
 Polyenes and azoles have been the antifungals of choice 

in the treatment of these fungal infections. However, many 

problems remain to be solved for most of the available 

antifungal drugs such as nephro- and hepato-toxicity 

associated with the use of amphotericin B [4]. A lipid for-

mulation of amphotericin B is less toxic but more costly 

[4,5]. Azoles, particularly fl uconazole, are less toxic after 

oral or intravenous administration and consequently are 

often employed [4]. However, azole therapy failures 

have been observed due to intrinsic resistance in  Candida  

spp. such as  C. krusei  and  C. glabrata  and acquired resis-

tance in previously susceptible strains of  C. albicans  due 

to their continual use in AIDS and cancer patients [6]. 

About 3.6 – 7.2 % of  C. albicans  isolates from women with 

vaginitis are resistant to fl uconazole [7] and, oropharangeal 

candidiasis due to the fl uconazole-resistant  Candida  has 

long been a problem for HIV patients [8,9]. Since the 

immunocompromised population is increasing in number, 
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 Therapy for candidiasis is becoming problematic due to the toxicities of currently 
available antifungal agents and the increasing prevalence of resistance among the etio-
logic agents. Therefore, new antifungals and alternative approaches are needed. In this 
study, 20 fl uconazole-resistant strains of  Candida albicans  were found to have varying 
levels of resistance to other azoles, i.e., itraconazole (MIC of 4 – 128  μ g/ml) and ketoco-
nazole (2 – 256  μ g/ml). In addition, 13 of these isolates appeared resistant to amphotericin 
B (32 – 128  μ g/ml). A total of 21 plant essential oils were screened for their antifungal 
activity against these multi-drug resistant isolates. The oils of  Cymbopogon martini , 
i.e., citral and cinnamaldehyde, exhibited strong inhibitory activity with minimum 
inhibitory concentrations (MIC 50 ) ranging from 90 – 100  μ g/ml. The test oils were more 
effective than fl uconazole and amphotericin B in inhibiting azole- and amphotericin 
B-resistant, as well as amphotericin B-susceptible isolates. The test oils and especially 
eugenol, exhibited signifi cant synergy with fl uconazole or amphotericin B against the 
test isolates. These fi ndings suggest the possible effective use of certain oils alone or in 
combination with fl uconazole or amphotericin B, against multi-drug resistant isolates of 
 C. albicans .  
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  Introduction 

 Fungal infections have been increasing in recent years 

as a consequence of the growing number of immunocom-

promised patients due to HIV infection, cancer chemo-

therapy and organ or bone marrow transplantations [1]. 

In such persons,  Candida  infections are very common 

causing oral, vaginal and/or systemic candidiasis. Oropha-

ryngeal candidiasis is generally frequently enountered in 

AIDS patients who do not have access to highly active 

antiretroviral therapy (HAART) [2], whereas oral candidi-

asis often affects cancer patients undergoing chemotherapy 

and/or radiotherapy [3]. 
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proper medical therapy is needed to overcome problematic 

drug resistant strains of  C. albicans . 

 Newly developed echinocandins, less toxic and having 

comparable activity to amphotericin B, display excellent 

inhibitory and cidal activity against isolates of  C. albicans  

exhibiting higher levels of fl uconazole resistance [10,11]. 

However, therapy is still expensive and often not afford-

able, in particular, in developing countries [12]. Therefore, 

considering the limitations of currently available antifun-

gal drugs regarding toxicity, activity, cost, and emerging 

resistance, the search for new alternative strategies is 

justifi ed. 

 To circumvent these problems, researchers are exploit-

ing alternative therapeutic approaches against these 

infections such as the use of drug combinations. Such 

therapy has potential advantages over monotherapy in 

terms of reducing dose-related toxicity and emergence of 

drug resistance, the problems associated with fl uconazole 

and amphotericin B. However, combination therapy is still 

immature in many countries [13]. 

 Plant products and especially essential oils can be 

exploited as alternative therapies. Essential oils have long 

been used in ethnomedicine as effective and safe antifungal 

agents against  Candida  infections. Several workers have 

reported promising anti-candidal activity against mucosal 

candidiasis through the use of various essential oils 

[14 – 16]. Since natural products are less expensive and 

considered safer, they could be explored for their synergis-

tic interactions with drugs of choice for treatment of  

Candida  infections which might result in more cost effec-

tive and safer formulations. Some  in vitro  studies have 

reported the combination of oils with fl uconazole and 

amphotericin B against candidal infections [17,18] but less 

work has been done with drug-resistant fungi. 

