Purification and germination of Candida albicans and Candida dubliniensis chlamydospores cultured in liquid media.
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Abstract

Candida albicans and Candida dubliniensis are the only Candida species that have been observed to produce chlamydospores.  The function of these large, thick-walled cells is currently unknown.  In this report we describe the production and purification of chlamydospores from these species in defined liquid media.  Staining with the fluorescent dye FUN-1 indicated that chlamydospores are metabolically active cells, but that metabolic activity is undetectable in chlamydospores that are greater than 30 days old. However, 5-15 day old chlamydospores could be induced to produce daughter chlamydospores, blastospores, pseudohyphae and true hyphae depending on the incubation conditions used.    Chlamydospores that were pre-induced to germinate were also observed to escape from murine macrophages following phagocytosis, suggesting that these structures may be viable in vivo.    Mycelium-attached and purified chlamydospores rapidly lost their viability in water and when subjected to dry stress, suggesting that are unlikely to act as long-term storage structures.  Instead, our data suggest that chlamydospores represent an alternative specialised form of growth by C. albicans and C. dubliniensis.

Introduction

Candida albicans and Candida dubliniensis are unique amongst members of the genus Candida in their ability to produce chlamydospores.  Production of these large (approx. 6-10 (m) refractile cells was formerly a commonly used diagnostic feature of C. albicans.  Induction of chlamydospore production can be achieved in vitro by culturing yeast cells in nutrient-poor medium supplemented with detergent (e.g. Tween 80) and incubating at room temperature preferentially under oxygen limitation and in the dark (Dujardin et al., 1980). Solid media containing complex carbohydrates, such as corn meal and rice extract agar are the best known chlamydospore-inducing media for both C. albicans (Casal & Linares, 1981) and C. dubliniensis, with the latter species reported to produce significantly greater numbers of chlamydospores (Sullivan et al., 1995). It has since been reported that C. dubliniensis produces chlamydospores when cultured on Pal’s and Staib agar, unlike C. albicans which grows exclusively as yeasts on both of these media (Staib & Morschhauser, 1999;  


Al Mosaid et al., 2001; Al Mosaid et al., 2003) ADDIN EN.CITE .   This phenotypic difference has been shown to be due to the differential expression of the transcriptional repressor Nrg1p (Staib & Morschhauser, 2005). The role of chlamydospores, if any, in the normal life cycle or pathogenicity of C. albicans and C. dubliniensis has yet to be established and they have only been observed in tissue samples on very rare occasions (Cole et al., 1991; Chabasse et al., 1988; Schonborn & Schmidt, 1971; Wilborn & Montes, 1980; Heineman et al., 1961).  It has been shown, however, that chlamydospore production is controlled by the morphogenetic pathways that control hypha formation (e.g. the Efg1 (Sonneborn et al., 1999) and Hog1 


(Eisman et al., 2006) ADDIN EN.CITE  pathways) and that farnesol increases the levels of chlamydospore induction. However, chlamydospore formation is clearly distinct from other forms of candidal morphogenesis (Martin et al., 2005).

Chlamydospores develop at the tip of suspensor cells in a budding fashion and  a septum is formed between the suspensor cell and the chlamydospore (Martin et al., 2005). Since this budding process is technically blastic conidiogenesis, chlamydospores are sometimes referred to as ‘chlamydoconidia’.  Mature chlamydospores are rich in RNA and possess a single nucleus (Vidotto et al., 1996). It has been demonstrated that nuclear division during chlamydospore formation from the suspensor cell occurs within the suspensor cell, followed by the migration of one nucleus into the immature chlamydospore. The process of nuclear migration and maturation takes around 3-5 days (Martin et al., 2005). Nuclear division across the suspensor cell-chlamydospore junction has never been detected, whereas this is typical at the necks of budding yeast cells. Electron micrographs of chlamydospores have shown that chlamydospore cell walls are double-layered, consisting of a thin, electron-transparent outer layer surrounding a thick electron dense inner layer (Shannon, 1981). The thickness of the inner layer increases with age and in mature chlamydospores is around 400 nm. The outer layer of the chlamydospore is contiguous with the wall of the suspensor cells. The composition of the chlamydospore cell wall is currently unknown.  However, it has recently been shown that C. albicans Δcyp56 mutants defective in the formation of dityrosine, an essential component of the ascospore wall in Saccharomyces cerevisiae, are unable to form chlamydospores, suggesting that this compound is an important component of Candida albicans chlamydospores  


(Melo et al., 2008) ADDIN EN.CITE .

