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ABSTRACT 

Candida albicans; is an opportunistic fungal pathogen that can cause a wide range of 

superficial and systemic infections. One of the many factors that have been implicated 

in C. albicans success as a pathogen is its ability to reversibly switch between a yeast 

form and a hyphal form (dimorphism). The dimorphic switch is triggered by a wide 

variety of stimuli which include temperature alone, pH alone, and serum. Serum is a 

potent inducer of germ tube formation and remains the medium of choice for rapid 

identification of C. albicans from other non-albicans Candida species. Recently it 

was shown that, in serum, glucose is the primary inducer of germ tubes in C. albicans 

strain A 72 (Hudson and Farley, unpublished). In this study the ability of glucose, 

dialysed serum and serum filtrate to induce germ tube formation in a randomly chosen 

panel of clinical isolates of C. albicans was studied, and the role of two putative 

glucose receptors and a putative glucose transporter in the transduction of the glucose 

signal was investigated. 

Dialysed serum (molecular weight, > 10 kDa) was less effective (P > 0.05,. Students t-
,, 

test) at inducing germ tube formation than serum. The addition of exogenous glucose 

alone to dialysed serum restored its ability to induce germ tube formation levels to 

those seen in serum in seven of the nine clinical isolates tested. Serum filtrate 

(molecular weight, < 10 kDa) induced germ tubes to levels indistinguishable from 

those seen in serum (P > 0.05 , Students t-test) in all but one of the clinical isolates 

tested. Buffered glucose was also able to induce germ tubes in all the clinical isolates 

tested and the percentage germ tube formation was not statistically significantly 

different from that obtained with serum in ten out of sixteen clinical isolates tested. 

The addition of urea to these assays had no statistically significant effect on the 

induction of germ tube formation. 

It was proposed that the induction of germ tube formation by glucose was mediated 

by a surface receptor and therefore the C. albicans genome was examined for genes 

encoding putative glucose receptors. Identified as possible receptors were orf19.1944 

and orfl9.5962. Orf19.3668, a putative glucose transporter, was also examined 

because its expression had been reported to increase during serum induced germ tube 

formation. Strains carrying homozygous deletions of each ORF were made and the 
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phenotypes of the mutants investigated. None of the ORFs were found to be involved 

in glucose or serum mediated germ tube formation. However, orfl 9.1944 \vas shown 

to play a role in germ tube formation under embedded conditions. 
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(ECM) proteins of mammalian cells, such as fibronectin (FN), Iaminin, fibr1nogen and 

collagen type I and IV (Gaur and Klotz, 1997: Hoyer, 2001). The ability to bind ECM 

proteins like FN, lamjnin and collagen I and l\1 lead to the discovery of the adhesin 

gene J1VT 1, \vhich encodes the first discovered non-mam1nalian integrin (Gale et al., 

2001). Homozygous deletion mutants of INTI were shown to be less adherent to 

human epithelial cells, defective in gcr1n tube for1nation and less virulent (Gale er al., 

2001 ). Another protein that contributes to cell adhesion is Hwp l p. Hwp l p is a germ 

tube-hyphae specific, outer surface mannoprotein that serves as a substrate for 

transgluta1ninases (TGases', host enzymes that catalyse the covalent cro.sslinking of 

tissues proteins via the amino acid residues glutamate and lysine). It has long been 

known that the hyphai form of C. alhicans binds host tissue surfaces stronger than the 

yeast form. TGases' can catalyse the crosslinking of recombinant Hwplp to 1_.C­

putrescine (Tsuchimori et al., 2000; Staab er al., 1999). The importance of this protein 

was demonstrated with a homozygous deletion 1nutant of HWP 1 which caused 

reduced 1nortality in 1nice, germinated less readily in the kidneys of infected mice and 

caused less endothelial cell damage (Tsuchi1nori et al., 2000). Finally, a family of 

proteins that aicis cell adhesion is the Agglutinin-Like Sequence (ALS) family, \Vhich 

1s co1nposed of at least nine proteins that structurally resemble the Saccharomyces 

cerevisilte cell-surface adhesion, alpha-agglutinin. The ALS family is a member of the 

i1n1nunoglobulin superfarnily (Hoyer, 2001). The ALS genes are differentially 

regulated between the yeast and hyphal stages, and it has been postulated that each 1s 

expressed at a certain stage of groVy·th to confer a range of adhesive advantages in 

pathogenesis (Hoyer and Hecht, 2000). To date, functional analysis of the ALS family 

has only been carried out on Alslp and its allelic counterpart Ala Ip (Gaur and Klotz, 