 It is critical to know the susceptibility of causative 

fungal strains to antifungal drugs and essential oils in order 

to optimize therapy. Therefore, in this study we determined 

the susceptibility of 18 clinical isolates of  C. albicans  

and two reference strains to six common antifungal drugs, 

17 plant essential oils, and four major active ingredients. 

Furthermore, to develop a safer and more potent antifungal 

agent, the selected essential oils were evaluated for their 

activity in combination with amphotericin B or fl uconazole 

against multi-drug resistant isolates of  C. albicans . These 

fi ndings highlight the  in vitro  effi cacy of certain essential 

oils alone and in combination with antifungal drugs.   

 Materials and methods  

 Organisms and media 

 In this study, 18 isolates of clinical origin and two refer-

ence strains of  C. albicans  were included. The clinical 

isolates (CA01-18) were recovered from patients with 

vaginitis, urinary tract infections, and candidemia attend-

ing the Jawaharlal Nehru Medical College and Hospital, 

Aligarh Muslim University, Aligarh.  Candida albicans  

NRRLY12983 was kindly provided by the fungal culture 

collection at Agricultural Research Service, USDA, Peoria, 

USA and  C. albicans  MTCC183 was purchased from the 

Microbial Type Culture Collection, Institute of Microbial 

Technology, Chandigarh, India. All isolates were charac-

terized using morphological and physiological methods 

such as use of HiCrome Candida agar (Himedia Laborato-

ries, Mumbai, India), ability to form germ tubes, and bio-

chemical tests (such as carbon and nitrogen assimilations, 

urease, and nitrate reduction), and identifi ed as  C. albicans . 

The test strains were maintained on Sabouraud dextrose 

agar (SDA) slants at 4 ° C and subcultured to Sabouraud 

dextrose broth (SDB) prior to use.   

 Plant essential oils and drugs 

 A total of 17 essential oils and four active compounds 

were obtained from Wyndmere Naturals, Inc., Minnetonka, 

MN, USA ( Citrus paradisi , grapefruit;  Citrus sinensis,  
orange;  Foeniculum vulgare , sweet fennel;  Petroselinum 
crispum,  parsley;  Apium graveolens , celery;  Rosemarinus 
offi cinalis,  rosemary;  Santalum album , sandalwood;  

Zea mays,  corn; and  Zingiber offi cinale , ginger); Himalaya 

Drug Co., Dehradun, India ( Cinnamomum verum , cinna-

mon,  Citrus limon  ̧   lemon and  Myristica fragrans , nut-

meg); Himedia Laboratories ( Eucalyptus  sp., eucalyptus; 

 Mentha piperita  peppermint; and pure compounds of 

eugenol, cinnamaldehyde); Aroma Sales Corporation, 

New Delhi, India ( Cymbopogon citratus , lemongrass; 

 Cymbopogon martini,  palmrosa; and pure compounds of 

citral and geraniol); and Dabur India Ltd., New Delhi, 

India ( Syzygium aromaticum,  clove). The sterile paper 

discs, antifungal susceptibility test discs and drug powders 

of amphotericin B and ketoconazole were purchased from 

Himedia Laboratories. Fluconazole and itraconazole in 

powder forms were obtained from Pfi zer Co. and Jansen 

Co, Mumbai, India, respectively. Stock solutions (25 mg/ml) 

of amphotericin B, ketoconazole, fl uconazole and itracon-

azole were prepared in dimethyl sulfoxide (DMSO) and 

stored at  � 20 ° C until used. All test oils obtained from 

Aroma Sales Corporation, New Delhi were assessed for 

quality using physicochemical tests such as specifi c grav-

ity, refractive index, and solubility in alcohol (data not 

shown) at the Fragrance and Flavour Development Centre, 

Kannauj, India, as well as chemical composition by gas 

chromatography-mass spectrometry (data not shown) at the 

Sophisticated Analytical Instrument Facility of the Indian 

Institute of Technology, Mumbai, India. Essential oils were 

diluted ten-fold in 1% DMSO and used in the assays.   
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susceptible to amphotericin B), were selected to assess 

time-dependent killing caused by the most potent essential 

oils or active compounds and antifungal drugs by the 

modifi ed method of De Logu  et al . [10]. Briefl y, 2  �  MIC 

concentrations were used. Twenty milliliters of phosphate 

buffered saline (PBS) solution containing the desired 

concentrations of the test agents were inoculated with 1 ml 

of yeast suspension (0.5 McFarland). The control solution 

contained PBS with yeast inoculum but no essential 

oils, active compounds or drugs. Immediately after inocu-

lation, 100  μ l was collected from the solutions for viable 

count. Test and control solutions were incubated at 37 ° C 

for 48 h. Viable counts were obtained from the test and 

control solutions at 2, 4, 6, 8, 12, 24, 36, and 48 h by 

plating 100  μ l of 10-fold serial dilutions onto SDA plates 

and incubating at 37 ° C for 24 h. Each experiment was 

performed in triplicate and the mean colony count for each 

experiment was converted to values relative to the mean 

colony count at 0 h to normalize the data and correct 

for variation in starting inocula. The relative viable count 

was plotted against time on a log scale.   