Previously, attempts have been made to investigate the characteristics of C. albicans chlamydospores produced on traditional solid culture media.  However, the results of these studies were inconsistent. Jansons and Nikerson described the viability of young (30-40 h) C. albicans chlamydospores based on the observation of budding (Jansons & Nickerson, 1970). However, other authors (e.g. Martin et al., 2005) do not consider a chlamydospore at this stage a structure distinct from a suspensor cell. In contrast, Bakerspigel and Burke were unable to induce germination of chlamydospores leading them to propose that chlamydospores have a role as storage cells (Bakerspigel & Burke, 1974).  

In order to fully investigate the biology of chlamydospores it is first of all necessary to be able to purify them in sufficient numbers from their associated suspensor cells and hyphae and pseudohyphae. In the past, using chlamydospores cultured on solid media, attempts were made to separate chlamydospores from mycelial cells by sulphuric acid treatment (Vidotto et al., 1988), sonication and enzymatic treatment with (-glucuronidase (Fabry et al., 2003).  These methods allowed high levels of purity to be achieved, however, the density of chlamydospores in the starting cultures was low 


(Simonetti & Strippoli, 1971, Gunasekaran & Hughes, 1978, Vidotto et al., 1988) ADDIN EN.CITE . The ability to harvest high yields of chlamydospores from liquid culture would greatly facilitate the purification and analysis of these structures. To date only one study has observed this, when Staib et al. recently described a rapid method to produce chlamydospores in liquid formulations of Staib and Pal’s media  (Staib & Morschhauser, 2005), both of which are complex media prepared from plant seed extracts.

The purpose of the present study was to develop defined culture conditions to generate high yields of chlamydospores to facilitate their analysis and purification.

Materials and Methods
Candida strains and culture

Candida albicans SC5314 and C. dubliniensis CD36 and representative clinical isolates were routinely incubated on YPD (1.0% (w/v) Yeast Extract, 2.0%  (w/v) BactoTM Neopeptone, 2.0% (w/v) Glucose; pH 5.5) agar or broth at 37 ºC.
Culture of C. albicans and C. dubliniensis chlamydospores on solid and liquid media

A defined solid medium comprising 6.7 gL-1 Yeast Nitrogen Base (without amino acids; with ammonium sulphate) (YNB w/o a.a.), 0.025% (w/v) galactose, 25 mgL-1 methionine and 2% (w/v) Bacto agar (Difco labs), was found to induce high levels of chlamydospore production by C. dubliniensis when incubated in the dark at room temperature for 3-4 days.  A liquid chlamydospore inducing medium comprising 6.7 gL-1 YNB w/o a.a., 0.5% (w/v) galactose, 25 mgL-1 methionine and 5% (v/v) new born calf serum was used to induce high levels of  chlamydospore production in C. dubliniensis. Inocula were made from C. dubliniensis blastospores incubated on YPD agar for 24 – 48 h at 37°C. Plates were left at room temperature for 6 to 12 h and a single colony then inoculated into 10 ml of liquid YPD and incubated with shaking at 37°C for 2 h. One microliter (approx. 102 cells) of this culture was then inoculated into 50 ml of the chlamydospore-induction medium contained in a parafilm-sealed 100 ml conical flask or petri dish.  Cultures were then incubated statically at room temperature in the dark.  C. albicans chlamydospores were induced by incubation in liquid and solid media containing Corn meal broth, 1% (v/v) Tween 80, 0.025% (w/v) galactose and 20 mgL-1 methionine. The starting inocula were prepared as for C. dubliniensis. Unless otherwise specified, media and chemicals were obtained from Sigma.  Chlamydospores were identified by their size, refractile cell wall and staining with lactophenol cotton blue.