1997: Fu et al., 1998). Heterologous expression of these genes in the normally non­

adherent yeast S. cerevisiae confers an adherence phenotype upon it, to host cell 

surfaces and ECM proteins (Gaur and Klotz, 1997). Studies of the ALS fa1nily have 

also revealed that 1t has many significant parallels to the Secreted Aspartic Proteinase 

(SAP) family of C. albicans. Each is regulated by similar 1nechanis1ns, there are a 

similar number of genes, and both gene fa1nilies are largely co-local1sed on the same 

chromosomes (Hoyer, 2001). 
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1.2.2 Secreted Hydrolases 

The SAP family is the largest, containing 10 members thus far, and the most 

extensively studied secreted hydrolase group in C. albicans. Their proposed roles in 

pathogenesis include the digestion of host proteins for nutrient supply, the evasion of 

host immune defences by degrading immunoglobulin and complement proteins, and 

degradation of structural barriers that the host uses to prevent invasive infection 

(Schaller et al ., 1999; Staib et al., 2000). Experimental study of the SAP gene family 

has uncovered an ever increasing complexity to their regulation, which seems to 

suggest that the various members have distinct roles in host colonisation and invasion 

(Staib et al., 2002; Staib et al., 2002; Ibrahim., 1998). Research so far shows that 

SAP 1 and SAP3 are regulated during phenotypic switching between the white and 

opaque forms of strain W0-1 (White et al., 1993). SAP2 is expressed in the yeast 

form, and the SAP4, SAPS, and SAP6 genes are observed only at neutral pH during 

the serum induced dimorphic switch from the yeast to hyphal form (White and 

Agabian, 1995; Chen et al., 2002). The Sap4p, Sap5p and Sap6p isoenzymes also play 

an important role in maintaining systemic infection by the indµction of SAP2. SAP8 

expression is temperature regulated, and SAP9 and SAP JO are constitutively expressed 

in both the yeast and hyphal forms (Monod et al., 1998). A mutant lacki!lg all ten SAP 

genes has not been isolated thus far but the role in pathogenesis of several genes has 

been deduced using SAP-deficient mutants. SAP 1-3 are involved in the infection of 

oral and vaginal mucosal membranes and individual and concurrent knockout mutants 

are less virulent (Schaller et al., 2000; Hube et al., 1997). Strains lacking SAP4-6 

caused less tissue damage and invasion in peritoneal infections, and were also less 

virulent (Sanglard et al. , 1997). Inhibition of the Sap proteinases using the aspartic 

proteinase inhibitor pepstatin A prevented initial penetration of C. albicans, and 

damage to tissues in oral, vaginal and skin experimental infection models and 

adherence to epithelial cells (Schaller et al., 2000; de Bemardis et al. , 1999). Other 

secreted hydrolytic enzymes which have been implicated in the pathogenesis of C. 

albicans include the phospholipases. The phospholipase PLBI has been studied 

extensively, and research shows that homozygous deletion mutants have attenuated 

virulence in murine models (Leidich et al., 1998) and reintroduction of PLBJ back 

into C. albicans restores wild-type virulence (Mukherjee et al., 2001). 
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1.2.3 Morphological Variation 

Certain strains of C. albicans are able to undergo a reversible morphological change 

known as phenotypic switching. An ability that aids in evasion of the host immune 

defences. increases drug resistance, and allows survival in a range of different 

environments (Lan et al., 2002; Kvaal et al., 1999; Vargas et al., 2000). The two best 

studied strains are 3153a and W0-1. Strain 3153a alternates between at least seven 

different colony morphologies, and can also switch between colonies with and 

without dense myceliation (Vargas et al., 1994). Other phenotypic consequences of 

this switch were reduced adherence to buccal epithehum and changes in hyphal 

formation rates (Vargas et al .. 1994). Strain W0-1 alternates between v.-·hite 

hemispherical colonies, designated white (W), and grey flat colonies, designated 

opaque (0). W 10 phenotypic switching also affects the size and shape of cells, their 

ability to form hyphae, adhesion and drug susceptibility (Balan et al., 1997; Zhao et 

al., 2002). There is also a distinct metabolic difference between W and 0 cells that 

has been linked to a phenotype selection bias at anatomical sites with different 

nutrient sources (Lan et al., 2002). The molecular basis of phenotypic switching in C. 

albicans is not well understood, however recent work has shown a primary role for 

5IR2 and EFGJ rn its regulation (Sonneborn ez al., 1999: Perez-Ivlartin et al., 1999). 

