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Abstract 
 

An increase in nosocomial infections due to Staphylococcus epidermidis has been a recent focus in the 

medical field. At the molecular level, the ica gene locus is responsible for biofilm formation in S. epidermidis, 

which contributes to its pathogenicity. Current strategies in treating biofilm-forming pathogens include 

antibiotics. To reduce antibiotic resistant bacteria populations, focus has shifted to naturally derived antibiotic 

alternatives. D-limonene is a terpenoid-based essential oil, found in citrus fruits, that has previously been 

shown as an effective antimicrobial agent against various related bacteria, such as S. aureus. Yet, its 

antimicrobial effectiveness has not been thoroughly studied in the biofilm-forming S. epidermidis strain 

ATCC 35894 (RP62A). Thus, the objective of this research was to study the antimicrobial effectiveness of 

D-limonene on S. epidermidis RP62A in comparison to the parental strain ATCC 12228. Growth studies of 

S. epidermidis strains ATCC 12228 and RP62A treated with various concentrations of D-limonene, 

rifampicin control, and a D-limonene-rifampicin drug cocktail were performed. Preliminary results indicate 

the inhibition of S. epidermidis ATCC 12228 when exposed to 305.6 mg/L of D-limonene. Interestingly, no 

effect was observed in S. epidermidis RP62A growth for studied concentrations of D-limonene. Inhibition of 

S. epidermidis ATCC 12228 was observed when exposed to the rifampicin control. However, S. epidermidis 

RP62A was observed to resume its normal growth after 16 hours of exposure to the rifampicin control. 

Inhibition of both strains was observed when exposed to the D-limonene-rifampicin-drug cocktail. With these 

results, it is hoped that the D-limonene-rifampicin drug cocktail will be further evaluated for its value in 

clinical settings to prevent initial nosocomial Staphylococcus infections. Future studies include obtaining the 

minimum inhibitory concentration (MIC) of the drug cocktail in both strains, as well as investigating the role 

of the ica locus in S. epidermidis RP62A’s D-limonene resistance. The significance of this research is the 

potential clinical use of D-limonene as a naturally derived antimicrobial agent against hospital-acquired S. 

epidermidis infections. 
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1. Introduction 

  
Staphylococcus epidermidis is a Gram-positive bacterium that belongs to the family Staphylococcaceae37. It 

is commonly found on human skin and classified as coagulase-negative Staphylococci because of its inability 

to clot blood plasma37,58. Furthermore, it is considered as the most common coagulase-negative Staphylococci 

species responsible for major nosocomial infections37. It was originally considered non-pathogenic due to its 

commensal behavior37. However, its pathogenicity is attributed to being the primary agent in causing 

infection in immunocompromised patients and individuals that maintain indwelling medical devices for a 
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prolonged period of time40,53. The ability that S. epidermidis is able to produce a slime-like substance, or 

biofilm, has led to greater adherence to biomaterial and difficulty with treatment of these infections37. Due 

to biofilm, the enclosed bacteria are protected from detrimental external conditions, such as antibiotics5,37. 

This enables the bacteria to survive and the recurrence of infection when cells detach37. Under chronic 

conditions, these infections can result in sepsis and death10,47. 
   A biofilm is a population of bacterial cells that is enclosed in a self-produced extracellular polymeric 

substance (EPS)37. It is composed of 85% extracellular matrix components such as polysaccharides, proteins, 

enzymes, DNA, bacterial glycolipids, and water, and 15% of bacterial cell aggregates67. The five-step process 

involved in biofilm production requires conditioning film, reversible bacterial adhesion, irreversible adhesion 

and matrix formation, biofilm formation, and bacterial cell detachment37. Biofilm production is attributed to 

the icaADBC locus in S. epidermidis, as well as other Staphylococcus species33. The icaADBC locus11 is 

located between nucleotides (NT) 2334220 and 233764726. The locus consists of four intercellular adhesion 

(ica) genes - icaA, icaD, icaB, and icaC genes, in order of gene location from upstream to downstream37. The 

icaA gene (SERP2293) is located at NT2334220_233545826. The icaD gene (SERP2294) is located at 

NT2335422_233572726. The icaB gene (SERP2295) is located at NT2335724_233659326. The icaC gene 

(SERP2296) is located at NT2336580_233764726. Researchers believe the expression of the icaA gene is 

partly responsible for the biofilm production in many biofilm-producing bacteria, including Staphylococcus 

epidermidis6. 
   In regards with the relationship between biofilm production and the presence of the icaADBC locus, co-

transcription of the icaA and icaD genes are known to be responsible for an enhanced biofilm production37. 