Chlamydospore reactivation and germination conditions

Liquid YPD or Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5-10% (v/v) human serum were used for the reactivation of dormant chlamydospores in both species. Mycelium-attached or purified chlamydospores of both species were centrifuged at 20,000 rpm for 2 min. The resulting pellet was then resuspended in YPD or DMEM and incubated at 37(C for between 3 to 12 h to allow resumption of metabolic activity. After reactivation, incubation in YPD with or without serum or DMEM with serum was carried out at room temperature or at 37 (C with or without 5% (v/v) CO2 to induce germination.  

Purification of chlamydospores 

Chlamydospores and mycelia grown in liquid chlamydospore induction medium were centrifuged at 14,000 rpm for 2 min. The resulting pellet was then resuspended in 1 M sorbitol in citrate phosphate buffer. Purification of chlamydospores from the mycelial component was obtained by repetitive sonication of the suspension for 10 min in a Vitasonic II sonicating-bath at 25 KHz. In order to achieve a higher level of purification of chlamydospores from hyphal and yeast cells, sonicated samples were incubated with 700 U/ml zymolyase 20T (Seikagaku Corp., Tokyo, Japan) for 2 h at room temperature.  Samples were then sonicated again as described above and the chlamydospores pelleted by centrifugation (3000 g for 5 min). Purified chlamydospores were resuspended in phosphate buffered saline (PBS) and purity assessed by microscopy.  

Detection of metabolic activity

Cells were stained with the fluorescent probe 2-choro-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1phenylquinoliniumiodide (FUN-1 (Molecular Probes, OR, USA)) to determine the level of metabolic activity in isolated chlamydospores and in germinated cells. Chlamydospores at different stages of exposure to nutrient rich media and serum (0 h, 3 h, 6 h 12 h, 24 h time points) were stained with 0.5 μM FUN-1 in 10 mM Na-HEPES solution (pH 7.2) supplemented with 2% (w/v) glucose (GH solution) in the dark at room temperature for 30 min. Fluorescence was measured with a fluorescence microscope Nikon Eclipse 600 equipped with filter with excitation at 470-590 nm.

DAPI and calcofluor staining
To stain the cell wall and the nucleus of chlamydospores, 100 µl samples of mycelia-attached chlamydospores or purified chlamydospores were either washed twice in PBS or fixed in 5% paraformaldayde and then resuspended in 100 µl calcofluor white solution (1 mg ml–1) and 10 µl of 4',6-diamidino-2-phenylinodole (DAPI) solution 10 mg ml–1.  Five microlitre volumes of the samples were then mounted on glass slides and cells were analysed by fluorescence microscopy with a DAPI filter. 

Phagocytosis assay

Murine RAW264.7 macrophages were seeded at a concentration of 1.5x106 cells in the wells of a 6 well plate containing sterile coverslips, on the top of the coverslip. Macrophages were cultured over night at 37(C in the presence of 5% (v/v) CO2. The monolayer was then washed with warm DMEM (Sigma) and 1 ml of the medium was added to each well. Purified dormant or activated chlamydospores of  C. albicans and C. dubliniensis (1x103, 1x104) were then added to the monolayer. Dormant chlamydospores were incubated in PBS or water following purification whereas re-activated chlamydospores were incubated in YPD supplemented with 5% serum.  Chlamydospores were co-cultured with macrophages for 3, 5, 10, 15, 20 h. At each time point the medium was removed and acridine orange (Sigma) at 0.1% (v/v) in DPBS was added to the wells. After 10 minutes staining the dye was removed and the coverslips washed twice with PBS. Coverslips were examined by fluorescence microscopy with a DAPI filter. 

Electron Microscopy

Chlamydospore rich mycelia or chlamydospore suspensions were fixed overnight in PBS containing 2.5% (v/v) glutaraldyhyde and 2% (w/v) formaldehyde. The cells were washed briefly in PBS, dehydrated in graded concentrations of ethanol and critical point-dried in 100% CO2. Specimens were mounted on aluminium stubs, coated with gold and viewed using a Zeiss Supra 35 variable pressure field emission scanning electron microscope.
Results

Culture of C. albicans and C. dubliniensis chlamydospores in a defined liquid medium


