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Abstract:



The effect of marine polyunsaturated fatty acids on biofilm formation by the human pathogens Candida albicans and Candida dubliniensis was investigated. It was found that stearidonic acid (18:4 n-3), eicosapentaenoic acid (20:5 n-3), docosapentaenoic acid (22:5 n-3) and docosahexaenoic acid (22:6 n-3) have an inhibitory effect on mitochondrial metabolism of both C. albicans and C. dubliniensis and that the production of biofilm biomass by C. dubliniensis was more susceptible to these fatty acids than C. albicans. Ultrastructural differences, which may be due to increased oxidative stress, were observed between treated and untreated cells of C. albicans and C. dubliniensis with formation of rough cell walls by both species and fibrillar structures in C. dubliniensis. These results indicate that marine polyunsaturated fatty acids may be useful in the treatment and/or prevention of biofilms formed by these pathogenic yeasts.
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1. Introduction


Candida albicans and Candida dubliniensis are dimorphic yeasts, able to grow both as yeasts and mycelia. Several members of the genus Candida exist as commensals of the human gastrointestinal and genitourinary tract in healthy individuals [1–3]. However, in individuals whose immune system is compromised, such as those that are HIV positive, C. albicans can cause diseases ranging from superficial infections to deep seated mycoses [4,5]. Candida dubliniensis is a species closely related to C. albicans and a causative agent of oropharyngeal candidiasis in immunocompromised humans [5,6]. Biofilm formation is a major virulence factor in the pathogenicity of Candida species, partly due to their increased resistance to antifungal treatment [7,8]. Since biofilm associated infections have many clinical and economic consequences, recent research into the pathogenicity of Candida species has focused on the prevention and management of these biofilms. Fatty acids have been known to have antibacterial [9] and antifungal properties and especially capric acid (10:0) and lauric acid (12:0) are known to have anti-Candida effects by inhibiting growth of planktonic cells [10] and butyric acid (4:0) was shown to inhibit hyphal formation by C. albicans [11].



Marine lipids, such as fish oils, are well known sources of medium to long chain polyunsaturated fatty acids (PUFAs) and are enriched in n-3 PUFAs [i.e., stearidonic acid (18:4 n-3), eicosapentaenoic acid (20:5 n-3), docosapentaenoic acid (22:5 n-3) and docosahexaenoic acid (22:6 n-3)] [12]. In addition, marine algae provide alternative sources of these n-3 PUFAs [13]. The lipid compositions and quantity of marine lipids vary depending on species and climatic conditions, with lipids from organisms in colder regions having a higher PUFA content than those in warmer regions [14,15]. Although some marine PUFAs have beneficial effects in several human diseases [16–18], the effectiveness of marine PUFAs against Candida biofilms have not been assessed previously. Therefore, the aim of this study was to determine the effect of long chain marine PUFAs [18:4 n-3, arachidonic acid (20:4 n-6), 20:5 n-3, 22:5 n-3 and 22:6 n-3] on biofilm formation by C. albicans and C. dubliniensis.




2. Results and Discussion


2.1. Inhibition of mitochondrial metabolism


As indicated in Figure 1 the mitochondrial metabolism of biofilms of C. albicans and C. dubliniensis, assessed by XTT assay, was significantly inhibited by 1 mM 18:4 n-3, 20:5 n-3 and 22:5 n-3. In addition, biofilms of C. albicans were also sensitive to 20:4 n-6, while biofilms of C. dubliniensis were not significantly inhibited. Interestingly, 22:6 n-3 did not significantly inhibit mitochondrial metabolism of C. albicans or C. dubliniensis biofilms. As a result 20:4 n-6 and 22:6 n-3 were not used in further experiments.