 Interaction of essential oils or active compounds 

with antifungal drugs 

 A checkerboard microtiter test was performed to evaluate 

the interaction of essential oils or active compounds 

with fl uconazole or amphotericin B against  C. albicans  

(CA01, CA02, CA09 and  C. albicans  NRRLY12983 .  The 

method of Vitale  et al . [23] was adapted with some modi-

fi cations. Briefl y, series of two-fold dilutions of each of 

the oils and drugs was made in SDB and DMSO, respec-

tively, to obtain four times the fi nal concentration to 

be achieved in the microtiter well. Furthermore, 50  μ l of 

each dilution of an oil was added to the 96-well microtiter 

plates in the vertical direction, while 50  μ l of each dilution 

of antifungal drugs was added in the horizontal direction, 

so that various combinations of essential oils or active 

compounds and fl uconazole or amphotericin B could 

be achieved. In addition, 100  μ l of yeast suspension 

(0.5 McFarland) was added to each well and plates 

were incubated at 37 ° C for 48 h. The nature of interaction 

was defi ned quantitatively by the means of fractional 

inhibitory concentrations (FIC) that was calculated as 

the MIC of the combination of essential oils or active 

compounds with fl uconazole or amphotericin B divided 

by the MIC of essential oils, active compounds, fl ucon-

azole or amphotericin B alone. An FIC index (FICI) was 

obtained by adding both FICs. The combination result was 

interpreted as follows: FICI  �  0.5, synergistic;  � 0.5 – 4.0, 

no interaction;  � 4.0, antagonistic as described by 

Odds [24].    

 Disc diffusion assays 

 A disc diffusion assay, as recommended by Clinical and 

Laboratory Standards Institute (CLSI) M44-A2 [19], was 

used with some modifi cations to determine the susceptibil-

ity of the test isolates. Briefl y, 100  μ l of yeast suspension 

adjusted to a 0.5 McFarland standard was streaked onto 

SDA plates and then antifungal drug discs (10 – 20  μ g/disc), 

were placed over the agar surface and incubated at 37 ° C 

for 24 h. The method of Sokovi ć  and van Griensven [20] 

was adapted with slight modifi cations to determine the 

susceptibility of isolates against essential oils or active 

compounds. For this, 100  μ l of yeast suspension (0.5 

McFarland) was spread onto SDA plates and then paper 

discs (8 mm) impregnated with 10  μ l of essential oils, were 

placed over the agar surface and incubated at 37 ° C for 

24 h. The diameter of the zone of inhibition around the 

discs was recorded in mm. Each experiment was conducted 

in triplicate and the average zone size was calculated. Data 

are presented as mean  �  SD.   

 Determination of minimum inhibitory concentration 

by broth macrodilution assays 

 The minimum inhibitory concentrations (MICs) of 

drugs used in the studies were determined by the CLSI 

broth macrodilution reference method M27-A3 [21], 

as modifi ed by Colombo  et al . [22]. Briefl y, an overnight 

culture was adjusted to a 0.5 McFarland standard in 

RPMI 1640 medium with L-glutamine but without bicar-

bonate and buffered to pH 7.0 with MOPS. One hundred 

microliters of two-fold serial dilutions of test drugs 

(10  �  concentrations) were prepared and 0.9 ml of diluted 

inoculum medium was added to each tube and incubated 

at 37 ° C for 48 h. Drug free control was included. For the 

azoles such as fl uconazole, itraconazole and ketoconazole, 

the MIC was established as the lowest concentration that 

inhibited at least 80% of growth as compared with the con-

trol. For amphotericin B, the MIC was defi ned as the low-

est concentration that inhibited visible growth. For MIC 

determination of the essential oils, the method of Sokovi ć  

and van Griensven [20] was adapted with some modifi ca-

tions. Essential oils were serially diluted in 1 ml SDB 

to achieve a range of concentrations from 50 – 800  μ g/ml 

and 10  μ l of yeast suspension (0.5 McFarland) was added 

and incubated at 37 ° C for 24 h. The MIC was defi ned as 

the lowest concentration that inhibited visible growth. 

Each experiment was repeated three times and the mean 

MICs were calculated.   

