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   Abstract 

      The aim of this study was to characterize the changes in the wall and in the wall 

proteome induced by continuous thermal stress. Culturing at 42ºC reduced growth 

and caused cell aggregation. The resistance to cell wall-perturbing drugs also 

decreased, indicating that cell wall integrity was affected. This was accompanied by 

an increased chitin content of the wall, and diminished β-1,3-glucanase-mediated 

release of wall proteins, both hallmarks of a cell wall stress response. Importantly, 

MS/MS analysis of the wall proteome showed a much lower level of incorporation of 

the chitinase Cht2, consistent with aggregate formation, and strongly increased 

incorporation of the transglycosylases Crh11, Phr2, and Utr2, and of the β-1,3-

glucan cross-linking protein Pir1, suggesting that these proteins could participate in 

the cell wall stress response by reinforcing the wall. We conclude that continuous 

thermal stress results in cell wall stress, which in turn induces an adaptive response 

in various wall properties. 
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   Introduction 

      Candida albicans is a pathogenic fungus that grows as part of the normal 

microflora in the human body and causes severe infections under special 

circumstances as, for example, found in immunocompromised patients. As a 

microorganism that colonizes the human body, C. albicans is well adapted to a 

temperature of 37°C. Indeed, it has been reported to grow at temperatures up to 

45°C (De Hoog, Guarro et al. 2000), consistent with the notion that it can also infect 

birds, which have body temperatures from 38.5°C – 43.8°C depending on the state 

of activity and on the species (Prinzinger, Prebmar et al. 1991). Adaptation to 

continuous thermal stress has been extensively described for the model yeast S. 

cerevisiae and involves activation of the cell wall integrity pathway, remodeling of the 

cell wall, and accumulation of trehalose (Gray, Ogas et al. 1997; Ketela, Green et al. 

1999; Valdivia and Schekman 2003; Verna, Lodder et al. 1997;). However, much 

less is known about how C. albicans adapts to continuous thermal stress. Evidence 

has been presented that the Mkc1 MAP kinase pathway is involved (Navarro-Garcia, 

Alonso-Monge et al. 1998) and that short incubations at 42°C result in trehalose 

accumulation (Arguelles 1997). Here we show that C. albicans grown at pH 4 

responds to continuous thermal stress by forming large aggregates, increased chitin 

deposition in the wall and by changes in cell wall organization and in the wall 

proteome. 

      Materials and methods 

      Strain and growth conditions 

      The C. albicans wild type strain SC5314 was pre-cultured in YPD medium [1% 

(w/v) Bacto-yeast extract; 2% (w/v) Bacto-peptone; 2% dextrose (w/v)] in flasks at 
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30°C with shaking at 200 rpm. Cells from saturated pre-cultures were inoculated in 

vagina-simulative medium (VSM) at an initial OD600 = 0.1. VSM was prepared as 

described previously (Sosinska, de Groot et al. 2008) with modifications by adding 

BSA (18 g l-1) as described by (Moosa, Sobel et al. 2004). Cultures were grown to 

log-phase at various temperatures in flasks with shaking at 200 rpm. Cells from 

cultures grown at 37°C and 40°C were collected for cell wall analysis after reaching 

an OD600 ~ 1 to 2, whereas cells from cultures grown at 42°C were harvested after 

18 h when the biomass was estimated to have reached a value equivalent to an 

OD600 ~ 2 at 37°C. The OD600 values of cultures grown at 37°C and 40°C were 

measured using a Shimadzu model UV mini 1240 spectrophotometer (OD600 = 1 

corresponds to 1.5 x 107 cells ml-1 of culture). Because cultures grown at 42°C 

formed large cell aggregates, growth of those cultures was determined by measuring 

the cellular dry mass and comparing it to the cellular dry mass of cultures grown at 

37°C. 

      Determination of the relation between OD and cellular dry weight 

      For determination of the cellular dry weight of cultures grown at 37°C and 42°C, 

four independent 40-ml cultures at the logarithmic phase of growth (OD600~1 to 2) 

were harvested, washed with 10 mM Tris-HCl buffer, pH 7.5, and dried o/n at 60°C. 

The cellular dry mass was measured gravimetrically using a mass >10 mg to obtain 

reliable measurements. The dry weights of each 40-ml culture were compared to the 

number of OD600 units harvested before dry mass determination. One OD600 unit 

corresponded to 0.27 mg (SD = 0.20) for cultures grown at 37°C and to 0.42 mg (SD 

= 0.20) for cultures grown at 42°C. As one OD600 unit for cultures growing at 37°C 
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corresponds to 1.5 x 107 cells ml-1 of culture, a single cell in an exponentially growing 

culture has a biomass of 18 pg dry weight.  