Figure 1. Effect of marine fatty acids (18:4 n-3, 20:4 n-3, 20:5 n-3, 22:5 n-3, 22:6 n-3) on mitochondrial metabolism of C. albicans and C. dubliniensis biofilms. Biofilms were grown in the presence of 1 mM of the fatty acids and mitochondrial activity was monitored using the XTT assay. The percentage inhibition values were determined compared to untreated controls. n = 8; * significantly different from control (P ≤ 0.01).
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2.2. Inhibition of biomass production


Although several authors use the XTT reduction assay as an indicator of biofilm biomass, Kuhn and co-workers [19] has cautioned against this approach. Therefore, the effect of the marine PUFAs on biofilm biomass production was determined by dry weight. As indicated in Figure 2, biofilm biomass production by C. dubliniensis was susceptible to the three tested PUFAs, with 18:4 n-3 and 20:5 n-3 resulting in a reduction of circa 82% and 71%, respectively. C. dubliniensis biofilm biomass was less susceptible to 22:5 n-3, which produced an inhibition of circa 19%. Similar results were obtained between the two species for the XTT reduction assay, however, the biofilm biomass of C. albicans was generally less susceptible to the tested PUFAs and a reduction of only circa 25% and 22% was seen for 18:4 n-3 and 22:5 n-3, respectively. Although a circa 16% reduction in C. albicans biofilm biomass was observed with 20:5 n-3, this was not statistically significant. These results may indicate the increased ability of the C. albicans strain to obtain energy through pathways that do not require mitochondrial metabolism.


Figure 2. Inhibition of biofilm biomass of C. albicans and C. dubliniensis compared to untreated controls. Biofilms were grown in the presence of 1 mM of the marine PUFAs (18:4 n-3, 20:5 n-3, 22:5 n-3) and biofilm dry weight was determined on pre-weighed filters. n = 2.
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2.3. Morphology of cells in biofilms


Figure 3 depicts biofilms of C. albicans grown in the presence and absence of 1 mM 18:4 n-3, 20:5 n-3 and 22:5 n-3. In the absence of the PUFAs, the cell surface appeared smooth (Figure 3a) and when grown in the presence of PUFAs, cells had a rough appearance with protuberances (Figure 3b, c, d). Similar results were also observed for biofilms of C. dubliniensis when grown in the absence (Figure 4a), and the presence (Figure 4b, c, d), of the PUFAs with protuberances and fibrillar structures visible on the cell surface. Similar rough cell surfaces were observed when C. albicans was exposed to miconazole [20], which is known to cause an increase in reactive oxygen species in Candida biofilm cells [21]. Lemar et al. [22] also found that C. albicans cells were not smooth in the presence of alyl alcohol, which increases oxidative stress. Furthermore, in a study by Leeuw et al. [23] on the yeast Cryptococcus curvatus grown on oxidised lipids, protuberances were observed on the cell surface. We therefore speculate that the changes in cell surface in the presence of PUFAs might be due to increased lipid peroxidation and resultant oxidative stress. This will be studied in future.


Figure 3. SEM micrograps showing cells of C. albicans control biofilms (a) and biofilms treated with 1 mM 18:4 n-3 (b), 20:5 n-3 (c) and 22:5 n-3 (d).
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Figure 4. SEM micrographs showing cells of C. dubliniensis control biofilms (a) and biofilms treated with 1mM 18:4 n-3 (b), 20:5 n-3 (c) and 22:5 n-3 (d).
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3. Experimental


3.1. Strains used


Candida albicans CBS 562T and Candida dubliniensis NRRL Y-17841T were used in this study and were maintained on yeast malt extract (YM) agar plates (10 g/L glucose, 3 g/L yeast extract, 3 g/L malt extract, 5 g/L peptone, 16 g/L agar) at room temperature. The strains were stored on agar slants at 4 °C.




