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"Sometimes you wake up. Sometimes the fall kills you.
And sometimes, when you fall, you fly”

-Neil Gaiman



Summary

Candida albicans  is a m a jo r  cause  of  superf icial  and sys temic  fungal infect ions 
in hu m an s .  In contras t ,  its m o s t  closely re la ted  phy logene t ic  neighbour ,  Candida  
dubliniensis, causes  d is ea se  much  less frequent ly ,  desp i t e  s ha r in g  many 
character is t ics .  Candida alb icans  is capable  of  a rever s ib le  swi tch  b e t w e e n  an 
ell ipsoid yea s t  form and  an e longated  f i l amentous  form in r e s p o n se  to var ious  
env i ro n m e n ta l  cues.  Morphological  plas tici ty is cons ide red  to co n t r i bu te  to the 
v i ru lence  and  pa thogenes i s  o f  C. albicans. Candida dublin iensis  s h a r e s  this d im orphic  
t rait ,  a l though the  less pa thogen ic  species  forms  t ru e  h y p h ae  a t  much  low er  ra tes 
u n d e r  infection-simulat ive  cond i t ions  in vitro  an d  in vivo. The d e v e lo p m e n t  of t rue  
h y p h ae  in C. alb icans  is highly re gula t ed  by com plex in te rc onnec t ing  signal ling 
pa thwa ys .  Express ion of hypha-speci f ic  gen es  is assoc ia ted  wi th  C. albicans  virulence.  
Notably,  key v i ru l ence-as socia ted  hypha-speci f ic  gene s  [CaALSS, CaHYRl] a r e  a bsen t  
from the  C. dublin iensis  geno m e,  con t r i bu t ing  to the  lack o f  v irulence,  re la t ive to C. 
albicans. This s t u d y  has  a t t e m p t e d  to d issect  the  i m p o r t an ce  of low er  f i lamentat ion 
ra tes  and hypha-speci f ic  genes  in the  pa thogenes i s  of C. dubliniensis, and  by 
extens ion,  C. albicans.

By cons t ru c t i ng  C. dublin iensis  m u t a n t  s t ra ins ,  ex pr es s ing CaALSS o r  CaHYRl, 
u n d e r  the  control  of a doxycycl ine- inducible in tegra ted  p ro m o te r ,  this s tu d y  has  
explored the  patho genic  con t r i bu t ion  of  C. albicans  hypha-specif ic  gene s  in a less 
v i ru len t  backgroun d.  Const ruct ion  of  thes e  he te ro logous  expres s ion  C. dubliniensis  
s t ra in s  p re s en te d  challenges,  highl ight ing l imi ta t ions  in c u r r e n t  molecu la r  cloning 
meth od s .  Inducible gene  ex p res s ion  w as  conf i rmed  for C. dublin iensis  s t ra ins  
h a r b o u r i n g  CaALS3 and  CaHYRl. Phenotyp ic  analys is  of  C. dublin iensis  expres s ing  
CaALSS s u p p o r t e d  the  role of  CaALSS in adhes io n  to ho s t  epi thel ial  cells, and  its 
im p o r t an ce  d u r i ng  the  ad h e s io n  and  invas ion s t ages  of  infection.  Candida dubliniensis  
ex p res s ing  CaHYRl did not  reveal  an increase  in fungal survival  w h e n  cells w e re  
incu bated wi th  h u m a n  neutrophi ls .  F u r th e r  inves t igat ion of  pro te in  local isat ion and 
a b u n d a n c e  will help  def ine the  p h en o ty p es  observed .

Th e lo w er  ra te  of  f i l amenta t ion di spl ayed by C. dublin iensis  is com m onl y 
assoc ia ted  wi th  the  re d u ced  vi ru lence  exhibi ted  by the  species,  co m p a r e d  to C. 
albicans. This s tu d y  has  sugges ted  th a t  a l though C. dublin iensis  f i l amenta t ion ra te s  are  
l ow er  than  C. albicans, i n t ra- spec ies  var ia t ion  in abi li ty to f i lament  m ay  play a role, or 
ser ve  as an  ind icato r  of v i ru lence  potent ial .  Adhesion  to hos t  t i ssues  is a key s t ep  in 
the  p ro ces s  of  infection.  Candida dublin iensis  s t ra in  var ia t ion ,  r a th e r  than  cell 
morphology ,  a p p e a r e d  to play a m o r e  i m p o r t a n t  role in initial adhes io n  stages.  
However ,  da m a g e  of epi thel ial  t i ssue m ono laye r s  w a s  m orp h o lo g y -d e p e n d en t ,  wi th  C. 
dublin iensis  hy p h ae  caus ing  h ighe r  levels of  t i ssue  d am ag e  than  co r re s p o n d in g  yeas t  
cells. T hes e  f indings  s u p p o r t  the  im p o r tan ce  of  prot e in  iden t i ty  and qua n t i ty  du r ing 
adhesion,  suggest ing t h a t  in t raspecies  d ifferent ial  regu la t ion  of  p ro te in s  is 
re sponsib le  for var ia t ion  in adhes io n  efficiency. Tissue d am ag e  caused by C. 
dublin iensis  h y p h ae  likely re su l t ed  f rom a co m bina t ion  of p ro te in - i nduced  dam ag e  
and  active hypha l  pene t r a t ion .  F u r th e r  s tu d y  to d issect  these  two  invas ion 
m ech a n i s m s  in C. dublin iensis  will reveal  the  d o m i n a n t  mechan ism,  an d  highl ight  any 
dif ferences  be t w e e n  C. dublin iensis  and  C. alb icans  hyphal - i nd uc ed  t i ssue  damage.

Induct ion of h y p h ae  is a dynam ic  revers ib le  p ro ces s  an d  rever s ion  of hyphae  
to yea s t  occurs  over  t ime.  As a resul t  of the  l ow er  f i l amenta t ion efficiency of C.



dubliniensis, previous  s tudies  iiave been l imited by this reversion.  As pa r t  of this 
cu r ren t  s tudy, a method  for C. dubliniensis  hyphai  induct ion and morphological  
main tenance  [>18 h) has been developed.  Comparison of  m orphogene t i c  regu lator  
expression pat terns ,  in response  to an es tabl ished  hyphai  induct ion m ethod  and the 
newly deve loped method,  has  highl ighted differences in expression  of  NRGl, CPHl, 
and EFGl, indicative of the reversion ra te s  associated wi th  both methods .  Inter- and 
intra-species  varia tion in gene express ion w as  also observed ,  suggest ing a link 
be tw een  epidemiological sources  of s trains . Future  t ranscr iptomic,  proteomic,  and 
infection model  s tudies  will benefit  from the  deve lopm en t  of this novel m ethod  for C. 
dubliniensis hyphai  induct ion, enabl ing the accura te  analysis  of s table  C. dubliniensis  
t rue  hyphae.

Mass spec t rometr ic  analysis  of  the  C. dubliniensis  and  C. albicans  cell wall GPl- 
anchored protein reper toire ,  using the newly deve loped m ethod  for hyphai induct ion 
and maintenance,  a llowed compar ison  of cell wall p ro te in  identity, and  relative 
abundance  on ye ast  and hyphai cells. Similar to m orphogene t i c  regula tor  expression 
analysis, inter- and intra-species  differences w e re  highlighted. Although C. 
dubliniensis does  not  possess  the vi rulence-associated p rote ins  CoAlsSp and  CoHyrlp, 
a relatively virulen t  C. dubliniensis isolate was  found to express  a hypha-specif ic 
protein (CdFlo9p), with pred ic ted  character is t ics  analogous  to CoAlsSp and  CoHyrlp. 
Future  investigation will de te rm ine  w h e t h e r  Cc/Flo9p is responsib le  for higher  C. 
dubliniensis vi rulence levels and w h e th e r  the expression of CdFlo9p r ep re sen t s  an 
example of  evolut ionary adap ta t ion  in the absence  of  CoAlsSp and  CoHyrlp.

In o rd e r  to be t t e r  combat  fungal infection as a resul t  of Candida, it is im por ta n t  
to unde rs t a nd  the virulence-associated evolut ionary adap ta t ions  experienced  by C. 
dubliniensis and  C. albicans. The divergen t  evo lu t ionary  pa ths  taken  by the two 
Candida species  have resul ted in the  e s tab l ishmen t  of C. albicans  as an efficient 
opportuni s t i c  pathogen,  while  C. dubliniensis  rarely causes  infection. This s tudy  has 
e laborated  on the  m echan isms  underly ing the lack of virulence of C. dubliniensis, 
compared  to its closest relative C. albicans, confirming that  the combina t ion of  lower 
f ilamentat ion rates  and lack of  vi rulence-associated genes  plays an im por ta n t  role in 
the reduced virulence of C. dubliniensis. The deve lopm en t  of an improved method  for 
induct ion and main tenance  of  C. dubliniensis hyphae  will enable  fu ture  research  to 
more  accurately assess  the  role of  Candida f i lamentat ion in the pa thogenesis  of 
Candida spp.
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Chapter 1 

General introduction



1.1. The im portance o f  fu n ga l In lee t i o n s

Fungal infections are a significant personal and economic burden in nosocomial and 

community settings. In the United States of America (USA) during 1998, the economic 

cost o f  fungal infections has been estimated as costing approximately $2.6 billion (Wilson 

et al., 2002). Improvements in technology and medical therapies made during the last two 

decades have resulted in an ageing population, increasing the number of 

immunocompromised people who may be susceptible to fungal infections (Flevari et al., 

2013). Thus the economic cost as a result o f  duration o f  hospitalisation and antifungal 

treatments is likely to continue to increase. Fungal superficial and systemic infections are 

commonly caused by pathogenic Candida species. Candida has previously been reported 

as the fourth most common cause o f  systemic infections in hospitals in the USA, with 

associated mortality rates ranging from 15 % to 35 % (Pfaller & Diekema, 2007). 

Although the genus is composed of more than 150 distinct species o f  yeast, a very limited 

number o f  these are clinically relevant as human pathogens. The leading cause of 

candidaemia is Candida albicans, accounting for approximately 60 % of systemic Candida 

infections (Kibbler £?/«/., 2003). In F’ngland between 2004 and 2010, C. albicans was the 

cause o f  up to 69 % o f  neonatal invasive Candida infections (Oeser et al., 2014). The 

frequency o f  isolation non- C. albicans Candida (NCAC) species such as Candida 

glabrata, Candida parapsilosis, Candida tropicalis and Candida duhliniensis is considered 

to be increasing (Krcmery & Barnes, 2002). As of 2002, isolation o f  NC’AC species from 

incidences o f  candidaemia had doubled from an average rate of 25 % to 50 %. 

Additionally, a retrospective study o f  Candida bloodstream infections in western Saudi 

Arabia between 2002 and 2009 reported that NCAC were responsible for as much as 66 % 

Candida systemic infections (Al I'haqafi et a i ,  2014). The cause of this is not yet clear. 

However, frequency o f  isolation o f  certain species varies geographically (Pfaller et al., 

2010). For example, C. glabrata  is isolated more frequently from patients in North 

America compared to Latin America. Whether this is a result o f  geographical effects, 

underlying population variation or a result of different clinical detection methods has yet to 

be resolved.

1.1.1. Candidiasis

Candida spp. are abundant in the wider environment and many species exist as harmless 

commensals o f  the mammalian oral, gastrointestinal and urogenitary tracts. They can 

become opportunistic pathogens when the normal function o f  the host immune system is



altered. Commonly, incidences o f  systemic and superficial candidiasis arise when the 

immune system is compromised by an underlying condition such as diabetes, acquired 

immune deficiency syndrome (AIDS), or cancer (Pfaller & Diekema, 2007). Hormonal 

changes as a result o f  pregnancy may also be a predisposing factor for vulvovaginal 

superficial candidiasis. Infants and the elderly are also susceptible to opportunistic 

infection with Candida. Additionally, therapeutic treatment with antibiotics or steroids can 

lead to overgrowth o f  Candida, increasing the risk o f  candidiasis (Banerjee et a i ,  2008; 

Dimopoulos et al., 2008; Fidel & Sobel, 1996). Infection o f  healthy people is rare. 

Candida species can be responsible for both superficial and systemic infections. Infection 

of the oral cavity as either pseudomembranous or erythematous candidiasis is the most 

common occurence o f  candidiasis (Korting, 1989). This manifests as the localised 

appearance o f  creamy white raised lesions or inflamed red lesions on the mucosal surfaces 

of the mouth. These lesions are usually accompanied by pain and bleeding when scraped as 

the natural epithelial barrier has been disrupted by the action o f  fungi invading the 

substrata. This is often an indication of perturbation of the local host immune system, as 

evidenced by the high prevalence o f  oropharyngeal candidiasis in AIDS patients (Sullivan 

e ta i ,  2004).

1.2. The Candida g enus

Candida spp. are ascomycetes, representing a genus composed o f  species which grow as 

asexual blastospores. A small number of these species have the ability to form 

pseudohyphae or true hyphae. Fitzpatrick et al. have shown that the Candida genus is 

actually a polyphyletic group within the order Saccharomycetales (Fig. 1.1) (Fitzpatrick et 

a i,  2006). Differences in codon usage during protein translation has identified two main 

groups of clinically relevant Candida species (Massey et a i ,  2003; Papon et a i ,  2012). 

The whole genome duplication (WGD) clade translates the CTG codon as leucine and the 

CTG clade is comprised o f  species that translate the CTG codon (CUG) as serine. The 

WGD clade contains the brewer’s yeast Saccharomyces cerevisiae, and the second most 

frequent cause o f  candidiasis, C. glahrata, while the CTG clade contains the major 

pathogen C. albicans and NCAC species C. tropicalis, C. parapsilosis  and C. duhliniensis.

1.2.1. Discovery o f C. duhliniensis

The most closely related species to C. albicans is C. diibliniensis and both are considered 

to have evolved from an ancestral C. tropicalis (McManus & Coleman, 2014). In fact, until 

1995, C. duhliniensis isolates were routinely identified as “atypical” isolates o f  C. albicans

3



as a result o f  an inability to distinguish between the two species due to phenotypic 

similarities. Most o f  these “atypical” isolates were recovered from severely 

immunodepressed patients suffering from AIDS, and HIV infection. Sullivan et al. 

conducted a study o f  isolates recovered from the oral cavities of AIDS patients from 

Ireland and Australia (Sullivan et al., 1995). Phenotypic analysis o f  growth patterns on 

potato dextrose agar (PDA) and in yeast extract peptone dextrose (YEPD) broth at various 

temperatures was carried out. Assessment o f  carbohydrate assimilation profiles and 

investigation o f  production o f  germ tubes, pseudohyphae, and chlamydospores identified 

divergence o f  these “atypical” isolates from the phenotypic characteristics o f  C. albicans 

isolates. Genomic analysis using DNA fingerprinting with C. albicans probes, karyotype 

analysis and investigation o f  ribosomal RNA gene nucleotide sequences led Sullivan et al. 

to conclude that these “atypical” isolates in fact represented a distinct taxon which they 

suggested should be called Candida duhliniensis. An isolate (CD36) from the oral cavity 

o f  a HIV-infected patient who had presented with erythematous candidiasis was designated 

as the type strain. As a result o f  similar phenotypic and genotypic characteristics, it was 

hypothesised that prior to 1995, C. duhliniensis strains may have been misidentilled as C. 

albicans. Retrospective analyses o f  C. albicans strain collections proved this to be true, 

presenting a challenging problem for the correct differentiation of C. albicans and C. 

duhliniensis in clinical samples (.iabra-Rizk et al., 2000; Kim ct al., 2003).

Historically, rapid identification o f  C. albicans was primarily conducted using the germ 

tube test, based on detection o f  the serum-induced dimorphic switch between ellipsoidal 

blastospores and filamentous growth, resulting in polarised extension of an outgrowth 

(germ tube) from the yeast cell, However, C. duhliniensis also forms germ tubes in 

response to serum, complicating differentiation o f  the two distinct species. Growth of 

Candida on chromogenic media such as CHROMagar™ Candida allows primary screening 

and differentiation o f  Candida species (Odds & Bernaerts, 1994). As a result o f  the 

presence o f  chromogenic substrates in the medium C. albicans grow as light green, while 

C. duhliniensis grows as dark green colonies (Sullivan & Coleman, 1998). Although there 

have been suggestions that this chromogenic phenotype is weakened after sequential 

growth on CHROMagar™ Candida, Kirkpatrick et al. confirmed the suitability of 

CHROMagar™ Candida for use as a primary screening method (Kirkpatrick et al., 1998). 

However, this approach includes incubation time, leading to a delay in results. Donnelly et 

al. described a rapid polymerase chain reaction (PCR) based test taking advantage o f  

differences in the sequence o f  the A C TI gene to differentiate between C. duhliniensis and
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Figure 1.1. Maximum likelihood phytogeny, showing selected members of the 

CTG and WGD clades of the genus Candida. Candida dubliniensis is the closest 

phylogenetic neighbour to the opportunistic pathogen Candida albicans. Adapted

from Fitzpatrick e t a l ,  2006.



C. albicans (Donnelly 1999). Crude isolation of DNA by a boiling method enabled

rapid analysis o f  genomic material by PCR, amplifying a 288 bp amplimer specific to C. 

dubliniensis. The study also documented a relatively low level o f  intraspecies sequence 

variation, supporting the use o f  species identification by this method. Other identification 

methods such as thermotolerance at high temperatures (> 42 °C) may result in false 

negatives or positives (Pinjon et al., 1998). Candida albicans was reported to grow 

successfully at elevated temperatures while C. dubliniensis struggled to grow. However, 

documentation o f  C. albicans isolates unable to grow at 45 °C has led to questions over the 

reliability o f  this method o f  presumptive identification (Kirkpatrick et al., 1998). 

Technological advances have resulted in the development and use o f  mass spectrometry as 

a clinical diagnostic tool for identifying pathogenic organisms (Bader et al., 2011; Zehm et 

al., 2012). This technology is still in the early stages of evaluation and questions regarding 

reliability, cost and benefit still need to be addressed. Conceivably this method may be 

useful for distinguishing between C. albicans and C  dubliniensis species in a clinical 

setting.