 Time kill assays 

 Two test strains, CA01 (resistant to both fl uconazole and 

amphotericin B) and CA09 (resistant to fl uconazole but 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/50/1/33/989403 by guest on 20 August 2022



© 2012 ISHAM, Medical Mycology, 50, 33–42

  36  Khan  et al .  

 Results  

 Susceptibility of C. albicans isolates to antifungal drugs 

 Table 1 shows the susceptibility of 18 fl uconazole resistant 

and two reference strains of  C. albicans  to six antifungal 

drugs using the disc diffusion method. Zones of inhibition 

with fl uconazole, itraconazole and clotrimazole varied 

from nil to  � 16 mm, whereas, zones of inhibition to 

nystatin, amphotericin B and ketoconazole ranged from 

 � 16 – 31.33 mm against two, seven and nine strains, respec-

tively. These data clearly indicated that there was a 

decreased susceptibility among fl uconazole-resistant 

strains to itraconazole and clotrimazole followed by nysta-

tin, amphotericin B, and ketoconazole.   

 MICs of antifungal drugs 

 Based on the susceptibility behavior of the test strains, the 

limit of drug resistance was determined using the broth 

macrodilution method against amphotericin B, ketocon-

azole, itraconazole, and fl uconazole. The strains were 

considered resistant at the MIC value  � 1.0  μ g/ml for itra-

conazole, and  �  64.0  μ g/ml for fl uconazole as established 

by CLSI breakpoints. Due to the lack of consensus on 

MIC breakpoints for amphotericin B and ketoconazole, the 

MICs for these drugs were established following the crite-

ria suggested by other workers. The limit of resistance was 

considered as  � 2.0  μ g/ml for amphotericin B [25] and 

 � 1.0  μ g/ml for ketoconazole [26]. 

 As presented in Table 2, all test strains were resistant 

to fl uconazole (MIC in the range of 128 – 256  μ g/ml), itra-

conazole (4 – 128  μ g/ml) and ketoconazole (2 – 256  μ g/ml). 

Thirteen strains were resistant to amphotericin B with 

MICs ranging from 32 – 128  μ g/ml, whereas susceptible 

strains exhibited MICs of 0.25 – 1.0  μ g/ml. The MIC 50  

values for amphotericin B, ketoconazole, itraconazole, 

and fl uconazole were 64, 32, 128, and 256  μ g/ml, respec-

tively. These data further indicated the high level of azole 

resistance in the  C. albicans  test strains and surprisingly, 

co-resistance to amphotericn B.   

 Susceptibility of C. albicans isolates to essential 

oils and active compounds 

 Different susceptibility groups of  C. albicans  isolates 

were categorized on the basis of zones of inhibition 

produced by essential oils as depicted in Table 3. Out of 

the 21 tested essential oils and active compounds, cinnam-

aldehyde and oil of  C. martini  were highly active against 

all the test strains followed by others in the order of 

citral  �   C. citratus   �   C. verum   	   S. aromaticum   	   

eugenol  �  geraniol, exhibiting inhibition zones  �  20 mm 

for 14 – 20 of the strains. Oils of  Eucalyptu s spp.,  M. piperita , 

 C. sinensis ,  C. paradisi  and  C. limon  were least active 

   Table 1  Susceptibility of  Candida albican  s  isolates to antifungal drugs.  

Diameter of the zone of inhibition (mm)

Strains AMB(20) ∗ NYT(100) ∗∗ CLT(10) ∗ KTC(10) ∗ FLC(10) ∗ ITC(10) ∗ 

CA 01 19.22  �  1.69 13.00  �  0.81 – 14.66  �  0.94
–

–

CA 02 23.66  �  1.24 13.00  �  0.81 12.33  �  1.24 10.00  �  0.81 – 9.33  �  0.47
CA 03 18.33  �  0.47 15.00  �  0.81 11.33  �  0.47 10.33  �  0.47 – –

CA 04 16.24  �  1.24 12.00  �  0.81 10.00  �  0.81 11.00  �  0.81 – –

CA 05 11.00  �  0 .81 11.66  �  0.94 15.66  �  0.47 20.00  �  0.81 – –

CA 06 11.66  �  0.94 18.33  �  0.47 13.33  �  1.24 19.33  �  1.24 11.33  �  0.47 8.66  �  0.47
CA 07 10.66  �  0.94 11.33  �  1.24 11.33  �  1.24 10.00  �  0.81 10.66  �  0.94 8.66  �  0.47
CA 08 19.33  �  0.47 9.33  �  0.47 13.66  �  0.94 10.33  �  0.47 – –