One of the more extensively researched morphological changes in C. albicans and a 

distinguishing feature identifying it from other non-albicans species of Candida, is its 

ability to undergo a reversible transition from a yeast form to a hyphal form (Leberer 

et al., 1997). Both forms are found at sites of infection, but it is widely considered that 

the hyphal form, which in its early stage of formation is termed a germ tube, confers 

certain advantages that the yeast form does not, such as tissue penetration, 

thigmotropism (stirface morphology sensing) and host immune evasion (Brown et al., 

1999). Strains that are unable to form hyphae have attenuated virulence (Liu et al., 

1994; Rocha et al., 2001). The morpholog1cal transition from the yeast form to the 

hyphal form is triggered by a wide variety of stimuli which include, temperature, pH, 

various complex media such as Lee's and Soll"s, and serum (Nantel et al., 2002; Lee 

et al., 1975; Ramon et al, 1999). 
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1.3 Molecular biology of germ tube formation 

1.3.1 Cell cycle regulation 

The C. albicans cell cycle is shown in Figure 1. In normal cell division the daughter 

cell appears during the G 1 phase of the cell cycle and continues to grow through S 

phase, where DNA replication occurs, G2 phase and into M phase, where the 

segregation of the DNA into a genetically identical mother and daughter cells occurs 

(Hazan et al., 2002b ). The G 1 and G2 phases during the cell cycle act as delay 

mechanisms to allow the cells to grow and double their complement of proteins and 

organelles , and allow monitoring, to check for favourable, external environmental 

conditions before cell division can proceed. These cell cycle checkpoints, which lie at 

the G 1 - S phase and G2 - M phase junctions, are regulated by the Cdc28p protein 

kinase, which associates with different sets of cyclins during the cell cycle allowing it 

to coordinate the execution of the cell cycle (Segal et al., 1998). In S. cerevisiae 

phosphorylation of Cdc28p by Swelp halts the normal cell cycle and increases cell 

elongation and filamentation, indicating that morphogenesis involves cell cycle 

regulation by Cdc28p (Eddington et al., 1999). In C. albicans, yeast and hyphal cells 

display similar dynamics of phosphorylation and dephosphorylation of Cdc28p. In 

addition, cell cycle rearrangement of the actin cytoskeleton is similar between the two 

morphological states , suggesting that when C. albicans undergoes the dimorphic 

switch and germ tube formation occurs normal cell cycle progression is not altered 

(Hazan et al., 2002b). However, as the germ tube elongates, and the septa are laid 

down, the progression of the normal cell cycle in the subsequent, sub-apical cells 

alters (Hazan et al., 2002b). Sub-apical cells do not immediately re-enter the cell 

cycle instead they become arrested in G 1 phase, whilst the apical cell continues 

through the normal cell cycle (Hazan et al., 2002b). The sub-apical cells can re-enter 

the cell cycle, but only once they have increased their cytoplasmic mass to the point 

where they have enough nutrients to continue (Barelle et al., 2003). 

1.3.2 Site selection 

Normal yeast cell division in C. albicans occurs by budding. When the daughter cell 

reaches maturity it breaks off from the mother cell and the process continues. 
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Figure 1 The Cell Cycle of Candida albicans (adapted from http://www­
dsv.cea..fr/thema/sbgm/web _sbgm/pages _ sbgm _ fr/sbgm _groupes _fr/cycle_ c 

ellulaire _fr ..lrtm) 

Whilst growing in yeast form C. al.bicans develops buds in an axial pattern. However 

in the switch to germ tube formation, site selection changes to a lateral or polar 

pattern (Herrero et al., 1999). Site selection in S. cerevisiae begins with the formation 

of a ringed cytoskeletal structure made up of four septins, Cdc3p, CdclOp, Cdcllp 

and Cdc12p, called the 10 nm filament, at the site of the nascent bud or pseudohypae 

(Kim et al., 1991). In S. cerevisiae targeting of these septins is regulated, in part, by 

four protein kinases, Elmlp, Hsllp, Gin4p and Kcc4p (Barral et al.., 1999). In C. 

al.bicans homologs to to all four septins have been identified, but not of the 

four protein kinases. The septins have been shown to localise and interact in a 
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converge to differentially regulate the transcription factors Efglp; the cAMP 

dependent protein kinase A pathway, the RimlOlp pH-responsive pathway, and the 

Cph2p pathway. Efglp in turn regulates the transcription factors Teclp and Czflp. 

Negative regulatory pathways identified so far are the Tup lp-mediated pathway and 

the Rbflp-mediated pathway (Figure 2). 