1.2.2. Population structure

Strain variation is one of the determining factors iniluencing antifungal resistance in C'. 

albicans and C. dubliniensis, with strains of specific lineages more likely to exhibit 

resistance to specific antif'ungals or chemicals such as 5-flucytosine. Although C. albicans 

possesses a cryptic sexual cycle, it is for the most part considered to be asexual, leading to 

a clonal method o f  reproduction (Odds, 2010). Hvolution and elaboration o f  resistance 

mechanisms is mediated primarily by chromosomal rearrangements and mutations. 

Genetic diversity is limited by rates o f  recombination and chromosomal polymorphisms. 

Historically, strain analysis and epidemiological studies were perfomed using a variety of 

phenotypic profiling methods. Morphotype analysis, serotyping, carbohydrate assimilation 

profiles, and antifungal susceptibility testing all contributed to strain characterisation and 

analysis (Sullivan et al., 1995). However, due to the lack o f  interlaboratory reproducibility 

of these phenotypic tests, more sophisticated molecular DNA-based techniques were 

developed (Hunter, 1991; Saghrouni et al., 2013). Many typing methods have been used to 

characterise Candida although perhaps the most useful methods for analysis o f  population 

structure o f  C. albicans and C. dubliniensis have been restriction enzyme analysis and 

multilocus sequence typing (MLST). Restriction enzyme analysis relies on probing 

restriction endonuclease-digested DNA with specific probes. Analysis o f  C. albicans 

commonly used DNA-flngerprinting probes 27A or Ca3, with Ca3 providing better
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discrimination between strains (Pujol et al., 1997). Use o f  the Ca3 11 kb repetitive gene 

fragment identified five major C. albicans clades (1/ II/ III/ SA/ E) (Soil & Pujol, 2003). 

The distribution o f  strains between the clades is distinctive, with approximately 35 % o f  C. 

albicans isolates belonging to Group I, 31 % to Group II, and 19 % to Group 111. 

(jeographic location appears to play an important role in the distribution o f  C. albicans 

clonality. Analysis of South African isolates identified the presence o f  a large clonal 

population distinct from the three previously identified groups (Blignaut et al., 2003). 

While isolates from Group I, II, and III were present in the population, there was 

enrichment for isolates comprising the Group SA, suggesting specific evolutionary 

adaptation to the local environment or host factors. A European-specific group was also 

identified with 26 % o f  isolates from an international study identifying as Group E when 

analysed by Ca3 fingerprinting (Pujol et al., 2002). MLST analysis o f  between six to eight 

loci, targeting stable household genes further expanded knowledge o f  C. albicans 

population structure (Bougnoux et al., 2002; Tavanti et al., 2003). MLST analysis was 

found to agree with Ca3 fingerprinting, although clade E was divided into two subgroups 

(Tavanti et al., 2005). One o f  the strongest benefits o f  typing methods such as Ca3 

fingerprinting and MLST is the strength o f  interlaboratory reproducibility. MLST, in 

particular, benefits from the ease o f  dissemination of knowledge, as databases may be 

easily shared and analysed. Similar to C. albicans restriction enzyme-mediated analysis 

with a fingerprinting probe, analysis o f  C. dubliniensis isolates with the 16 kb Cd25 

fingerprinting probe enabled analysis o f  population distribution and structures. Joly et al. 

found that, o f  three potential probes, Cd25 was species-specific and generated the most 

distinct fingerprinting patterns (Joly et al., 1999). Two major C. dubliniensis clades were 

found by Cd25 fingerprinting. Analysis o f  internally transcribed spacer (ITS) regions 

found that ITS genotype I correlated with Cd25 group I isolates, while three ITS genotypes 

were associated with Cd25 group II isolates (Gee et al., 2002). Further analysis o f  a 

collection o f  C. dubliniensis isolates from Egypt and Saudi Arabia identified an additional 

major Cd25 group composed o f  ITS genotype 3 and genotype 4 strains (Al Mosaid et al., 

2005). Complementary MLST analysis o f  C. dubliniensis has revealed the presence of 

three clades (McManus et al., 2008). Clade I (C l)  contains predominantly ITS genotype 1 

strains while the second clade (C2) contains ITS genotype 2 isolates. Clade 3 (C3) from 

MLST analyses is composed o f  ITS genotype 3 and genotype 4 isolates. Overall, 

McManus et al. have shown that the population structure o f  C. dubliniensis is less 

divergent than C. albicans (Fig. 1.2). Although MLST broadly agrees with Cd25 

fingerprinting, typing patterns as a result o f  karyotypic analysis displays significant
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differences (McManus & Coleman, 2014). This is considered to be a result o f  the lack of 

sequence variation in C. dubliniensis and may also be limited by the relatively small 

amount o f  isolates analysed so far.

1.2.3. Epidem iology of C. albicans and C. dubliniensis

Despite the close phylogenetic relationship and similarities in phenotypic characteristics, it 

is striking that there is such a difference in the virulence o f  C. albicans and C. dubliniensis. 

Although C. albicans may be responsible for approximately 60 % o f  systemic Candida 

infections, C. dubliniensis is commonly attributed to less than 2 % o f  systemic infections 

(Kibbler et al., 2003; Sullivan et al., 2005). Cases o f  candidiasis as a result o f  C. 

dubliniensis infection are predominantly associated with depression o f  the host’s immune 

system, as evidenced by the increased frequency in isolation from the oral cavities o f  HIV- 

infected AIDS patients and diabetic individuals (Loreto et al., 2010; Sullivan et al., 2004). 

The natural niche o f  C. albicans is currently considered to be the oral cavity and 

gastrointestinal tract o f  humans, with potential reservoirs in other mammalian species 

(Barelle et al., 2006; Hdelmann et al., 2005; Kumamoto, 2011). Although C. dubliniensis 

is also found in the oral cavity and gastrointestinal tract, it is a less successful coloniser and 

it has been suggested that C. dubliniensis has evolved to colonise an unknown niche 

(Moran et al., 2012). In addition to human sources, C. dubliniensis has been recovered 

from avian and Ixodida (ticks) sources in close proximity, indicating a potential source o f  

geographic transmission (Nunn et al., 2007). However there is insufficient evidence to 

suggest that this is the natural C. dubliniensis niche and the direction o f  transfer has been 

suggested to be from human to bird (McManus et al., 2009). It is possible that C. albicans 

and C. dubliniensis naturally colonise different niches, and the factors which contribute to 

the success o f  C. albicans colonisation o f  the human oral and gastrointestinal tract are also 

associated with the increased virulence o f  the species, relative to its phylogenetic 

neighbour, C. dubliniensis.

1.2.4. Antifungal resistance

As a result o f  frequent prophylactic use o f  azoles in the treatment o f  candidiasis, 

emergence o f  resistant strains to this class o f  antifungals is common (Pfaller, 2012). 

Upregulation o f  the drug efflux pumps C dr lp  and Cdr2p, and the major facilitator M drip  

mediates resistance o f  C. albicans and C. dubliniensis to azoles (Mukherjee et al., 2003). 

While upregulation of M drlp  reduces susceptibility to fluconazole, C drlp  and Cdr2p 

reduce susceptibility to Iluconazole, itraconazole and ketoconazole (Moran et al., 2002;
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Wirsching et al., 2000). Candida spp. also display resistance to treatment with 5- 

flucytosine (5-FC), a lluorinated derivative o f  the pyrimidine cytosine (Hope et al., 2004). 

The mode o f  action o f  this antifungal is a result o f  inhibition of fungal protein synthesis. 

This occurs due to conversion of 5-flucytosine to 5-fluorouracil, subsequent 

phosphorylation and incorporation of the phosphorylated pyrimidine into RNA, leading to 

protein miscoding (Waldorf & Polak, 1983). Intrinsic resistance to 5-FC is common in 

specific clades, and acquisition o f  secondary resistance requires 5-tlucytosine to be used in 

combination with an additional antifungal such as amphotericin B (Quinto-Alemany et al., 

2012; Vermes et al., 2000). Typically, 5-tlucytosine is used to treat only severe candidiasis 

associated with life-threatening infections such as endocarditis or meningitis (Hauser et al.,

2003). The limited clinical use of 5-FC is partly due to the frequency o f  emerging 

resistance, but also because the drug can have toxic effects on patients, causing serious 

side effects such as disruption o f  liver function, vomiting and diarrhoea. Resistance 

mechanisms appear to be clade-specific in C. alhican.s usually occurring as a result o f  

amino acid substitutions in the proteins encoded by FURI and F C AI (Dodgson et al.,

2004). Amphotericin B is a polyene antifungal that is commonly used in conjunction with 

5-FC (Drew el al., 2013). The combination therapy improves antifungal action, allowing 

lower dosages to be used, and reducing drug toxicity. Amphotericin B is considered to 

function by binding ergosterol in fungal cell membranes, forming a transmembrane 

channel, leading to leakage o f  intracellular ions and cell death (Baginski & Czub, 2009). It 

can be used either topically for superficial infections or intravenously for invasive 

infection. However, intravenous treatment is coupled with toxicity and side effects can 

range from nausea, hypotension and fatigue to nephrotoxicity (Laniado-Laborin & 

Cabrales-Vargas, 2009). Toxicity is reduced by using liposomal formulations of 

amphotericin B such as AmBisome® (Takemoto et al., 2006).

1.3. M orphological plasticity o f C. albicans and C. duhliniensis

There are a variety of phenotypic and genetic characteristics that likely contribute to the 

enhanced pathogenicity o f  C. albicans in the human host. I lowever, as a result o f  the close 

evolutionary and genetic relationship between C. albicans and C. dubliniensis, the two 

species share many o f  these characteristics. Variations in regulation or functionality of 

these characteristics are likely to play a significant role in the differential virulence o f  the 

two Candida species.



1.3.1. Candida f ilamentation

Many clinically relevant Candida species are capable o f  dimorphism, growing either as an 

ellipsoid blastospore (yeast) or an elongated filament (hypha). Hyphae can be further 

differentiated as either pseudohyphae or true hyphae. Pseudohyphae are commonly 

observed as chains o f  elongated buds with constrictions at the site o f  septation whereas 

true hyphae are elongated filaments of uniform diameter with no evidence o f  constriction 

along the length o f  the filament (Merson-Davies & Odds, 1989). Remarkably, the only 

Candida species that have been observed to be capable o f  forming true hyphae are the 

closely related species C. albicans, C. dubliniensis and C. tropicalis, although C. tropicalis 

very rarely produces elongated hyphae (Gilfillan el al., 1998; Suzuki et al., 1991). As the 

dominant Candida pathogen, most studies concerning Candida filamentation have been 

conducted with C. albicans rather than C. dubliniensis. 7’he rate at which the different 

species form true hyphae varies, with C. albicans rapidly producing large amounts o f  true 

hyphae in response to hypha-inducing signals. Some o f  these signals and the associated 

signaling pathways are presented in Fig. 1.3. However C  dubliniensis produces true 

hyphae at a much lower rate under similar growth conditions (Stokes et al., 2007). Non- 

filamentous C. albicans strains were initially reported as being avirulent, leading to the 

hypothesis that the ability to produce true hyphae is an important virulence factor during C. 

albicans colonisation o f  the human host {i.o et al., 1997). True hyphae were considered to 

be the invasive form o f  C. albicans, while yeast were associated with systemic and 

disseminated candidiasis. The role of pseudohyphae during colonisation or invasion has 

not been elaborated. Although the efficiency of C. albicans production o f  true hyphae has 

been associated with increased invasion and virulence, the characterisation o f  C. albicans 

strains unable to produce filaments has shown that some non-filamentous C. albicans 

strains may retain their virulence. Similarly, C. albicans mutant strains created to be 

constitutively filamentous have been observed to be less virulent than the wild type strains 

(Bendel et al., 2003). Though there is a possibility that these observations may be an 

artifact o f  the genetic manipulation methods used, it has opened up the field to consider the 

complexity of hyphae and examine the true underlying cause o f  hyphal-associated 

virulence. In vitro studies of C. dubliniensis have shown much lower levels of hyphae 

produced, in conjunction with lower levels of invasion of host tissues, under conditions 

designed to mirror in vivo invasion (Spiering et al., 2010). However, the difference in 

morphology between C. albicans and C. dubliniensis in infection models complicates 

interpretation o f  morphology-associated virulence. The discrepancy in morphology-
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associated virulence between the two species is currently attributed to the reduced ability 

or propensity of C. dubliniensis to form true hyphae under invasion simulative conditions. 

The dimorphic transition is discussed in further detail in Chapter 4 and Chapter 5. The 

differential filamentation o f  C. albicans and C. dubliniensis, and the resultant virulence 

phenotypes arc dealt with in Chapter 4, while the genetic regulatory mechanisms 

underlying filamentation are explored in Chapter 5.

1.3.2. Chlam ydospores

In addition to filamentous morphologies, C. albicans and C. dubliniensis display the ability 

to grow as large, thick-walled, spherical cells called chlamydospores. As the only two 

species found to produce chlamydospores, C. albicans and C. dubliniensis were identified 

by growth o f  these cell types on media such as commeal, rice extract, or Pal’s agar (Staib 

& Morschhauser, 2007). However, this was also a contributing factor in the historical 

misidentification o f  C. dubliniensis isolates as C. albicans (Sullivan et al., 1995). 

Interestingly, only C. dubliniensis forms chlamydospores on Staib agar (Staib & 

Morschhauser, 2005a). The biological function o f  chlamydospores is unknown and the 

cells have rarely been observed in vivo (Chabasse et al., 1988). On average, 

chlamydospores measure 6 (im in diameter but can grow up to an observed maximum of 

10 12 |,im diameter. Compared to an average diameter o f  3 |im for yeast cells,

chlamydospores are easily visibly differentiated from yeast cells. Chlamydospores have 

been observed on nutrient poor media, in conjunction with filamentous elements, forming 

from the tip o f  suspensor cells (Jansons & Nickerson, 1970a). The cells are double walled 

with the outer layer comprised o f  a thin, electron transparent layer and the inner layer 

composed o f  electron dense material (Shannon, 1981). The outer layer was later revealed 

to be composed mostly o f  P-l,3-glucan and chitin to a lesser degree (Jansons & Nickerson, 

1970b). In contrast, the inner layer is thought to be composed o f  proteinaceous material. 

Various cellular elements have been observed including vacuolar and cytoplasmic 

organelles. Mitochondria and ribosomes have also been detected, although these organelles 

appear to disappear over time (Miller et al., 1974). Additionally, nuclear division across 

the junction between the suspensor cell and chlamydospore has not yet been observed, 

raising questions regarding the pattern o f  nuclear segregation during replication (Vidotto et 

al., 1996). Citiulo et al. showed that metabolic activity in chlamydospores was reduced 

over time with a significantly lower level o f  activity after 14 days compared to 5 days 

(Citiulo et al., 2009). Metabolic activity in 30 day old chlamydospores was not detectable. 

Citiulo et al. also showed that chlamydospores were capable o f  budding, producing
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daughter yeast cells, and also germination to produce filamentous pseudohyphae and true 

hyphae. Palige et al. have identified two chlamydospore-specific genes shared by C. 

albicans and C. duhliniensis (Palige et al., 2013). Both CSPI  and CSP2 encode 

chlamydospore-specific proteins localised to the cell wall and serve as a marker for 

chlamydospore growth. Whether the proteins function in a structural capacity or display 

some other function is unknown and is likely to be investigated in the future. Genetic 

regulation o f  chlamydospore production appears to share a number o f  similarities with 

regulation of t'llamentation. Nutrient limitation and the associated regulatory genes N R G l  

and UME6 appear to play a role in the development o f  chlamydospores (Staib & 

Morschhauser, 2005b). The regulatory mechanisms governing the transition between the 

various morphological states in Candida are highly complex and interconnected, resulting 

in difficulty in dissecting the impact o f  each pathway on morphology and virulence.

1.3.3. Mating

In addition to the yeast to hypha transition, Candida are capable o f  mating and can 

undergo a process o f  reversible phenotypic switching between a white and opaque cell type 

(Nielsen & Ileitman, 2007), So-called white cells are the commonly occurring ellipsoid 

yeast cells whereas opaque cells are elongated, bean shaped cells (Slutsky et a i ,  1987). 

Opaque cells can be visually distinguished from white cells by microscopy, and 

macroscopically by using phloxine li to stain opaque cell colonies pink/red (Liu et a i ,  

2010). Both C. albicans and C. diibliniensis are diploid and display a cryptic meiotic 

program (Alby & Bennett, 2010). They possess mating type-like (MTL) loci, similar to 

other fungal mating type loci (Butler, 2010). The transcription factors MTLa and MTLa 

are responsible for determining mating type and phenotypic switching competency. Two 

forms, or idiomorphs, can be produced by each locus, similar to allelic variation (Butler et 

al., 2004). From MTLa, al and a2 are produced, and a l  and a2 are produced from MTLa. 

A heterodimer is formed by al and a2 (ala2), efficiently repressing switching and 

elaboration o f  other mating genes (Magee & Magee, 2000). Heterozygous cells are 

normally maintained in the white form and will only undergo meiosis if al or a2 are lost as 

a result of  mitotic recombination, enabling phenotypic switching and mating (Wu et a i ,  

2007). Homozygous strains on the other hand are influenced by the activity o f  another 

transcription factor, encoded by W O RI, which acts as a master regulator o f  switching 

(lluang et a i ,  2006). Activity of WORI is usually repressed by the a la 2  dimeric repressor. 

Activation o f  WORI results in a positive feedback loop, supporting establishment and 

maintenance o f  the opaque, mating competent state. WORI  also represses expression of
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E F G l, which usually supports growth o f  Candida as white yeast (Zordan el al., 2007). 