3.2. XTT assay of biofilms


Cells of C. albicans and C. dubliniensis were grown separately on YM agar plates and incubated at 30 °C for 24 hours. After incubation, a loop-full of the cells was inoculated into 20 mL of yeast nitrogen base (YNB) glucose medium (10 g/L glucose, 6.7 g/L YNB) and incubated for 48 hours at 30 °C. Cells were washed three times with phosphate buffered saline (PBS) and diluted in RPMI-1640 medium (Sigma-Aldrich, UK) to an initial cell concentration of 1 × 106 cells/mL. A volume of 100 μL of the standardized cell suspension was dispensed into a 96-well microtiter plate (Corning Incorporated, Costar®, U.S.) and incubated for 1 hour at 37 °C to allow adherence of cells to the surface [24]. Wells were washed twice with PBS to remove non-adherent cells. Mature biofilms were formed at 37 °C for 47 hours in the presence and absence of 1 mM of the marine fatty acids (18:4 n-3, 20:4 n-3, 20:5 n-3, 22:5 n-3, 22:6 n-3) (Sigma-Aldrich, UK). The reduction of (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) (XTT) (Sigma Aldrich) was used to examine the yeast viability by measuring the mitochondrial metabolic activity of the biofilms, according to the method of Kuhn et al. [19]. XTT is converted to the diffusible, water soluble formazan that is colored and is easily measured in cellular supernatants in terms of optical density at 492 nm. This experiment was done in duplicate on two different days and four values obtained for each repetition (n = 8). The average and standard deviations were calculated and the student’s t-test was used to determine the significance of data sets.




3.3. Biomass determination


Twenty milliliters of a standardized cell suspension (1 × 106 cells/mL), prepared as before, was inoculated into Petri dishes containing RPMI-1640 medium and allowed to adhere to the surface for 1 hour at 37 °C. Non-adherent cells were removed with PBS and mature biofilms were formed in the presence of 1 mM of the marine fatty acids (18:4 n-3, 20:5 n-3, 22:5 n-3) for 47 hours at 37 °C. Untreated biofilms served as controls. Mature biofilms were washed to remove non-adherent cells, scraped off and resuspended in PBS. Cells were filtered on pre-weighed 0.2 μm cellulose acetate filters (Lasec, SA). The filters were dried to constant weight for 48 hours at 37 °C and the biomass determined. This experiment was done in duplicate and the mean and range calculated.




3.4. Morphological examination


The standardized cell suspension (1 × 106 cells/mL), prepared as before, was added to chamber slides (Lab-Tek® Chamber Slide™ System 177372) containing silicone rubber disks (diam 5.5 mm) and 4 mL RPMI-1640 medium. Cells were allowed to adhere for 1 hour at 37 °C. Non-adherent cells were removed with PBS and mature biofilms were formed in the presence of 1 mM of the marine fatty acids (18:4 n-3, 20:5 n-3, 22:5 n-3) for 47 hours at 37 °C, with appropriate controls. The silicone rubber disks were removed and fixed for 2 hours using 3% (v/v; 1.0 M) sodium phosphate buffered glutardialdehyde, followed by fixing for 1 hour with a similarly buffered solution of osmium tetroxide (1% m/v). The disks were dehydrated in a graded series of ethanol solutions (50%, 70% and 95%) for 20 minutes and absolute ethanol for 1 hour. They were then critical-point dried, mounted and coated with gold to make them electrically conductive and finally visualized on a Shimadzu SSX550 SEM (Japan) microscope according to the method of van Wyk and Wingfield [25].





4. Conclusions


Certain marine PUFAs, especially 18:4 n-3, 20:5 n-3 and 22:5 n-3, have an inhibitory effect on the mitochondrial activity of both C. albicans and C. dubliniensis biofilms and significantly inhibited biofilm biomass of C. dubliniensis. These marine PUFAs also affected cellular morphology of biofilms of both species. This may be due to increased oxidative stress as a result of incorporation of PUFAs into the cellular lipids. These findings suggest that marine PUFAs may be useful in the treatment and/or prevention of Candida biofilms, which are known to have increased antifungal resistance compared to free-living cells.







Acknowledgements


The authors would like to thank the National Research Foundation, South Africa, for funding under the Thuthuka programme (Grant number TTK2007041000014) and the Blue Skies Research programme (Grant number BS2008092300002).





	
Samples Availability: Available from the authors.