      Cell wall isolation 

      Cell walls were isolated as described previously (de Groot, de Boer et al. 2004). 

Cultures were harvested in the logarithmic phase of growth, washed with cold de-

mineralized water, and with 10 mM Tris-HCl buffer, pH 7.5, and disintegrated in a 

Bio-Savant Fast Prep 120 machine (Qbiogene,Carlsbad, CA), using 0.25–0.50-mm 

(diameter) glass beads (Emergo BV) in the presence of a protease inhibitor mixture 

(Sigma-Aldrich Co) to protect cell wall proteins (CWPs) from degradation by 

intracellular proteases. To remove noncovalently linked proteins, cell walls were 

washed with 1 M NaCl, and boiled twice for 5 minutes in 2% (w/v) SDS, 150 mM 

NaCl, 100 mM Na-EDTA, 100 mM β-mercaptoethanol, 50 mM Tris-HCl, at pH 7.5. 

Cell walls were washed three times with cold de-mineralized water, freeze-dried and 

stored at -20°C. 

      Determination of the polypeptide and chitin content of isolated cell walls 

      Four mg of cell walls were suspended in 100 µl 1 M NaOH and hydrolyzed at 

100°C for 10 min, cooled, neutralized with 100 µl 1 M HCl, and centrifuged to remove 

insoluble cell wall material. The supernatant was used for protein determination 

using the bicinchoninic acid protein assay (BCA; Pierce). Ten µl of supernatant were 

combined with 1ml of BCA reagent, incubated at 37°C for 30 minutes, and the 

absorbance was measured at 563 nm. A calibration curve was prepared by using 

BSA treated in the same way as isolated walls. 
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      Chitin contents were determined as described by (Kapteyn, ter Riet et al. 2001). 

NaOH-extracted cell walls (originating from 4 mg of dry weight cell walls) were 

hydrolyzed for 17 h in 1 ml 6 M HCl at 100°C; the hydrolysate was evaporated under 

a stream of air and  taken up in 1 ml de-mineralized water. A 0.1-ml sample was 

combined with 0.1 ml 1.5 M Na2CO3 in 4% acetylacetone and boiled for 20 min. After 

cooling, 0.7 ml of 96% ethanol and 0.1 ml of 1.6 g p-dimethylaminobenzaldehyde in 

30 ml concentrated HCl and 30 ml 96% (v/v) ethanol were added before incubation 

for 1 h at room temperature. A calibration curve was prepared by measuring A520 in a 

concentration range of 0–40 mg/ml of glucosamine. 

      Determination of the amount of CWPs resistant to release by β-1,3- 

glucanase 

      Four mg of cell walls isolated from cultures in exponential phase of growth were 

digested with β-1,3-glucanase (Quantazyme from Oerskovia xanthineolytica; 

Quantum Biotechnologies) in solution consisting of 200 µl of 50 mM Tris-HCl, pH 7.5, 

0.7 µl of β-mercaptoethanol, and 12 µl of enzyme (240 U). The cell walls were 

digested o/n at 37°C. The undigested residue was washed with de-mineralized water 

to remove the released proteins and β-mercaptoethanol. The protein content of the 

residue was measured as described for isolated walls.  

      Mass spectrometric analysis of CWPs 

      CWPs were analyzed as described previously (Yin, de Groot et al. 2005). Cell 

walls were first modified by reduction and S-alkylation as follows. Four mg of cell 

walls were reduced with 10 mM dithiothreitol in 100 mM NH4HCO3 for 1 h at 55°C. 

After cooling the samples to room temperature, the cell walls were alkylated with 65 

mM iodoacetamide in 100 mM NH4HCO3 for 45 minutes in the dark. The reaction 



               Adaptations in cell wall organization and in the wall proteome of C. albicans  

131 

 

was quenched by incubation of samples with 55 mM dithiothreitol in 100 mM 

NH4HCO3 for 5 min. Cell walls were washed three times with 50 mM NH4HCO3 and 

subjected to digestion with trypsin. Digestion of CWPs was carried out o/n at 37°C in 

50 mM NH4HCO3 using sequencing-grade trypsin (Roche Applied Science) in a 

proportion of 1/50 (trypsin/amount of CWPs). The tryptic peptides in the digest were 

separated on a nano-LC system (PepMap C18; LC Packings, Dionex) and ionized 

using electrospray in a Micromass quadrupole time-of-flight mass spectrometer 

(Waters). Each sample was run four times. Ions were selected for fragmentation in a 

collision chamber by Masslynx software. The ion spectra generated were analysed 

using Biolynx and MasslynxPepseq software. Mascot software was used to identify 

proteins by comparison of the obtained amino acid peptide sequences with in silico 

digested proteins from assembly 21 of the C. albicans SC5314 genome sequence. 