1.4.1 Activators of Germ Tube Formation 

1.4.1. l The Cphl p-mediated mitogen activated protein kinase (MAPK) pathway 

In S. cerevisiae there are two MAPK pathways that regulate cell morphogenesis, the 

pheromone response pathway and the filamentation/invasion pathway (Gustin et al., 

1998; Csank et al., 1998). The pheromone response pathway governs morphological 

changes in mating, whilst the filamentation/invasion pathway governs pseudohyphal 

formation and invasive growth (Gustin et al., 1998). 

Both pathways have similar components, and converge to regulate the transcription 

factor Stel2p (Gustin et al., 1998). In C. albicans two related MAPK pathways have 

been incompletely identified, and analogous to the regulatory pattern in S: cerevisiae, 
! 

both converge to regulate a common transcription factor, the C. a'Lbicans Stel2p 

ortholog, Cphlp (Chen et al., 2002). The role of Cphlp was identified when 

heterologous expression of CP H 1 in strains of S. cerevisiae carrying a homozygous 

deletion of STE12, was able to complement both the mating defect of stel2 haploids 

and the filamentous growth defect of stel2/ste12 diploids (Liu et al., 1994). C. 

albicans strains carrying a homozygous deletion of CPHl are unable to undergo germ 

tube formation on solid Spider and SLAD media, but are still able to form germ tubes 

in liquid media (Liu et al., 1994). 

Directly upstream of Cphlp is the divergence between the two pathways, the 

regulatory kinases Ceklp and Cek2p .. Ceklp is orthologous to Ksslp from S. 

cerevisiae, which functions in both the filamentation/invasion and pheromone 

response pathways in S. cerevisiae (Csank et al., 1998). Cek2p is orthologous to 

Fus3p from S. cerevisiae, which is part of the pheromone response pathway regulated 

by alpha and 'a' mating factors, in S. cerevisiae (Chen et al., 2002). 
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Figure 2 Biochemical pathways regulating germ tube formation in Candida 
a/bicans (Adapted from Berman and Sudbery, 2002) 

Investigation of sexual recombination in C. albicans, using artificially generated 

strains, showed that C. albicans has the ability to undergo mating (Chen et al., 2002). 

This ability was only partially blocked when homozygous deletions of either CEKJ or 

CEK2 were introduced. However when a homozygous deletion of both CEKJ and 

CEK2 was introduced into 
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MTLa and MTL alpha strains mating was completely abolished. Reintroduction of 

CEKJ was able to rescue mating (Chen et al., 2002). Therefore, both CEKJ and CEK2 

function in the same MAPK pathway and regulate mating in C. albicans. Strains 

carrying a homozygous deletion of CEKI were unable to undergo germ tube 

formation on solid Spider and SLAD media, but still formed germ tubes in liquid 

media. Strains carrying a homozygous deletion of CEK2 were able to form germ tubes 

under all hyphal induction conditions tested (Csank et al., 1998; Chen et al., 2002). 

Thus, in addition to its possible role in mating CEKJ, functions in the same hyphal 

induction cascade as CP H I , whilst CEK2 seems to have a redundant role not linked to 

germ tube formation. 

Upstream of Ceklp are three more regulatory kinases, Hst7p, Hstl lp and Cst20p, 

orthologs to Ste7p, Stellp and Ste20p from S. cerevisiae (Kohler and Fink, 1996). 

HST7 and CST20 are the only two to be functionally characterised, with HSTJ 1 

identified from the Candida albicans genome sequencing project. HST7 and CST20 

were identi fied by their ability to restore mating and pseudohyphal growth in strains 

of S. cerevisiae carrying homozygous deletions of either STE7 or ST£20;(Kohler and 

Fink, 1996). Strains of C. albicans carrying homozygous deletions of one or both 

genes were unable to form germ tubes on solid Spider and SLAD media, but were s,till 

able to form germ tubes in liquid media (Kohler and Fink, 1996). 

Upstream of CST20 are three G-proteins Cdc42p, Raslp and Gpa2p. Strains of C. 

albicans with a homozygous deletion of CDC42 are not viable and cease proliferation 

producing large, round, unbudded, and multinucleated cells (Ushinsky et al., 2002). 

Placement of CDC42 under an inducible promoter did, however, allow functional 

study of its role in serum induced germ tube formation. Cdc42p depletion prior to 

serum induction trapped cells in the yeast morphology, whilst depletion at the same 

time as serum induction permitted the initi ation of germ tubes that failed to continue 

extending (Ushinsky et al., 2002). Expression of a hyperactive form of Cdc42p, 

Cdc42pG12v, showed a similar phenotype to strains of C. albicans carrying a 

homozygous deletion of CDC42. Deletion of the MAPK regulatory kinase CST20 

suppressed this phenotype and allowed cells to develop normally, suggesting that 

CDC42 is a component of the MAPK pathway. Germ tube induction was not tested in 

this double mutant (Ushinsky et al., 2002). That CDC42 plays a role in germ tube 
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formation under serum induction conditions suggests that it may also act in at least c.ne 

additional pathway, since carrying deletions of any of the other known components of 

the C. albicans MAPK pathway are only defective on solid Spider and SLAD media 

(Ushinsky et al .• 2002; Kohler and Fink. 1996; Chen et al., 2002; Liu et al., 1994). 