It is unknown whether the icaB and icaC genes are also co-transcribed along with the icaA and icaD genes, 

however, the icaB and icaC are believed to be involved with regulating and working together with the icaA 

and icaD genes37. Although co-transcription of the icaA and icaD genes can increase biofilm production, S. 

epidermidis can still create a biofilm with expression of the icaA gene alone37. The protein product of the 

icaA gene is N-glycosyltransferase, which is homologous to the transmembrane protein N-acetyl-

glucosaminyltransferase that is responsible for creating glycosidic linkages between cell wall components67. 

The function of the icaD gene is likely a link between the icaA and icaC genes19, which is more similar to a 

supporter gene. While the functions of the icaA and icaD genes are more or less defined, the functions of the 

icaB and icaC genes are unknown37. However, it is hypothesized that the product of the icaB gene may 

perform as a transporter of the icaA gene product whereas an expression of the icaC gene might produce an 

integral membrane protein that functions in exporting the icaA gene product out of the cell for biofilm 

construction37. The expression of the icaADBC locus is regulated by a repressor, which is encoded from the 

transcription of the icaR gene19. Although the icaR gene is responsible for the regulation of the icaADBC 

locus, the loci’s expression is mainly controlled by the global stress response factor known as sigma factor 

B, rpoB (SERP0183, NT185929_189480), because this sigma factor positively regulates the expression of 

the icaADBC locus by negatively regulating the expression of the icaR gene27. Staphylococcal accessory 

regulator A, sarA, and regulator of rpoB, rsbU, is also partly responsible for indirectly regulating the 

expression of the icaADBC locus with a similar mechanism27. 
   Biofilm formation is dependent on the production of polysaccharide intercellular adhesion (PIA) 

polymers11. The synthesis of PIA recruits proteins that are encoded by the icaADBC gene locus11. Thus, 

expression of the ica locus is attributed as the major constituent for the conversion of S. epidermidis strains 

from commensalism to pathogenicity32,65. A majority of genes that encode for adhesion are found to be intact 

in the wild type non-biofilm forming and non-infectious strain, S. epidermidis ATCC 12228; however, the 

ica operon is not present in the wild-type strain6,11. In contrast, S. epidermidis ATCC 35984 (RP62A), a 

biofilm-forming strain, contains the icaADBC operon6,33.  
   Previous studies have caused commensal S. epidermidis strains to become virulent in in vivo animal 

models, with the transformation of the ica-absent strain into the ica-present strain by inserting the ica locus 

into the commensal strain32,49-52. In a rat central venous catheter (CVC)-associated infection model49, CVC-

associated infections with metastasis of the disease were statistically different amongst the population of the 

ica-locus expressed subjects than those exposed to the parental wild-type strains32. This enclosed EPS barrier 

increases the bacteria’s resistance to antimicrobial agents by at least 10 to 1000 times, leading to greater 

difficulty of removal from surfaces27,36,39.    
   Furthermore, previous studies have found the formation of biofilms is not restricted to forming on moist/wet 

hard surfaces, but as well as on dry and fabric surfaces36,39. S. aureus and S. epidermidis are part of the 

Staphylococcus species of Gram-positive cocci bacteria2. Both have been identified to possess the ica locus, 

as well as agents in causing nosocomial infections2,11,56. S. aureus-associated infections, however, are treated 
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with greater emphasis in the clinical setting due to a higher morbidity and mortality than compared to S. 