The Mascot search parameters were as follows: maximally two missed cleavages, 

fixed modifications of carbamidomethylcysteine, and peptide and fragment mass 

tolerance of 0.6 Da; the search was performed with semitrypsin as selected enzyme. 

      Tolerance tests for cell wall-perturbing drugs 

      Cells harvested from o/n cultures in VSM were washed with fresh medium and 

concentrated to obtain ~ 1.5 x 109 cells ml-1 (OD600~100). Three µl of undiluted cell 

suspension and a 10-fold dilution series were spotted on plates containing solid VSM 

and cell wall perturbing-drugs. Calcofluor white (CFW) was used in concentrations of 

100 and 200 mg l-1. SDS was used in concentrations of 25 and 50 mg l-1. The cells 

were incubated for 5 days at 37°C or 42°C. 
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      Results 

      Continuous temperature stress causes cell aggregation and slower growth 

      Cells grown o/n in liquid cultures at 37°C at pH 4 starting from a low cell density 

(OD600~ 5x10-4) do no form hyphae but grow exclusively in the yeast form (Figure 

1A). Cells grown at 42°C do not form hyphae either, but form large aggregates of 

yeast-like cells. These aggregates were due to a defect in separation between 

mother and daughter cell after cytokinesis, because the aggregates remained intact 

after being warmed in 1% SDS (Figure 1 B and C). Continuous exposure to 42°C 

also led to considerably slower growth (Figure 2), indicating that this growth 

temperature represents substantial thermal stress.  

Figure 1 Induction of cell aggregation of C. albicans at 42°C. Control cells grown at 37°C and pH 4 

(A). Cells grown at 42°C before (B) and after treatment with 1 % SDS at 50°C for 10 min (C).  
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Figure 2 C. albicans grown at 42°C becomes more sensitive to the chitin-binding compound 

Calcofluor white (upper panels) and the plasma membrane-perturbing drug SDS (lower panels) 

l 

 

 

      Elevated growth temperature causes cell wall stress 

      Figure 2 further shows that cells grown at 42°C had a lower tolerance towards 

the cell wall-perturbing agents Calcofluor white (CFW) and SDS, which indicates 

diminished cell wall integrity (Ram and Klis 2006).  Interestingly, cells cultured at 

42°C showed a more than 2-fold increase in their wall chitin level from 2.7% at 37°C 

to 6.1% at 42°C (Table 1).  
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Table 1 The effects of increased growth temperature on the chitin and protein content of the walls 

(mean ± SD, n = 4) and on the percentage of β-1,3-glucanase-resistant wall protein at 37°C and 42°C 

Temperature Chitin content 

(%) 

Protein content 

µg/mg walls 

37°C 2.70 ± 0.38 2.6 ± 0.21 (16%)a 

42°C 6.04 ± 0.73 2.2 ± 0.30 (24%) 
a 

The number between parentheses represents the percentage of wall protein that resist release by β-

1,3-glucanase 

Increased chitin levels are a characteristic response to cell wall stress (Kapteyn, 

Hoyer et al. 2000; Munro, Selvaggini et al. 2007). Cells grown at 40°C showed a 

moderate increase in wall chitin to 3.7% (data not shown), consistent with the notion 

that at 42°C cell wall stress is considerable. The total amount of wall protein did not 

significantly change under thermal stress conditions and equalled 2.6 ± 0.2% of cell 

wall dry weight at 37°C and was only slightly lower in cell walls isolated from 42°C 

(2.25±0.3%). Similar values were obtained for cell walls isolated from 40°C (2.32 ± 

0.2%, data not shown). This change is accompanied by an increased level of CWPs 

that are resistant to release by β-1,3-glucananase (Table 1) and are thus probably 

linked through β-1,6-glucan to chitin (Figure 3) (Kapteyn, ter Riet et al. 2001). 

Figure 3 Schematic presentation of the molecular organization of the wall of C. albicans. The scheme 

is from (Kapteyn, ter Riet et al. 2001). 
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      Changes in the wall proteome caused by temperature stress 

      Liquid chromatography combined with tandem mass spectrometry of tryptic 

digests of CWPs revealed qualitative differences in the composition of the wall 

proteome of cells grown at 37°C and 42°C (Table 2). In total sixteen CWPs were 

detected. Interestingly, at 42°C the number of peptide identifications of Cht2, a GPI-

modified chitinase, dropped from 13 to 2, indicating that the level of Cht2 has 

strongly decreased (Liu, Sadygov et al. 2004). This observation is consistent with the 

appearance of large cell aggregates at 42°C, which are fully absent at 37°C.  In 

addition, Rhd3 incorporation levels seem lower at 42°C (0 vs. 3 peptide 

identifications). In contrast, the number of peptide identifications of several other 

CWPs strongly increased at 42°C compared to 37°C (Crh11: 26 vs. 8; Ecm33: 17 vs. 

