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Citral modulates virulence 
factors in methicillin‑resistant 
Staphylococcus aureus
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Methicillin‑resistant Staphylococcus aureus (MRSA) is responsible for high morbidity and mortality 
rates. Citral has been studied in the pharmaceutical industry and has shown antimicrobial activity. 
This study aimed to analyze the antimicrobial activity of citral in inhibiting biofilm formation and 
modulating virulence genes, with the ultimate goal of finding a strategy for treating infections caused 
by MRSA strains. Citral showed antimicrobial activity against MRSA isolates with minimum inhibitory 
concentration (MIC) values between 5 mg/mL (0.5%) and 40 mg/mL (4%), and minimum bactericidal 
concentration (MBC) values between 10 mg/mL (1%) and 40 mg/mL (4%). The sub‑inhibitory dose 
was 2.5 mg/mL (0.25%). Citral, in an antibiogram, modulated synergistically, antagonistically, or 
indifferent to the different antibiotics tested. Prior to evaluating the antibiofilm effects of citral, we 
classified the bacteria according to their biofilm production capacity. Citral showed greater efficacy in 
the initial stage, and there was a significant reduction in biofilm formation compared to the mature 
biofilm. qPCR was used to assess the modulation of virulence factor genes, and icaA underexpression 
was observed in isolates 20 and 48. For icaD, seg, and sei, an increase was observed in the expression 
of ATCC 33,591. No significant differences were found for eta and etb. Citral could be used as a 
supplement to conventional antibiotics for MRSA infections.

Staphylococcus aureus is an important and potentially lethal opportunistic pathogen. These bacteria have high 
virulence and the ability to acquire resistance mechanisms and pathogenic characteristics. S. aureus is normally 
associated with various infections acquired in the community and in  hospitals1–3.

Widespread and indiscriminate use of antibiotics can lead to the selection and antimicrobial resistance of 
bacterial isolates. The detection of antibiotic-resistant pathogens is relevant for therapeutic purposes, as well as to 
prevent the spread of resistant  strains4. The S. aureus strain resistant to almost all β-lactam antibiotics, determined 
by a chromosomal gene mecA that encodes altered PBPs (PPB2a or PBP2’), is referred to as methicillin-resistant 
Staphylococcus aureus (MRSA) and can be found in hospital settings (HA-MRSA), as well as in the community 
(CA-MRSA)5. Infections caused by these bacteria are linked to higher mortality rates and higher treatment costs 
for an overburdened health system compared to infections caused by strains of S. aureus sensitive to methicillin 
(MSSA)6–8.

The virulence potential of different isolates of S. aureus is determined by the presence or absence of virulence 
genes that encode staphylococcal enterotoxins (ses), Panton-Valentine leukocidin (pvl), exfoliatins (eta and etb), 
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hemolysins, and other exotoxins. These genes provide bacteria with the ability to infect and  colonize9,10, resulting 
in food poisoning and other types of infections in humans and animals.

Because of bacterial resistance, a better understanding of the factors involved in the pathogenicity of S. aureus 
is important for developing alternative treatments. Thus, the choice of antibiotics for treating infections caused 
by this microorganism is  limited11. In the search for an alternative to antibiotics, natural products have been 
studied, including essential oils. Essential oils are volatile secondary metabolites composed of complex mixtures 
of organic substances, characterized by a strong odor, and formed in response to stressors. These substances 
feature actions such as passage through a cell wall and plasma membrane, which can affect the cytotoxic prop-
erties of bacterial structures, in addition to presenting therapeutic protective properties against oxidation and 
deterioration processes caused by  microorganisms12–14.

Among the major components extracted from the removal of essential oils from edible aromatic plants, citral 
(3,7-dimethyl-2,6-octadienal) is a natural mixture of geranial (trans-citral) and neral (cis-citral), which are two 
acyclic monoterpenic aldehydes and isomers, found in a variety of plants, such as in melissa (Melissa officinalis), 
lemongrass (Cymbopogon citratus), and verbena (Verbena officinalis)15,16.

Various studies have shown the antimicrobial activity of components of essential oils, such as citral, on strains 
of S. aureus, inhibiting biofilm formation or altering virulence factors. It is known that essential oils and major 
components can act to deregulate virulence genes, in addition to antibacterial, antifungal, analgesic, antispas-
modic, and antiparasitic activities, in addition to fighting nerve  disorders15,17,18. Despite the antibacterial proper-
ties of this oil against gram-positive and gram-negative bacteria, its prolonged use has not shown  resistance19,20.