CA 09 10.66  �  0.94 10.66  �  0.47 – – – –

CA 10 9.00  �  0.81 – 15.00  �  0.81 19.00  �  0.81 – 9.33  �  0.47
CA 11 9.33  �  0.47 10.66  �  0.94 – – – –

CA 12 10.33  �  0.47 – – 16.33  �  0.47 – –

CA 13 9.00  �  0.81 – 10.00  �  0.81 15.00  �  0.81 – –

CA 14 10.33  �  0.47 – – 19.66  �  1.24 – –

CA 15 10.33  �  0.47 14.33  �  1.24 12.00  �  0.81 16.66  �  0.47 – –

CA 16 10.66  �  1.24 – 13.00  �  0.81 14.33  �  0.47 10.66  �  0.94 8.33  �  0.47
CA 17 10.33  �  0.47 – 9.33  �  0.47 – – 8.66  �  0.47
CA 18 11.00  �  0.81 13.00  �  0.81 – 21.45  �  2.49 – 9.33  �  0.94
 C. albicans  NRRLY12983 21.33  �  1.24 11.66  �  1.24 13.00  �  0.81 19.00  �  0.81 – 12.33  �  1.24
 C. albicans  MTCC183 22.00  �  0.81 31.33  �  1.24 10.66  �  1.24 18.33  �  1.24 – –

 Potency of drugs in ∗(μg/disc), ∗∗(u/disc), AMB, amphotericin B; NYT, nystatin; CLT, clotrimazole; KTC, ketoconazole; FLC, fl uconazole; ITC, itraconazole 

�, indicates no zone of inhibition .
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against the majority of the strains for which inhibition 

zones were found to be  � 16 mm. Oils of  A. graveolens ,  

F. vulgare ,  P. crispum ,  R. offi cinalis ,  S. album ,  Z. mays ,  

M. fragrans  and  Z. offi cinale  did not show any detectable 

activity against the test strains.   

 MICs of essential oils and active compounds 

 A total of eight essential oils and active compounds 

exhibiting the highest activity against the test strains 

by disc diffusion were assessed for their inhibitory activity 

in terms of MIC. As evident from Table 2, test oils were 

also highly active in the order of citral and  C. martini  
(MIC 50  90  μ g/ml)  �   C. verum  and cinnamaldehyde 

(MIC 50  100  μ g/ml)  �   C. citratus  and geraniol (MIC 50  

180  μ g/ml)  �  eugenol and  S. aromaticum  (MIC 50  

200  μ g/ml).   

 Time kill assays 

 The potency of killing was evaluated for CA01 and CA09 

strains with the most active essential oils viz.  S. aromaticum , 

 C. verum ,  C. citratus ,  C. martini  and active compounds 

namely eugenol, cinnamaldehyde, citral, and geraniol as 

compared to amphotericin B and fl uconazole. The time-

dependent killing of CA01 at 8 h revealed a decrease of 

 � 1 log 10  in the viable count compared to the control 

by citral, cinnamaldehyde and eugenol followed by 

 C. verum  (between 9 – 10 h), geraniol and  C. martini  
(between 19 – 20 h), and  C. citratus ,  S. aromaticum  (24 h). 

Amphotericin B showed a similar effect by 34 h and fl u-

conazole showed no effect within 48 h (Fig. 1a, b). Citral 

was most active against CA09 by reducing the viable count 

 � 1 log 10  in 6 h followed by cinnamaldehyde and eugenol 

(8 h) (Fig. 2b). Activity of oils of  C. verum  and  

S. aromaticum  was similar to that against CA01 (Fig. 2a). 

Oils of  C. martini  and  C. citratus  produced the same 

effect in 18 h and geraniol in 22 h, whereas, a similar effect 

with amphotericin B required 44 h and there was no effect 

with fl uconazole within 48 h (Fig. 2a, b)   

 Synergistic interaction of essential oils or 

active compounds with antifungal drugs 

 The combined effects of the oils of  S.   aromaticum ,  

C. verum ,  C. citratus ,  C. martini  and their major active 

   Table 2  Susceptibility of 20 strains of  Candida albicans  in terms of MIC to antifungal drugs, essential oils and active compounds.  

Test agents

MIC range ( μ g/ml) Total number of strains

MIC 50 MIC 90 0.25 0.5 1 2 4 8 16 32 64 128 256

Amphotericin B 3 2 2 – – – – 3 6  4 – 64 128
Ketoconazole – – – 3 – 3 2 4 2  4  2 32 256
Itraconazole – – – – 2 – – 2 4 12 – 128 256
Fluconazole – – – – – – – – –  3 17 256 256

50 100 200 400
 S. aromaticum 2 3 12 3 200 400
 C. verum 5 5 6 4 100 400
Eugenol 4 5 6 5 200 400
Cinnamaldehyde 7 10 3 – 100 200

45 90 180 360
 C. citratus 6 3 6 5 180 360
 C. martini 6 10 4 – 90 180
Citral 2 10 6 2 90 180
Geraniol – 1 10 9 180 360

   �, indicates no strain   .