This is also true for the G-protein Raslp, which lies upstream or in parallel to Cdc42p 

in the MAPK pathway. In S. cerevisiae there are two functionally redundant RAS 

genes, RASJ and RAS2, and both can signal through the cAMP pathway, (via the 

adenyl cyclase encoded by CYRJ) and the MAPK pathway (through the Raf protein 

kinase) (Shima et al., 2000). The RASJ gene of C. albicans was identified by its 

ability to suppress a viability defect in a strain of S. cerevisiae carrying a homozygous 

deletion of both R.,45'1 and RAS2 (Feng et al., 1999). A strain of C. alhicans with a 

homozygous deletion of RASJ \\.:as unable to form germ tubes under serum induction 

conditions, and expression of a dominant active R.451 caused enhanced germ tube 

growth (Feng et al., 1999). The addition of cAMP into the media, or over expression 

of HST7 and CPHl was able to suppress the genn tube induction defect of strains 

carrying a homozygous deletion of RAS I in serum, spider and �S�L�A�~� conditions_ 

(Leberer et al., 2001). Thus Raslp is a component of the MAPK pathway and the 

cAMP pathway. 

C. albicans GPA2 was identified by its homology to GPA2 from S. cerevisiae in a 

search of assembly 6 of the C. albicans genome. GPA2 from S. cerevisiae is part of 

the cAMP pathway and regulates cAMP synthesis in response to glucose (Sanchez­

Martinez and Perez-Martin, 2002). A strain of C. albicans carrying a homozygous 

deletion of GPA2 was still able to undergo germ tube formation in serum induction 

conditions, but not on solid SLAD, Spider and embedded media. This is a phenotype 

similar to that observed in strains carrying homozygous deletions of components in 

the MAPK pathway (Sanchez-Martinez and Perez-Martin, 2002). Furthermore, in the 

GPA2 the loss of germ tube fonnation could not be reversed by the addition of 

exogenous cAMP, but rather by overexpression of the MAPK pathway component 

HST7 (Sanchez-Martinez and Perez-Martin, 2002). Thus, in C. albicans Gpa2p 

functions in the MAPK pathway rather than the cAMP pathway. In S. cerevisiae the 

signal transduced by Gpa2p is initiated by the G-protein coupled receptor, Gprlp 

(Xue et al., 1998). Gprlp is proposed to be a dual sensor of glucose and nitrogen 
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(Kraakman et al., 1999). A similar receptor may interact with Gpa2p, in C. albicans, 

but although orthologs to the pheromone G-protein coupled receptors Ste2p and Ste3p 

from S. cerevisiae, that act in the MAPK pathway, are under investigation, to date 

none have been functionally characterised. 

1.4.1.2 Tee I-mediated pathways 

The cAMP/PKA, Cph2p and pH-response pathways all converge to differentially 

regulate the transcription factor Enhanced Filamentous Growth 1 (Efglp). They do 

this through posttranslational modification of specific residues in a highly conserved 

APSES domain, which is a crucial component in morphogenetic regulators from other 

fungi, such as Sok2p and Phdlp in S. cerevisiae. Efglp is also a member of the basic 

helix loop helix (bHLH) family of transcription factors, and as such, is a DNA­

sequence specific binding protein that binds to an E-box element (5'-CANNTG-3') in 

the promoter region of the transcription factor Teclp (Leng et al., 2001; Stoldt et al., 

1997). Teel p is a member of the TEA/ A TTS family of transcription factors and it is 

suggested that once expressed, it is able, together with Efg 1 p �a �. �~�d�/�o�r� the regulators of 

Efg 1 p, to synergistically activate hyphal specific genes, producing a path;\'ay specific 

response. 