In a previous study, we analyzed the anti-inflammatory action of citral using an air pouch model in 48 male 
BALB/c mice infected and/or treated with citral. A positive effect was observed in reducing the microorganism, 
in addition to a significant decrease in the levels of TNF-α in mice treated with  citral21. Thus, this study considers 
a new therapeutic alternative for infections triggered by MRSA, analysing the effect of citral on the antimicrobial 
effect of antibiotics, inhibition of biofilm formation, and modulation of the expression of virulence factors. This 
study is not only relevant but pertinent, as there are few studies involving citral and MRSA.

Results
The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) data are listed 
in Table 1. The lowest concentration that inhibited bacterial growth was 5 mg/mL (0.5%), whereas the highest 
concentration was 40 mg/mL (4%). The bactericidal concentrations varied between 10 mg/mL (1%) and 40 mg/
mL (4%). Of the nine MRSA strains tested, five showed the same concentration in both tests. Using the growth 
curve, it was possible to determine the concentration that would decrease bacterial growth but would not kill 
the isolates. After defining MIC and MBC, the subinhibitory concentration of citral was determined to verify 
the modulation of virulence factors without affecting the viability of microorganisms. Therefore, tests were 
performed with the concentrations 40 mg/mL (4%), 20 mg/mL (2%), 10 mg/mL (1%), 5 mg/mL (0.5%), 2.5 mg/
mL (0.25%), 1.2 mg/mL (0.12%), and 0.6 mg/mL (0.06%), with a concentration of 2.5 mg/mL being determined 
for achieving the curve (Table 1).

The analysis of modulating activity was compared with the Clinical & Laboratory Standards Institute (CLSI) 
manual (2020), with the following resistance halos: ≤ 28 for ampicillin, ≤ 15 for ciprofloxacin, ≤ 14 for clindamy-
cin, ≤ 13 for erythromycin, ≤ 21 for oxacillin, and ≤ 14 for tetracycline. The inhibition zone (mm) and fractional 
inhibitory concentration were measured after 24 h of incubation. Our results showed that 5 mg/mL (0.5%) 
citral was able to modulate the antimicrobial activity of different antibiotics through synergistic, antagonistic, 
or indifferent actions. In the inhibition zone (mm), the results were statistically significant for strain 80 with 
ciprofloxacin, for strains 52 and 80 with the antibiotic erythromycin, strains 80 and ATCC 33591 with oxacillin, 
and for strain 52 with the antibiotic tetracycline (P < 0.05). Citral acted antagonistically with the antibiotic ampi-
cillin for strains 52 and 80, with the use of ciprofloxacin for strain 52, oxacillin in isolate 20, and tetracycline in 
isolate 18. All tested strains remained resistant to the antibiotics tested (Table 2). In the analysis of the fractional 
inhibitory concentration (μg/mL), the results were statistically significant for strain 80 for oxacillin (Table 2). 
Comparing the modulating effect of citral on antibiotic activity when measured via the disk diffusion and broth 
microdilution methods, different results were obtained. We observed that only strain 80 maintained its results 

Table 1.  MIC, MBC, and subinhibitory dose values for isolates of MRSA treated with citral. MIC minimum 
inhibitory concentrations, MBC minimum bactericidal concentrations.

Isolates MIC (mg/mL) MBC (mg/mL) Subinhibitory dose (mg/mL)

18 10 20 2.5

20 10 40 2.5

27 10 10 2.5

33 20 20 2.5

48 10 10 2.5

52 40 40 2.5

80 5 40 2.5

137 5 20 2.5

ATCC 33591 10 10 2.5
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for the antibiotic oxacillin. Based on our experiment, the checkerboard method is more sensitive for detecting 
synergy and disk-diffusion may serve as an initial screening method for the detection of potential synergies.

Table 2.  Average of triplicate with three independent repetitions of inhibition zone (mm) values and MIC 
(μg/mL) values for antibacterial modulating activity of citral 5 mg/mL (0.5%) on antibiotics ampicillin (Amp), 
ciprofloxacin (Cipro), clindamycin (Clinda), erythromycin (Ery), oxacillin (Oxa), tetracycline (Tet) on MRSA 
(18, 20, 27, 33, 48, 52, 80, 137) and ATCC 33591 strains. a Mann–Whitney one-tailed test was used. Bold: data 
with statistical significance.