Secreted pheromones activate mating with a-pheromone and a-pheromone activating 

mating response in their opposing mating type i.e. a-pheromone stimulates a/a  mating and 

vice versa. Pujol et al. demonstrated that C. albicans and C. duhliniensis are capable of 

interspecies mating, and this was dependent on cell clumping to facilitate fusion (Pujol et 

al., 2004). Surprisingly, the rate o f  interspecies mating was higher than that o f  C. 

duhliniensis intraspecies mating, although this is likely to be influenced by the higher rate 

o f  clumping displayed by C. albicans mating types. Mating type may also play a role in 

fungal survival in the human host. White cells have been shown to produce a 

chemoattractant which leads to attraction o f  human neutrophils and fungal engulfment 

while opaque cells do not produce the same chemical signal (Geiger et al., 2004). White 

cells are associated with virulence in murine systemic models o f  candidiasis and opaque 

cells are considered to be more successful in colonising cutaneous surfaces. It is important 

to note that the environmental signals which have been found to induce mating include 

growth under elevated CO 2 and use o f  A^-acetylglucosamine (GlcNAc) as a carbon source 

instead o f  glucose (Xie et al., 2013). These are conditions which are intricately linked with 

dimorphism and represent a commonality between regulation o f  Candida lHamcntation 

and mating.

1.3.4. Biofllm growth

Microbial biofilms are highly abundant in nature and can cause serious problems in 

nosocomial settings. Biofilms are frequently characterised as a single or multi-species 

group o f  organisms growing as an adherent 3-dimensional structure (Hiyari & Bennett, 

2011). Cells are commonly embedded in an extracellular matrix (Nobile et al., 2009). 

Biofilms can colonise biotic and abiotic surfaces (Fanning & Mitchell, 2012). In the human 

host, microbial biofilms can contribute to deep-seated infections, providing an in situ 

reservoir for invading microbes. Biofilm establishment on indwelling medical devices such 

as catheters, prostheses, pacemakers and even dentures, in addition to growth on mucosal 

cell surfaces, presents a major problem in healthcare (Harriott & Noverr, 2011). Many 

clinically relevant Candida species are capable o f  forming biofilms (Silva e / <://., 2 0 1 1). In 

particular, C. albicans and C. duhliniensis efficiently produce biofilms (Alnuaimi et al., 

2013). The ability o f  clinical isolates to produce biofilm has been associated with higher 

levels o f  patient mortality (Ramage et al., 2009; Viudes et al., 2002). Distinct stages of 

biofilm development have been documented beginning with initial fungal adherence to a 

cell, followed by cell proliferation, maturation o f  the biofilm and dispersal o f  cells from



the biofilm surface (Finkcl & Mitchell, 201 1). In C. albicans and C. chibliniensis, initial 

attachment o f  yeast, or hyphal cells to surfaces is mediated by adhesive fungal cell wall 

proteins (Alsteens et a i ,  2013; Staab et al., 2013). Maturation o f  the biofilm includes 

production o f  an extracellular matrix and development o f  hyphae (Richard el al., 2005). 

The matrix is commonly a mix o f  polysaccharide, carbohydrate, and proteinaceous or 

nucleic material (Finkcl & Mitchell, 2011). As the biofilm matures, yeast cells are budded 

from the surface and disperse, enabling migration and colonisation o f  other surfaces 

(Robbins et al., 2011). Yeast cells dispersed from biofilm have been observed to be more 

virulent in a murine model o f  disseminated candidiasis, suggesting a role for biofilm- 

associated epigenetic changes in increasing virulence (Uppuluri et a i ,  2010). The genetic 

regulatory network governing the switch to a biotllm mode o f  growth has been examined 

for C. albicans, highlighting BCR], TECI, E F G l , NDT80, RO BI,  and BRG I  as playing 

dominant roles in regulation o f  biofilm growth (Nobile et a i ,  2012). These genes are 

involved in the regulation o f  adhesin genes and are associated with filamentation, 

contributing further to the complex challenge o f  dissecting the link between filamentation 

and virulence. Cell interactions in biofilms are complex and depend on the nature o f  the 

biofilm. Quorum sensing plays an important role in the maturation of a biofilm (Deveau & 

llogan, 2011; Nobile et a i ,  2009). Multispecies biofilms often display modulation o f  

cocolonising species activity through the action o f  secreted quorum sensing molecules 

such as homoserine lactones (bacteria) or farnesol {Candida) (Albuquerque & Casadevall, 

2012; Mcar et a i ,  2013). These signaling molecules may have antagonistic or synergistic 

effects on the overall development o f  the biofilm. Biofilms present a number o f  challenges 

to treatment with antibiotics and antifungals (Taff <?/ a i ,  2013). One o f  the most significant 

barriers to treatment is the presence o f  an extracellular matrix (Bonhomme & d'Enfert, 

2013). Diffusion o f  therapeutic drugs through the matrix depends on the composition and 

sequestration o f  drugs by matrix components is possible (Nett et a i ,  2010). By the time 

drugs reach embedded cells, the drug concentration may have been reduced, leading to 

levels o f  activity lower than the required minimum dose. Additionally, delayed diffusion o f  

drugs through the matrix allows cells to employ drug efflux pumps such as C D Rl, CDR2  

and M D R I,  which contribute to fluconazole resistance in C. albicans and C. duhliniensis 

(Mukherjee et al., 2003). Upregulation o f  these genes also increases resistance to 

ketoconazole and itraconazole. Within a biofllm pockets o f  highly variable 

microenvironments exist. The morphological plasticity exhibited by C. albicans and C. 

duhliniensis in response to local environmental conditions enables the fungi to successfully 

adapt and take advantage o f  growth in a biofllm. 13iofllms can also be a source o f  persister
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cells which exhibit atypical responses to antifungals and environmental stresses, showing 

increased survival rates (Lewis, 2010). Candida albicans persister cells have been shown 

to contribute to oral carriage o f  the fungus, displaying high levels o f  drug tolerance 

(Laileur et al., 2010).

1.4. Genomic comparison of C. albicans and C. duhliniensis

Whole genome comparison o f  16 species distributed between the CTG and WGD clades, 

in addition to specific comparative genomics o f  C  albicans and C. duhliniensis has 

highlighted important differences that are likely to inlluence Candida virulence in a human 

host. Analysis and assembly o f  the C. albicans genome has revealed a 15.9 Mb genome 

(Assembly 21), consisting o f  eight sets of chromosome pairs (Selmecki et al., 2010). 

Similarly, C. duhliniensis possesses a 14.6 Mb genome, although the less virulent species 

possesses a complex karyotype with a mix o f  haploid and diploid chromosomes and 

obvious examples o f  chromosomal rearrangement (Magee et al., 2008). Assembly o f  the 

C. duhliniensis genome from a consensus o f  chromosomal homologs was partly based on 

resemblance to C. albicans. I ’here is a high level o f  similarity between the genomes o f  C. 

albicans and C. duhliniensis. When genes encoding proteins arc compared in the two 

species, there is a high degree o f  identity, with 44.4 % o f  genes over 90 % identical, and 

96.3 % o f  genes greater than 80 % identical (Jackson et al., 2009). There is also a high 

degree o f  positional conservation supporting the close phylogenetic relationship between 

the two species. The major repeat sequence (MRS) is a set o f  repetitive sequences or DNA 

elements that are unique to C. albicans and C. duhliniensis (Magee et al., 2008). All but 

one chromosome contains MRS elements, with chromosome R o f  C. duhliniensis and 

chromosome 3 o f  C. albicans lacking an MRS. The highly repetitive nature o f  the MRS is 

considered to result in karyotypic variation in the absence o f  a regular meiotic cycle. It is 

thought to be a source o f  recombination events and chromosomal translocation providing a 

mechanism for genomic diversity.

1.4.1. Gene family expansion and gene loss

Comparative genomics has emphasised enrichment o f  gene families that are common to 

clinically relevant pathogenic Candida species (Butler et al., 2009). Several o f  these 

families are associated with hyphal morphogenesis indicating the importance o f  the 

dimorphic transition in Candida virulence. Remarkably, many o f  these families have been 

revealed to have undergone expansion in C. albicans. In contrast, C. duhliniensis has either 

failed to expand gene families or suffered loss o f  key genes, possibly indicating a path of



reductive evolution compared to C. albicans (Jackson et al., 2009; McManus & Coleman, 

2014). The IFA family is a group o f  genes encoding putative transmembrane proteins. The 

proteins are similar to leucine repeat-rich proteins from viruses. The IFA family in C. 

albicans is comprised of 31 members while C. clubliniensis possesses only 21 members, 

fhere is evidence o f  pseudogenisation in C. clubliniensis with many JFA members likely to 

be nonfunctional. Out o f  21 members, 14 are predicted to be fragmentary in C. diibliniensis 

compared to only 6 /31 in C. albicans. This represents one o f  the clearest examples of 

differing evolutionary patterns displayed by C. albicans and C. clubliniensis. Speciation 

has led to C. albicans expanding the IFA family through gene duplication while C. 

clubliniensis is actively in the process o f  loss o f  genes. The environmental selective 

pressures governing this pattern have yet to be elucidated.

Another example o f  family expansion in C. albicans occurs in the TLO  gene family. While 

most Candida species possess one TLO  gene, C. albicans has expanded its repertoire to 14 

members. The TLO  genes are located in close proximity to the telomeres and are currently 

thought to be components o f  the mediator complex, inlluencing general transcription 

(Zhang et al., 2012). Notably, C. clubliniensis possesses two TLO  genes and deletion of 

CdTLOI has been shown to negatively impact hyphal formation (Jackson et al., 2009). 

Complementation o f  the CdTLOI mutant with C. albicans TLO  genes {CciTLOlII 

C aTL012) restores filamentation. The functional mechanism o f  the C. dubliniensis TLO 

genes is an area o f  active study and may expand on the interaction between TLO proteins, 

the mediator complex, and Candida filamentation.

Proteases are known to play important roles in adherence to an invasion o f  host tissues. 

Members of the large family o f  secreted aspartyl protease genes {SAP) have been shown to 

be upregulated during infection (Schaller et al., 2000). Candida dubliniensis lacks 

orthologs o f  SAP4, SAPS, SAP6, and instead possesses Cd36_63420 which shows partial 

similarity to the three C. albicans SAP  genes (Jackson et a i ,  2009). The redundancy and 

diversity displayed by C. albicans SAP  genes is likely to play a role in its increased ability 

to cause infection and invasion o f  host tissues.

1.4.2. Virulence-associated cell wall proteins

As the first point o f  contact between fungal and host cells, surface expressed cell wall 

proteins play a crucial role in the ability o f  the fungus to adhere to and potentially invade 

host tissues. Notably, cell wall proteins known to contribute to the pathogenesis o f  C.
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albicans hyphae have been found to be absent or significantly divergent in C. dubliniensis. 

The IFF  gene family has been associated with virulence (Bates et a i ,  2007; Boisrame et 

a i ,  2011). In particular, H YRI has been demonstrated to be rapidly upregulated in C. 

albicans hyphae, with an abundance o f  protein present on the hyphal cell surface (Bailey el 

a i ,  1996; Heilmann et a i ,  2011). It is therefore striking that H YR I  is completely absent 

from the C. dubliniensis genome (Moran et a i ,  2004). Deletion o f  the gene from the C. 

dubliniensis genome is supported by a residual identity at the locus corresponding to 

H Y R I. The protein is currently thought to contribute to survival o f  the fungus when in 

contact with human neutrophils (Luo et a i ,  2010). Thus, the absence of the gene from C. 

dubliniensis may contribute to the relative lack o f  pathogenicity, and the requirement for 

severe underlying host conditions for establishment o f  infection. The hyphal specific cell 

wall protein encoded by H W PI aids C. albicans attachment to host epithelial cells through 

a mechanism o f  mimicry (Staab et a i ,  1999). The protein facilitates the formation o f  stable 

covalent attachments by mimicking host cell transglutaminase substrates. When 

transglutaminases on the surface o f  host cells contact the N-terminal domain o f  H w plp  

strong bonds are formed, enabling the fungus to strongly adhere to epithelial cells. In 

addition to invasive infection, this proves important for C. albicans bioillm formation and 

mating (Ene & Bennett, 2009; Nobile et a i ,  2006). In contrast, C. dubliniensis possesses a 

truncated form o f  the gene displaying only 49 % nucleotide identity to C allW P I (Moran et 

a i ,  2004). Whether Q /M w plp is functional or not has yet to be proven, although it too is 

upregulated on induction o f  hyphal growth. However, alignment of the respective 

nucleotide sequences shows loss o f  N-terminal and C-terminal residues from C dllW P I  

relative to the C. albicans gene, raising questions about N-terminal-mediated functionality 

and presence o f  the protein on the C. dubliniensis cell surface, which is usually directed by 

a C-terminal signal sequence and attachment o f  a glycophosphatidylinositol-anchor to (3- 

1,6-glucan in the Candida cell wall.

In C. albicans, one o f  the most well characterised cell wall protein-encoding gene families 

is the A LS  family (Sheppard et a i ,  2004). The family encodes adhesin proteins that enable 

C. albicans yeast and hyphae to adhere to a variety o f  host tissue types and ligands. 

Candida albicans possesses 8 A LS  genes distributed across 3 chromosomes. Candida 

dubliniensis possesses only 6 ALS  family members, lacking a direct ortholog o f  CaALSS 

and CaALSS. In C. albicans, CaALSS resulted from duplication o f  C aA LSI. Although 

gene duplication has been commonly observed in C. albicans, it is also visible in C. 

dubliniensis as Cd36_64800, an adhesin-like gene o f  the C. dubliniensis A LS  repertoire



arose from duplication o f  Cd36_65010 (Jackson et ciL, 2009). Importantly Q/Als3p has 

been identified as a C. albicans hyphal-specific adhesin and putative invasin, triggering 

uptake of fungal cells by a host cadherin-dependent mechanism (Phan et a i ,  2007). 

Presumably this strongly contributes to the invasive ability o f  C. albicans hyphae, enabling 

the pathogenic C. albicans to gain access to tissue substrata and the host bloodstream, 

causing systemic infection. The absence o f  ALS3 from the C. dubliniensis repertoire is 

therefore thought to play a significant role in the lack o f  invasive pathogenicity displayed 

by the related yeast.
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1.5. A im s o f  the current study

Ahhough C. albicans and C. duhliniensis possess similar characteristics and potential 

virulence factors such as mating, biofilm growth, and antifungal resistance, the main 

reason for the difference in virulence between the two species is currently considered to be 

predominantly due to differential filamentation, and the presence or absence o f  key 

virulence-associated genes. The intricate complexity between environmental sensing and 

Candida t'llamentation may determine C. duhliniensis virulence, as local host 

microenvironments present a wide range o f  nutrient availability and environmental 

stresses.

• Differentially express the C. albicans hypha-speciflc genes CaALSS and C allY R l 

independently in a C. duhliniensis background, and investigate virulence-associated 

phenotypes.

• Analyse the impact o f  C. duhliniensis morphology on adhesion to, and tissue 

damage of, human epithelial cells.

• Develop an improved method for the initiation and maintenance o f  C. duhliniensis 

true hyphae, and examine the genetic regulation o f  morphologies induced under 

different growth conditions.

• Compare and contrast the morphology-associated cell wall proteomes o f  C. 

albicans and C. duhliniensis.



Chapter 2 

General materials and methods

19



2.1. General microbiological methods

2.1.1. Strains and growth conditions

Unless otherwise  s ta ted,  Candida isolates used in this s tudy  were  obtained from the 

cul ture  collection of  the Microbiology Research Unit, Division of Oral Biosciences, 

Dublin Dental Universi ty Hospital, Lincoln Place, Dublin 2, Ireland (Table 2.1). 

Candida s t ra ins  with the  prefix HE- w e re  obtained  from the laboratory collection of 

Prof. Gottfredsson,  Faculty of Medicine, Universi ty of  Iceland, Iceland. Escherichia coli 

s t ra ins  used dur ing  this s tudy  include XLIO gold (Stratgene {endAl, glnV44, recA l, thi- 

1, gyrA96, relA l, lac, Hte A(m crA)183, A(mcrCB-hsdSM R-mrr]173, F'fproAB, 

lacl'^ZAMlS, TnlO(Tet'^, Amy, Tn5(Kan^]] and XLIO gold ha rbour ing  pBluescr ipt  II KS 

(-) [Stratagene, La Jolla, California, USA]. Escherichia coli s t ra ins  ha rbor ing  the 

plasmids pADHl and  pALS3 w ere  kindly supplied by Dr. S. Filler, Harbour-UCLA, 

Medical Centre, Torrance,  California, USA. Escherichia coli ha rbor ing the plasmid 

pHYRl was  suppl ied by P ro f  A.J. Brown, Aberdeen  Fungal Group, University of 

Aberdeen,  The Inst i tute of Medical Sciences, Foresterhiil,  Aberdeen, Scotland, UK.

All Candida s t ra ins  w e re  mainta ined  routinely on Yeast Extract Peptone Dextrose 

(YEPD] medium  (10 g/L  yeast  ex tract  [Sigma-Aldrich, Tallaght, Dublin, Ireland], 20 

g/L Bactopeptone  [Difco], 20 g /L  dextrose  [Sigma], pH 5.5) Cells were  grown at  e i ther  

30 °C or  37 °C, statically (Gallenkamp, Leicester, UK), or  in an orbital  incubator  (New 

Brunswick Scientific Company Inc., Edison, New Jersey, USA) rotat ing at 200 r.p.m. 

Strains  w e re  grown aerobically unless  s ta ted otherwise.  Nourseo thr ic in-res is tant  

s t ra ins  were  cul tured on YEPD agar  containing nourseo thr ic in  (clonNAT, W e rn e r  

Bioagents, Germany). Candida dubliniensis s t ra ins  w ere  grown on 100 ng /ml (NATioo) 

and C. albicans s t ra ins  w e re  grown on 200 ng /ml (NAT200). Uridine auxotroph ic  

[ura3A /ura3A) C. dubliniensis s t ra ins  w e re  g rown  on YEPD supplem ented  with 100 

Hg/ml uridine.