   Table 3  Susceptibility of  Candida albican  s  isolates to different essential oils and active compounds.  

Sensitivity behavior 

(range of zone of inhibition mm)

Test oils (number of strains)

CL CN LG PR ES PT OR LN GF EL CD CT GR

Least susceptible (8  –   � 16) – – – – 17 19 18 18 15 – – –  1

Moderate susceptible (16 – 20)  3  3  2 – – – –  1 –  3 –  1  5

Highly Susceptible ( � 20) 17 17 18 20 – – – – – 17 20 19 14

Non susceptible (No zone of inhibition) – – – –  3  1  2  1  5 – – – –

   CL,  S. aromaticum ; CN,  C. verum ; LG,  C. citratus ; PR,  C. martini ; ES,  E.  sp; PT,  M. piperita ; LN,  C. limon ; OR,  C. sinensis ; GF,  C. paradise ; EL, 

Eugenol; CD, Cinnamaldehyde; CT, Citral; GR, Geraniol   .

 �, indicates no strain found susceptible   .
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fl uconazole MIC and their own by 16- to 32-fold. In 

combination with amphotericn B, cinnamaldehyde exhib-

ited the highest synergy by reducing the MIC of amphot-

ericin B by 32-fold and its own by 16-fold whereas, eugenol 

showed reduction of 8- and 16-fold, respectively. Interest-

ingly, no combination was found to be antagonistic against 

the test strains.    

 Discussion 

 In this study, susceptibility of fl uconazole-resistant test 

strains of  C. albicans  were found to have a cross resistance 

to other azoles, namely itraconazole and ketoconazole, 

across a wide range of concentrations (2 – 256  μ g/ml).  Can-
dida albicans  and non- C. albicans Candida  spp. have both 

shown decreased susceptibilities in immunocompromised 

individuals and several workers have reported resistance to 

azoles [10,27 – 29]. Although some of the test strains were 
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   Fig. 2  (a) Time kill assays for essential oils and drugs against CA 09. 

(b) Time kill assays for active compounds and drugs against CA 09.  
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   Fig. 1  (a) Time kill assays for essential oils and drugs against CA 01. 

(b) Time kill assays for active compounds and drugs against CA 01.  

compounds like eugenol, cinnamaldehyde, citral and 

geraniol with fl uconazole or amphotericin B against CA01, 

CA02, CA09 and  C. albicans  NRRLY12983 strains are 

shown in Tables 4 and 5. All the tested essential oils and 

active compounds showed varying levels of interaction 

with fl uconazole or amphotericin B against the test strains 

except eugenol which was found to be synergistic with 

both fl uconazole and amphotericin B. Oil of  S. aromaticum  

showed synergistic interaction with only amphotericin B 

against all the test strains except CA01. Citral, cinnamal-

dehyde, and oils of  C. verum  and  C. citratus  exhibited 

both synergy and no interaction responses in combination 

with amphotericin B. Geraniol displayed a varying level 

of synergistic interaction with both fl uconazole and 

amphotericin B against test strains except  C. albicans  

NRRLY12983. Among all the tested combinations with 

fl uconazole, eugenol (CA 02, 09) and citral (CA 01) exhib-

ited the highest synergy by causing a reduction in the 
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and amphotericin B. Their synergistic effect seems to hold 

promise in combination therapy, preferably by combining 

agents with different antifungal mechanisms. Antifungal 

agents in combination can exhibit improved effi cacy 

because of the increased rate of killing, a broader spectrum 

of action covering multiple infections by different patho-

gens and a reduced duration of therapy resulting in the 

decreased likelihood of developing resistance [32]. In our 

study, eugenol being a potential anti-candidal agent alone, 

also exhibited synergistic interaction with both fl uconazole 

and amphotericin B. Although oil of  C. martini  was an 

effective anti-candidal agent alone, the combinational 

approach was indifferent with both fl uconazole and ampho-

tericin B. Geraniol exhibited moderate anti-candidal activ-

ity alone, and showed a signifi cant level of synergy with 

both fl uconazole and amphotericin B. In addition, higher 

MICs to amphotericin B and fl uconazole in test strains 

were reduced substantially (16- to 32-fold) and, thereby 

indicated the effectiveness of these combinational 

approaches. As revealed in this study, the interactive 

responses of oils and active compounds did not appear to 

be affected by the susceptibility behavior of the strains to 

amphotericin B or fl uconazole. Rather variations in the 

combinational effects may pertain to the nature of oils, 

susceptible to amphotericin B in our study, co-resistance 

was also clearly displayed. Other workers also reported 

development of resistance to amphotericin B in  C. albicans  

[27,29]. Multi-drug resistance is a serious issue in the treat-

ment of opportunistic fungal infections of immunocompro-

mised individuals such as transplant recipients and cancer 

patients undergoing cytotoxic chemotherapy [30]. 