epidermidis11. The viability of multiple-drug resistant S. aureus was examined from five common hospital 

surfaces: smooth 100% cotton, 100% cotton-terry, 60% cotton/40% polyester, 100% polyester, and 100% 

polypropylene plastic36. These microorganisms were found to linger on surfaces, such as scrub suits and 

stretchers, even after drying; this emphasizes the importance of thorough contact procedures and disinfection 

that are needed in the hospital setting36. 
   Antibiotics are the current method of treatment against Staphylococcus infections. Previous studies have 

shown that biofilm-producing bacteria can be resistant to synthetic antibacterial agents such as tetracycline 

and gentamycin10. One of the most common antibiotics used to treat hospital-acquired infections caused by 

S. epidermidis is rifampicin16. It is a well-established treatment against various other diseases, such as 

tuberculosis45, Hansen’s disease, and AIDS-associated mycobacterial infections21,46. Rifampicin is an 

antibiotic belonging to the rifamycin class21. It targets specifically the DNA-dependent RNA synthesis of the 

bacterium21. It interferes with the initiation phase of the RNA synthesis by modifying the rpoB gene, which 

prevents the interaction between the DNA-dependent RNA polymerase and its respective promoter site from 

occurring because the rpoB gene codes for a sigma factor of the DNA-dependent RNA polymerase21. From 

previous literature, it had been shown that rifampicin is able to penetrate the biofilm of S. epidermidis RP62A, 

but it cannot effectively inhibit or obliterate the growth of the RP62A strain18,69. Normal growth is observed 

after approximately 12 hours of exposure to rifampicin69. Thus, even though rifampicin is a well-established 

antibiotic used to treat Staphylococcus infections in clinical settings, it is ineffective in the treatment of 

Staphylococcus infections caused by S. epidermidis RP62A69.  
   In an effort to combat antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus 

(MRSA), the prescription of antibiotics has become more regulated. Aside from synthetic antibiotics, 

biofilm-producing bacteria can also be resistant to natural antimicrobial agents such as essential oils14,19-

20,38,57-58. D-limonene is a terpenoid primarily found as a major component derived from extracted citrus oils 

such as orange and lemon49,58. The use of D-limonene products itself accounts for approximately 92% of the 

total annual volume reported in the United States1. The daily per capita intake of D-limonene in the U.S. was 

reported in 2011 as 27,906 µg/person1. Previous studies on Escherichia coli8, Staphylococcus aureus19,49, and 

Bacillus cereus49, have shown D-limonene to be effective as a natural antimicrobial bacteriostatic and 

bactericidal agent18. Its antibiotic property is exhibited through its catabolic mechanism on the bacterium’s 

plasma membrane8. It is shown that D-limonene can cause membrane toxicity in bacteria14 by changing the 

fatty acid composition of the phospholipid bilayer membrane15. Its citrus-like scent and low toxicity level has 

led to its incorporation in disinfectants as well as a proposed food preservative19,58-59.   
   Although D-limonene has been shown to possess an ability to inhibit bacterial growth in many bacterial 

strains, there has been no research today on testing D-limonene’s effect on biofilm-producing S. epidermidis. 

Thus, the aim of this study is to test the effect of D-limonene as an antimicrobial agent against biofilm-

forming S. epidermidis RP62A in comparison to the parental strain ATCC 12228. Since it has been shown 

in previous studies that D-limonene can effectively inhibit the growth of various bacterial species, it is 

hypothesized that D-limonene will also be able to effectively inhibit the growth of biofilm-forming S. 

epidermidis RP62A. The significance of this research is the potential clinical use of D-limonene alone or in 

combination with antibiotic against hospital-acquired S. epidermidis infections.  
 
 

2. Materials and Methods  

 

2.1 Strains and Growth Conditions 

 

S. epidermidis strains ATCC 12228 and RP62A were purchased from ATCC (Manassas, VA).  The strains 

were grown in an aerobic atmosphere at 37oC in Trypticase Soy Agar (TSA) and/or Broth (TSB). They were 

grown in TSB with or without D-limonene and rifampicin at various concentrations as described below, both 

purchased from Sigma-Aldrich (St. Louis, MO). The bacterial concentrations of both strains were determined 

using the DU®720 General Purpose UV/Vis Spectrophotometer (Beckman Coulter, Pasadena, CA) at OD600.  
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2.2 Growth Analysis of S. epidermidis strains ATCC 12228 and RP62A 

  

Overnight cultures of ATCC 12228 and RP62A were diluted to 106 CFU/mL, which correlates with about 