7; Phr2 22 vs. 3; Pir1: 13 vs. 2; Utr2: 4 vs. 0), indicating that their incorporation levels 

had increased (Liu, Sadygov et al. 2004). Importantly, Crh11 and Utr2 (both 

members of the Crh family) and Phr2 are transglycosylases believed to be involved 

in polysaccharide-cross-linking activities, suggesting that their increased expression 

levels participate in a cell wall salvage response mounted in response to cell wall 

stress. Similarly, Pir1 is a putative β-1,3-glucan cross-linking protein and an increase 

in its level probably also contributes to maintaining cell wall integrity (Boorsma, de 

Nobel et al. 2004, Ecker, 2006 #37). The levels of the remaining CWPs do not 

change much (Mp65: 4 vs. 5 peptide identifications; Pga4: 12 vs. 8; Ssr1: 7 vs. 5; 

Sim1: 0 vs. 2; Sun41: 1 vs. 0; Tos1: 5 vs. 4; Ywp1: 5 vs. 4).  

Table 2 Semi-quantitative comparison by QTOF analysis of the wall proteomes at 37°C and 42°C. For 

each peptide the detection frequency in four LC-MS/MS runs is presented. 
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Protein Length 
aa 

Identified peptides Position No of peptide 
identifications 

  37°°°°C    42°°°°C 

Cht2 583 SNQVALYWGQNGAGGQER
&
 

TFESGLLHCSQIGADIK     
TVLLSLGGGVGDYGFSDVASATK    
FADTLWNK    
NYFLSAAPQCPYPDASLGDLLSK   
LFVGVPATSNIAGYVDTSK   
LSSAIEEIK   
CDSHFAGVSLWDASGAWLNTDEKGENFVVQVK 

22-39 
75-91 
99-121 
122-129 
178-200 
240-258 
259-267 
268-299 

1 
1 
3 
2 
1 
1 
3 
1 

 
 
 
 
 
 1 
 1 
 

Crh11 453 SSDCSPVPALGSSFLEK   
RFDNPSFK   
FDNPSFK      
PYQWQSNYFIK    
GGYHDIANPLK    
DYHTYVIDWTK   
DAVTWSVDGSVIR    
PSNQPGTIDWAGGITDYSQAPFTMGIK   
SVLVADYSSGK          
LVADYSSGK     
QYSYSDQSGSWESIK    
YDQAQDDIK 

29-45 
77-84 
78-84 
129-139 
148-158 
159-169 
170-182 
209-235 
236-246 
238-246 
247-261 
271-279 

1 
1 
 
 
 
 
 
 
3 
 
3 
 

3 
4 
1 
2 
2 
2 
1 
1 
4 
2 
3 
1 

Ecm33 423 VFNVNNNDNIDTIDSGLQEVTDTIDISYNAEK 
VELAELTSIGNSLTINKNDDLTELDFPK       
TIGGALQISDNSELR    
SFSGFPK     
VSGGFILK    
LSCSAFNK      

171-202 
246-273 
276-290 
291-297 
322-329 
334-341 

 
 
3 
2 
 
2 

3 
3 
4 
1 
3 
3 

MP65 378 GITYSPYSDNGGCK 
LYGVDCDQVSAVLK 
VWTACSGKK 
ADGPYNAEK  

128-141 
161-174 
302-310 
363-371 

1 
1 
1 
2 

2 
 
1 
1 

Pga4 451 VEGNAFWDSESGDR 
YFQELGINTIR   
AGIYVILDVNTPHSSITR   
TIPVGYSAASVDEYRLPSGLYFNCGDDDMAR  
LPSGLYFNCGDDDMAR   
GDSVTTNDDFDNLK    
TKNPSGDGGYLK    

  24-37 
69-79 
99-116 
184-214 
199-214 
302-315 
321-332 

 
3 
 
1 
2 
2 
 

1 
3 
2 
 
1 
3 
2 

Phr2 544 PYLEAVDTNVIR   
DDPSWDLDLFER    
KSNTDASAFVK    
SNTDASAFVK

#
 

SIPVGYSANDDSAIR    
ASGYESATNDYK  
CVVDDKVDSDDYSDLFSYICAK 
DKLSFVMNLYYEQNKESK    
LSFVMNLYYEQNK  

  77-88 
126-137 
164-174 
[165-174] 
191-205 
239-250 
378-399 
424-441 
426-438 

 
 