1.4.1.3 The cAMP protein kinase A (cAMP/PKA) pathway 

Regulation of Efglp by the cAMP/PKA pathway is predicted to be mediated by two 

isoforms of a protein kinase A (PKA) catalytic subunit, Tpklp and Tpk2p, through 

phosphorylation of a threonine residue found within the APSES domain (Ernst and 

Bockmuhl, 2001). Both Tpklp and Tpk2p have distinct and redundant roles in germ 

tube formation, and seem to be under the control of different cAMP-dependent 

pathways that determine the cellular activity of the catalytic subunits depending on 

whether the inducing medium is liquid or solid (Bockmuhl et al., 2001). In liquid 

induction medium Tpk2p alone activates Efglp, whilst on solid induction media 

Tpklp is the main inducer of Efglp-mediated germ tube formation. Tpk2p produces a 

weak Efglp induction signal on solid media, and also a secondary signal for invasive 

growth via Efglp (Bockmuhl et al., 2001, Sonneborn et al., 2000). Efglp then 

mediates the solid media, invasive response, through the transcription factor Candida 

Zinc Finger 1 (CZ{ 1) (Brown et al., 1999). The catalytic domain of both Tpk 1 p and 

Tpk2p is contained in the C-terminal, whereas the N-terminal of Tpk2p mediates agar 
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invasion. All PK.As are structurally conserved, consisting of two catalytic subunits 

that are inactivated by the binding of a homodimer of regulatory subunits. Activatron 

of the catalytic subunits occurs v.·hen Ci\MP, produced by the only adenyl cyclase in 

C. albicans, Cdc35p, binds to the regulatory subunits and dissociates the complex 

(Rocha et al., 2001). So far no regulatory subunits have been identified or functionally 

characterised in C. albicans. CDC35 is itself not essential for the survival of C. 

alhicans, but it is essential for germ tube formation in conditions that signal through 

the Cphlp-mediated :tvIAPK pathway and the cAMP pathvvay (Rocha et al., 2001). 

Overexpression of the :tv1APK genes HST7 or CPHJ, or the cANIP pathway 

transcription factor EFG I could not restore germ tube formation, suggesting that germ 

tube induction through the MAPK path\vay can only happen during simultaneous 

elevation of cA.MP levels and ligand activation, and that Efg 1 p is a direct target of the 

cAMP pathway, through Tpklp and Tpk2p, which require cAMP activation. 

Structural analysis of Cdc35p shows that in addition to the ATP-binding catalytic 

domain, it contains a central Ras 1 p binding domain, composed of amiphipathrc 

1eucine-rich repeats of 23 amino acids (Rocha et al., 2001). Ras Ip is predicted to 

stimulate cAMP levels through its interaction v.-·ith Cdc35p, and thus �b�.�~�i�n�g� able to 

interact with both the M.A.PK pathway and the cAMP pathway (Lebere.r et al., 2001). 

Cdc35p is also regulated by the Adenylate Cyclase Associated Protein (CAP I). 

Adenylate cyclase associated proteins of other fungi interact with Ras proteins and 

adenylate cyclase to regulate �c�A�~�1�P� levels under specific environmental conditions. 

Just prior to germ tube emergence in C. albicans there is an increase in cytoplasmic 

cAMP levels. Deletion of CAP I diminishes this rise and results in a decreased and 

delayed germ tube formation in media that activates both the cAMP and MAPK 

pathways. The addition of c,A..MP restored germ tube formation (Bahn and Sundstrom, 

200 I). The fact that CAP 1 mutants could still undergo germ tube formation, albeit at 

lower and slower levels means that there are other proteins present that can stimulate 

Cdc35p. This could be Ras 1 p or some as yet, unidentified Cap protein. Ras 1 p is the 

most upstream element identified and functionally characterised so far in the cAMP 

pathway. To be activated Raslp is post-transcriptiona11y modified by the addition of a 

farnesol group at the C-terminus by a prenyltransferase. This allows Rasl to become 

membrane bound and transduce the morphogenetic signal initiating germ tube 

formation (J. C. D. Green, unpublished). The protein responsible for the prenylation 

and possible upstream regulation of Ras 1 p are yet to be elucidated. 
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1.4.1.4 The RimlOlp pH response pathway 

One environmental signal that is crucial in regulating germ tube formation in vitro and 

in vivo is pH. At acidic pH C. albicans grows exclusively in the non-pathogenic yeast 

form, whilst at alkaline pH, it is most able to form germ tubes and become pathogenic 