Escherichia coli s t ra ins  w e re  mainta ined  on ei ther  Luria-Bertani  (LB) pH 7.4 agar  or  

LB aga r  containing 100 ,ug/ml ampicillin (Penbri tin,  GlaxoSmithKline, Rathfarnham, 

Dublin 14, I reland)  ( L a m p )  at  37 °C.
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Table 2.1. Candida dubliniensis and C. albicans isolates used in this study
Isolates Country of origin Sample Source/Reference

Can 6 Canada Oral (Pinjon e t al., 1998)
CBS2747 Netherlands Sputum (Meis e t al., 1999)
CBS8500 Netherlands Blood (Meis e t al., 1999)
CBS8501 Netherlands Blood (Meis e ta l., 1999)
CD36 Ireland Oral (Sullivan e t al., 1995)
CD38 Ireland Oral (Sullivan e t al., 1995)
CD41 Ireland Oral (Moran e ta l., 1997)
CD506 Ireland Oral (G eee ta l., 2002)
CD539 United Kingdom Oral (Pinjon e t al., 1998)
CD57 Ireland Vaginal (Moran e ta l., 1997)
CMl Australia Oral (Sullivan e ta l., 1995)
HE124 Iceland Blood (Asmundsdottir e t al., 2009)
HE163 Iceland Blood (Asmundsdottir e t al., 2009)
HE176 Iceland Blood (Asmundsdottir e t al., 2009)
HE183 Iceland Blood (Asmundsdottir e t al., 2009)
HE194 Iceland Blood (Asmundsdottir e t al., 2009)
HE199 Iceland Blood (Asmundsdottir e t al., 2009)
HE222 Iceland Blood (Asmundsdottir e ta l., 2009)
HE237a Iceland Blood (Asmundsdottir e t al., 2009)
HE237b Iceland Blood (Asmundsdottir e t al., 2009)
HE247 Iceland Blood (Asmundsdottir efo /., 2009)
HE281 Iceland Blood (Asmundsdottir e t al., 2009)
HE283 Iceland Blood (Asmundsdottir e t al., 2009)
HE30 Iceland Blood (Asmundsdottir e t al., 2009)
HE38a Iceland Blood (Asmundsdottir e t al., 2009)
HE57 Iceland Blood (Asmundsdottir e ta l., 2009)
LPl Ireland Oral (Gee e t al., 2002)
W 0284 Germany Oral (M orschhauser e t al., 1999)
CdUMlA" N/A N/A (Staib e t al., 2001)

SC5314 United States of 
America

Blood (Gillum e ta l., 1984)

® Derivative of WU284 (ura3Al:\MPA^-FLIP/URA3J 
N/A Not applicable



L ong-term  stra in  s to r a g e  w a s  on p last ic  b e a d s  in IMicrobank (Pro-Lab D iagn ostic s ,  

R ich m on d  Hill, Ontario, L4B 1 K3, C anada) cr y o g e n ic  v ia ls  at -8 0  °C.

2.1.2. Chemicals and enzymes

R ea g en ts  and c h e m ic a ls  u se d  w e r e  all o f  m o le c u la r  b io lo g y -g r a d e  or a n a ly t ica l-g ra d e  

so u r c e d  from  Sigm a-A ldrich , R oche  [R o ch e  P rod u cts  [Ireland] Limited, C ityw est ,  

Dublin 24 , Ireland), P ro m eg a  (P r o m e g a  C orporation , M adison , W isc o n so n ,  USA) and  

A m b io n  (B io -S c ien ces ,  Dun Laoghaire, Co. Dublin, Ireland). E n zy m es ,  dNTPs, DNA 

m o le c u la r  m a rk ers  and  DNA lo a d in g  d y e s  w e r e  all o b ta in ed  from  Sigm a Aldrich,  

P ro m eg a  and N e w  England B io labs (Ip sw ich ,  MA, USA), s to red  a t -2 0  °C and  

s u b s e q u e n t ly  u se d  a c c o r d in g  to  m a n u fa ctu rer 's  in stru ct ion s .  D o x y cy c l in e  h yc la te  w a s  

p u rch a sed  from  S igm a-A ldrich  and s to c k  s o lu t io n s  w e r e  s to r e d  in th e  dark at 4  °C for 

sh o r t - te r m  sto ra g e .  Both cyclic  a d e n o s in e  m o n o p h o s p h a te  (cAMP) and GlcNAc w e r e  

p u rch a sed  from  S igm a-A ldrich  and s to r e d  at -2 0  °C. C alcofluor w h it e  and  4',6- 

d ia m id in o -2 -p h e n y l in d o le  (DAPI) w e r e  p u r c h a se d  from  S igm a-A ldrich  and s to red  

a c c o r d in g  to m a n u fa ctu rer 's  g u id e l in es .

2.1.3. Buffers and solutions

U ltrapure w a te r  u se d  for buffers  and s o lu t io n s  w a s  Milli-Q B ioce l-p u r if ied  w a te r  

(r e s is t iv i ty  18 .2  M ficm ) (M illipore, Carrigtw ohill ,  Cork, Ireland). M olecu lar  b io lo g y  

g ra d e  w a te r  w a s  p u rch a sed  from  S igm a-A ldrich  for r e s u s p e n s io n  o f  n u c le ic  a c id s  and  

PCR. P h o sp h a te  Buffered  Saline  (PBS) s o lu t io n  w a s  p rep a red  from PBS ta b le ts  (Difco,  

BD, Dun Laoghaire, Co. Dublin, Ireland) a c c o r d in g  to m an u factu rer 's  in s tru c t io n s ,  and  

s te r i l i se d  by  au toc lav in g .  Tris-EDTA (TE) c o n ta in in g  10  mM Tris-HCL, 1 mM EDTA pH 

8.0  w a s  u sed  as  a buffer  for s to r a g e  o f  DNA. T r is-B orate  EDTA (TBE) at a 

co n c e n tr a t io n  o f  20X co n ta in in g  0 .4 5  M T rizm a base , 0 .4 5  M boric  acid and  0 .0 1  M 

EDTA, w a s  d i lu ted  in u ltrap u re  w a te r  to a final c o n c e n tr a t io n  o f  0.5X and  u se d  as  the  

buffer  for gel e le c tr o p h o r e s is .  Citrate p h o s p h a te  buffer  ( 2 0 0  mM ) c o n ta in e d  5 8  ml o f  

0 .4  M N a 2HP0 4  and  4 2  ml o f  0.2 M citric acid. PIPES buffer w a s  p rep a red  w ith  6 0  mM  

CaCh, 10  mM PIPES, 15  % ( v / v )  g lycero l ,  pH 7. S o d iu m  d o d e c y l  su lp h a te  (SDS)  

ex tra c t io n  buffer w a s  p rep a red  w ith  5 0  mM Tris-HCI, 2 % ( w / v )  SDS, 1 0 0  mM Na-  

EDTA, 1 5 0  mM NaCl, pH 7.8  and  s to r e d  at 3 0  °C. Prior to u se  8 |al (p er  1 L) o f  p- 

m e r c a p to e th a n o l  ((3Me) w a s  added . All s o lu t io n s  w e r e  s to r e d  at r o o m  te m p e r a tu r e  

u n le s s  s ta ted  o th e r w ise .
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Lee's Medium was prepared by adding, in a 1 L final volume, 12.7 g of salts mix (5 g 

(NH4J2SO4, 0.2 g MgS0 4 .7 H2 0 , 2.5 g K2 HPO4, 5.0 g NaCI), 4.714 g o f L-amino acid mix 

(0.5 g L-alanine, 1.3 g L-leucine, 1.0 g L-lysine, 0.1 g L-methionine, 0.0714 g L- 

ornithine, 0.5 g L-phenylalanine, 0.5 g L-proline, 0.5 g L-threonine), 12.5 g o f glucose 

(Lee e ta l ,  1975). The pH was adjusted to pH 4.5 and sterilised by filtra tion. Prior to 

use, this stock solution was supplemented w ith  1 m l/L  0.001 % [w /v ] biotin (0.01 

g /L), 1 m l/L  400 mM arginine (84.2 g /L  L-arginine monohydrochloride), 1 m l/L  1 M 

trace metals stock 1 (203 g /L  magnesium chloride hexahydrate, 147 g /L  calcium 

chloride dehydrate), 1 m l/L  1 M trace metals stock II (0.6 g /L  zinc sulphate 

heptahydrate, 2.7 g /L  iron (III) chloride hexahydrate, 0.6 g /L  copper sulphate 

pentahydrate).

2.2. Isolation and analysis of nucleic acids from Candida cells 

2.2.1. Extraction of genomic DNA from Candida cells

Genomic DNA was isolated from Candida as described previously (Reuss etal., 2004). 

Candida cells were cultured by incubation on YEPD agar at 37 °C for 2 days. Cells 

were inoculated in YEPD broth and incubated at 37 °C, 200 r.p.m. overnight. After 16 

h the cells were centrifuged at 12, 000 x g for 3 min, washed in IX  PBS and 

resuspended in Breaking Buffer (2 % (v /v ) Triton X-100, 1 mM EDTA, 1 % (w /v ) SDS, 

100 mM NaCI, and 10 mM Tris-HCl pH 8.0). Liquefied phenol, washed in Tris-buffer 

from Thermo Fisher Scientific Ltd. (Bishop Meadow Rd., Loughborough, UK) was used 

to prepare phenol:chloroform:isoamyl alcohol (PCI) in the ratio o f 24:24:1. 

Resuspended cells in breaking buffer were added to an equal volume of PCI in screw- 

capped tubes (Sarstedt, Drinagh, Wexford, Ireland). The cells were broken in a 

Fastprep FP120 Cell Dismembranator (Thermo Fisher Scientific Ltd.). Isolated DNA 

was purified by cold ethanol precipitation using cold, 100 % (v /v ) ethanol (200 proof, 

absolute) and 3 M sodium acetate. The solution was centrifuged at 13,000 at -4 °C 

and washed in 70 % (v /v ) ethanol. The solution was centrifuged as described 

previously, the supernatant was removed and the purified pellet was allowed to dry 

at room temperature. The washed and dried DNA pellet was then resuspended in 

either TE buffer or ultrapure water for immediate downstream applications or 

storage at -20 °C.



2.2.2. PCR amplification

Oligonucleotide p r im ers  w e r e  cus tom synthesi sed  by Sigma-Aldrich using s tandard  

syn thes is  condit ions, dissolved to 100 |.ilV! in molecular  biology grade  w a te r  [Sigma- 

Aldrich] and s to red at  -20 °C. Pr imers  used in this s tudy  are  listed in Table 2.2. 

Polymerase  chain react ion amplif ication was  carr ied out  using e i ther  the  GoTaq® 

sys tem (Promega)  or  the  Expand High Fidelity PCR system [Roche Diagnostics Ltd.) 

according to m anufac tu rer ' s  instruct ions unless  explicitly stated.

Amplified produc ts  w e r e  visual ised by electrophores is  using 0.8 %  [w /v )  agarose 

gels containing 1 %  [v/v]  GelRed™ [Biotium, Hayward,  California, USA) for expected 

p roducts  over  1 kb or  2 %  [w /v )  agarose  gels for expected produc ts  u n d e r  1 kb. TBE 

w as  used  to cast  aga rose  gels and  as runn ing  buffer  for e lectrophoresis .  GelRed™- 

bound  nucleic acid w as  visualised using a UV t rans i l lum inator  [Ultra Violet Products  

l,td., Cambridge, United Kingdom) at 345 nm.

PCR products  were  rou t inely  purified using the  Genelute™ PCR Clean-Up kit [Sigma- 

Aldrich) or  the Wizard® SV Gel and PCR Clean-Up System [Promega) .  DNA sequenc ing 

was  carr ied out  commercial ly  by Source Bioscience [Tramore,  Co. Waterford,  

Ireland).

2.2.3. Extraction of chromosomal DNA from Candida cells

High-qual ity ch rom osomal  Candida DNA was  isolated using a gent le  cell breaking  

m ethod  based on previous ly descr ibed m ethods  [Gallagher et  al ,  1992;  Pearce & 

Howell, 1991) . Briefly, this  was  conducted by incubat ing Candida cells on YEPD agar 

a t  37 °C for 48 h. A single colony was  inoculated in YEPD broth and  incubated for 18 h 

at  37 °C in an orbital  incuba tor  at  200 r.p.m. After 18 h the bro ths  w e re  centr ifuged at 

4 ,000 X g  for 10 min. The  s u p e rn a t a n t  was  removed,  the cells w e re  w ashed  in IX PBS, 

and  then  r e suspe nde d  in 20 mM Citrate Phosphate  Buffer, 40 mM EDTA, 1.2 M 

Sorbitol,  pH 5.6. Pro toplas t ing was  achieved using Zymolyase 20T [Amsbio, AMS 

Biotechnology [Europe)  Ltd., Abingdon, Oxford, UK) at 37 °C, 200 r.p.m. for 3 h. 

Protop lasts  w ere  ha rves ted  by centr ifugation and  lysed by resuspend in g  in lOX TE 

buffer containing 10 % [w /v )  SDS, to which po tass ium acetate  [5 M) was added  

before  incubation on ice for 30 min. The lysed cells w e re  centr ifuged [Sorvall SS-34
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rotor)  for 10 min at  8,500 r.p.m. [approximately 8,600 xg) .  Nucleic acids and  proteins  

w e re  prec ipi ta ted by add ing  ice-cold isopropanol .  After centr ifugation at 4 °C for 10 

min, the pellet  was  allowed to dry at  room tem pera tu re ,  and  then r e suspended  in TE 

buffer. RNAse A [10 i-ig/ml) and  prote inase  K [2 m g/m l]  w e re  used to digest RNA and 

prote ins  respectively. Purification of DNA w as  achieved by pheno l / ch lo rofo rm  

extract ion, and precipita tion using 100 % [v/v)  e thanol  and  3 M sodium  acetate.  DNA 

was r esuspended  in IX TE buffer and s to red  at -20 °C.

2.2.4. Southern blot analysis of Candida DNA

Specific DNA probes  w e re  amplif ied with DIG DNA labeling mix [Roche Diagnostics 

Ltd.) and  e lec trophoresed on 0.8 % [w /v )  agarose  alongside DIG Molecular  Weight 

Marker  II, DIG-labeled [Roche Diagnostics Ltd.) [Southern,  1975) . Chromosomal  

Candida DNA was  digested with EcoR\ or  BglU [Promega)  and t ransfe r red  to a 

posit ively charged nylon m em b ran e  [Roche Diagnostics Ltd.). DNA was  cross- linked 

to the  m e m b r a n e  using UV light and  the m e m b r a n e  was allowed to air dry. 

Hybridisation of the DIG-labeled probe  to the m e m b r a n e  w as  carr ied out  according to 

m anu fa c tu re r ’s instruct ions using DIG Easy Hyb Granules  [Roche Diagnostics Ltd.). 

Anti-Digoxigenin-AP, Fab fragments  [Roche Diagnostics Ltd.) w e re  used to bind 

m em b ran e -b o u n d  DIG-labeled probe.  GDP-Star subs t ra te  [Sigma-Aldrich) was  used 

as a chemiluminescent  subs tr a te  and incubated in the  da rk  with Biomax Light Film 

[Sigma-Aldrich). Film was  developed using Kodak Fixer [Sigma-Aldrich) and  Kodak 

Developer  [Sigma-Aldrich).

2.2.5. Rapid lysis and extraction of Candida DNA for colony PCR

Rapid sc reening  of  potent ia l  t ran s fo rm an t  colonies was  facilitated by the use of  a 

reliable colony PCR screening  method  [personal  communicat ion,  Dr. L. Holland, UCD). 

Briefly, this entailed picking a small am o u n t  of fresh colony using a P20 pipet te  tip 

and thorough ly  resuspend in g  it in 5 |.d of  molecular  biology grade  w a te r  in a PCR 

thin-wal led tube  [Sigma-Aldrich). The mixture  was  boi led in a thermocyc le r  [G-storm 

GSl thermocycler .  Life Technologies Corporat ion, California, USA) at 95 °C for 5 min. 

A s ta nda rd  GoTaq® PCR reaction mixture  was  added to the boiled sample  and  PCR 

amplif ication was  carr ied out  as follows: 35 cycles of 95 °C for 15 s, 55 °C for 15 s, 72 

°C for 15 s. Amplimers  w e re  visual ised on a 0.8 % [w /v )  agarose  gel as previously 

descr ibed.