 Therefore, considering the importance of reduced 

or non-susceptibility to conventional azoles and polyenes, 

the test isolates were screened for their susceptibility to 

certain essential oils and some of their major active com-

pounds. Eight essential oils/active compounds exhibited 

promising anti-candidal activity. Cinnamaldehyde, citral, 

and oil of  C. martini  were highly active against multi-

drug resistant strains of  C. albicans  with a MIC range of 

45 – 200  μ g/ml. The time kill assays refl ected the effi cacy 

of oils in killing fl uconazole-resistant test strains of  C. albi-
cans  which also exhibited resistance or susceptibility to 

amphotericin B. These oils appeared to be more cidal than 

amphotericin B. 

 The above test oils were also found to be nontoxic when 

assayed for RBC lysis [31] and may be a preferred choice 

in drug combinations. Hence, these oils or compounds 

were tested for their interactive effects with fl uconazole 

   Table 4  Interaction of essential oils and active compounds with fl uconazole against  Candida albican  s  strains.  

Combination

CA 01 CA 02 CA 09  C. albicans  NRRLY12983

A C FICI T A C FICI T A C FICI T A C FICI T

CL-FLC

CL ( μ g/ml) 400 100 0.750 I 200 100 0.750 I 200 100 0.750 I 400 200 1.0 I

FLC ( μ g/ml) 256 128 256 64 256 128 256 128

CN-FLC

CN ( μ g/ml) 400 200 0.750 I 200 100 1.0 I 100 50 1.0 I 200 25 0.375 S

FLC ( μ g/ml) 256 64 256 128 256 128 256 64

LG-FLC

LG ( μ g/ml) 90 11.25 0.156 S 90 11.25 0.375 S 180 45 0.375 S 90 11.25 0.375 S

FLC ( μ g/ml) 256 8 256 64 256 32 256 64

PR-FLC

PR ( μ g/ml) 90 11.25 0.625 I 180 90 1.0 I 45 22.5 1.0 I 180 45 0.750 I

FLC( μ g/ml) 256 128 256 128 256 128 256 128

EL-FLC

EL ( μ g/ml) 400 25 0.187 S 400 12.5 0.093 S 50 3.125 0.093 S 400 100 0.375 S

FLC ( μ g/ml) 256 32 256 16 256 8 256 32

CD-FLC

CD ( μ g/ml) 100 100 1.5 I 50 50 1.5 I 100 100 1.5 I 100 12.5 0.375 S

FLC ( μ g/ml) 256 128 256 128 256 128 256 64

CT-FLC

CT ( μ g/ml) 90 5.62 0.093 S 90 5.62 0.187 S 90 5.62 0.187 S 90 11.25 0.250 S

FLC ( μ g/ml) 256 8 256 32 256 32 256 32

GR-FLC

GR ( μ g/ml) 360 22.5 0.312 S 180 22.5 0.187 S 360 45 0.187 S 360 180 1.0 I

FLC ( μ g/ml) 256 64 256 16 256 16 256 128

   CL,  S. aromaticum ; CN,  C. verum ; LG,  C. citratus ; PR,  C. martini ; EL, eugenol; CD, cinnamaldehyde; CT, citral; GR, geraniol; FLC, fl uconazole    

 A, MIC of agent alone; C, MIC of agent in combination; T, nature of interaction; I, indifferent, S, synergy, A, antagonism.   
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   Table 5  Interaction of essential oils and active compounds with amphotericin B against  Candida albican  s  strains.  