MRSA

Treatment (μg/mL)

Amp Amp + citral p-valuea Cipro Cipro + citral p-valuea Clinda Clinda + citral p-valuea Erytro Erytro + citral p-valuea Oxa Oxa + citral p-valuea Tetra Tetra + citral p-valuea

18 0.5 ± 0.0 0.5 ± 0.0  > 0.9999 0.7 ± 0.0 0.7 ± 0.0  > 0.9999 0.8 ± 0.3 0.7 ± 0.3 0.5185 2 ± 0.3 2 ± 0.3  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 0.5 ± 0.0 1 ± 0.0  > 0.9999

20 0.5 ± 0.0 0.5 ± 0.0  > 0.9999 1 ± 0.0 1 ± 0.0  > 0.9999 1 ± 0.0 1 ± 0.0  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 8 ± 0.0 8 ± 0.0  > 0.9999 1 ± 0.0 1 ± 0.0  > 0.9999

27 0.5 ± 0.0 0.5 ± 0.0  > 0.9999 1 ± 0.0 1 ± 0.0  > 0.9999 1 ± 0.0 1.3 ± 0.0 0.3739 2 ± 0.0 2 ± 0.6  > 0.9999 8 ± 0.0 8 ± 0.0  > 0.9999 1 ± 0.0 1 ± 0.0  > 0.9999

33 0.5 ± 0.0 0.5 ± 0.0  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 8 ± 0.0 8 ± 0.0  > 0.9999

48 1 ± 0.0 0.8 ± 0.3 0.3739 1 ± 0.0 0.8 ± 0.3 0.3739 1 ± 0.0 1 ± 0.3  > 0.9999 4 ± 0.0 4 ± 0.0  > 0.9999 5.3 ± 0.0 4 ± 0.0  > 0.9999 1 ± 0.0 1 ± 0.0  > 0.9999

52 0.12 ± 0.0 0.5 ± 0.0  > 0.9999 0.5 ± 0.0 2 ± 0.0  > 0.9999 0.5 ± 0.0 0.7 ± 0.0 0.3739 5.3 ± 0.0 4 ± 0.3 0.3739 2 ± 2.3 2 ± 0.0  > 0.9999 2 ± 0.0 1 ± 0.0  > 0.9999

80 0.5 ± 0.0 0.5 ± 0.0  > 0.9999 64 ± 0.0 2 ± 0.0  > 0.9999 1.7 ± 0.0 1 ± 0.0 0.1161 4 ± 0.6 2 ± 0.0  > 0.9999 64 ± 0.0 6 ± 0.0  < 0.0001 1.3 ± 0.6 0.8 ± 0.4 0.2508

137 0.25 ± 0.0 0.12 ± 0.0  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 2 ± 0.0 2 ± 0.0  > 0.9999 126 ± 0.0 126 ± 0.0  > 0.9999 0 ± 0.0 8 ± 0.0 0.1161 1.7 ± 0.6 1.3 ± 0.6 0.5185

ATCC 
33591 0.7 ± 0.3 1 ± 0.0 0.1161 0.5 ± 0.3 0.5 ± 0.0  > 0.9999 0.5 ± 0.0 0.5 ± 0.0  > 0.9999 126 ± 0.0 126 ± 0.0  > 0.9999 64 ± 0.0 2 ± 0.0  > 0.9999 8 ± 0.0 2 ± 0.0  > 0.9999

MRSA

Treatment (mm)

Amp Amp + citral p-valuea Cipro Cipro + citral p-valuea Clinda Clinda + citral p-valuea Erytro Erytro + citral p-valuea Oxa Oxa + citral p-valuea Tetra Tetra + citral p-valuea

18 1.9 ± 0.1 2.1 ± 0.1 0.1011 3.9 ± 0.1 3.9 ± 0.1 0.6778 3.9 ± 0.1 3.9 ± 0.1 0.6779 3.6 ± 0.1 3.7 ± 0.2 0.3295 3 ± 0.0 3 ± 0.0  > 0.9999 4 ± 0.0 3.4 ± 0.1 0.0010

20 2.2 ± 0.1 2.5 ± 0.1 0.0390 3.5 ± 0.2 3.7 ± 0.1 0.2378 3.1 ± 0.1 3.2 ± 0.2 0.1890 3.1 ± 0.1 3.1 ± 0.1 0.5185 2 ± 0.1 1.7 ± 0.0 0.0013 3.5 ± 0.3 3.7 ± 0.2 0.3045

27 1.9 ± 0.2 2.8 ± 0.2 0.1144 3.7 ± 0.3 3.7 ± 0.1 0.8416 3.3 ± 0.3 3.1 ± 0.3 0.5659 3 ± 0.1 3 ± 0.1  > 0.9999 1.7 ± 0.1 1.9 ± 0.1 0.0668 3.5 ± 0.2 3.7 ± 0.2 0.2508

33 2.4 ± 0.1 2.6 ± 0.1 0.1481 2.4 ± 0.2 2.6 ± 0.1 0.1890 2 ± 0.2 2.1 ± 0.1 0.1890 3.1 ± 0.0 3 ± 0.1 0.1161 3.1 ± 0.2 3 ± 0.1 0.3487 0.9 ± 0.1 1 ± 0.1 0.1011