Table 2.2. Oligonucleotide primers used during this study______________________
Primer Primer nucleotide sequence (5'-3')

AL53F1SALI GACCTGTCGACATTGTATAAACAACTACCAACTG 

ALS3R1BGLI1 TGAAGATCTTCTAAAAAGGCGACTATGATG 
HYRIFISALI 
HYRIBGLII

GACCTGTCGACGGTAATAACAACATGAAAGTGG
TGAAGATCTGGTTCAACTCATCACATGAATA

CDPNIM Fl TTGAGAGAGACCGTCAAAAAC
CAPNIM Fl GAGATGGAGCCGTCAAATATCC
PNIMF2 GACAATCTTGATTGGGCATTTG
P N IM R l TCTACTTGGTTATGTGGTTTTGATCACATTATTATCCTTATTTATTTAACACATGGCATGGATGAACTATAC
PNIMR3 AAATCCATTTTGTTTGGTTTAATTGTTTCCATGGTTGTTTTATTCATGTGACACATGGCATGGATGAACTATAC
PNIMR2 GACAAATATATGAGTAACAATGTATATTGTTGTAGCATCTTTGTCGACTATTTATATTTG
PNIMR4 TAAGCAAAATTGTGAATATAAAGTTTGATACCACTTTCATCTTTGTCGACTATTTATATTG
ALS3F2 CAAATATAAATAGTCGACAAAGATGCTACAACAATATACATTGTTAC
ALS3R2 CCAGATTTCCAGATTTCCAGAATTTAGATCTTTATTTGTATAGTTCATCCATGCCATGTGTTAAATAAATAAGGATAATAATGTGAT
HYR1F2 CAAATATAAATAGTCGACAAAGATGAAAGTGGTATCAAAACTTTATATTCACAAT
HYR1R2 CCAGATTTCCAGATTTCCAGAATTTAGATCTTTATTTGTATAGTTCATCCATGCCATGTGTCACATGAATAAAACAACCATGGAAACA

JUNCFl TGCCTTGGGTGGCTATTTTA
JUNCRl TCGTTTCTGATGGGGCTTTTC
CARTTAFl CTCATCCCTGGTCTTGGCTA 
CARTTARl GGTTTGGTGGGGTATCTTCA 

C D A D H IF I GCAAGATGTTACCTGCAACG 
C D A D H IR I GGTGGTCCTGCAGACATTTT

Continued overleaf



Table 2.2. Continued
P rim er P rim er n u c le o tid e  s e q u e n c e  (5 '-3 ')

R PSIN A TIFI GTAAAAACAAGAGATTGTCTAAAGGAAAGAAAGGATTAAAAAAGAAGGTCCGTTAGTATCGAATCGACAGC
RPSIN A TIRI TTAAACAGATTCTAAAACAACATCTTTAAAACCAGAAGAAACTTTCTTACCI 1 1 1 ICTTCTCTAAAAAGGCGACTATGATG
EN01ALS3F1 CAGTTGGTAGTTGTTTATACAATTGTTGTAATATTCCTGAATTATC
EN01ALS3R1 GATAATTCAGGAATATTACAACAATTGTATAAACAACTACCAACTG
R PSIFI GTAAAAACAAGAGATTGTCTAAAG
R PSIR I TTAAACAGATTCTAAAACAACATC

EFBIFI ATTGAACGAATTCTTGGCTGAC
EFBIRI CATCTTCTTCAACAGCAGCTTG
qRTALS3Fl TGGAAGCTTCATCGCCTATC
qRTALSBRl GCGATTGAGATTGGTTGGTT
qRTHYRlFl TCTGGTTCCGAAAGTGGTTC
qRTHYRlRl 1 1 1 ICCATCAAAGCCAGTCA
qR T N R G lFl AAAGACCCAAGAAGAAAACA
qR TN R G lRl CTGTGTTGTTGTCTGTTTCG
qR TC PH lFl AGCAGAAATACCCGTGCTGT
qR TC PH lR l ATCCCATGGCAATTTGTTGT
qR TEFG lFl ACAGCCACCACTACCAGGTC
qR TEFG lRl CACGTGTCATTTGGGCCACAT
qRTA CTlFl AGCTCCAGAAGCTTTGTTCAGACC
qRTACTlRl TGCATACGTTCAGCAATACaGGG

Oligonucleotide sequences for primer design were obtained from Candida genom e database (CGD) 
Restriction enzym e digestion sites are underlined



2.2.6. Harvesting RNA and synthesis of cDNA

RNA w a s  iso la ted  f rom  Candida  cells by  m ech an ica l  d i s r u p t i o n  us ing  a FP120  

F a s t p r e p  b e a d  b e a t e r  a n d  pur i f ied  us ing  th e  Qiagen RNeasy  Mini kit  (Qiagen,  

M an ch es te r ,  UK) a c co rd in g  to t h e  m a n u f a c t u r e r ’s d i rec t ions .  T he  isola ted  RNA w a s  

t r e a t e d  w i th  T u r b o  DNase (Ambion,  Bio-Sciences  Ltd.] to d iges t  a n d  r e m o v e  an y  

d o u b l e  s t r a n d e d  DNA ca rry -o ve r .  RNA qual i ty  w a s  a s s e s s e d  by gel e l e c t r o p h o r e s i s  

a n d  nucle ic  ac id c o n c e n t r a t i o n  w a s  m e a s u r e d  on  a N a n o d r o p  2 000C  [ T h e r m o  F ishe r  

Scientific).  A to ta l  of  1 ng o f  D N a s e - t r e a t e d  RNA w a s  u sed  to r e v e r s e  t r a n s c r i b e  cDNA 

us in g  th e  S u p e r s c r i p t  II F irs t  S t r an d  S yn th es i s  s y s t e m  (I nvi t rogen,  Bio-Sciences Ltd.). 

Briefly, 1 |ag RNA an d  1 |al 01igo[dT)18  (5 0 0  n g / m l )  ( P ro m e g a )  w e r e  h e a t e d  to 70 °C 

for 10 min in a t h e r m o c y c l e r  a n d  chi l led on ice for  1 min.  Af ter  1 min,  4  |il of  5 x Fi rst  

S t r a n d  Buffer, 2 |.d of  0.1 M DTT, an d  1 |.u of  dN TP  mix (10 mM) ( P ro m e g a )  w e r e  

a d d e d  to each re ac t ion  vesse l  a n d  in c u b a t e d  a t  42  °C for 2 min.  1 (.il of  S u p e r s c r ip t  II 

RT w a s  a d d e d  to each r e ac t io n  vessel ,  w i th  a final r e ac t io n  v o l u m e  of  11 |.il, an d  

r e v e r s e  t r a n s c r i p t i o n  w a s  p e r f o r m e d  by ho ld ing  t h e  re ac t ion  ve sse ls  a t  42  °C for 1 h. 

T h e  re ac t ion  w a s  inac t iva ted  a t  70  °C for 15 min  as  p e r  m a n u f a c t u r e r ' s  in s t ru c t io n s  

an d  20  (.il m o le c u la r  b io logy g r a d e  w a t e r  w a s  a d d e d  be f o re  s to r in g  a t  -20 °C. Th e 

qua l i ty  of  cDNA w a s  a s s e s s e d  by  PCR us in g  p r im e rs ,  E F B I F I  a n d  E F B I R I ,  to check  

for t h e  p r e s e n c e  of  c o n t a m i n a t i n g  gDNA.

2.2.7. qRT-PCR validation and analysis of gene expression

Fast  SYBR Green M as te r  Mix (Appl ied Biosys tems ,  Bio-Sciences Ltd.) in a 15 |al total  

r e a c t io n  v o l u m e  w a s  u s ed  in co n ju n c t io n  w i th  an  App l i ed  B io sy s tem s  7 5 0 0  Real-Time 

PCR s y s t e m  to a s s a y  g en e  e x p r e s s i o n  levels f rom cDNA sam p les .  O u t p u t  w a s  an a ly se d  

by t h e  c o m p a r a t i v e  Ct (2^^^t ) m e t h o d  to ca lcu la t e  fold up-  a n d  d o w n -  r e gu la t io n  of  

e x p r e s s i o n  of  specif ic g e n e s  (S ch m i t tg en  & Livak, 2 0 08) .  P r i m e r s  u s e d  for qRT-PCR 

w e r e  f i rs t  ver i f ied  for c o m p a r a t i v e  ampl i f i ca t ion  ef ficiency to th e  e n d o g e n o u s  control ,  

ACTl.  By us ing  ser ia l  d i lu t i ons  of  g e n o m i c  DNA t e m p l a t e  a n d  plot t i ng  t h e  r e s u l t a n t  Ct 

v a lu e s  ag a in s t  th e  log of  DNA c o n c e n t r a t i o n  it w a s  po ss ib le  to ca lcula te  the  

am pl i f i ca t ion  ef ficiency o f  each  p r i m e r  pair .  L inea r  r e g r e s s io n  w a s  u s e d  to ca lcula te  

the  s lope  of  th e  line, an d  am pl i f i ca t ion  ef ficiency w a s  ca lcul a t ed  ac c o r d i n g  to the  

e q u a t i o n  m = - ( 1 / l o g  E), w h e r e  m is th e  s lope  o f  th e  l ine a n d  E is th e  ampl i f i ca t ion 

ef f ic iency value.  P r i m e r  p a i r s  w e r e  on ly  u sed  if t h e  am pl i f ica t ion ef ficiency w a s
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within 10 % of the efficiency value for amplif icat ion of the housekeep ing  gene 

CdACTl ovCaACTl.

2.3. Recombinant DNA techniques 

2.3.1. Isolation of plasmid DNA from Escherichia coli

Escherichia coli was  pre-grown on Lamp at  37 C for 18 h. A single colony was  

inoculated into Lamp broth  and g rown  at  37 °C in an orbital  incuba to r  overnight .  After 

18 h, the  bro ths  w e re  centr ifuged at  16,000 x g ,  the  supe rn a t an t  was  rem oved  and the 

cells w e re  washed  in IX PBS. Plasmids w e re  isolated from washed  cells using either 

the Plasmid Miniprep Kit (Sigma] or  the Wizard Plasmid Extraction Kit (Promega]  

according to the m anu fac tu re r ’s instruct ions. Nucleic acid concentra t ion was 

m easu red  using a Nanodrop  2000C and s tored  at  -20 °C.

2.3.2. Digestion and ligation of DNA fragments

Plasmid digestion pa t t e rns  were  predicted using the onl ine NEBCutter tool 

(h t tp : / / too l s .neb .com /N EB cu t te r2 / index .php). DNA was  digested using restriction 

endonuclease  enzymes  sourced from Promega or  New England Biosystems as 

recommended .  Digested DNA was  visual ised by gel e lectrophoresis .  The PCR Cleanup 

kit (Sigma) was  used to purify the digested DNA of  interest  from the digest ion 

mixture.  Where  necessary,  DNA fragments  w e re  isolated by gel purification. This was 

conduc ted  by gel e lectrophoresi s  of whole digestion mixes on 0.8 %  (w /v )  agarose 

gels, excising the band of  inte res t  from the gel and processing gel slices th rough  the 

Wizard PCR and  Gel Cleanup kit (Promega).  Ligation of  purified, digested DNA 

fragments  was  achieved using T4 DNA ligase (Promega)  and allowing ligation to 

occur  initially a t  20 °C for 2 h, and  then at  4 °C overnight .

2.3.3. Transformation of PlPES/CaCh-competent E. coli by heat-shock

Trans formation  of com pe ten t  E. coli (XLIO gold) p repa red  with PIPES and CaCh was 

conducted  using a process  based  on previously deve loped m ethods  (Sambrook & 

Russell, 2006) .  Escherichia coli XLIO gold was  grown overnight  in LB at 37 °C in a 

rota ry  incubator .  After 18 h, the precul tu re  was  inoculated into fresh, p r e w a rm e d  LB 

and  incubated at 37 °C, 200 r.p.m. for approximate ly  2 h until mid-log phase  of 

g rowth  (ODeoo 0.4). The cells w e re  chilled on ice for 1 h. The broth  was  centr ifuged in



a Sorvall c e n tr ifu g e  (GSA rotor)  at 4 0 0  r.p.m. (a p p r o x im a te ly  3 0  x g)  for 10  m in at 4  

°C. After r e m o v a l  o f  th e  su p ern a ta n t ,  th e  cell p e l le t  w a s  g e n t ly  r e s u s p e n d e d  in 3 0  ml 

ice cold  1 0 0  mM MgClz, and  c en tr ifu g ed  again . Cells w e r e  r e s u s p e n d e d  in 1 0 0  ml ice  

cold  CaCb and  ch il led  on  ice for 1 0  m in. Cells w e r e  cen tr ifu g ed  and w a s h e d  in 5 0  ml 

ice cold  PIPES buffer. After a n o th e r  rou n d  o f  cen tr ifu gation ,  th e  ce l ls  w e r e  

r e s u s p e n d e d  in 20  ml PIPES buffer. T h e  buffer w a s  g e n t ly  s w ir le d  w h i le  ice cold  8 0  % 

( v / v )  g ly cero l  w a s  a d d ed  to a final c o n c e n tr a t io n  o f  a p p r o x im a te ly  10  % ( v /v ) .  T he  

c o m p e te n t  ce l ls  w e r e  a l iq u o ted  into  m ic r o fu g e  tu b e s  and e i th e r  s n a p -fr o z e n  in liquid  

n itrogen  for s to r a g e  at -8 0  °C or u se d  d irec t ly  in a tr a n sfo r m a t io n  reaction .

C o m p e te n t  XLIO go ld  ce lls  w e r e  th a w e d  on ice. Ligation m ix tu r e s  [3 0  ^1) w e r e  a d d ed  

d irec t ly  to  2 0 0  1̂ o f  ch il led  XLIO go ld  and  ch il led  on ice  for 5 min. T he  tra n sfo rm a t io n  

reaction  m ix tu re  w a s  h ea t  sh o c k e d  at 4 2  °C for 2 min, ch illed  on  ice for 2 min, and  

a l lo w e d  to r e c o v e r  in 1 ml SOC broth  (2  % ( w / v )  try p to n e ,  0 .5  % ( w / v )  y e a s t  extract,  

10 mM NaCl, 2.5 mM KCl, 10  mM MgCl2,20 mM g lu c o s e )  at 3 7  °C, 2 0 0  r.p.m. for 2 h to  

a l lo w  e x p r e s s io n  o f  a n t ib io t ic  r e s i s ta n c e  g e n e s .  A p p r o x im a te ly  1 0 0  (al o f  re c o v e re d  

cells  w e r e  p la ted  on Lamp agar. T he rest  o f  th e  tr a n sfo r m a t io n  m ix w a s  cen tr ifu ged  at 

1 6 ,0 0 0  X g  for 3 m in and the  cell p e l le t  w a s  r e s u s p e n d e d  in 1 0 0  (.il SOC broth. This  

~ 1 0 X  cell s u s p e n s io n  w a s  a lso  p la ted  on  Lamp agar. All in o cu la ted  Lamp p la te s  w e r e  

in cu b ated  at 37  °C overn igh t.

2.4. Hyphal induction of C. albicans and C. dubliniensis 

2.4.1. Standard hyphal induction on solid media

S pider  agar w a s  p rep a red  u s in g  1 % ( w / v )  n u tr ien t  broth , 1 % ( w / v )  m an n ito l ,  0 .2 % 

( w / v )  K2HPO4, and 1 .35  ( w / v )  % Bactoagar. S y n th e t ic  lo w  d e x tr o s e  (SLD) agar  

c o n ta in e d  0 .1 7  % ( w / v )  Y east  n itro g en  b a se  w ith o u t  a m in o  acids, 0 .5  % ( w / v )  

a m m o n iu m  su lp h a te ,  0.1 % ( w / v )  g lu c o se ,  and 1 .35  % ( w / v )  B actoagar. Y east  

n itrogen  b a se  s e r u m  (YNB-S) agar w a s  p rep a red  w ith  0 .6 7  % ( w / v )  y e a s t  n itrogen  

b a se  w ith  a m in o  acids, 0 .5  % ( w / v )  g lu c o se ,  and 1 .35  % ( w / v )  B actoagar. T h e  m o lte n  

agar w a s  s u p p le m e n t e d  w ith  10  % ( v / v )  foetal ca lf  s e r u m  after  s te r i l i sa t io n  by  

a u toc lav in g .  Y east  extract  p e p to n e  s u c r o s e  (YPS) agar  w a s  p rep a red  w ith  1 % ( w / v )  

y e a s t  extract, 2 % ( w / v )  B a c to -p e p to n e ,  and 1 .35  % ( w / v )  B actoagar. After
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sterilisation this was supplemented w ith  filter-sterilised sucrose at a final 

concentration o f 2 % (v /v ).

2.4.2. Standard hyphal induction in liquid media

Standard basal hyphal induction was in itiated by nutrient-rich serum induction as 

described previously [O'Connor et al., 2010). Briefly, this was carried out by 

inoculating fresh YEPD broth w ith  a single Candida colony from a 48 h YEPD plate, 

and incubating the broth overnight at 37 °C, 200 r.p.m. After 18 h, the broths were 

centrifuged, the cells were washed in IX  PBS and counted using a Neubauer improved 

haemocytometer. Washed cells were inoculated in prewarmed YEPD w ith  10 % (v /v ) 

PCS (YPDS) to a final density o f 2 x 10^ cells/m l. Hyphal induction broths were either 

incubated in 250 ml conical flasks in a rotary incubator, or statically, to prevent 

clumping, in 6-well m ultiw ell plates at 37 °C. For improved C. diibliniensis hyphal 

induction, the same YEPD preculture approach was adopted, however, the induction 

medium was replaced w ith  nu trien t poor 10 % [v /v ) PCS [O'Connor et al., 2010). 

Yeast and hyphal cells were visualised and quantified using a Nikon E600 microscope 

and a Nikon TMS-F inverted microscope [Nikon).

2.5. General tissue culture methods 

2.5.1. Growth and maintenance of cell lines

The immortalised human epithelial cell line TR146 was obtained from the collection 

o f the M icrobiology Research Unit, Division of Oral Biosciences, Dublin Dental 

University Hospital, Dublin 2, Ireland. Cells were stored in Nunc® Cryobank vials 

[Sigma-Aldrich) under liquid nitrogen vapour. Cells were stored at a density o f 1 x 

10^ cells/m l in Dulbecco's Modified Eagle's Medium [DMEM) supplemented w ith  10 

% (v /v ) dimethyl sulphoxide (DMSO) as a cryoprotectant. Frozen cells were revived 

and grown in cell culture flasks in DMEM supplemented w ith  20 % (v /v ) FCS at 37 °C 

under 5 % (v /v ) CO2. Cells were passaged w ith  trypsin-EDTA [Sigma-Aldrich) as they 

reached ~80 % confluency. A fter the first passage from frozen, cells were maintained 

in Complete DMEM (CDMEM) medium [DMEM, 10 % (v /v ) FCS). Cells used for 

experiments were all passaged less than twenty times.
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2.5.2. Approved isolation of human buccal epithelial cells

[Permission was gained from multiple volunteers to isolate keratinised human buccal 

epithelial cells. Samples from the oral cavity were obtained using sterile cotton 

swabs, transferr ing the swabs to sterile IX PBS and swirling the swab to create a cell 

suspension (Jordan et al,  2014]. Samples from over 5 volunteers, for each 

experiment, were pooled, centrifuged at 2,000 x g  for 5 min, and washed twice in 10 

ml IX PBS. Washed cells were counted using an improved Neubauer haemocytometer  

and resuspended in IX PBS to a density of 2 x 10'’ cells/ml. Cells were used 

immediately after isolation for each experiment.
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Chapter 3

Construction and analysis of Candida dubliniensis strains 

expressing Candida albicans virulence genes



3.1. Introduction

3.1.1.  ALS Family

The Adhesin-like-sequence family (.4L5) is a group of genes that have received 

significant interest as key players in the pathogenesis of C. albicans infections. 

Candida albicans possesses 8 ALS genes encoding a set of GPI-anchored proteins with 

similar modular  domain structures (Sheppard et al, 2004). The genes are spread over 

three chromosomes,  with CaALSS on Chromosome R, CaALS6 and CaALS7 on 

Chromosome 3 and the remaining members  located on Chromosome 6 [Hoyer et al., 

1998a). Comparative genomics has shown that C. dubliniensis apparently possesses 

seven genes which show similarity to the ALS gene family (Hoyer et al., 2001; Jackson 

etal., 2009). Remarkably though, C. dubliniensis completely lacks an orthologue of the 

ALS3 gene. In-depth analysis by Jackson etal.  showed that the C. dubliniensis and C. 

albicans ALS family represented a mixture of positional orthologues, species-specific 

genes or sequence modifications arising after speciation. These characteristics may 

be an indication of different evolutionary pressures on each species and their 

response to adapt  to specialised niches.