We observed that when incubated on a defined medium comprised of 6.7 gL-1 YNB (without amino acids) agar supplemented with 0.025% (w/v) glucose or galactose and 20 mgL-1 methionine (pH 3.7), at room temperature for 3-5 days, a wide range of C. dubliniensis strains tested grew as rough colonies producing copious hyphae, pseudohyphae and chlamydospores while all C. albicans strains incubated under these conditions grew as smooth colonies without hyphae.  The levels of the chlamydospore-forming mycelia produced were higher when galactose was used as a carbon source.  When cultured in a liquid formulation of this medium C. dubliniensis strains grew exclusively as pseudohyphae producing large numbers of chlamydospores when incubated at room temperature in parafilm-sealed 100 ml conical flasks without shaking for 4-5 days (Figure 1). A medium comprised of 6.7 gL-1 YNB w/o a.a., 0.5% (w/v) galactose, 25 mgL-1 methionine and 5% serum (v/v)  was found to induce maximal levels of chlamydospore production  in C. dubliniensis. In contrast, as with the solid medium, all C. albicans strains tested grew solely in the yeast form when incubated under these conditions. Replacement of methionine with a similar concentration of cysteine also resulted in the production of high levels of chlamydospores by C. dubliniensis, however, replacement with proline or lysine resulted in a failure to produce any chlamydospores (data not shown).

Chlamydospore production is routinely induced in C. albicans by incubation on corn meal agar, however, the yield of chlamydospores under these conditions is relatively low.  In order to maximise chlamydospore production by C. albicans, corn meal agar and a liquid formulation of this medium were supplemented with 1% Tween 80 (v/v), 0.025% (w/v) galactose and 20 mgL-1 methionine.  This resulted in an approximately 20–fold increase in chlamydospore production (Figure 1).  In both C. albicans and C. dubliniensis, increasing the concentration of glucose or galactose resulted in a reduction in chlamydospore formation (data not shown).  

Evidence for metabolic activity in mature chlamydospores


Once formed the chlamydospore has to remain attached to the mycelium for a time sufficient for the migration of genetic material before it is considered a distinct structure from the suspensor cell. The nuclear division process that occurs inside the suspensor cells and subsequent nuclear migration in the chlamydospore takes approximately 3-5 days (Martin et al., 2005). In order to investigate the metabolic activity of chlamydospores, liquid-grown C. albicans SC5314 and C. dubliniensis CD36 chlamydospore-rich mycelia were stained with the fluorescent probe FUN-1 every 24 h over a 30 day period. Metabolic activity was detected by the production of red fluorescence in young C. albicans (e.g. 5 day old) chlamydospores (Figure 2).  However, this metabolic activity decreased over time.  Staining with FUN-1 of the same chlamydospore sample after 14 days incubation showed a significantly lower level of metabolic activity (Figure 2), and by 30 days metabolic activity was undetectable. In contrast, yeast cells incubated in the same conditions did not exhibit a reduction in metabolic activity during the same time period (Data not shown).

Purification of chlamydospores


Chlamydospores could be separated from other cells by sonication, however, a higher degree of purity was achieved using a zymolyase treatment prior to the brief sonication. Microscopic analysis confirmed that the majority of chlamydospores (>95%) appeared intact following purification. Staining with FUN-1 indicated the presence of metabolic activity in approximately 40% of the purified chlamydospores. (Figure 3).

Chlamydospores can generate daughter chlamydospores


Metabolically-active mycelium-attached C. albicans and C. dubliniensis chlamydospores (3-15 day old chlamydospores) were induced to produce daughter chlamydospores by refreshing the medium with the addition of new chlamydospore-inducing medium and incubating at room temperature under microaerophilic conditions without shaking. Mycelia grown in these conditions were rich in chlamydospores, with chlamydospores appearing to generate daughter chlamydospore cells. Chains and clumps of chlamydospores, characterized by the absence of hyphae or blastospores were frequently produced (Figure 4). 

Chlamydospores can bud, forming daughter yeast cells


When 6-15 day old purified or mycelium-attached chlamydospores (i.e. with low metabolic activity) were incubated in nutrient rich medium (e.g. YNB with a.a. and 2% (w/v) glucose, YDP or DMEM) supplemented with 10% (v/v) human serum and incubated at 37(C, metabolic activity (detected using FUN-1 staining) was observed to increase after 6-12 h and the chlamydospores were observed to bud, producing non-refractile, yeast-sized cells (Figure 5). The released yeast cells were metabolically active (detected by FUN-1 staining) and contained genetic material (detected using DAPI staining) and were capable of replication, producing a population of free blastospores (data not shown). Chlamydospores greater than 30 days old could not be induced to resume metabolic activity.