OD600 = 0.02, by adding to 50 mL of fresh TSB containing varying concentrations of D-limonene (76.4 mg/L, 

152.8 mg/L, 229.2 mg/L, 305.6 mg/L, 382 mg/L, and 458.4 mg/L). Additionally, each strain was diluted in 

50 mL of TSB containing a combination of 382 mg/L of D-limonene and 50 µg/mL of rifampicin. As 

controls, each strain was simultaneously grown in TSB only, and also in 50 mL of TSB containing 50 µg/mL 

of rifampicin for each trial performed. All other controls were also grown with the treatment groups 

simultaneously. The flasks were then incubated overnight at 37oC without agitation. The growth of both 

strains was measured at OD600 in two-hour intervals from 0 to 24 hours, for each condition. 
  

2.3 Statistical Analysis 

  

One-way ANOVA with Tukey’s Honest Significant Difference Post-Hoc tests were conducted using 

VassarStats (http://www.vassarstats.net/anova1u.html). The samples were run as independent variables and 

weighted. Statistical difference was defined as significant when P < 0.01. 
  

 

3. Results 

  

3.1 D-Limonene Susceptibility 

 

  
Figure 1. Growth analysis when exposed to D-limonene 

  

Figure 1A. Growth curve demonstrating the growth of S. epidermidis ATCC 12228 under exposure to 0 

mg/L (no treatment) and 305.6 mg/L of D-limonene. Figure 1B. Growth curve demonstrating the growth of 

S. epidermidis RP62A under exposure to 0 mg/L (no treatment) and 305.6 mg/L of D-limonene.  

 

Both curves were constructed with OD600 values from two data trials (trial 3 = 0, 2, 4, 6, 8, 10, 24 hours, trial 

4 = 0, 12, 14, 16, 18, 20, 22, 24 hours). Difference in the stationary phase of the ATCC 12228 strain and the 

RP62A strain under exposure to 0 mg/L of D-limonene (no treatment) is not significant. Difference in the 

stationary phase of ATCC 12228 between 0 mg/L of D-limonene (no treatment) condition and 305.6 mg/L 

of D-limonene condition is significant (P < 0.01, one-way ANOVA). Difference in the stationary phase of 

RP62A between 0 mg/L of D-limonene (no treatment) condition and 305.6 mg/L of D-limonene condition is 

not significant. Difference in the stationary phase of the ATCC 12228 strain and the RP62A strain under 

exposure to 305.6 mg/L of D-limonene is significant (P < 0.01, one-way ANOVA). 

 
   Growth analysis indicates that the growth rate of ATCC 12228 was reduced when exposed to D-limonene 

concentrations at 305.6 mg/L (Figure 1A). Exposure to D-limonene concentrations above 305.6 mg/L were 
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similar in growth to 305.6 mg/L of D-limonene (data not shown). However, exposure to D-limonene 

concentrations below 305.6 mg/L did not affect the growth rate of ATCC 12228, and thus no difference in 

growth was observed from the no treatment condition (data not shown). The stationary phase of ATCC 12228 

between 0 mg/L of D-limonene (no treatment) condition and 305.6 mg/L of D-limonene condition is 

significantly different from each other (P < 0.01). Furthermore, its doubling time under exposure to 0 mg/L 

of D-limonene (no treatment) was 1.99 hours, but its doubling time under exposure to 305.6 mg/L of D-

limonene was 11.24 hours. The growth rate of the ATCC 12228 strain under exposure to 305.6 mg/L of D-

limonene was reduced almost 6 times when compared to its growth rate under exposure to 0 mg/L of D-

limonene (no treatment). This shows that the doubling time of the ATCC 12228 strain increased in the 

presence of D-limonene at and above 305.6 mg/L. Thus, both are suggestive that D-limonene acts as a 

moderate bacteriostatic agent against the ATCC 12228 strain by slowing down its growth. 
   In contrast, it is evident from the growth analysis that RP62A strain growth rate was not impacted when 

exposed to 305.6 mg/L of D-limonene (Figure 1B). Concentrations of D-limonene above and below 305.6 

mg/L were observed to have no effect on the growth rate of RP62A when exposed (data not shown). The 