48 1.5 ± 0.1 1.8 ± 0.2 0.1925 3.2 ± 0.2 3.7 ± 0.3 0.0290 3.4 ± 0.2 3.5 ± 0.3 0.0289 2.7 ± 0.1 3 ± 0.0 0.1583 2.1 ± 0.2 1.9 ± 0.1 0.0647 3.4 ± 0.1 3.5 ± 0.0 0.1583

52 3.3 ± 0.1 2.6 ± 0.1 0.0005 4.8 ± 0.2 2 ± 0.0  < 0.0001 4.5 ± 0.1 4 ± 0.2 0.0179 1.6 ± 0.1 2.2 ± 0.2 0.0062 2.8 ± 0.2 2.2 ± 0.1 0.0120 2.8 ± 0.1 3.2 ± 0.1 0.0010

80 2.6 ± 0.1 2 ± 0.0  < 0.0001 0 ± 0.0 2.4 ± 0.2  < 0.0001 2.9 ± 0.1 3.1 ± 0.0 0.0075 2.9 ± 0.1 3.1 ± 0.0 0.0075 0 ± 0.0 2.2 ± 0.2  < 0.0001 3.9 ± 0.1 3.9 ± 0.2  > 0.9999

137 2.8 ± 0.1 3 ± 0.1 0.0075 2.6 ± 0.1 2.7 ± 0.1 0.2508 2.6 ± 0.1 2.7 ± 0.1 0.2508 0 ± 0.0 0 ± 0.0  > 0.9999 1.3 ± 0.2 1.5 ± 0.1 0.1011 2.8 ± 0.2 3 ± 0.2 0.3982

ATCC 
33591 1.1 ± 0.1 1.4 ± 0.1 0.0158 4.1 ± 0.2 4.5 ± 0.0 0.0514 4.1 ± 0.2 4.5 ± 0.0 0.0514 0 ± 0.0 0 ± 0.0  > 0.9999 0 ± 0.0 2.5 ± 0.1  < 0.0001 1.3 ± 0.0 2 ± 0.0  > 0.9999

Figure 1.  Heatmapper platform formed two clusters according of differential evaluation of the modulating 
activity at citral 5 mg/mL (0.5%) on antibiotics ampicillin (AMP), ciprofloxacin (CIPRO), clindamycin 
(CLINDA), erythromycin (ERY), oxacillin (OXA), tetracycline (TET) on MRSA (18, 20, 27, 33, 48, 52, 80, 137) 
and ATCC 33591 strains. The yellow segments represent greater modulation of 0.5% citral on antibiotics, and 
the blue segments represent less modulation.
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Antibiograms were also analyzed using the heatmapper platform (http:// www. heatm apper. ca/ expre ssion/), 
and differentiated modulating activity patterns induced by different strains of MRSA were observed. The heatmap 
separated the isolates into three distinct clusters (cluster 1: ATCC 33591 and strain 80; cluster 2: strains 48, 27, 
137, 18, 33, and 20; cluster 3: strain 52) and, together with the qPCR data, showed different expression patterns 
induced by different strains of MRSA (Fig. 1).

Biofilm formation capacity of the MRSA were represented in a quantitative way in MRSA isolates using citral 
in the initial phase of biofilm formation from 0 to 24 h, along with the addition of citral in the mature phase of 
the biofilm, corresponding to 24 h after inoculation. The concentration of 25 mg/mL (2.5%) of citral was more 
effective in isolates with citral added in the initial phase of biofilm formation than in the mature phase. In the 
initial phase, there was a significant reduction in biofilm formation, as isolate 20 (93.6% reduction), and thus 
isolates 27 (62.5% reduction) and 33 (55.71% reduction). In the mature phase, isolate 137 (51.2% reduction) 
after 24 h of growth was the only isolate showing a positive result. Thus, it was observed that using citral in the 
initial phase of biofilm formation presented better results (Fig. 2).

To confirm the results of biofilm inhibition, we visualized its structural organization using confocal micros-
copy. Citral treatment substantially reduced S. aureus biomass, with a decrease in living and dead cells (Fig. 3), 
consistent with what was observed in the plate biofilm.

The expression of the virulence genes of the enterotoxins seg, sei, and sej of exfoliative toxins eta and etb and 
of genes related to the formation of the biofilm, icaA and icaD, were evaluated, considering the characterization 
of the isolates regarding the virulence genes. Evaluation of the expression of the enterotoxin genes seg and sei 
(Fig. 4A,B), expression increased in the presence of citral, with significant results for strains 18 (100% increase) 
and 48 (63.7% increase) for seg, and 18 (93.4% increase), 20 (95.1% increase), 48 (96.8% increase) 52 (84.5% 
increase), 80 (95.9% increase), 137 (75.8% increase) and ATCC 33591 (98.7% increase) for sei. None of the 