Chlamydospores can germinate and produce pseudohyphae and hyphae


When mature chlamydospores were incubated in YPD medium supplemented with serum (10% v/v) they were observed to produce germ tubes which led to the development of pseudohyphae within approx. 15 h (Figure 6 and 7). When the same experiment was performed in the presence of 5% CO2 (v/v) the germ tubes resulted in the formation of true hyphae (data not shown). The germination of mycelium-attached chlamydospores was more rapid and more effective than the germination of the purified chlamydospores. Thirty percent of 5 day-old (decreasing to approx. 10% of 15 day-old) mycelium-attached chlamydospores were found to bud or germinate, while only approx. 5% of purified chlamydospores of the same age were observed to bud or germinate. 

Chlamydospores are intolerant of environmental stress

To investigate whether some of the attributes typical of fungal resting spores (e.g. long term survival under-nutrient poor conditions, dry stress resistance, heat shock resistance) were present in chlamydospores, these structures were subjected to a variety of stresses and their viability (measured by the ability to bud or geminate) was analysed and quantified. Five-day-old mycelium-attached chlamydospores and yeast cells recovered from cultures of the same age were transferred to distilled water and their viability, upon exposure to glucose and serum, was measured for a period of 15 days. The percentage of cells producing buds or germ tubes was counted as a measure of viability.  While yeast cells maintained their viability over the 15-day time period, purified and non-purified chlamydospores rapidly lost their viability when incubated in water. 

To assess dry stress tolerance of mycelium-attached chlamydospores and yeast cells drops (100 (l) of the two cultures were spotted on Petri dishes and allowed to dry over time at room temperature. At defined time points (0, 5, 10, 20, 30, 40, 50 h) nutrient rich medium (i.e. YPD) and serum were added into the Petri dishes and viability was quantified by counting the percentage of cells able to produce buds or germ tubes. Chlamydospores and yeast cells showed no detectable viability by the 50 h timepoint.

Interaction between chlamydospores and murine macrophages


The ability of purified 5-15 day-old chlamydospores to survive in co-culture with murine macrophages RAW264.7 was investigated. Acridine orange dye was used as a tool to distinguish intact from damaged chlamydospores and to observe the effect of macrophages on chlamydospore viability.  A 70% pure suspension of 1 x 104 mycelium-free chlamydospores was inoculated onto a 90% confluent layer of the murine macrophage cell line RAW264.7. A high rate of chlamydospore internalization by macrophages was observed within 2-4 h. After 6-7 h almost all of the chlamydospores including those forming clumps were phagocytosed. Some macrophages were found to have engulfed up to 5-10 chlamydospores. Staining of the chlamydospores and macrophages with acridine orange showed that at the moment of interaction with the macrophages the dormant chlamydospores were viable and intact. Following phagocytosis, the dye showed metachromism (red/orange colour) indicative of loss of chlamydospore viability. Following overnight co-culture with macrophages, phagocytosed chlamydospores lost their round shape and appeared to be dead (Figure 8). 


When purified chlamydospores were pre-incubated for 15-20 h under the conditions described above that induced hypha formation, prior to co-culture with RAW264.7 cells, the chlamydospores were phagocyosed, but after 3-5 h, a small proportion (approx. 5%) was observed to produce hyphae and escape from the macrophages. Staining with acridine orange showed that the chlamydospore cell walls were intact and that the hyphae emerging from them were also viable (Figure 8). 

Discussion

C. albicans and C. dubliniensis, whose natural hosts are humans (and some animals) are the only Candida species that produce chlamydospores.  These thick-walled cells are only produced under very specific conditions in vitro and have rarely been observed in vivo. Due to the difficulty in producing these cells in sufficient numbers, they have been poorly investigated and their role, if any, in the life cycle of C. albicans and the pathogenesis of candidal infections is not known. The main problems encountered when studying the function of chlamydospores include the low numbers of chlamydospores produced by traditional culturing methods, the agar invasion of chlamydospore-producing mycelia and the tight association of chlamydospores with their parental suspensor cells. 