stationary phase of RP62A between the 0 mg/L of D-limonene (no treatment) condition and the 305.6 mg/L 

of D-limonene condition is not significantly different from each other (P > 0.01). Moreover, the doubling 

time of RP62A under exposure to the no treatment control (0 mg/L of D-limonene) was 2.60 hours. Similarly, 

the doubling time of RP62A under exposure to 305.6 mg/L of D-limonene was 2.48 hours. This demonstrates 

that the doubling time of the RP62A strain under exposure to 305.6 mg/L of D-limonene remains closely 

similar to its doubling time under exposure to no D-limonene. Thus, results from both strains suggest that D-

limonene has minimal static effect on the growth of the RP62A strain. 
  

3.2 Rifampicin Susceptibility 

 

  
Figure 2. Growth analysis when exposed to rifampicin 

  

Figure 2A. Growth curve demonstrating the growth of S. epidermidis ATCC 12228 under exposure to 50 

µg/mL of rifampicin, and also its growth under exposure to 0 mg/L of D-limonene (no treatment) as a 

comparison. Figure 2B. Growth curve demonstrating the growth of S. epidermidis RP62A under exposure 

to 50 µg/mL of rifampicin, and also its growth under exposure to 0 mg/L of D-limonene (no treatment) as a 

comparison. 

 

Both curves were constructed with OD600 values from two data trials (trial 3 = 0, 2, 4, 6, 8, 10, 24 hours, trial 

4 = 0, 12, 14, 16, 18, 20, 22, 24 hours). Difference in the stationary phase of ATCC 12228 between 0 mg/L 

of D-limonene (no treatment) condition and 50 µg/mL of rifampicin condition is significant (P < 0.01, one-

way ANOVA). Difference in the overall growth of RP62A between 0 mg/L of D-limonene (no treatment) 

condition and 50 µg/mL of rifampicin condition is significant (P < 0.01, one-way ANOVA). 
   

   The growth of the ATCC 12228 strain was inhibited when exposed to 50 µg/mL of rifampicin (Figure 2A). 

The stationary phase of ATCC 12228 between 0 mg/L of D-limonene (no treatment) condition and 50 µg/mL 

of rifampicin condition is significantly different from one another (P < 0.01). In addition to no signs of 
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growth, the cell density was also observed to have decreased over time. Thus, it suggests that rifampicin acts 

as a bactericidal agent against the ATCC 12228 strain. 
   Conversely, the growth of the RP62A strain was initially inhibited when first exposed to 50 µg/mL of 

rifampicin (Figure 2B). However, after 16 hours, it started to grow normally in this condition (Figure 2B). 

The results correlate with previous research on the RP62A strain, where it was similarly observed to have 

started normal growth after 12 hours of exposure to rifampicin69. Although the difference in overall growth 

of the RP62A strain between 0 mg/L of D-limonene (no treatment) condition and 50 µg/mL of rifampicin 

condition is significant (P < 0.01), there was a lag in growth of RP62A in the first 16 hours. However, after 

16 hours of exposure, normal growth was observed and the concentration of RP62A continued to increase. 

Despite the increasing RP62A concentration, the difference in growth of the RP62A strain between the two 

conditions at 22 hours of exposure remains significant (P < 0.01), since it appears that the sample exposed to 

rifampicin was still within exponential growth.  
 
 

3.3 D-limonene-Rifampicin Drug Cocktail Susceptibility 
 

  
Figure 3. Growth analysis when exposed to D-limonene-rifampicin drug cocktail 

  

Figure 3A. Growth curve demonstrating the growth of S. epidermidis ATCC 12228 under exposure to the 

D-limonene-rifampicin drug cocktail (382 mg/L of D-limonene + 50 µg/mL of rifampicin), and also its 

growth under exposure to 0 mg/L of D-limonene (no treatment) as a comparison. Figure 3B. Growth curve 

demonstrating the growth of S. epidermidis RP62A under exposure to the D-limonene-rifampicin drug 

cocktail (382 mg/L of D-limonene + 50 µg/mL of rifampicin), and also its growth under exposure to 0 

mg/L of D-limonene (no treatment) as a comparison. 