 
 
3 
 
 
 
 

3 
2 
1 
1 
4 
3 
2 
3 
3 

Pir1 346 ACSSANNLEMTLHDSVLK 
SSANNLEMTLHDSVLK 
NLEMTLHDSVLK 
WGAIVANHQFQFD 
WGAIVANHQFQFDGPIPQAGTIYSAGWSIK 
CLSGDFYNLYDENVAK 
SGDFYNLYDENVAK 

249-266 
251-266 
255-266 
272-284 
272-301 
316-331 
318-331 

1 
 
 
 
1 
 
 

2 
2 
2 
2 
2 
2 
1 

Rbt5 241 IYDQLPECAK* 
QSTSSTPCPYWDTGCLCVMPQFAGAVGNCVAK  

 (47-56) 
  61-92 

1 
1 

1 
3 

Rhd3 204 YSESEYAVSNK   
KTDDSAPITIVAK    

127-137 
138-150 

1 
2 

 
 

Ssr1 234 APPACLLACVAK
&
 

PACLLACVAK   
EICPNGDADTAISAFK   

  23-34 
  25-34 
  64-79 

2 
1 
4 

 
1 
4 

Sod4 232 TPAALELGDLSGR   105-117 4 2 

Sim1 372 SNTDNDYLCEWGSK 
APCSVVDGDTYFK 

203-216 
253-265 

1 
1 
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Sun41 418 LSETVAICR 266-274  1 

Tos1 468 DSYYTPGSTDNCVFLNYHGGSGSGVWSAK 
TLQYGEATCSCWK 
TGCGELDLFEVLSSGSNK 

231-259 
358-370 
371-388 

1 
3 
 

1 
3 
1 

Utr2 470 GTIEWAGGLINWDSEDIKK   
YGYYYAHIK 

269-287 
288-296 

 
 

3 
1 

Ywp1 533 VITVVACDEHK    
TVVACDEHK    

329-339 
331-339 

3 
1 

3 
2 

*  sequence common to Csa1, Pga10, Rbt5; () position in Rbt5 
#   

sequence common for Phr1 and Phr2; [] position in Phr2 
&   

predicted N-terminal part of the mature protein 

       

      Discussion 

      In this work we have focused on the adaptations in the cell wall of C. albicans in 

response to thermal stress (42°C). Our results show that cells are able to grow at 

42°C although growth is significantly impaired. In addition, cell aggregates are 

formed which can not be disintegrated by treatment with the denaturing agent SDS. 

The latter observation suggests that, similar to S. cerevisiae (Cabib 2004, Kuranda 

and Robbins 1991), C. albicans cells stay in aggregates due to incomplete 

degradation of chitin in the primary septum. This agrees with the observation that the 

expression level of Cht2 is strongly decreased (Table 2).  

      Various observations indicate that thermal stress results in cell wall stress. (1) 

Cells grown at 42°C are less resistant to cell wall-perturbing drugs, indicating that at 

this temperature cell wall integrity is affected. (2) The cells contain more chitin in 

their walls (Table 1), a response that is indicative of cell wall stress (Walker, Munro 

et al. 2008). (3) The amount of CWPs that resists release from the wall by β-1,3-

glucanase, is 50% higher (Table 1, see Figure 3 for further explanation). (4) The 

incorporation levels of Crh11 and Utr2 are increased (Table 2). Both belong to the 

Crh family of transglycosylases and are believed to be involved in connecting β-

glucan and chitin (Cabib, Blanco et al. 2007; Cabib 2009). (5) Another 

transglycosidase that shows an increased incorporation level in the cell walls at 42°C 
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is Phr2. This transglycosylase has been proposed to connect β-1,3- with β-1,6-

glucan (Fonzi 1999) and could therefore also offer an protective effect against cell 

wall damage. (6) The incorporation level of Pir1 is increased. In view of its postulated 

function of cross-linking β-1,3-glucan (Kapteyn, ter Riet et al. 2001), this probably 

helps to maintain cell wall integrity. The incorporation level of Ecm33 is also 

increased, but its function is still unknown. Possibly, it could offer additional 

protection against cell wall damage. In summary, our work indicates that continuous 

thermal stress leads to cell wall stress. In turn, this leads to a number of adaptations 

in cell wall structure and in changes in the wall proteome that probably help the cells 

to cope with thermally induced cell wall stress.  
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