of ethyl alcohol (EtOH) on bacterial 
growth patterns under standard laboratory conditions, the 
concentration of ethanol was varied by supplementing Luria-
Bertani (LB) broth media solution (LB Broth Base, Lennox Cat. 
12,780,052) to various concentrations (0-10% v/v). To each test 
tube, sterile LB broth media was added to the corresponding 
percentage ethanol. Total volume was adjusted to 30 mL. E. 
coli (ATCC W1485) and S. epidermidis (ATCC NCTC 11047, 
R. Hugh 2466) were inoculated equally in separate sterile 50mL 
test tubes (Nunc Conical Sterile Polypropylene Centrifuge tubes, 
Cat. 339653) using a sterile loop (10 µL or one CFU). The tubes 
were then placed in a shaking incubator (MaxQ 6000 Incubated/
Refrigerated Shaker, Cat. SHKE6000) at 37°C and left for 24 
hours. For bacterial growth curves, the optical density (OD 600) 
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measurements were taken in 1-hour increments in triplicate via 
spectrophotometer (Barnstead International Turner SP-830, 
SM110215). Each bacterial strain was measured hourly until the 
plateau phase was determined by optical density.  
 
Membrane Potential Detection
E. coli and S. epidermidis grown in LB media supplemented 
with various concentrations of ethanol as previously described. 
Membrane potential was measured using the ThermoFisher Attune 
NxT Blue Red Laser Flow Cytometer and the ThermoFisher 
Invitrogen BacLight™ Bacterial Membrane Potential Kit (catalog: 
B34950).  Manufacturer guidelines were followed with the 
exception that the kit called for 1mL of isolate at a concentration 
of 1x106 per mL to be measured with 10uL of dye. Instead 500uL 
of isolate was measured using 5uL of dye. Positive controls were 
made using CCCP. Cells were stained by DiOC2, and fluorescent 
intensity was measured. Green was collected on the FITC channel 
and red was collected on the PE channel. The primary readout was 
red and green intensity which was then compared ratiometrically 
to indicate the relative magnitude of the membrane potential 
compared to the positive control.

Biofilm Formation and Detection 
E. coli and S. epidermidis grown in LB media supplemented 
with various concentrations of ethanol as previously described. 
Following ethanol treatment, bacteria were centrifuged at 500G 
using an Allegra C – 30R Centrifuge, supernatant removed, and 
bacterial pellet resuspended in ethanol-free LB broth. 100 µl of 
each bacterium was added to a 24 well plate (Thermo Scientific 
Nunc Non-Treated Multi-dishes) in a 1 to 10 dilution with LB 
growth media.  Plates were placed in a static incubator at 37◦C 
overnight. Following biofilm formation, each well was fixed by 
removing the excess solution and adding 98.5% methanol for 30 
minutes.  The methanol was removed, and the plate was allowed 
to air dry for 15 minutes.  To stain the biofilm, 0.1% safranin 
was added and incubated for 30 minutes.  Excess solution was 
removed then 2 rinses of phosphate buffer were performed with a 
10-minute air dry between each rinse to remove any nonadherent 
bacteria. The biofilm was solubilized by adding 30% acetic acid 
and incubated for 30 minutes.  Plates were then read using a 
BioTek synergy 2 plate reader at OD530
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