In the present study we have developed chemically defined solid and liquid media, containing galactose and methionine, which induce high levels of chlamydospore formation by C. dubliniensis strains.  Under these conditions, C. albicans failed to produce chlamydospores.  However, the addition of 0.025% (w/v) galactose and 25 mg/L methionine to a liquid formulation containing corn meal and 1% (v/v) Tween 80 resulted in the production of high levels of chlamydospores by this species. The observation that the addition of glucose and galactose at high concentrations inhibited the production of chlamydospores in liquid and in solid media in the two species suggests that low nutrient availability may play a role in the induction of chlamydospores.  However, other factors such as pH, low temperature and oxygen limitation are also likely to play a role.  Similarly, methionine and cysteine, unlike other amino acids, appear to be important inducers of the morphogenetic pathways required for chlamydospore formation.


In order to investigate the viability and metabolic activity of chlamydospores, experiments were performed on chlamydospores attached to mycelia and on chlamydospores that had been enzymatically separated and purified from hyphal and yeast cells. The molecular probe FUN-1 detects metabolically active cells and was used to demonstrate that mature chlamydospores (≥5 days-old) possess high metabolic activity, but that this metabolic activity decreases over time under nutrient-poor conditions. After 30 days incubation metabolic activity was undetectable and these chlamydospores could not be revived by the addition of fresh media, suggesting that these cells were non-viable. A dormancy period of up to one year has been reported in resting spores. This period can be interrupted and metabolic activity induced to resume following exposure of the spore to specific external stimuli. In chlamydospores, unlike resting spores, this stage of low metabolic activity can only be interrupted in chlamydospores that are not older than 15-20 days. Relatively young chlamydospores can be reactivated, resuming metabolic activity, following exposure to nutrient-rich environment and serum. Under the conditions tested it was found to be easier to interrupt the dormancy of mycelium-attached chlamydospores than that of purified chlamydospores of the same age, possibly as a result of damage to the chlamydospores caused by the purification method. The incubation of chlamydospores in nutrient poor media for longer periods resulted in a significant reduction in the number of cells that have the potential to resume their metabolic activity. In particular chlamydospores appear to completely lose their viability if incubated in water for more than two weeks.  This suggests that these chlamydospores are less tolerant of long-term storage in water than blastospores. It was also observed that mycelium-attached and purified chlamydospores have almost the same low ability to resist dry stress as yeast cells (Kashbur et al., 1980), losing viability after exposure to dry environment for more than two days.  These data suggest that candidal chlamydospores are unlikely to act as spores for long-term (i.e. months or years) survival in nutrient poor or dry conditions.  

Following the incubation of mature chlamydospores (i.e. 5-15 days-old) in rich media containing 2% (w/v) glucose and 1% (v/v) human serum, approximately 30% of mycelium-attached chlamydospores and 5% of purified chlamydospores started to bud within 24 h. When mature chlamydospores were incubated in rich medium containing 2% (w/v) glucose and 10% human serum at 37 (C, the chlamydospores produced either pseudohyphae or true hyphae (depending on the presence of absence of 5% (v/v) CO2) in a manner similar to blastospores.  Purified mature chlamydospores (5-15 days-old) are phagocytosed and killed following overnight co-culture with macrophages. However, some pre-activated C. albicans chlamydospores have the ability to germinate and escape from macrophages.  These data suggest that these cells are alternative growing forms of C. albicans and C. dubliniensis and that they may replicate in vivo.

Our data suggest that candidal chlamydospores may not be, as has been previously suggested, “dead end” or long-term survival structures. We have demonstrated instead that chlamydospores are an alternative and specialized growth form of the two species, (resulting from major changes in gene expression and morphology in the blastospore and mycelial cell forms).  What the role of these cells is in the normal life cycle of C. albicans and C. dubliniensis is still not clear.  The paucity of reports of chlamydospores in clinical samples suggests that they may be unlikely to play an important role in pathogenesis.  However, the fact that these two species have both retained the ability to produce these complex structures (which very likely require complex signalling and regulatory pathways) since their divergence suggests that they may indeed have an important function which remains to be identified.

Acknowledgements

This work was supported by the EU grant MRTN-CT-2004-512481 (CanTrain) and by the Dublin Dental School & Hospital.
References

[1] Al Mosaid A, Sullivan DJ & Coleman DC (2003) Differentiation of Candida dubliniensis from Candida albicans on Pal's agar. J Clin Microbiol 41: 4787-4789.