Figure 2.  Biofilm formation capacity of the MRSA strains (18, 20, 27, 33, 48, 52, 80, 137) and ATCC 33591 
control treated with 25 mg/mL (2.5%) citral for 24 h and with the addition of 2.5% citral after 24 h of the 
formed biofilm represented in a quantitative way. The experiment was carried out in quadruplicate with two 
independent experiments. Significant difference at P ≤ 0.05 (*).

http://www.heatmapper.ca/expression/
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MRSA strains expressed sej. For the expression of exfoliative toxin genes (Fig. 4C,D), eta and etb, no significant 
differences were found between the control group (P < 0.05). However, significant differences were found for 
bacteria and treatment with citral. Regarding the icaA gene (Fig. 4E), the effect of citral was observed with the 
underexpression of two strains, 20 (79.5% reduction), 48 (83.9% reduction), 52 (100% reduction), 137 (100% 
reduction) and ATCC (70.3% reduction). Isolates 20 (87.2% reduction) and 48 (76.2% reduction) treated with 
citral also showed a reduction in their control in the expression of the icaD gene (Fig. 4F). However, in the ATCC 
33591 (99.8% increase) strain, it had the opposite effect with increased expression of icaD in the presence of the 
treatment. The expression of virulence was also analyzed using the heatmapper platform (http:// www. heatm 
apper. ca/ expre ssion/), and the isolates were separated into four distinct clusters (cluster 1: ATCC 33591 and 
18; cluster 2: stains 80, 20, and 48; cluster 3: strain 27; cluster 4: strains 137, 52, and 33), showing differentiated 
expression patterns induced by different strains of MRSA (Fig. 5).

Discussion
S. aureus, MRSA, is one of the most important infectious agents because it can cause nosocomial infections, often 
with prolonged hospitalization, in addition to increased morbidity, mortality, and hospital costs, making bacterial 
resistance a major public health  problem8,22. The use of natural products as microorganism control agents has 
been attracting interest in food and pharmaceutical sectors, as well as other fields, as pathogens associated with 
infectious diseases are developing resistance to commonly used drugs. Essential oils are secondary metabolites 
that contain hydrophobic compounds with the ability to easily diffuse through the cell wall of microorganisms, 
causing damage to the membrane, especially in fluidity and permeability, leading to the loss of intracellular 
substances and, consequently, their  death23,24.

In the present study, our findings show that citral is capable of interfering with bacterial development, pre-
senting bacteriostatic and/or bactericidal activity depending on the concentration, but the most strains and 
antibiotics did not show a change in antibiotic activity when citral was added. Other studies have evaluated the 
activity of essential oils against MRSA, including lemongrass, which has citral as one of its major components, 
and obtained an MIC of 0.78% and an MBC of 3.12%25. Another study analyzed the action of citral, linalool, 
decanal, and valencene on S. aureus, diluted with Tween 80, and observed that only citral and linalool were able 
to inhibit growth, with MIC values of 0.02% and 0.12%,  respectively18. While other authors observed lower 
MIC (0.03%) and MBC (0.06%) values with essential oils and their main components, including citral, against 
S. aureus26, compared to those found in this study.

Owing to the emergence of resistance to penicillin, methicillin, and vancomycin, the options and effective-
ness of antimicrobials have been reduced against S. aureus27. Thus, the use of natural products as microorganism 
control agents is relevant, since pathogens are becoming increasingly resistant to drugs used in clinical  practices28. 
The mechanism of action of these essential oils depends on their chemical composition, and their antimicrobial 
activity is not the result of just one mechanism, but of various reactions that involve the entire bacterial  cell29. 
It was observed that citral showed synergism, antagonism, or did not interfere with the antibiotic action, but 
the isolates remained resistant. Another study observed that the essential oil from the leaves of chemotype II 

Figure 3.  Confocal microscopy showing biofilm formation of isolated MRSA (18, 20, and 52) (control) and 
treated with citral 25 mg/mL (2.5%) for 24 h (A) and isolated MRSA (137) (control) and treated with citral 
25 mg/mL (2.5%) for 48 h (B). The microorganisms were marked with SYTO9 (green) and unviable with 
propidium iodide (red).

http://www.heatmapper.ca/expression/
http://www.heatmapper.ca/expression/
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of Lippia alba (MILL.) can modulate the activity of the oxacillin by synergistic or antagonistic effect in MRSA 
 strains30. In addition, synergistic modulating activity was also observed for this essential oil with the antibiotics 
amikacin and clarithromycin, while it was indifferent with oxacillin, ciprofloxacin, and vancomycin or antagonist 
(clindamycin) when treating S. aureus ATCC  6538P31.