Combination

CA 01 CA 02 CA 09  C. albicans  NRRLY12983

A C FICI T A C FICI T A C FICI T A C FICI T

CL-AMB

CL ( μ g/ml) 400 200 1.0 I 400 25 0.375 S 200 25 0.375 S 400 25 0.312 S

AMB ( μ g/ml) 0.5 0.25 0.25 0.062 128 32 0.25 0.062

CN-AMB

CN ( μ g/ml) 400 25 0.312 S 200 50 0.750 I 100 50 1.0 I 200 6.25 1.03 I

AMB ( μ g/ml) 0.5 0.125 0.25 0.125 128 64 0.25 0.25

LG-AMB

LG ( μ g/ml) 90 22.5 0.750 I 90 11.25 0.625 I 180 22.5 0.375 S 90 22.5 1.25 I

AMB ( μ g/ml) 0.5 0.25 0.25 0.125 128 32 0.25 0.25

PR-AMB

PR ( μ g/ml) 90 22.5 0.750 I 180 45 0.750 I  45 11.25 0.750 I 180 45 0.750 I

AMB ( μ g/ml) 0.5 0.25 0.25 0.125 128 64 0.25 0.125

EL-AMB

EL ( μ g/ml) 400 25 0.187 S 400 12.5 0.156 S  50 3.25 0.312 S 400 50 0.250 S

AMB ( μ g/ml) 0.5 0.062 0.25 0.031 128 32 0.25 0.031

CD-AMB

CD ( μ g/ml) 100 6.25 0.093 S 50 6.25 0.250 S 100 50 1.0 I 100 12.5 0.250 S

AMB ( μ g/ml) 0.5 0.015 0.25 0.031 128 64 0.25 0.031

CT-AMB

CT ( μ g/ml) 90 22.5 0.750 I 90 11.25 0.187 S  90 11.25 0.250 S 90 5.625 0.312 S

AMB ( μ g/ml) 0.5 0.25 0.25 0.015 128 16 0.25 0.062

GR-AMB

GR ( μ g/ml) 360 45 0.375 S 180 22.5 0.375 S 360 45 0.250 S 360 90 0.750 I

AMB ( μ g/ml) 0.5 0.125 0.25 0.062 128 16 0.25 0.125

   CL,  S. aromaticum ; CN,  C. verum ; LG,  C. citratus ; PR,  C. martini ; EL, eugenol; CD, cinnamaldehyde; CT, citral; GR, geraniol; AMB, Amphotericin B    

 A, MIC of agent alone; C, MIC of agent in combination; T, nature of interaction; I, indifferent, S, synergy, A, antagonism.   

their constitutional compounds and their concentrations. It 

may be explained by the criterion that ingredients of oils 

with different individual modes of action may interact 

alone or among themselves in oil, differently with antifun-

gal drugs depending on the ratios and concentrations 

employed. 

 Fluconazole inhibits fungal cytochrome P450-depen-

dent enzyme lanosterol 14- α -demethylase. Blocking ergos-

terol biosynthesis, as well as inhibiting P450-dependent 

enzymes involved in fungal respiration. Amphotericin B 

binds to ergosterol in the cell membrane leading to perfo-

ration and leakage of cytosol and cell death [12,32]. The 

synergistic combination of these drugs with oils may be 

explained mechanistically by the oils promoting the effects 

of antifungal drugs, mainly on the cell wall, plasma mem-

brane and other membrane structures of yeast cells [33,34]. 

In addition, it could be possible that the cidal effect of oils 

lowers the levels of the drugs required to exert antifungal 

actions. Fluconazole, being a hydrophilic azole, does not 

bind or stay with the cell membrane and enters the cell to 

act upon it [32]. The oils damaging the cell wall and cell 

membrane may facilitate its entry to the cell leading to a 

greater effect on the ergosterol biosynthesis inhibition and 

adding to cell membrane destruction. This might also turn 

the fungistatic action of fl uconazole into a fungicidal 

action. Regarding amphotericin B, its binding to ergosterol 

in the cell membrane is aided by cell wall rupture and may 

lead to enhanced effect of cell membrane damage. Also, 

dose-related toxicity of amphotericin B might be overcome 

in synergistic combination therapy. These combinations of 

fl uconazole or amphotericin B with oils are comparable to 

their combinations with echinocandins, targeting the 

1,3- β -glucan synthase enzyme and thereby disrupting cell 

wall synthesis [4,12]. Furthermore, effi cient fungicidal 

activity of oils against azole- and amphotericin B-resistant 

or -susceptible isolates suggests that oils are effective 

against strategy or adaptive mechanisms of resistance 

exhibited by  C. albicans  isolates against these drugs. 

 In our fi ndings, oils especially  C. verum , citral, cinna-

maldehyde and eugenol were quite effective against drug 

resistant or susceptible isolates of  C. albicans  and are 

potential alternatives as anti-candidal agents alone. Since 

these oils, especially eugenol, also exhibit strong synergis-

tic behavior, this highlights their potential exploitation in 

combination therapy. Therefore, a preferred combination 

may be developed for oils with these drugs for treatment 

against  Candida  spp. irrespective of their susceptibility to 

individual antifungal agents. Drug resistance to azoles and 
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co-resistance to amphotericin B is a major problem in 

clinical therapy for oral and vaginal candidiasis [7,9,35,36]. 

These oils might be useful topically to deal with such 

infections. Our fi ndings suggest that essential oils alone or 

in combination with antifungal drugs could provide an 

improved and/or safer clinical approach towards the man-

agement of fungal infections caused by drug resistant 

strains. 
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