[2] Al Mosaid A, Sullivan D, Salkin IF, Shanley D & Coleman DC (2001) Differentiation of Candida dubliniensis from Candida albicans on Staib agar and caffeic acid-ferric citrate agar. J Clin Microbiol 39: 323-327.

[3] Bakerspigel A & Burke S (1974) A possible function of the chlamydospores of Candida albicans. Mycopathol Mycol Appl 54: 147-152.

[4] Casal M & Linares MJ (1981) The comparison of six media for chlamydospore production by Candida albicans. Mycopathologia 76: 125-128.

[5] Chabasse D, Bouchara JP, de Gentile L & Chennebault JM (1988) Candida albicans chlamydospores observed in vivo in a patient with AIDS. Ann Biol Clin (Paris) 46: 817-818.

[6] Cole GT, Seshan KR, Phaneuf M & Lynn KT (1991) Chlamydospore-like cells of Candida albicans in the gastrointestinal tract of infected, immunocompromised mice. Can J Microbiol 37: 637-646.

[7] Dujardin L, Walbaum S & Biguet J (1980) Chlamydosporulation in "Candida albicans". Course of the morphogenesis; influence of light and sowing density (author's transl). Ann Microbiol (Paris) 131A: 141-149.

[8] Eisman B, Alonso-Monge R, Roman E, Arana D, Nombela C & Pla J (2006) The Cek1 and Hog1 mitogen-activated protein kinases play complementary roles in cell wall biogenesis and chlamydospore formation in the fungal pathogen Candida albicans. Eukaryot Cell 5: 347-358.

[9] Fabry W, Schmid EN, Schraps M & Ansorg R (2003) Isolation and purification of chiamydospores of Candida albicans. Med Mycol 41: 53-58.

[10] Gunasekaran M & Hughes WT (1978) A simple liquid medium for chlamydospore formation in Candida albicans. Mycopathologia 64: 143-146.

[11] Heineman HS, Yunis EJ, Siemienski J & Braude AI (1961) Chlamydospores and dimorphism in Candida albicans endocarditis. Observations in a fatal superinfection during treatment of staphylococcus endocarditis. Arch Intern Med 108: 570-577.

[12] Jansons VK & Nickerson WJ (1970) Induction, morphogenesis, and germination of the chlamydospore of Candida albicans. J Bacteriol 104: 910-921.

[13] Kashbur IM, Ayliffe, GAJ & George RH (1980) The survival of Candida albicans in moist and dry environments.   J Hosp Infect 1: 349-356.

[14] Martin SW, Douglas LM & Konopka JB (2005) Cell cycle dynamics and quorum sensing in Candida albicans chlamydospores are distinct from budding and hyphal growth. Eukaryot Cell 4: 1191-1202.

[15] Melo NR, Moran GP, Warrilow AG, et al. (2008) CYP56 (Dit2p) in Candida albicans: characterization and investigation of its role in growth and antifungal drug susceptibility. Antimicrob Agents Chemother 52: 3718-3724.

[16] Schonborn C & Schmidt G (1971) Demonstration of Candida albicans chlamydospores in the dermatological specimen. Mykosen 14: 119-125.

[17] Shannon JL (1981) Scanning and transmission electron microscopy of Candida albicans chlamydospores. J Gen Microbiol 125: 199-203.

[18] Simonetti N & Strippoli V (1971) A new simple method for rapid acquisition of chlamydospores in Candida albicans. Experientia 27: 985.

[19] Sonneborn A, Bockmuhl DP & Ernst JF (1999) Chlamydospore formation in Candida albicans requires the Efg1p morphogenetic regulator. Infect Immun 67: 5514-5517.

[20] Staib P & Morschhauser J (1999) Chlamydospore formation on Staib agar as a species-specific characteristic of Candida dubliniensis. Mycoses 42: 521-524.

[21] Staib P & Morschhauser J (2005) Differential expression of the NRG1 repressor controls species-specific regulation of chlamydospore development in Candida albicans and Candida dubliniensis. Mol Microbiol 55: 637-652.