References


	1. 
Molero, G; Díez-Orejas, R; Navarro-García, F; Monteoliva, L; Pla, J; Gil, C; Sánchez-Pérez, M; Nombela, C. Candida albicans: genetics, dimorphism and pathogenicity. Int. Microbiol 1998, 1, 95–106. [Google Scholar]

	2. 
Ramage, G; Vande Walle, K; Wickes, BL; Lopez-Ribot, JL. Biofilm formation by Candida dubliniensis. J. Clin. Microbiol 2001, 39, 3234–3240. [Google Scholar]

	3. 
Berman, J; Sudbery, PE. Candida albicans: a molecular revolution built on lessons from budding yeast. Nat. Rev. Genet 2002, 3, 918–930. [Google Scholar]

	4. 
Neofytos, D; Fishman, JA; Horn, D; Anaissie, E; Chang, C-H; Olyaei, A; Pfaller, M; Steinbach, WJ; Webster, KM; Marr, KA. Epidemiology and outcome of invasive fungal infections in solid organ transplant recipients. Transpl. Infect. Dis 2010, 12, 220–229. [Google Scholar]

	5. 
Coleman, D; Sullivan, D; Harrington, B; Haynes, K; Henman, M; Shanley, D; Bennett, D; Moran, G; McCreary, C; O’Neill, L. Molecular and phenotypic analysis of Candida dubliniensis: a recently identified species linked with oral candidasis in HIV-infected and AIDS patients. Oral Dis 1997, 36(Suppl 1), S96–S101. [Google Scholar]

	6. 
Jabra-Rizk, MA; Falkler, WA, Jr; Merz, WG; Baqui, AA; Kelley, JI; Meiller, TF. Retrospective identification and characterization of Candida dubliniensis isolates among Candida albicans clinical laboratory isolates from human immunodeficiency virus (HIV)-infected and non-HIV-infected individuals. J. Clin. Microbiol 2000, 38, 2423–2426. [Google Scholar]

	7. 
Coleman, DC; Rinaldi, MG; Haynes, KA; Rex, JH; Summerbel, RC; Anaissie, EJ; Li, A; Sullivan, DJ. Importance of Candida species other than Candida albicans as opportunistic pathogens. Med. Mycol 1998, 36(Suppl 1), 156–165. [Google Scholar]

	8. 
Ballie, GS; Douglas, LJ. Candida biofilms and their susceptibility to antifungal agents. Meth. Enzymol 1999, 310, 644–656. [Google Scholar]

	9. 
Sylvain, LS; Lucia, VM; Elisabetta, G. Effect of α-linolenic, capric and lauric acid on the fatty acid biosynthesis in Staphylococcus aureus. Int. J. Food Microbiol 2009, 129, 288–294. [Google Scholar]

	10. 
Bergusson, G; Arnfinnsson, J; Steingrimsson, O; Thormar, H. In vitro killing of Candida albicans by fatty acids and monoglycerides. Antimicrob. Agents Chemother 2001, 45, 3209–3212. [Google Scholar]

	11. 
Noverr, MC; Huffnagle, GB. Regulation of Candida albicans morphogenesis by fatty acid metabolites. Infect. Immun 2004, 72, 6206–6210. [Google Scholar]

	12. 
Sahena, F; Zaidul, ISM; Jinap, S; Yazid, AM; Khatib, A; Norulaini, NAN. Fatty acid composition of fish oil extracted from different parts of Indian mackerel (Rastrelliger kanagurta) using various techniques of supercritical CO2 extraction. Food Chem 2010, 120, 879–885. [Google Scholar]

	13. 
Saito, H; Xue, C; Yamashiro, R; Moromizato, S; Itabashi, Y. High polyunsaturated fatty acid levels in two subtropical macroalgae, Cladosiphon okamuranus and Caulerpa lentillifera. J. Phycol 2010, 46, 665–673. [Google Scholar] [CrossRef]

	14. 
Çelik, M; Diler, A; Küçükgülmez, A. A comparison of the proximate compositions and fatty acid profiles of zander (Sander lucioperca) from two different regions and climatic conditions. Food Chem 2005, 92, 637–641. [Google Scholar]