 

Both curves were constructed with OD600 values from two data trials (trial 3 = 0, 2, 4, 6, 8, 10, 24 hours, trial 

4 = 0, 12, 14, 16, 18, 20, 22, 24 hours). Difference in the stationary phase of ATCC 12228 between 0 mg/L 

of D-limonene (no treatment) condition and D-limonene-rifampicin drug cocktail condition is significant (P 

< 0.01, one-way ANOVA). Difference in the stationary phase of RP62A between 0 mg/L of D-limonene (no 

treatment) condition and D-limonene-rifampicin drug cocktail condition is significant (P < 0.01, one-way 

ANOVA). Difference in the stationary phase of ATCC 12228 and RP62A under exposure to the D-limonene-

rifampicin drug cocktail is not significant. 
   

   The growth of the ATCC 12228 strain was significantly inhibited when exposed to the D-limonene-

rifampicin drug cocktail (Figure 3A). The stationary phase of the ATCC 12228 strain between 0 mg/L of D-

limonene (no treatment) condition and D-limonene-rifampicin drug cocktail condition is significantly 

different from each other (P < 0.01). This shows that the drug cocktail is able to significantly inhibit the 

growth of ATCC 12228. Thus, it suggests that the D-limonene-rifampicin drug cocktail works effectively 

against the ATCC 12228 strain by significantly inhibiting its growth. 
   Furthermore, the growth of the RP62A strain was also significantly inhibited when exposed to the D-

limonene-rifampicin drug cocktail condition (Figure 3B). The stationary phase of the RP62A strain between 

0 mg/L of D-limonene (no treatment) condition and D-limonene-rifampicin drug cocktail condition is 
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significantly different from each other (P < 0.01). This shows that the drug cocktail is also able to significantly 

inhibit the growth of RP62A. Thus, it suggests that the D-limonene-rifampicin drug cocktail works 

effectively against the RP62A strain as well by inhibiting its growth.  
 

 

4. Discussion 

  

Staphylococcus epidermidis is found to exist as various strains, such as the ATCC 12228 and RP62A strains. 

One of the major differences between the strains is that the ATCC 12228 strain is unable to produce a biofilm, 

while the RP62A strain does produce a biofilm. This suggests that difference in the initial growths observed 

between both strains may be related to strain variation. S. epidermidis RP62A that is found in the clinical 

setting is a greater challenge to treat and eradicate because of its capability to produce a biofilm27,36,39. The 

RP62A strain is suggested to be more tolerant to D-limonene than the ATCC 12228 strain because of this 

particular constituent5,37. The biofilm that protects the bacteria may act as a barrier against antimicrobial 

agents, and should be further studied. 
   Prior to the experiment, a relationship curve of bacterial concentrations versus optical density at 600 nm 

was performed to determine the cell density for each strain and was monitored over 24 hours simultaneously. 

Cell density for each strain was diluted each time to 106 CFU/mL (correlates with about OD600 = 0.02), 

utilizing the respective growth curve for calculation. The rationale behind choosing 106 CFU/mL as initial 

concentration is that S. epidermidis concentrations below 106 CFU/mL, such as 104 CFU/mL, increased the 

time S. epidermidis spent in a lag phase, and thus further slowed down their growth. On the other hand, S. 

epidermidis concentrations above 106 CFU/mL, such as 108 CFU/mL, saturated the bacterial culture. 

Therefore, it is suggested that 106 CFU/mL is an optimal S. epidermidis concentration for growth.  

   According to the results, in the D-limonene condition, D-limonene acts as a bacteriostatic agent against the 

ATCC 12228 strain by slowing its growth at a minimum inhibitory concentration of 305.6 mg/L, but it has 

no observable effect on the RP62A strain. Speculation as to the reason D-limonene has no effect on the 

growth of the RP62A strain is thought to be due to the capability of RP62A to form a biofilm. The biofilm 

surrounds the S. epidermidis RP62A cells, thus blocking D-limonene from accessing its target sites, which 

are the cell membrane and cell wall41,42. This may be the reason RP62A is able to retain resistance to D-

limonene and maintain normal growth. 
   In the rifampicin control condition, rifampicin was found to act as a bactericidal agent against the ATCC 