[22] Staib P & Morschhauser J (2005) Liquid growth conditions for abundant chlamydospore formation in Candida dubliniensis. Mycoses 48: 50-54.

[23] Sullivan DJ, Westerneng TJ, Haynes KA, Bennett DE & Coleman DC (1995) Candida dubliniensis sp. nov.: phenotypic and molecular characterization of a novel species associated with oral candidosis in HIV-infected individuals. Microbiology 141: 1507-1521.

[24] Vidotto V, Bruatto M & Gallo MG (1988) Simple method for separating the chlamydoconidia of Candida albicans from its mycelium. Mycopathologia 103: 29-33.

[25] Vidotto V, Bruatto M, Accattatis G & Caramello S (1996) Observation on the nucleic acids in the chlamydospores of Candida albicans. New Microbiol 19: 327-334.

[26] Wilborn WH & Montes LF (1980) Scanning electron microscopy of oral lesions in chronic mucocutaneous candidiasis. JAMA 244: 2294-2297.



Figure legends

Fig. 1. Production of chlamydospores by C. albicans and C. dubliniensis in defined liquid media. Scanning electron micrographs (A and C) and light micrographs (B and C) of C. dubliniensis CD36 (A and B) following incubation in YNB supplemented with 25 mgL-1 methionine and 0.025% (w/v) galactose and a C. albicans clinical isolate (CAY5292; this study) (C and D) incubated in corn meal broth supplemented with 1% (v/v) Tween 80, 0.025% (w/v) galactose and 25 mg/l methionine for 5 days. 
Fig. 2. Metabolic activity of chlamydospores detected with FUN-1.  C. albicans SC5314 chlamydospore-rich mycelium produced following incubation in corn meal broth supplemented with 1% (v/v) Tween 80, 0.025% (w/v) galactose and 25 mg/l methionine for 5 (A and B) and 16 (C) days.  Chlamydospores were observed by bright field microscopy (A) and by fluorescence microscopy following staining with FUN-1 (B and C) (1000x magnification).

Fig. 3. FUN-1 staining of purified chlamydospores.  Purified 6 day-old C. albicans SC5314 chlamydospores were observed by bright field (A) and fluorescence microscopy following staining with FUN-1 (B) (1000x magnification).

Fig. 4. Production of daughter chalmydospores.  Fifteen day-old C. albicans SC5314 cultures  were induced to generate daughter chlamydospores by refreshment of the induction medium every 6 days.  A light micrograph (400X) shows chains of chlamydospores (A) and a scanning electron micrograph shows a clump of attached chlamydospores (B).
Fig. 5. Budding of mycelium-attached chlamydospores. When 5-day old C. albicans SC5314 chlamydospores were incubated in nutrient rich medium supplemented with 10% (v/v) human serum, after 6-12 h the chlamydospres were observed to bud, producing yeast-like cells (B is a higher magnification of panel A))
Fig. 6.  Time-lapse photography of a germinating C. albicans chlamydospore. Light micrographs showing the production of a pseudohypha (indicated by an asterisk) by a C. albicans SC5314 mycelium-attached chlamydospore, triggered to germinate at room temperature following reactivation at 37 (C in the presence of Eagle’s medium supplemented with 10% (v/v) human serum was observed at 60, 90, 120, 150 and 240 min under 400X magnification.

Fig. 7. Scanning electron micrographs of chlamydospores induced to form germ-tube-like structures. Purified C. albicans SC5314 chlamydospores were incubated at 37 (C in the presence of Eagle’s medium supplemented with 10% (v/v) human serum for (A) 60 and (B) 90 min. 
Fig. 8. Viability of purified chlamydospores following phagocytosis by murine macrophage cells. The murine cell line RAW264.7 was co-incubated with purified C. albicans SC5314 chlamydospores. After 2-4 h (A, B) chlamydospores were phagocytosed. Staining with Acridine Orange (B) indicates the presence of viable chlamydospores inside the macrophage.  Following co-incubation for >7 h (C, D) the chlamydospores were severely damaged and the red fluorescence (D) indicates a loss of viability. When chlamydospores were preincubated in YPD medium supplemented with 10% (v/v) serum (E,F), following 3-4 h co-culture chlamydospores were seen to germinate following phagocytosis (1000 x magnification).
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