/lL5-encoded proteins are modular  and composed of three domains (Fig. 3.1) (Hoyer 

etal., 2008). The C-terminal domain anchors the protein to the Candida cell wall via a 

GPl-anchor, while the middle region of each protein is comprised of varying numbers 

of tandem repeats  (Hoyer, 2001). These tandem repeats  are predicted to be highly 

glycosylated, and are considered to provide a flexible linker between domains, 

playing a role in final protein conformation and steric freedom. The N-terminal 

domain of Als proteins have been determined to be the functional domain, playing a 

role in adhesion to host substrates.  In silica modeling of Alsp N-terminal domains 

reveals a s tructure composed of anti-parallel beta sheets, linked by hypervariable 

immunoglobulin-like regions thought to relate to specificity of substrate binding 

(Sheppard etal., 2004).

v4L5-encoded proteins have been shown to play a role in binding of organisms to 

various host substrates such as laminin and fibronectin. Historically, studies have 

taken advantage of a combination of gene knockout s trains in C. albicans and 

heterologous expression of select genes in the yeast S. cerevisiae. Studies have
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analysed  the response  of these  cons truc ts  in epithelial  and  endothel ia l  infection 

models,  in addi t ion to subs tr a te  binding assays,  revealing complex pa t t e rns  of 

adhesion  be tw een  var ious  family m em b e rs  and hos t  t issues  and  l igands [Hoyer eto/ .,  

2008] .  in C. albicans knockout  s trains , in te rpre ta t ion  of pheno types  has been 

complicated by the  high level of sequence  s imilari ty and  funct ional  degeneracy  

obse rved  th roughou t  the  ALS  family (Hoyer et a l,  2008) .  There  are  also indicat ions 

tha t  the  absence of  one  Als protein can alter the t ranscr ipt ion  levels of o the r  ALS  

genes,  leading to fu r the r  skewing of resul ts  [Zhao e t  a l ,  2005) .  In te rp re ta t ion  of 

resul ts th rough he te ro logous expression  systems in organisms  such as S. cerevisiae 

may  also be complicated by species-specif ic factors such as codon usage leading to 

var ia t ions  in protein t ransla t ion (Santos  & Tuite, 1995).

Previous s tudies have highlighted CaALSS specifically as a significant factor  in C. 

albicans  adhesion to a n u m b e r  of t issues  and hos t  ligands, and su b s eq u e n t  

internal isat ion.  Gene knockout  m utan ts  of CaALSS have show n  reduced  adhesion  to 

endothel ia l  cells, buccal epithelial  cells and FaDu epithelial  monolayers  (Oh e t  al., 

2005;  Zhao etal., 2004) .  Latex beads coated with r ecom bin an t  CoAlsSp are  efficiently 

in ternal ised by host  cells, showing  that  CoAlsSp is sufficient for invasion (Phan e t  al., 

2007) .  The t andem  r epea t  l inker  region of CaALSS possesses  allelic variabil ity 

resul t ing in two different sized alleles in the sequenced  strain, SC5314. The large 

allele o f  CaALSS in SC5314 contains  12 t ande m  repea ts  while  the small allele contains  

nine t ande m  repeats .  While the large allele is curren t ly  associated with full 

pathogenesis ,  s tudies  have show n  that  the variabil ity of pairing a large and small 

allele, and  the respect ive sizes of the t andem  repeats ,  may influence the virulence of 

C. albicans  s t ra ins  (Oh et al., 2005) .  Internalisat ion is cons idered  to be due  to 

similari t ies be tw een  the N-terminal  of  CaAlsSp and host  cadher ins  (Moreno-Ruiz et  

al., 2009;  Phan et a l ,  2005).  Cadherins  are  t r a n s m e m b ra n e  proteins  tha t  play an 

integral  role in cell adhesion  at  adhe re ns  junct ions be tw een  a n u m b er  of different cell 

types.  Mimicry of cadher ins  by CoAlsSp enables  not  only adhesion to hos t  cells but  

also up take  via endocyt ic  recycling pa thways  (Zhu & Filler, 2010) .  CaAlsSp has 

displayed the  ability to bind ferritin, enabling C. albicans  to harves t  hos t  i ron from 

host  cells and  su r round ing  t issues  (Almeida et a l,  2008) .  Concurrent ly,  dam age  of 

epithelial  cells by C. albicans  is associated with uptake  of i ron by invading fungal cells. 

Interest ingly,  CaAlsSp has  been  observed  to be non-essentia l  in a murine  systemic
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Figure 3.1. Modular structure of C. albicans ALS family members. Sequence and 

domain similarity is indicated by matching colour schemes. The target of this current 

study, CaALS3, is highlighted. Adapted from Hoyer e ta i ,  2008.



model of disseminated candidiasis, possibly highlighting its importance specifically 

during the adhesion and invasion stages of infection (Cleary et al, 2011; Fu et al., 

2013).

Regulation of CaALSS is strongly linked to the hyphal morphology of C. albicans cells. 

Development of hyphae is associated with rapid upregulation of CaALS3 (Kadosh & 

Johnson, 2005). Analysis of the natural promoter  of CaALSS has revealed two 

important  activation regions [Argimon et al., 2007). One region appears to be 

responsible for t ranscription activation while the other  region plays a role in the 

magnitude of the transcriptional response.  The major morphological regulator 

CaEfglp is essential for activation of the promoter  while CaCphlp, the effector 

protein as part  of the MARK pathway, is also thought to play a role in the scale of the 

response (Moazeni et al., 2012). The close association between CaALSS associated 

virulence, the hyphal morphology in C. albicans, and the absence of an ALSS gene or 

orthologue in the less filamentous, relatively non-pathogenic C. dubliniensis, have 

presented the protein as an attractive vaccine target and vaccine development 

studies are ongoing [Ibrahim et al., 2006; Spellberg et al., 2008; Spellberg et al., 

2006). Whether  a Cai4L53-specific vaccine would display activity against other 

Candida species capable of expressing ALS family of/1L5-Iike proteins has yet to be 

determined although an ALSS vaccine appears to show some broad protection against 

the Gram-positive pathogen Staphylococcus aureus (Spellberg et al., 2008).

3 .1 .2 . /FF Family

The C. albicans HYR/IFF gene family is a group of genes which, similar to the ALS 

family, are hyphally regulated and thus associated with hyphal virulence (Kadosh & 

Johnson, 2005). The family in C. albicans consists of 12 genes, predicted to produce 

adhesin-like proteins. All but  one member  of the family possesses a conserved GPI- 

protein recognition pat tern suggesting the proteins are localised in the cell wall, 

similar to members  of the ALS family. The single protein lacking a GPl-attachment site 

is Calff llp,  and is instead a secreted protein that has been associated with cell wall 

stability and virulence (Bates et al., 2007). Boisrame et al. have experimentally 

demonstrated that  most of the proteins encoded by the HYR/IFF family in C. albicans 

are located at the cell surface, ei ther through GPl-linkages to p-l,6-glucan or are 

associated with the plasma membrane (Boisrame e ta l ,  2011). Extracellular exposure
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of  N-terminal  functional domains  has been de te rmined  to be related to the 

se r ine / th reon ine- r ich  region of  the protein.  Relatively little is known abou t  the 

function of the majori ty  of the m em be rs  of this gene family.

Bailey e t  al. originally identified and characte r ised  CaHYRl as a morphogenet ical ly  

regulated gene, apparen t ly  encoding a non-essentia l  hyphal cell wall p ro te in  (Bailey 

e t  a l,  1996).  No a l tered pheno type  was  observed  and CaHYRl was  initially designated  

as a gene with unknow n function. Subsequent ly,  CaHYRl was  identified as  a putat ive 

virulence factor and potent ia l  vaccine ta rge t  (Luo e t  al., 2010] .  Indirect  

immunofluorescence showed  an abundance  of CoHyrlp  on the surface of  C. albicans  

hyphae  confirming its ident ity as a hyphal cell wall associated protein.  The CaH yr lp  

pro tein was  found to be associated with resis tance of C. albicans  hyphae to human  

neut roph i l -mediated killing. Heterologous expression of CaHYRl in C. glabrata  

s uppor ted  resis tance to fungal killing by hum an  neutroph i ls  (Fu e t  al., 2013) . 

Additionally, r ecom binan t  CaH yr lp  N-terminus part ial ly pro tec ted  against  systemic 

C. albicans  infection in a murine  model  of di ssemina ted candidiasis  (Luo e t  al., 2011) . 

The mechanism of action cont r ibut ing to this res is tance has yet to be elaborated.

Candida dubliniensis possesses  an or thologous HYR/IFF  family. However ,  only 11 

gene m em be rs  are  p re se n t  in its genome.  Notably, the less virulent  Candida species  

does not  possess  an or tho logue of  the HYRl  gene. As a putat ive virulence factor, the 

absence  of this gene from the genome of C. dubliniensis  may r ep re sen t  one of  the 

factors for the reduced  virulence of  C. dubliniensis  as  an opportunis t ic  human  

pathogen. Jackson e t  al. es tabl ished tha t  CaHYRl was  not  a dupl icat ion event  that  

occurred  after  the  evolut ionary  split  of C. albicans  and C. dubliniensis (Jackson e t  al., 

2009). Instead, deletion of HYRl from the C. dubliniensis  genome w as  postulated,  

based  on residual  s imilari ty a t  the corresponding  locus. Thus, loss of HYRl  f rom C. 

dubliniensis  suggests  evolut ionary p ressu res  dist inct  f rom those experienced  by C. 

albicans.

3.1.3. Molecular cloning methods

While the concept  of genetic  cloning is well establ ished,  the discipline itself is 

constant ly  evolving and  m ethods  are  improving.  Processes  such as PCR, creat ion of 

auxotrophic  s t ra ins  and  ant ibiot ic  res is tance as  a selective agent  have played pivotal



roles in the maturation of the technology. Genetic cloning in Candida faces a number 

of technical issues such as non-canonical codon usage, lack of selectable markers and 

poor transformation efficiency. Methods used in the baker ’s yeast S. cerevisiae have 

been adapted for use in Candida (Alani et al., 1987). The URA3 gene, encoding an 

orotidine-5-phosphate decarboxylase in C. albicans (Losberger & Ernst, 1989], was 

targeted to develop the method now known as URA-blaster mutagenesis  (Fonzi & 

Irwin, 1993). This method was used for construct ion of a homozygous ura3A/ura3A 

auxotrophic strain, which requires supplementat ion with exogenous uridine for 

normal growth (Negredo et al., 1997; Wilson et al., 2000). In this way, 

complementat ion of the uraSA/uraSA  strain with DNA containing a wild type URA3 

gene, along with any gene or construct  of interest, enables efficient selection of 

t ransformant cells on minimal media lacking uridine. The URA-blaster method was 

first described by Fonzi etai.  in 1993. Subsequently, however, it was discovered that 

strains constructed with the URA-blaster technique were not isogenic with their wild- 

type parent  s trains and may have undergone significant genomic rearrangements due 

to recombination [Brand et al., 2004; Garcia et al., 2001). In addition, 

complementat ion with URA3 did not uniformly restore natural expression of the 

decarboxylase (Lay et al., 1998). URA3 expression and phenotypic effects vary 

depending on whether  the gene is present  in ectopic DNA, or chromosomal loci other  

than its natural locus such as ENOl, ACT! or RPSl [Murad e ta l ,  2000; Sundstrom et 

al., 2002b; Wilson et al., 2000). This has been found to affect the virulence of C. 

albicans s trains and their derivatives in infection models (Cheng e t al., 2003). 

Interpretat ion of phenotypes of strains constructed using the URA-blaster method is 

thus complicated in a number  of ways [Bain etal., 2001). Recent at tempts to restore 

URA3 to its natural locus after cloning a gene of interest by URA3 complementat ion 

may represen t  a viable method to confirm observed phenotypes [Gerami-Nejad etal., 

2013).

As a result of the challenges with utilising the URA3 method, without  causing 

peripheral deleterious effects, there have been many studies undertaken to identify 

al ternat ive selectable markers,  which do not themselves impact on fungal growth or 

virulence. A cassette for resistance to the aminoglycoside hygromycin B was 

developed as a dominant  selectable marker. The hygromycin B phosphotransferase 

gene was amplified from E. coli and used as the core of a C. albicans cassette, which
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successfully conferred  resis tance to the ant ibiot ic (Basso e t  a i,  2010) .  However ,  the 

group discovered not  only that  hygromycin B requi red a buffered neutra l  pH in 

minimal  medium  for functionality, bu t  tha t  pl asmid- tr ans fo rmed C. albicans  strains,  

g rown  in the absence  of hygromycin B, lost their  plasmids over  the course  of 40 

generations.  Thus chromosomal  integrat ion is favoured in the case of  hygromycin B 

resis tance.  An al ternat ive selectable m arke r  invest igated for C. albicans antibiot ic 

res is tance is mycophenol ic  acid [MPA) [Goshorn & Scherer,  1989) . The target  of 

mycophenol ic  acid, inosine m onophospha te  dehydrogenase  [IMH3], is an enzyme 

involved in nucleic acid synthesis  promot ing  de novo b iosynthesis  of  guanos ine 

m onophospha te  [GMP). Kohler e t  al. used overexpression of IMH3 f rom plasmids to 

dem ons t ra te  its use as a selectable m arke r  in C. albicans (Kohler  e t  al., 1997). 

However , fur ther  s tudies  in both C. albicans  and  C. dubliniensis  have indicated that  

MPA-resis tant  t rans fo rm ants  take longer  to g row  than  wild-type,  indicating a 

deleter ious effect on fitness of the fungal cell (Wirsching e t  al., 2000) .

The most  well es tabl ished dom inan t  selection method  for C. albicans  is res is tance  to 

the broad spec t rum  streptothr ic in  class antibiotic,  nourseothr ic in .  This is achieved in 

one  of two ways.  Reuss et al. amplif ied the nourseothr ic in-re s is tance  gene 

s t repto thr ic in  acetyl t ransferase  [SATl]  from E. coli harbor ing  the bacterial 

t ransposon  T n l 8 2 5  and placed it u n d e r  the control  of the C. albicans ACT! p rom o te r  

(Reuss e t a l ,  2004) . An al te rnat ive approach  assembled a nourseothr ic in  resis tance 

e lement  by amplifying the N A Tl  gene from Streptom yces noursei and  placing it under  

the control  of the TEFl p ro m o te r  from Ashbya gossypii  (Shen e t  al., 2005) .  Both 

m ethods  confer  nourseo thr ic in  resis tance and  form the basis of many  genetic  cloning 

approaches  in Candida.

In part icular,  the SATl  e lem en t  is used as the dom inan t  selectable m a r k e r  in the 

tet racycline-inducible  differential expression  casset te ,  pNIMl (Park & Morschhauser ,  

2005) .  While the Tet-Off sys tem previously used  with C. albicans aWowed si lencing of 

t ranscr ip t ion with the addit ion of tet racycline to the g rowth  medium, the  Tet-On 

sys tem used in pNlMl allows for creation of C. albicans  s t ra ins  containing genes 

which may be toxic to the fungal cell (Gossen e t  al., 1995) .  The defaul t  s ta t e  of  genes 

introduced  unde r  this sys tem is t ranscr ipt ional ly  off. T re a tm e n t  with tet racycline 

allows t ranscr ip t ion activat ion and  investigat ion of pro tein funct ional ity in ways



which could not  be achieved using the Tet-Off system. This sys tem w as  es tabl ished  by 

fusing a C. albicans reverse  tetracycline-control led t ransac t iva to r  [cartTA], u nde r  the 

control  of CaADHl, to SA Tl. A rfTM-dependent p romote r ,  based  on the C. albicans  0P 4  

p r o m o te r  coupled with seven copies of the Tet  o p e ra to r  [tetO] act ivat ion sequence, 

was  construc ted  to dr ive t ranscription of any gene of interest.  Excision of a GFP 

e lem en t  and rep lacement  with a gene of interest  a llows t rans fo rm at ion  of C. albicans 

wi th  a tet racycline-inducible differential expression sys tem with selection of 

t ran s fo rm an t  cells based on nourseothr icin  resis tance.  The pNIMl sys tem was  

fu r the r  developed for use with C. dubliniensis, replacing the  CaADHl p ro m o te r  

sequence  with the or thologous CdADHl sequence for improved  integrat ion into the  C. 

dubliniensis CdADHl locus (Spiering et a/., 2010).

3.1.4. Aims of this part of the study

This pa r t  of the project  a imed to express  the hyphal-specific genes CaALSS and 

CaHYRl in both yeast  and hyphal cells of  the significantly less pathogenic  C. 

dubliniensis  in o rder  to investigate the contr ibution of  each individual  gene to Candida 

pathogenesis.
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3.2. Specific materials and methods

3.2.1. Restriction endonuclease-mediated cloning

32.1.1. Preparation o f  tem pla te  DNA

Candida cells w e re  grown initially on YEPD agar  and  subinoculated in YEPD bro th and 

incubated as descr ibed  in Chapter  2. Cells w e re  w ashed  in IX PBS and cell wal ls  were  

di srup ted  using the bead bea te r  method.  DNA w as  ex tracted using phenol-chloroform 

extract ion and  r esuspended  in IX TE buffer. For PCR, genomic DNA was r e suspended  

to a final concen tra t ion of 100 ng/ | il .

3.2.1.2. PCR am plification and purification ofCaALS3 alleles

DNA sequences  for CaALS3 we re  ex tracted from the Candida Genomic Database 

(CGD] and aligned with the sequence  publ ished by Zhao e t al. (Zhao e t a l, 2004] . 