12228 strain. However, for the RP62A strain, normal growth was observed after 16 hours of exposure similar 

to the observations of Zheng and Stewart69. It is anticipated that the reason rifampicin has no effect on the 

growth of the RP62A strain after 16 hours of exposure is due to a mutation that the RP62A strain may undergo 

towards rifampicin sensitivity by modifying its rpoB gene during the first 16 hours of exposure leading to 

rifampicin resistance21. This speculation is based on previous studies that have shown resistance to rifamycin-

class antibiotics in various bacterial species, such as Escherichia coli and Mycobacterium tuberculosis, due 

to the modification of the rpoB gene21. The rpoB gene codes for an alternative sigma factor that aids in the 

binding of RNA polymerase to the promoter site during the initiation phase of RNA synthesis in S. 

epidermidis21. Rifamycin binding to rpoB gene may therefore block transcription initiation. Therefore, it is 

predicted that mutation of rpoB gene abrogates its binding to rifamycin, in turn RNA polymerase is able to 

initiate transcription, and thus confers rifampicin resistance to the RP62A strain, allowing normal growth.  
   In the D-limonene-rifampicin drug cocktail condition, the drug cocktail was found to work effectively 

against both the ATCC 12228 and RP62A strains. Since results showed that the RP62A strain is resistant to 

both D-limonene and rifampicin, the individual agents were combined, forming a drug cocktail, in order to 

observe if there would be a synergic effect in the inhibition of growth of the RP62A strain. As demonstrated, 

the combination of D-limonene and rifampicin did indeed result in an effective inhibition of the RP62A 

growth. A study on the effect of the rifampicin-vancomycin drug cocktail on S. epidermidis RP62A showed 

the combination of the two drugs was more effective in inhibiting the growth of the RP62A strain than 

individually18. The rifampicin-vancomycin drug cocktail was not only able to prevent the development of 

rifampicin resistance in the RP62A strain, but as well as improve the ability of vancomycin to penetrate 

through the biofilm of the RP62A strain18. As a result, both factors contributed to the effectiveness of the 

rifampicin-vancomycin drug cocktail to inhibit the growth of the RP62A strain18. It is rare for bacteria to 

undergo two or more different mutations simultaneously. In order for the RP62A strain to survive and grow 

in the presence of the D-limonene-rifampicin drug cocktail, two different mutations would have to occur at 



494 
 

the same time, due to the fact that D-limonene and rifampicin have different target sites as discussed above. 

Thus, the D-limonene-rifampicin drug cocktail is able to effectively work against the RP62A strain in 

inhibiting its growth because it is unlikely that the RP62A strain had undergone two different mutations 

simultaneously. With this result, it is hoped that the D-limonene-rifampicin drug cocktail will be further 

evaluated and used in clinical settings to prevent initial nosocomial Staphylococcus infections from 

developing.  
   Future research may include determining the role of the icaADBC gene locus in S. epidermidis RP62A’s 

D-limonene resistance by performing qRT-PCR to evaluate the expression level of the icaADBC gene locus, 

specifically the icaA gene. If the expression of the icaA gene is not found to be responsible, the expression 

levels of other genes, that are also responsible for biofilm formation, may also be done, such as the rpoB 

gene. The rpoB gene is responsible for controlling the expression of the icaADBC gene locus27. Furthermore, 

future work might focus on studying the synergic effect of other drug cocktail combinations, such as 

combining D-limonene with other rifamycin-class antibiotics, with regards to the inhibition of growth of the 

RP62A strain. Additionally, D-limonene may be combined with other essential oils that have been attributed 

with having antimicrobial properties in order to determine their values as alternatives to synthetic antibiotics 

in the clinical setting19,37.  
    

 

5. Conclusion 

  

In conclusion, the hypothesis is not supported because the study showed that D-limonene alone does not 

work effectively in inhibiting the growth of S. epidermidis RP62A. However, the research demonstrated a 

synergic effect in that D-limonene is effective in inhibiting the growth of S. epidermidis RP62A when 

combined with the antibiotic rifampicin. Thus, this study provides promising results, which suggests that D-

limonene may be utilized as a therapy in preventing initial hospital-acquired Staphylococcus infections in 

combination with other antibiotics. 
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