The effect of biofilm modulation is important because S. aureus can develop intractable infections by forming 
biofilms, mainly by colonizing devices such as heart valve prostheses, cardiac stimulators, contact lenses, and 
intravascular  lines32. In general, the reduction in MRSA biofilm formation showed greater efficacy when the 
strains were treated with citral in the initial period of formation. The reduction of the fatty acid composition 
of the cell membrane and hydrophobicity are possible features of antibiofilm activity caused by terpenes, one 
of the components of this  oil33. These components primarily target the cell wall and cytoplasmic membrane or 

Figure 4.  Relative expression of virulence genes seg (A), sei (B), eta (C), etb (D), icaA (E) and icaD (F) of 
the MRSA strains (18, 20, 27, 33, 48, 52, 80, 137) and ATCC 33591 control and with 25 mg/mL (2.5%) citral 
treatment. Significant difference considering P-value ≤ 0.05 (*), P-value ≤ 0.01 (**), P-value ≤ 0.001 (***), using 
Mann–Whitney one-tailed test and Kruskal–Wallis test with Dunn’s test.
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membrane proteins, thus leading to cell death and, consequently, loss of attachment to  surfaces34. Other authors 
have observed that sub-inhibitory concentrations of lemongrass essential oil and its major components, such 
as citral and geraniol, were able to significantly inhibit the biofilm formation of S. aureus strains isolated from 
subclinical mastitis, in addition to preformed  biofilms35. In another study, citral inhibited biofilm formation by 
MRSA without affecting growth at 100 μg/mL, while greatly hampering surface  adherence36.

As in this study, the evaluation of clove and cinnamon essential oil activity under the strain of S. aureus ATCC 
6538, classified as strong producers of biofilm, also showed no activity on the mature  biofilm36.

Furthremore, another study treating mature biofilms of S. aureus ATCC 29740, with citral at concentrations of 
0.02, 0.04, and 0.08% did not report significant differences in their  responses18. The induction of biofilm forma-
tion can occur in potentially toxic conditions for bacterial cells, such as high levels of osmolarity, oxidative stress, 
and in the presence of sub-inhibitory concentrations of possible treatments, among  others37. Citral possibly has 
a greater effect on planktonic cells, as they are more susceptible to the action of the compound since they are not 
embedded in a matrix. The reduced activity of citral on the strains with mature biofilms may be related to a con-
centration of 25 mg/mL. Furthermore, the mass production of biofilm is directly related to the incubation  time38.

Studies have shown the use of essential oils against susceptible and resistant methicillin strains of S. aureus 
and their action against virulence  factors38,39. The virulence potential of different S. aureus isolates is determined 
by the presence or absence of virulence genes; each bacterial strain has a unique combination of surface proteins 
and regulators, and they carry a variety of mobile genetic elements coding for bacterial resistance and virulence 
genes, indicating frequent horizontal  transfer40. The icaA and icaD genes, responsible for biofilm formation, were 
underexpressed during citral exposure in strains 20 and 48. In strain ATCC 33591, expression of icaD (relative 
to the housekeeping control gene gyrA), increased on exposure to citral. These results show the effect of citral 
on the two isolates in the deregulation of these genes, possibly contributing to reducing pathogen virulence. The 
icaADBC operon encodes enzymes involved in the biosynthesis of polysaccharide intercellular adhesin (PIA) or 
polymeric N-acetylglucosamine (PNAG), which play an important role in biofilm formation. It is known that 
the decrease in these enzymes leads to negative regulation of icaA, and consequently a reduction in  biofilm41. 
Contrary to the results found in this study, other authors did not observe deregulation of the icaA and icaD genes 
in S. aureus with citral activity at concentrations of 0.02% and 0.04%, despite being effective for other  genes18. 
Studies report the activity of essential oils through the quorum-sensing system, being a possible alternative for 
divergence and bacterial  susceptibility42. It is known that in the presence of antibiotics and under certain condi-
tions, microorganisms can present an unexpected phenotype, such as an increase in gene  expression43. In the 
presence of citral, some isolates showed a significant difference compared to the positive control, increasing gene 
expression, such as in strains 18 and 48 for the seg gene, and strains 18, 20, 48, 52, 80, 137 and ATCC 33591 for 
the sei gene. These data suggest that the sub-inhibitory concentration of essential oil for some strains was not 
sufficient to act on the dysregulation of enterotoxin genes. Some studies have shown that at concentrations below 
the MIC, antibiotics can alter the gene expression of microorganisms causing infections, triggering a contrary 
 response44. Another study using the essential oils of Cinnamomum zeylanicum and Ocimum basilicum observed 
a reduction in the expression of sea, sec, and enterotoxin  genes45. Comparing the results obtained for biofilm 

Figure 5.  Heatmapper platform formed four clusters according of differentially expressed virulence genes 
seg, sei, icaA, icaD, eta and etb of MRSA strains (18, 20, 27, 33, 48, 52, 80, 137) and ATCC 33591 control and 
with 2.5% citral treatment. The green segments in the plot represent greater differential expression and the red 
segments represent less modulation, comparing different genes and treatment with citral.