	15. 
De Angelis, L; Risè, P; Giavarini, F; Galli, C; Bolis, CL; Colombo, ML. Marine macroalgae analyzed by mass spectrometry are rich sources of polyunsaturated fatty acids. J. Mass Spectrom 2005, 40, 1605–1608. [Google Scholar]

	16. 
Kris-Etherton, PM; Harris, WS; Appel, LJ. Fish oil. Omega-3 fatty acids and cardiovasicular disease. Circulation 2002, 103, 2747–2757. [Google Scholar]

	17. 
Singh, RB; Niaz, MA; Sharma, JP; Kumar, R; Rastogi, V; Moshiri, M. Randomised double-blind, placebo-controlled trial of fish and mustard oil in patients with suspected acute mycordial infarction: The Indian experiment of infarct survival. Cardiovasc. Drugs Ther 1997, 11, 485–491. [Google Scholar]

	18. 
Von Schacky, C; Angerer, P; Kothny, W; Mudra, H. The effect of dietary omega-3 fatty acids on coronary atherosclerosis. A randomized double-blind, placebo-controlled trial. Ann. Intern. Med 1999, 130, 554–562. [Google Scholar]

	19. 
Kuhn, DM; Balkis, M; Chandra, J; Mukherjee, PK; Ghannoum, MA. Uses and limitations of the XTT in the studies of Candida growth and metabolism. J. Clin. Microbiol 2003, 41, 506–508. [Google Scholar]

	20. 
Nollin, SD; Borgers, M. Scanning electron microscopy of Candida albicans after in vitro treatment with miconazole. Antimicrob. Agents Chemother 1975, 7, 704–711. [Google Scholar]

	21. 
Vandenbosch, D; Braeckmans, K; Nelis, HJ; Coenye, T. Fungicidal activity of miconazole against Candida spp. biofilms. J. Antimicrob. Chemother 2010, 65, 694–700. [Google Scholar]

	22. 
Lemar, KM; Passa, O; Aon, MA; Cortassa, S; Müller, CT; Plummer, S; O’Rourke, B; Lloyd, D. Allyl alcohol and garlic (Allium sativum) extract produce oxidative stress in Candida albicans. Microbiology 2005, 151, 3257–3265. [Google Scholar]

	23. 
Leeuw, NJ. The influence of oxidized oils on fungal growth and lipid utilization. Ph.D. Thesis, University of the Free State, Bloemfontein, South Africa, 2010. [Google Scholar]

	24. 
Samaranayake, YM; Wu, PC; Samaranayake, LP. Relationship between the cell surface hydrophobicity and adherence of Candida krusei and Candida albicans to epithelial and denture acrylic surfaces. APMIS 1995, 103, 707–713. [Google Scholar]

	25. 
Van Wyk, PWJ; Wingfield, MJ. Ascospores ultrastructure and development in Ophiostoma cucullatum. Mycologia 1991, 83, 698–707. [Google Scholar]















© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png





nav.xhtml


  marinedrugs-08-02597


  
    		
      marinedrugs-08-02597
    


  




  





media/file1.png
Percentage Inhibition

C. albicans

C. dubliniensis

%
AOaae

18:4 n-3
20:4 n-6
20:5 n-3
22:5 n-3
22:6 n-3





media/file2.png
Percentage Inhibition

100
20
80
70
60
50
40
30
20
10

C. albicans

C. dubliniensis

B 18:4 n-3
20:5 n-3
22:5 n-3





media/file7.png





media/file5.png





media/file3.png
Percentage Inhibition

100
20
80
70
60
50
40
30
20
10

C. albicans

C. dubliniensis

B 18:4 n-3
20:5 n-3
22:5 n-3





media/file0.png
Percentage Inhibition

C. albicans

C. dubliniensis

%
AOaae

18:4 n-3
20:4 n-6
20:5 n-3
22:5 n-3
22:6 n-3





media/file6.png