CaALS3 small and large alleles w e re  PCR amplif ied from SC5314 genomic DNA using 

Expand High Fidelity Po lymerase (Roche). Pr imers  used in this s tudy  a re  listed in 

Table 2.2. Pr imers  ALS3F1SAL1 and ALS3R1BGL1I were  used in a PCR reaction;  94 °C 

for 2 min, 10 cycles of 94  °C for 15 s, 56 °C for 30 s, 68 °C for 3 min, 20 cycles of  94 °C 

for 15 s, 56 °C for 30 s, 68 °C for 3 min with an increase of  5 s per  cycle. Final 

e longat ion was performed at 68 °C for 7 min. Mixed allelic ampl im ers  w e r e  directly 

purified using the Genelute  PCR Cleanup Kit (Sigma) and s to red at -20 °C. 

Alternatively, PCR ampl im ers  w e r e  e lec trophoresed  on 0.8 % (w/v)  agarose  and 

individual products ,  i.e. small (3.2 kb) and  large (3.5 kb) CaALS3 alleles, w e re  gel 

purified, and  s tored  at -20 °C.

3.2.1.3. Isolation o f  plasm ids

Escherichia coli cells ha rbour ing  plasmids  w e re  grown as descr ibed in Chapter  2. 

After wash ing  cells in IX PBS, cells w e re  lysed and plasmids were  ex tracted using the 

Wizard Plasmid Extraction kit (Promega) .  Plasmid DNA was  s to red  at -20 °C.

3.2.1.4. Digestion and ligation o f  DNA fra g m en ts

Purified CaALS3 alleles, mixed CaALS3 allele suspensions,  and  plasmid DNA were  

digested with Sal\ and BglU res t ric tion endonuclease  enzymes  in a 37 °C w ate rba th  

for 2 h. Digested DNA was  purif ied using the Genelute  PCR cleanup kit (Sigma). In the



case of digested pNIM plasmid DNA, the excised GFP and plasmid DNA backbone 

were separated by electrophoresis of the mixed digested DNA on 0.8 % (w/v] agarose 

and gel purifying each DNA fragment with the Wizard PCR and Gel Cleanup kit 

(Promega). Various ligation reactions were carried out using T4 DNA ligase 

[Promega] according to manufacturer’s guidelines, briefly described in Chapter 2. 

Each digested CaALSS preparat ion was ligated to either  pBluescript or CdpNIM DNA 

backbone. Digested GFP was also re-ligated to digested CdpNIM backbone as a proof 

of concept experiment. Ligation mixes were used directly in transformation reactions 

(Fig. 3.2).

3.2.1.5. Transformation o/E. coli com petent cells

Competent  E. coli XLIO gold cells were prepared with CaCb as described in Chapter 2. 

Each 30 |il ligation m.ixture was added to 200 (al of chilled competent  cells, heat- 

shocked, chilled and allowed to recover in SOC medium for 2 h at 37 °C, 200 r.p.m. 

Cells t ransformed with pBluescript fragments were inoculated on Lamp plates 

containing IPTG and X-Gal. Competent  cells t ransformed with pNIM fragments were 

inoculated on Lamp agar. Inoculated agar plates were incubated at 37 °C overnight.

3.2.1.6. Screening o f putative transform ants by PCR amplification

Antibiotic selection was used to assay uptake of pBluescript harbouring the ampicillin 

resistance gene. Blue-white screening was used to initially identify any colonies in 

which the wild type pBluescript plasmid was disrupted. The appearance of blue 

colonies indicated successful ligation of CaALS3 to the multiple cloning site [MCS) of 

pBluescript. Blue colonies were  subinoculated on fresh Lamp agar. Plasmid DNA was 

extracted from each putative transformant and digested with Sail and BglU to 

investigate the enzymatic digestion pattern. Circular, undigested plasmid DNA was 

used as template in a PCR reaction to screen for the presence of CaALS3, using 

primers ALS3F1SAL1 and ALS3R1BGL11.

Cells t ransformed with pNIM ligation mixes were subinoculated onto fresh Lamp agar, 

plasmids were  extracted and screened by both digestion and PCR in the same way as 

pBluescript.
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3.2.2. PCR fusion and split marker cloning

3.2.2.1. Design o f  PCR fusion primers

Fusion p r im ers  w e re  designed,  based on the sequence  of CapNIM and the CaALS3 

sequence,  s imilar  to p r im ers  previously used by Mart in et al. to genera te  an EEDl 

expression casset te  (Martin e t  al., 2011a).

5.2.2.2. PCR amplification o f  DMA fragm en ts

The CdpNIM DNA sequence  was  divided into th ree  fragments  (Fig. 3.3). F ragment  1, 

containing CdADHl, cartTA, and SATl,  was  PCR amplified from circular CdpNlMl 

plasmid using p r im ers  CDPNIMFI and e i ther  PNIMRI for CaALSS o r  PN1MR3 for 

CaHYRl. F ragment  2, containing pTet, and CdADHl, was  PCR amplif ied from 

CdpNlMl using p r im ers  PN1MF2 and  PN1MR2 for CaALSS o r  PN1MF2 and  PN1MR4 for 

CaHYRl. Taking the place of GFP in pNlM, CaALSS was amplified ei ther  from SC5314 

or  the CaALSS long allele was  amplified specifically f rom pALS3 (Dr. S. Filler, UCLA), 

using p r im ers  ALS3F2 and ALS3R2. This p r im er  pair  amplified the CaALSS gene with 

long ol igonucleot ide tails to allow both PCR fusion to f ragment  2 and  homologous 

recombinat ion  with f ragment  1 during t ransfo rmat ion  of C. dubliniensis. The same 

m ethod  was  used for amplificat ion of CapNIM fragments ,  using circular CapNIM 

plasmid as PCR template,  differing only in the amplificat ion of f ragment  1 using 

forward  p r im er  CAPNIMFI instead of CDPNIMFI. The second gene of interest ,  

CaHYRl, was amplified from SC5314 genomic DNA templa te  using p r im ers  HYR1F2 

and HYR1R2 with long oligonucleot ide tails s imilar  to the CaALSS method.

S.2.2.S. Two step fusion procedure

Fragment  2 was  fused to each gene of  interest  [CaALSS or  CaHYRl] by two-step  PCR 

amplification. To avoid PCR errors ,  high fidelity polymerase  was  used in each s tage of 

the process.  The first s tage was  performed as a sho r t  reaction in the  absence  of 

pr imers ,  during  which complemen tary  oligonucleot ide tails on each f ragment  were  

allowed to bind to each o the r  s imilar to the anneal ing s tage of a s tanda rd  PCR 

reaction.  The react ion condit ions for this s tage w ere  94 °C for 2 min, 15 cycles of  94 

°C for 15 s, 56 °C for 30 s, 68 °C for 4 min, followed by final e longat ion at 68 °C for 7 

min. The second phase  of the fusion react ion was  carr ied out  in the p resence  of 

p r im ers  tha t  would amplify the desired full-length product.  This was done using 1 (il
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Figure 3.2. Molecular gene cloning using a doxycycline-inducible differential 

gene expression system. (A) Tetracycline-inducible expression system pNIMl 

(CapNlM). (B) Derivatives of both CapNIM and CdpNIM for tetracycline-inducible 

expression of CaALS3 or GFP. Restriction enzyme sites BglW and Sail allow excision of 

GFP and insertion of a gene of choice [CaALSS/ CaHYRl). Restriction enzyme sites 

5acl and Apal/Kpnl allow linearisation of the expression cassette from circular 

plasmid and integration into the C. albicans or C. dubliniensis ADHl locus. Schematic 

diagrams not to scale. Adapted from Park et a l, 2005.
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Figure 3.3. PCR fusion and split marker transformation cloning approach.

Fragment 1 was com posed of the downstream  ADHl sequence, cartTA and SATl. 

Fragment 2 contained pTet  and the upstream ADHl sequence. Fragment 3 contained  

the gene of interest, in this case CaALS3. (A) PCR fusion of CaALSS to pTet. (B) 

Homologous recombination event during transformation, joining CaALS3/pTet to the 

cartTA/SATl fragment. (C) Directed integration o f the inducible expression cassette  

into one of the CdADHl alleles.



of raw PCR product from the first-stage reaction as template for the second-stage 

reaction. The cycling conditions used for the second stage were 94 °C for 2 min, 10 

cycles of 94 °C for 20 s, 56 °C for 30 s, 68 °C for 4 min, 20 cycles of 94 °C for 20 s, 56 °C 

for 30 s, 68 °C for 4 min increasing by 5 s per cycle, followed by final elongation at 68 

°C for 7 min. The Co/4L55/fragment 2 fusion product was amplified using primers 

PNIMF2 and ALS3R2. The CaHYRl/Fragment 2 fusion product  was amplified with the 

primer pair PNIMF2 and HYR1R2. Where necessary, gel purified products were 

concentrated by evaporation of solvent in a Labconco Centrivap Concentrator  

(Labconco, Kansas City, Missouri, USA].

3.2.2.4. Split-marker transformation ofC. dubliniensis

Electrocompetent WU284 cells were prepared as described in Chapter  2. Competent 

cells were chilled on ice. Purified pNIM fragment 1, containing the marker for 

antibiotic resistance, was combined with fused DNA, containing the gene of interest 

and tetracycline-responsive operator  sequences, in 10 |il molecular biology grade 

water  and chilled on ice. The mixed DNA solution was combined with 200 |il of 

electrocompetent WU284 and transferred to an electroporat ion cuvette. Directly 

after electroporation, 1 ml of warm YEPl) broth was added to the cells. Broths were 

incubated at 30 °C, 200 r.p.m. for 3 h to allow for expression of antibiotic resistance 

from SATl. After cell recovery, 100 pi from each broth was transferred to NATioo 

plates. The remaining broth was centrifuged and resuspended in 100 î d YEPD. This 

was also transferred to NATioo plates. Transformed Candida cells were incubated at 

30 °C for four to five days.

3.2.2.5. Screening o f  putative transformants by PCR amplification

Nourseothricin-resistant WU284 colonies were subinoculated on fresh NATioo plates 

and incubated at 37 °C for two days. Genomic DNA was isolated from these colonies 

by growing them overnight in YEPD broth, disrupting the cells in a bead beater  and 

extracting DNA by the phenol-chloroform method. For PCR, DNA concentration was 

adjusted to 100 ng/|il in molecular biology grade water. Screening of t ransformants 

was carried out by at tempting to PCR amplify key DNA sequences. Screening was 

performed for the presence of CaALS3 or CaHYRl, the junction at which heterologous 

recombination was determined to occur, and the presence of the transactivator 

cartTA. The CaALS3 gene was amplified using primers ALS3F2 and ALS3R2. The
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CaHYRl gene was  amplified using the p r im e r  pair  HYR1F2 and HYR1R2. The 

recombinat ion  junct ion site was  amplif ied using p r im ers  JUNCFl and  jUNCRl, and 

the cartTA  reverse  t ransact iva tor  was  amplif ied with p r im er  pair  CARTTAFl and  

CARTTARl (Table 2.2],

3.2.3. Non-integrative plasmid transformation

Circular plasmid DNA was  isolated from E. coli s t ra ins  ha rbour ing  plasmids pADHl 

and pALSS as descr ibed  in Chapter  2. A URA3 deficient  WU284 s tra in  was  maintained 

on YEPD agar  supp le m en te d  with 100 ^g /m l  ur idine (Staib et al., 2001) .  Competen t  

WU284 [ura3A/ura3A]  cells w e re  p rep a re d  and t rans fo rm ed  by electroporat ion as 

out lined in Chapter  2. Transfo rman ts  w e re  allowed to recover  in YEPD broth 

supp le m en te d  with 100 ng/ml ur idine for 1 h a t  37 °C and then t ransfe r red  to YEPD 

agar  lacking exogenous ur idine and  incubated at  30 °C for 7 days. Transformed cells 

w ere  grown in YEPD broth  overn ight  a t  37 °C, 200 r.p.m. Cells w e re  centri fuged and 

total DNA was  ex tracted using a bead b ea te r  and  phenol-chloroform extraction.  

Isolated DNA from putat ive t rans fo rm an ts  was  sc reened by PCR for the presence  of 

CaALSS using pr im ers  ALS3F1SAL1 and  ALS3R1 BGLIl.

3.2.4. Constitutive gene expression cloning

3.2.4.1. Design o f  prim ers fo r  pENO.NAT constitutive gene  expression 

Pr imer  sequences  for the p r o m o te r  and ant ibiot ic  res is tance module  from pENO.NAT 

w e re  designed based on p r im ers  used by Milne e t  al. to cons truc t  an expression 

plasmid [Milne e t  a!., 2011) .  Long ol igonucleot ide tails were  added to these  basic 

p r im er  sequences,  both to facilitate integrat ion into the ups t r e a m  sequence  of  CdRPSl 

[CdRP10/Cd36_02890], and  to a llow for r ecom bina t ion with a CaALSS f ragment  by 

fusion PCR. The CaALS3 f ragmen t  was  amplified using ALS3  complementary  

ol igonucleot ide sequences  for fusion PCR and  integrat ion into the dow ns t ream  

sequence  of  CdRPSl. P r im er3Plus  fh t tp : / /www.b io info rmatic s .n l /cg i-  

b i n / p r im e r3p lus / p r i m e r3plus .cg i / ) was  used  in each case to opt imise the p r imer  

sequences  aga inst  the possibili ty of d im er  formation o r  secondary  s t ruc tu res  forming 

during PCR.
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3.2.42. DMA amplification and transformation ofC. dubliniensis

Plasmid DNA was extracted from E. coii harbouring pENO.NAT (Milne et al., 2011). 

The antibiotic resistance and enolase promoter  sequence (pENO.NAT) was amplified 

from circular plasmid DNA using primers RPSINATIFI and RPSINATIRI. CaALSS 

was amplified from pALS3 using primers EN01ALS3F1 and EN01ALS3R1. PCR 

products were purified with the Genelute PCR Cleanup kit (Sigma). Both DNA 

fragments were combined in a two-step PCR fusion reaction similar to the approach 

used for pNlM fusion constructs. Primers RPSIFI and RPSIRI were used for the 

second stage amplification reaction [Fig. 3.4).

Transformation of electrocompetent WU284 was conducted similar to the method 

described in section 3.2.2.4. In this case, the single fusion product, pEN0.ALS3, was 

used to transform WU284. A variety of DNA concentrations were used during 

electroporation. Cells were allowed to recover in YEPD broth at 30 °C for 3 h. 

Recovered cells were inoculated on NATioo plates and incubated at 30 °C for four to 

five days.

3.2.5. Southern blot analysis of putative transformants

3.2.5.1. PCR amplification ofDIG-labelled probe

In order to detect both the wild type CdADUl allele, and the allele into which 

constructs would integrate, a CdADHl-spcc\f'ic probe was generated for Southern 

blotting. A restriction endonuclease fragment map was predicted using NEBCutter 

fh t t p : / / to ols.neb.com/NEBcutt e r2 / ) for DNA flanking the CdADHl locus after 

digestion with either restriction enzymes EcoRl or 5^/11. A probe for CdADHl was 

targeted to a fragment which would generate different digestion pat terns based on 

the presence or absence of a pNIM cassette. The CdADHl probe was amplified with 

primer pair CDADHIFI and CDADHIRI in a PCR reaction using GoTaq® polymerase 

and DlG-labelled dNTPs. The reaction cycling conditions were 94 °C for 1 min, 30 

cycles of 94 °C for 30 s, 56 °C for 30 s, 72 °C for 2 min, followed by elongation at 72 °C 

for 10 min. DlG-labelled probe was stored at -20 °C.
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3.2.52. Preparation o f template DNA

As cell disruption using a bead beater  sheared DNA to a significant degree [data not 

shown], a more sensitive method for isolation of chromosomal DNA was used to 

extract DNA for Southern Blotting. Chromosomal DNA was extracted, digested and 

transferred to a positively charged membrane according to the method described in 

Chapter 2.

3.2.5.3. Southern blot analysis

Southern blotting was carried out according the manufacturer’s recommendations for 

DIG Easy-hyb granules (Roche). The CdADHl DlG-labelled probe was hybridised to 

the membrane,  which was then washed,  blocked, and treated with anti-digoxigenin- 

AP Fab fragments to bind membrane bound DlG-labelled probe. Chemiluminescent 

substrate was added and Biomax light film (Kodak) was used to visualise the DlG- 

labelled restriction endonuclease fragment pattern. Membranes were stored between 

blotting paper in a sealed plastic bag at 4 °C.

3.2.6. Analysis of gene expression by qRT-PCR

3.2.6.1. Induction o f gene expression with doxycycHne

Verified WU284.CaALS3 transformants were incubated on YEPD plates at 37 °C for 48 

h. Single colonies were inoculated into YEPD broths containing 20 ng/ml (DOX20), 50 

l-ig/ml (DOX50) or  100 ng/ml ( D O X i o o )  of doxycycline hyclate. DoxycycHne broths 

were incubated at  37 °C, 200 r.p.m. overnight. After 16 h 5 |.il from each overnight 

culture was subinoculated in fresh DOX broths and grown overnight at 37 °C, 200 

r.p.m. DOX broths were centrifuged at 16,000 for 3 min and washed in IX PBS. The 

supernatant  was removed and cells were ei ther  used directly for RNA isolation or 

snap-frozen under liquid nitrogen and stored at -20 °C.

3.2.6.2. Isolation o f  RNA and preparation ofcDNA

RNA was isolated from cells using a combination of mechanical disruption with a 

bead beater  and extraction of RNA with the Qiagen RNeasy kit (Qiagen) as outlined in 

Chapter 2. cDNA was generated from 1 |ag of DNase-treated RNA with Superscript 

Reverse Transcriptase 11 according to manufacturer’s instructions. cDNA was stored 

at-20°C.
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Figure 3.4. Constitutive gene expression approach. Expression cassette for 

pENO.NAT-controlled constitutive expression of CaALSS in C. dubliniensis. (A] PCR 

fusion of CaALSS fragment to the enolase promoter fragment. (B) Directed integration 

into the C. dubliniensis CdRPSl [CdRPlO) locus.



32.6.3. Analysis o f  gene expression by qRT-PCR

Doxycycline-induced gene expression was analysed by qRT-PCR conduc ted  on cDNA. 