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16482  | https://doi.org/10.1038/s41598-021-95971-y

www.nature.com/scientificreports/

structure and gene expression in MRSA 20, we noticed that after incubation with citral for 24 h, a significant 
reduction in biofilm formation. This finding is consistent with the results observed in the gene expression of 
icaA and icaD also reduced when treated with citral (Fig. 4).

Conclusion
Our results showed that citral is also capable of modifying the biofilm produced by MRSA in the initial stage, 
and also exerts regulatory activity against virulence genes. It is important to emphasize the possibility of using 
essential oils and their major components as prophylactics or for supporting the treatment of MRSA infections, 
which are important for public health issues. Finally, there is a need for further studies to evaluate the activity 
of citral in combination with conventional antibiotics or prophylactic use, since there are few studies on the 
interaction between citral and MRSA.

Materials and methods
The present study selected MRSA strains (20, 27, 33, and 52) obtained from raw human milk in the Human 
Milk Bank of Esaú Matos Municipal Hospital located in Vitória da Conquista, Bahia, Brazil, that were used in a 
previous  study46 and MRSA strains (18, 48, 80, and 137) isolated from nasal swabs obtained from healthy chil-
dren ranging from one to six years attending daycare centers located in Vitória da Conquista, Bahia,  Brazil47. 
The strains used were obtained from other studies approved by the Ethics Committee of Research with Human 
Beings of the Multidisciplinary Health Institute campus Anísio Teixeira (CAAE no. 08730012.4.0000.5556) and 
08731912.5.0000.5556 (nasal strains). All methods were performed in accordance with the relevant guidelines 
and regulations. MRSA ATCC 33591 was obtained from a commercial source. Each sample was plated onto 
plates with mannitol salt agar and incubated at 37 °C for 24 h.

Citral. Citral was provided commercially by  Sigma® Aldrich. For the tests run, the citral was diluted in pro-
pylene glycol, and used in concentrations of 40 mg/mL (4%), 20 mg/mL (2%), 10 mg/mL (1%), 5 mg/mL (0.5%), 
2.5 mg/mL (0.25%), 1.2 mg/mL (0.12%), and 0.6 mg/mL (0.06%), as recommended in the  literature48,49.

Determination of minimum inhibitory concentrations (MIC) and minimum bactericidal con‑
centrations (MBC). Bacterial suspension was prepared using a 0.9% sodium chloride solution, and the 
inoculum (1 mL) was adjusted using a spectrophotometer at 660 nm (1–5 ×  108 CFU/mL). MIC tests were per-
formed by microdilution using 96-well microplates with 190 μL of the inoculum and 10 μL of citral at concen-
trations of 40 mg/mL (4%), 20 mg/mL (2%), 10 mg/mL (1%), 5 mg/mL (0.5%), 2.5 mg/mL (0.25%), 1.2 mg/
mL (0.12%), and 0.6% (0.06%), which were used as negative controls for brain heart infusion. The plates were 
incubated at 37 °C for 24 h. The MIC was considered the lowest concentration of citral, which showed no vis-
ible bacterial growth. To determine the MBC, suspensions used in the MIC test were inoculated onto BHI agar 
plates. All experiments were performed in triplicate with three independent  repetitions50.

Determination of subinhibitory dose. To verify the modulation of virulence factors without influencing 
the viability of microorganisms, after the definition of MIC and MBC, the effect of a subinhibitory dose on bacte-
rial growth was evaluated. The growth curves of MRSA alone and MRSA treated with citral at concentrations of 
40 mg/mL (4%), 20 mg/mL (2%), 10 mg/mL (1%), 5 mg/mL (0.5%), 2.5 mg/mL (0.25%), 1.2 mg/mL (0.12%), 
and 0.6 mg/mL (0.06%) was performed in a closed system, with an inoculum of 1–5 ×  108 CFU/mL, at 37 °C. The 
microbial growth curve was determined every hour for 24 h by spectrophotometry with absorbance at 660 nm 
(Bel Photonics Spectrophotometer UV–VIS M51), and the viable cell count was determined by serial dilutions 
and seeding on BHI every  hour50.

Evaluation of modulating activity: citral interference in antibiotics. To evaluate citral as a modu-
lator of antibiotic action, the evaluation was performed with six antibiotics, including ampicillin (10 µg), cipro-
floxacin (5 μg), clindamycin (10 μg), erythromycin (15 μg), oxacillin (1 μg), and tetracycline (30 μg) associated 
with citral (5 mg/mL, 0.5%), and the lowest MIC found in the tested strains. Antibiotic susceptibility testing was 
performed using the disc diffusion method according to the  CLSI51. The MIC value was determined according 
to  CLSI51. The experiments were performed in triplicate with three independent repetitions.