(Barkani et al, 2000). A conserved alkaline response pathway has been identified in 

the fungi Aspergillus nidulans, Yarrowia lipolytica, and S. cerevisiae, and using the 

components of these pathways as models, the RimlOlp pH response pathway was 

identified in C. albicans (Davis et al. , 2000a). No putative receptors have been 

identified so far, but three regulatory components have, Rim8p, Rim20p and 

RimlOlp. When the alkaline pH signal is transduced, Rim8p and/or Rim20p are 

predicted to associate with a proteolytic complex that activates RimlOlp by cleaving 

the C-terminal, at a conserved PEST sequence (Xu and Mitchell, 2001). The PEST 

sequence contains a segment rich in praline, aspartate, glutamate, serine and threonine 

residues that confers susceptibility to ubiquitination and proteasomal degradation, and 

is also found in the RimlOlp orthologs from S. cerevisiae �a�n�~� A. nidulans (Lamb et 

al. , 2000; Mingot et al. , 1999). A key difference is that cleavage in A. nidulans occurs 
l 

at a site far from the PEST region, whilst in S. cerevisiae and C. albicans cleavage 

occurs adjacent to the PEST region.(Xu and Mitchell, 2001). RimlOlp is a zinc finger 

transcription factor, and once cleaved into its shortened-active form it regulates the 

transcription of Efglp, which in turn regulates Teclp transcription. Two models exist 

as to how the rest of the signal is transduced. Teclp and RimlOlp may by themselves,, 

synergistically regulate alkaline pH germ tube formation, or Efglp may directly 

regulate germ tube specific genes directly and in cooperation with Teel p!Rim 101 p 

(Lane et al., 200la). This pathway, however, may not be the only pH response 

pathway regulating germ tube formation in C. albicans. Uncoupling of RimlOlp 

proteolytic activation does not completely bypass the control of germ tube formation 

by external pH, and PHR2, a gene normally repressed by the RimlOlp pathway 

becomes an alkaline inducible gene (Davis et al., 2000b). This unidentified pathway is 

proposed to act in a positive role to promote germ tube formation, in conjunction with 

the RimlOlp pathway, although other explanations may also be possible. 
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1.4.1.5 The Cph2 Pathway 

Cph2p is a bHLH transcription factor of the Myc subfamily that regulates germ tube 

formation in a medium specific manner (Lane et al., 2001b). Sequence analysis of all 

known Cph2p regulated genes shows that many do not contain a Cph2p binding site, 

but all do contain Teclp binding sites (Lane et al .. 2001b). 1n addition, deletion of 

EFGJ results in a loss of TECJ transcription, whilst a deletion of CPH2 has no effect 

on TECJ transcription (Lane et al., 2001b). It is proposed that Cph2p binds to the 

promoter region of Efg 1 p, leading to the expression of Tee 1 p. Tee Ip and Cph2p then 

synergistically regulate medium-dependent, germ tube specific genes (Lane et al., 

200lb). The ligand(s) that induce this path\vay are still unkno\vn, as are the receptors 

or upstream effectors of Cph2p. 

1.4.2 Repressors of Germ Tube Formation 

Repression of germ tube formation rn C. albicans ts mediated by many environmental 

factors. Conditions that downregulate germ tube formation in liquid media are low 

pH. low temperature, high cell density. and in some conditions, high glucose 

concentrations. On solid media, high osmolarity also inhibits germ tube f0rmation. In 

vivo inhibition of germ tube formation is mediated by �g�a�m�m�a�-�i�n�~�e�r�f�e�r�o�n� when 

lymphocytes contact invading cells (Kalo-Klein and Witkin, 1990), and some 

antifungal drugs such as amphotericin and azole antifungals inhibit ge1m tube 

formation by as yet unidentified mechanisms (Rogers et al., 2003; Henry et al., 1999). 

Pathways that negatively regulate germ tube formation in C. albicans are only just 

being identified and the ligands responsible for their activation and most other 

components of the pathway are still unknown. 

1.4.2. l The Tup I-mediated pathway 

Tuplp and Ssn6p form a complex that represses transcription of germ tube specific 

genes (Jabet et al., 2000). The N-terminal domain of Tu pl p mediates multimerisation 

of Tup 1 p, and associates with a tetratricopeptide repeat (TPR) motif found in Ssn6p, 

creating a core complex containing three Tup 1 p molecules and one Ssn6p molecules 

(Jabet et al., 2000). Regulation of the Tuplp/Ssn6p complex is mediated by different 

classes of DNA binding proteins, most likely transcription factors. They can bind 

directly to the individual Tupl p components via seven WD40 repeats found in their 

N-termini. or to the outer surface of the TPR domain found in Ssn6p. The interaction 
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of specific DNA binding proteins to the Tuplp/Ssn6p complex enables it to repress 

different subsets of germ tube specific genes, by binding to their promoters indirectly 

through the specific DNA binding proteins (Braun et al., 2000; Murad et al. , 2001b). 

The repression then arises by either direct interaction with the polymerase II 

holoenzyme (Lee et al., 2000), or by alteration in the local chromatin structure 

(Edmondson et al., 1996). One DNA binding protein, (Nrglp) has been identified. 