Inhibition of biofilm formation. The ability of MRSA to form biofilms following treatment with 25 mg/
mL (2.5%) citral was analyzed according to previously proposed  methods52. Biofilm assays were performed 
in 96-well polystyrene microplates, using trypticase soy broth (TSB/Difco) with 1% (w/v) glucose (TSB-1% 
Glc). Cultures of MRSA strains (5 mL) were incubated in a shaker at 250 rpm at 37 °C for 18 h, after which they 
were diluted 1:100 in TSB-1% Glc and 200 μL were inoculated into each well and incubated at 37 °C for 24 h. 
Supernatants were removed from each well and biofilms were washed twice with PBS, dried, fixed at 65 °C for 
1 h, stained with crystal violet 1%, and gently washed twice with PBS. MRSA strains were tested using citral at 
a concentration 10 times greater than that obtained in the subinhibitory  dose53. Two phases of biofilm forma-
tion were evaluated: early phase 0 to 24 h after inoculation (the period of microcolony formation) and mature 
phase 24  h after inoculation (the period after thin biofilm formation)54. The experiment was carried out in 
quadruplicate with two independent experiments. Biofilm production was compared to that of Streptococcus 
pyogenes ATCC 75194  (A492nm = 0.07). The biofilm formation index (BFI) was calculated as follows: BFI = x/y 
(where "x” is the optical density at A492 nm of the biofilm and y is the optical density at 492 nm of Streptococcus 
pyogenes [0.07]). Furthermore, to confirm the differences between biofilm phenotypes, confocal laser scanning 



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16482  | https://doi.org/10.1038/s41598-021-95971-y

www.nature.com/scientificreports/

microscopy (CLSM) was used to obtain structural images. Here, the biofilm assays were performed in the same 
way, but after being fixed, the bacterial cells were stained with 25 nM SYTO9 and propidium iodide (Live/Dead 
Bacteria, Invitrogen, Brazil) for 15 min in the dark. The stain was gently removed, and biofilms were observed 
using a CLSM (Carl Zeiss LSM 510, Germany) equipped with an argon laser (488  nm, and 2 helium/neon 
543 nm wavelengths) to visualize the luminescence of  fluorochromes55.

Virulence factor expression modulation. To determine a possible modulating effect of citral on differ-
ent virulence genes, a sub-inhibitory concentration of 2.5 mg/mL (0.25%) was used and incubated in a shaker 
at 37 °C for 4 h (when all strains reached their exponential growth). Total mRNA was extracted using the Pure-
Link™ RNA Mini kit (Life Technologies) and quantified by spectrophotometry (NanoDrop 2000/2000c Spectro-
photometer, Thermo Fisher Scientific, Waltham, MA, US). cDNA was obtained using the SuperScript III Reverse 
Transcriptase Kit (Invitrogen). To detect genes related to virulence sec, sei, sej56, icaD, icaA57, eta and etb58, qPCR 
was used, using primers and conditions previously described. The gyrB  gene59 was used as an endogenous con-
trol. This protocol included, in a final reaction volume of 27 μL, which included 12.5 μL of SYBR® Green Master 
Mix (Applied Biosystems), 1 μL (13 μM) of each primer, 10.5 μL of  H2O RNAse free and 2 μL of cDNA. Gene 
expression data were analyzed using the  2-ΔΔCT method and analyzed in triplicate.

Statistical analysis. GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA) was used for analysis. 
The following nonparametric tests were used: Kruskal–Wallis with Dunn’s test (when evaluating more than two 
groups) and a Mann–Whitney one-tailed test (when evaluating two groups). Statistical differences were consid-
ered significant at P < 0.05, using a 95% confidence interval. Citral interference in antibiotics and modulation 
of virulence factor expression were analyzed using the heatmapper platform (http:// www. heatm apper. ca/ expre 
ssion/) and represented as a heatmap. Unsupervised hierarchical grouping was performed using the average 
distance and Euclidean distance as metrics.

Ethics declarations and approval for human experiments. Ethics approval and consent were 
deemed unnecessary in this study, according to the Animal Ethics Committee (AEC) of the Multidisciplinary 
Health Institute, Federal University of Bahia. The strains used were obtained from other studies after approval 
by the Ethics Committee of Research with Human Beings of the Multidisciplinary Health Institute campus 
Anísio Teixeira (CAAE no. 08730012.4.0000.5556) and 08731912.5.0000.5556 (nasal strains). For nasal samples, 
informed consent was obtained from the parents or guardians.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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