Nrglp is a zinc finger DNA binding protein that interacts specifically with promoters 

that contain a C4 T sequence. Transcription analysis of Tup 1 p regulated genes shows 

that Nrg 1 p represses only a subset of Tup 1 p regulated genes, suggesting other 

regulators do exist (Murad et al., 2001a). How Tuplp itself is regulated by the signal 

for rep-ression is also unknown. Regulation could occur through direct activation of 

Tuplp or, more likely , through the DNA binding proteins, as is proposed with Nrglp 

(Braun et al., 2001). 

1.4.2.2 The Rbfl-mediated pathway 

The Rbfl p pathway is the least understood, and to date the only component identified, 

is the transcription factor Rbflp. Rbflp is a member of the bHLH family of 
" 

transcription factors and seems to act in a general germ tube repression pathway 

independent of Tuplp (Ishii et al,, 1997; Sharkey et al., 1999). Complicating the 

identification of potential upstream regulators of the Rbfl p pathway is the fact that no 

known fungal orthologs to Rbflp are known. 

1.5 Inducers of germ tube formation 

Germ tube formation is triggered by a wide range of inducers such as, N-acetyl 

glucosarnine, praline, complex media such as Lee's and Soll's, and serum (Mattia et 

al., 1982, Leberer et al., 2001). Serum is the most potent inducer of germ tube 

formation and remains the medium of choice for rapid identification of C. albicans 

from other non-albicans Candida species. Using C. albicans strain A 72 it has recently 

been shown that glucose is the only dialyzable inducer present in serum (Hudson and 

Farley, unpublished). It has been postulated that glucose and other inducers bind to 

surface receptors, which then transduce the signal for germ tube formation. So far 

only one receptor has been shown to be involved in germ tube induction in C. 

albicans, Cyslp. <;yslp is an amino acid sensor, which is required for efficient germ 
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tube formation on solid media that contain amino acids such as Lee's and YPD serum 

(Brega et al., 2004). Solid media such as N-acetyl glucosamine, Spider, and SLAD, 

which do not contain amino acids, are still able to induce germ tube formation by an 

as yet, unidentified biochemical pathv-,ray, as are liquid Lee's and serum-based media. 

Analysis of the C. albicans genome has identified orthologs to other nutrient receptors 

in S. cerevisiae, such as SNF3 and RGT2 that may also be involved in germ tube 

formation (Fan et al., 2002). 

1.6 Aims of this study 

The hypothesis formulated for this study was that clinical isolates of C. albican.s can, 

like strain A 72, be induced to form germ tubes by buffered glucose, and that this 

induction signal is communicated by a glucose surface receptor. The aims of this 

study are: 

• To test a panel of randomly selected C. albicans cl1nical isolates for germ tube 

formation 1n selected serum fractions ancl buffered glucose. 

• To evaluate, by creating homozygous deletion mutants and analysis of their 

phenotype, two candidate glucose receptors and a glucose transporter for their 

role in germ tube for1nation in C. albicans. 
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CHAPTER TWO: MATERIALS AND METHODS 

2.1 Yeast strains 

Yeast strains used in this study are listed in Tables 1 and 2, and were cultured as 

outlined in Section 2.3.1. 

2.2 Media and Buffers 

2.2.1 Media 

Unless stated otherwise, all media were sterilised by autoclaving at 121°C for 15 min. 

Media were prepared with MilliQ water. Solid media was cooled to 65°C before 

pouring plates. Sterilised, uninoculated liquid media was cooled and stored at room 

temperature before use. Uninoculated plates were stored at 4°C. Where required 

supplements were added at the following concentrations, histidine (20 mg/l) arginine 

(20 rng/l), and uridine (80 mg/l). 

Biotin Salts Agar 

Biotin salts agar consisted of, per litre, 0.5 g (NH4)2S04, 0.5 g CaCL2H20 , 0.05 g 

MgS04.7H20 , 2.0 g KH2P0 4 (pH 5.2), 10.0 g glucose, 15 g bacteriological agar, and 

25 µg of filter sterilised biotin. All components, except the biotin and KH2P04 (pH 

5.2), were dissolved in water, the pH adjusted to 5.2 and autoclaved. Biotin and 

KH2P04 (pH 5.2) were added before pouring plates. In some experiments the glucose 

concentration was altered as stated, and in other experiments, other carbon sources 

( 10.0 g/l) were substituted for glucose. 

Dialysed Serum 

Bovine serum (50 ml) was dialysed against 10 changes, each of 2 L for two hours, of 

0.8% NaCl, in lOK-cutoff dialysis tubing and then stored at -20°C. 
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