All qRT-PCR experiments  were  run on an Applied Biosystems 7500 Real-Time PCR 

system. Fast SYBR Green (Applied Biosystems) was  used in 15 |al reaction volumes 

with 0.5 |al (100 ng] of cDNA template  and 0.75 (.il of each pr imer .  Pr imers  used for 

qRT-PCR analysis can be found in Table 2.2. The housekeep ing  gene, ACTl 

(Cd36_12690) , was  used as an internal  endogenous  control  for each reaction.  The Ct 

value of  each individual reaction was defined as the cycle n u m b er  at  which 

f luorescence of the SYBR green dye crossed a calculated threshold.  This al lowed 

calculation of  average Ct values and comparison of 2'^^^t values according to the 

m ethod  descr ibed by Schmit tgen and Livak (Schmittgen & Livak, 2008) .

3.2.7. Comparison of CdpNlM and CapNIM doxycycline-inducible gene 

expression systems

3.2.7.1. The im pact o f  grow th  condition on gene expression

The s t reng th  of doxycycline-inducible gene expression was  assessed by comparing  

product ion of f luorescent  protein from a WU284 s train ha rbour ing  the CdpNIM.GFP 

casse t te  with a SC5314 s train ha rbour ing the CapNIM.GFP casset te.  Strains w ere  

initially grown on YHPD agar a t  37 °C for 48 h. Single colonies  w e re  subinocula ted 

into DOX20 or  DOX50 broths  and incubated at e i ther  30 °C or  37 °C in an orbital  

incuba tor  overnight.  After 16 h, broths  were centri fuged at 16,000 x g  for 3 min and 

w ashed  in IX PBS. Cells were  resuspended in sterile distilled w a te r  to a s tandard  

optical density  [ODeoo 2.0).

3.2.7.2. Investigation and quantification o f  inducible gene  expression

PBS-washed doxycycline-induced cells were directly observed unde r  GFP filter 

f luorescence microscopy using a Nikon Eclipse E600 epif luorescence microscope  

equ ipped  with a high power  mercury lamp (Nikon) and an Endow GFP Bandpass  

Emission filter combinat ion (Nikon).

Serial dilutions of PBS-washed doxycycline-induced cells w e r e  p repa re d  in 96 well 

plates. GFP f luorescent  intensity was measured  using a Tecan plate r eade r  with
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485/535  nm filters. Statistical analysis was carried out using Prism statistical 

software (Prism 5 for MacOSX, V5.0).

3.2.8. Immunofluorescent detection of CaAlsSp

Immunodetection of CoAlsSp with monoclonal antibody (mAb) was kindly carried out 

by personnel in the laboratory of Dr. S. Filler, UCLA, according to flow cytometry 

methods described previously using a polyclonal antibody raised against a purified 

recombinant  N-terminal domain fragment of CoAlsSp (rAlsSp) (Phan et al, 2007).

3.2.9. Adherence of WU284.CaALS3 to human buccal epithelial cells (BECs)

Fungal strains from 48 h YEPD agar plates were grown overnight in YEPD broth 

supplemented with DOXso or DOXioo at 37 °C, 200 r.p.m. Cells were centrifuged at

16.000 X^ for 1 min, washed in IX PBS and resuspended to a final density of 1 x  10^ 

cells/ml. Human buccal epithelial cells were isolated from fresh cheek swabs supplied 

by multiple volunteers. Cell samples were pooled in 20 ml IX PBS, centrifuged at

2.000 for 5 min, washed with IX PBS and resuspended to 2 x 10^ cells/ml. Yeast 

and BECs were combined at a ratio of 50 yeast to a single BEC. The cells were 

incubated at  37 °C, 200 r.p.m. for 2 h. After coincubation the cells were transferred to 

a 10 ml syringe barrel containing a 12 (,im pore filter (Millipore) prewashed with IX 

PBS. The cell suspension was allowed to pass through the filter under the force of 

gravity. The filter was washed by passing through 20 ml IX PBS. The filter was 

removed, stained with calcofluor white, mounted on a glass slide and visualised by 

microscopy under an ultraviolet filter. At least 100 human BECs were counted and 

the number of adherent  yeast  cells were recorded in each case.

3.2.10. Survival of WU284.CaHYRl against human neutrophil response

Human polymorphonuclear (PMN) cells were isolated and prepared according to the 

method used by Sheth et al. previously (Sheth et al., 2011). Cells were counted and 

resuspended in pre-warmed RPMI-1640. Fungal cells from 48 h YEPD agar plates 

were grown overnight in ei ther YEPD broth or YEPD broth supplemented with DOXso  

at 30 °C with agitation. The following day, fresh broths were inoculated to a density of 

0.2 ODeoo, and grown at 30 °C until the culture reached a density of 0.6 - 0.8 OD600. 

Fungal cells were washed in IX  PBS and resuspended in RPMI-1640. Fungal cells 

were added to human PMNs in a ratio of 10:1 in 2 ml tubes and incubated for 2 h at



37 °C u n d e r  5 % [v /v )  CO2 . An eq ua l  a l iquot  of fungal  cells w a s  t r a n s f e r r e d  to YEPD 

a g a r  in t r ip l ica te  and in cu bat ed  a t  30 °C overnight .  PMN cells in c o c u l tu r e  w i th  fungal  

cells w e r e  lysed by add i t ion  of 100 |al 0.25 %  ( w / v )  SDS a t  30  °C for 10 min.  T he  

cu l tu re s  w e r e  mixed wi th  ice cold w a t e r  (900 |.il) a n d  in c u b a t e d  w i th  50 U DNase! in 

100 |il lOX PBS for 15 min a t  30 °C. A 50 |.il a l iquot  of ea ch  cu l tu r e  a t  a 1 :10 di lu t ion in 

w a t e r  w a s  t r a n s f e r r e d  to a YEPD a g a r  p late and i n c u b a t e d  a t  30  °C ove rn igh t .  Fungal  

colony  fo rm ing  uni ts  (cfu) on YEPD pla tes  w e r e  c o u n t e d  a n d  e x p r e s s e d  as  a 

p e r c e n t a g e  of  the  initial i no cu lum  i.e. %  survival.
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3.3. Results

3.3.1. Restriction endonuclease-mediated cloning of CaALSS

In order to express the CaALSS gene in a C. dubliniensis background, restriction 

enzyme digestion of expression plasmids, ligation of CaALSS to the plasmid, and 

subsequent transformation of C dubliniensis WU284 w ith  the linearised plasmid was 

used for chromosomal integration and stable, inducible gene expression (Fig. 3.3].

As allelic variation o f ALS3 is postulated to influence virulence, w ith  the large allele 

more strongly associated w ith  pathogenesis, both ALS3 alleles were investigated (Oh 

et a l, 2005). Small and large alleles o f CaALSS amplified from C. albicans SC5314 

yielded DNA fragments o f approximately 3.2 kb and 3.5 kb respectively, reflecting the 

known variab ility  o f the tandem repeats corresponding to the linker region of the 

protein. Treatment of the purified PCR-amplified products w ith  restriction 

endonuclease enzymes BglW and Sal\ created overhangs to facilitate ligation to 

s im ilarly treated plasmid. Digestion o f plasmid CdpNIMl w ith  % /II and Sail, and gel 

purification, resulted in isolation o f the plasmid backbone from a 700 bp GFP DNA 

fragment. Ligation of the digested CaALSS fragments, in molecular weight-adjusted 

ratios of 1:1, 1:3, and 1:10, to 200 ng of the vector backbone, and transformation of 

E.coli XLl 0-gold yielded only two transform ant colonies growing on Lamp agar plates. 

Screening o f isolated plasmids from these transformants by PCR yielded negative 

results for the presence o f CaALSS. Similarly, digestion o f the transformant plasmids 

w ith  BglU and Sail yielded only DNA bands corresponding to the plasmid backbone 

and GFP. This ligation and transformation reaction was repeated on more than 3 

separate occasions w ithout success. The CdpNIM plasmid also contained pBluescript 

sequences for propagation in E. coli, resulting in a linear backbone size of almost 9.5 

kb. In an attempt to avoid ligation inefficiencies related to the size of the plasmid 

backbone, and aid plasmid propagation, CaALSS was also ligated to the MCS of 

pBluescript (3 kb). Digestion o f pBluescript w ith  Sail linearised the plasmid created 

one "sticky” overhang for ligation. A 6^/11 cleavage site is not present in the 

pBluescript MCS. Thus, ligation was carried out as a combination of b lunt end and 

overhang ligation. DNA ligation, transformation o f E. coli XLIO gold, and screening of 

transform ant colonies by blue-white screen yielded three transformants after second 

generation growth on blue-white screening plates. In itia l screening by PCR of



plasmids isolated from transformants suggested weak amplification of CaALS3 from 

one of the transformants. However, screening of the plasmid by digestion pat tern was 

inconclusive as a result of the small size difference between linear pBluscript (3.0 kb) 

and CaALSS [3.2 kb and 3.5 kb). The ligations and transformation reactions were 

repeated on several occasions. Although transformants were isolated by blue-white 

screening, subsequent PCR screening of plasmids for the presence of CaALSS yielded 

weak amplimers of incorrect size. Complementary screening of t ransformants by 

digestion with Sal\ and BglU also yielded unexpected results. Instead of isolation of 

two bands corresponding to linear pBluescript and CaALSS, only one DNA fragment of 

3.0 kb length was observed. This result was uniform for all isolated transformants.  

Despite many ligation and transformation attempts, it appeared impossible to 

successfully clone CaALSS into CdpNIMl as no CdpN!M.Ca/4L55 plasmids could be 

retrieved from transformed E. coll XLIO.

3.3.2. PCR fusion and transformation of WU284 with CaALSS

In vitro assembly of a CdpNlM.CaALSS cassette was achieved by a PCR fusion strategy 

similar to that used by Martin et al. (Martin et al., 201 la).  Primers incorporating long 

oligonucleotide tails were used to amplify CaALSS and facilitate both fusion of PCR 

products and homologous recombination during transformation (Fig. 3.4). Although 

highly specific primer pairs were used to amplify the respective fragments of 

CdpNlM, gel purification was necessary due to the high level of secondary primer 

binding. Fusion of CaALSS with the pTet fragment from CdpNIM in a two step PCR 

fusion reaction resulted in a 4.9 kb fragment which was then combined with the 

reverse transactivator fragment, cartTA (4.5 kb), containing the dominant  selectable 

marker SATl. These fragments were used to transform C. dubliniensis WU284 by 

electroporation. Over the course of multiple t ransformation at tempts a variety of 

DNA concentrations were used. Transformation efficiency was low, requiring high 

concentrations of DNA for transformation (0.5 [ig -  10 |ag). For example, using a total 

of 2 |ig of transforming DNA by electroporation yielded approximately 10 to 20 

colonies when grown on nourseothricin agar. Transformants yielding the expected 

PCR amplimer pat terns were identified by PCR screening of isolated genomic DNA for 

CaALSS, the cartTA transactivator, and by amplifying across the internal CdpNlM 

recombination junction integral to the split marker-transformation strategy. 

Integration efficiency of CaALSS into the C. dubliniensis genome was approximately 30
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%, while  fu r the r  screening to ensu re  the p resence  of the cartTA  r educed  this 

pe rcentage  for integration of the  ent i r e  CdpNlM.CaALSS casset te.  This is exemplif ied 

by a single t ransfo rmat ion  even t  using 2 |ag total DNA which yielded a total of 18 

colonies on NATioo. Screening of  the 18 t r ans fo rm an ts  displayed 12 posit ive for the  

cartTA  t ransact ivator ,  6 posit ive for CaALS3 and  only four  posit ive for r ecombina t ion  

of the split  f ragments  to yield the  full length casset te.

3.32.1. Analysis o f  CaALS3 gene  expression in WU284 transform ed with  

CdpNlM.CaALS3

T rans fo rm an ts  containing CdpNlM.CaALSS w e r e  assayed for doxycycline- inducible 

gene expression by qRT-PCR. When  t rea ted  with DOX20 t r an s fo rm an ts  show ed  an 

increase in gene expression ranging be tw e en  4-fold and  15-fold upregula t ion (data  

not  shown).  However ,  compar ison  of t r ansc r ip t  abundance  relative to the highly- 

expressed e ndogenous  control ACTl  showed  a maximum CaALS3 abundance  of  0.09 

w hen  t rea ted  with DOX20 relative to ACTl. As CaALS3 is a highly expressed  cell 

surface protein,  this low level of  expression  w as  d e te rmined  to be unacceptably low.

3.3.2.2. Comparative analysis o f  CdpNIM and CapNIM doxycycline-inducible gene  

expression

Comparison of  the CdpNlM.GFP casset te,  integrated in C. dubliniensis WU284,  with 

the CapNIM.GFP casset te  in teg rated  in C. albicans SC5314 displayed significant 

differences in green f luorescent  p rotein express ion  (Fig. 3.5). Both visual microscopy, 

using a f luorescent  filter, and  m e a s u r e m e n t  of  f luorescent  intensi ty  a t  505 nm, 

confirmed  tha t  doxycycline induced  express ion  from the CdpNIM was  much w eaker  

tha t  that  of its C. albicans coun te rpa r t .  As a rat io of f luorescent  intensi ty  units, 

CdpNIM expressed less than  2 %  of the  a m o u n t  of f luorescent  pro tein as CapNIM 

w h e n  cells w e re  g rown  at 30 °C in the p resence  of  DOX20 . At 37 °C, this rat io increased 

to only 13.4 %  f luorescent  p rote in  abundance  from CdpNIM relative to CapNIM. In 

this  way, prote in  abundance  no t  only differs be tw e en  the express ion sys tems  but  the 

degree  of var ia t ion is also d e p e n d e n t  on tem pera tu re .  As the only difference be tween  

the CdpNIM casset te  and the  p a re n t  CapNIM casset te  is the  ADHl  p romote r ,  this 

suggests  a previously unknow n  difference in the basal express ion level of ADHl 

b e tw een  the two  Candida species.  As the ADHl  p rom o te r  in bo th  pNIM casset tes  is 

respons ib le  for dr iving t ranscr ip t ion of  the  reverse  te tracycline t ra nsac t iva to r  cartTA,



Figure 3.5. Comparison of doxycycline-inducible gene expression systems. Variation of green fluorescent protein was 

dependent on both temperature and gene expression system. Cells treated with doxycycline and washed with phosphate 

buffered saline were visualised by light microscopy and fluorescent microscopy to highlight the difference between GFP 

generation using two different gene expression systems. Panels (A)-(D) WU284.CdpNlM (E)-(H) SC5314.CapNIM. Panels (I)- 

(J) show WU284.CdpNIM and (K)-(L) SC5314.CapNIM not treated with doxycycline. Scale bar represents 10 |im.



it is lii<eiy that the difference in gene expression in response to doxycycHne is, in the 

case of CdpNliVl, negatively impacted by the relative lack of abundance of the 

transactivator protein resulting in the reduced dissociation of repressor from the tetO 

operator  sequences. As CaALS3 and CaHYRl are both documented as highly 

expressed GPI-anchored proteins on the surface of C. albicans hyphae CdpNIM was 

deemed insufficient for the requirements of this study. Thus, at tempts were 

refocused on using CapNIM as the doxycycline-inducible expression system in C. 

dubliniensis WU284. An identical PCR fusion and split marker t ransformation strategy 

was used for CaALSS, with the CapNIM cartTA f ragment amplified from CapNIM 

plasmid. Integration efficiency into the CdADHl locus was low necessitating high 

concentrations of transforming DNA. As a representation of cloning efficiency, one 

split marker t ransformation of WU284 with CapNIM.CaALSS yielded 9 transformants 

growing on nourseothricin agar after electroporation and recovery in YEPD broth. 

PCR screening for the presence of CaALSS showed five positive transformants. When 

screening for the cartTA region, only two were positive, al though these transformants 

were also positive for the recombination junction of the two transforming DNA 

fragments.

3.32.3. Analysis o f  CaALS3 gene expression in WU284 transformed with 

CapNlM.CaALS3

Analysis of doxycycline-induced CaALS3 RNA expression by qRT-PCR showed higher 

levels of CaALS3 expression in the CapNIM constructs compared to the CdpNlM 

constructs (data not shown). One CapNIM.CaALSS transformant expressed CaALSS at 

4.8 times the expression of ACTl as measured by comparat ive Ct values. Conversely, 

the other transformant expressed 0.4 times the amount of CaALSS RNA as ACTl RNA 

transcript when treated with DOX2 0 .

3.S.2.4. Confirmation o f  chromosomal integration o f  CapNIM.CaALSS 

Correct integration of CapNIM.CaALSS (WU284.ALS3) into the CdADHl locus of the 

transformant with the highest CaALSS RNA expression was confirmed by Southern 

blot analysis [Fig. 3.6a). Probing £co/?l-digested DNA, generated from high quality 

chromosomal DNA with a 370 bp CdADHl probe, detected a single visible DNA 

fragment of 3.5 kb for homozygous CdADHl. Two visible DNA fragments were 

detected for C. dublinienisis strains with heterozygosity at the CdADHl locus. The
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posit ive control  C. dubliniensis  s t ra in  containing CdpNIM.GFP displayed the nat ive 

CdADHl band and a 10.5 kb ba nd  corresponding  to the DNA f ragment  containing the 

CFP expression  casset te .  The WU284.ALS3 t rans fo rm an t  identified as express ing high 

levels of CaALS3 as pa r t  of the  CapNliVl casset te  also displayed two bands  w h e n  the 

CdADHl locus was  probed.  In addi t ion to the native CdADHl digested fragment,  a 13.3 

kb DNA f ragm ent  w as  observed,  confirming the presence  of the CapNlM.CaALS3 

casset te  in tegrated into the CdADHl locus.

3.32.5. Phenotypic analysis o fW U 284  cells expressing CaALS3

Induction of CaALS3 expression by t r e a tm e n t  with doxycycline increased adhesion  of 

C. dubliniensis  yeast  to hum an  buccal epithelial  cells in a dosage d e p e n d e n t  m an n e r  

[Fig. 3.7). Results w e re  expressed as the n u m b e r  of  fungal cells bound  to a total of  

100 hum an  BECs af ter  w ash ing  away  non -adhe ren t  fungal cells. Al though t r e a tm e n t  

with doxycycline t r iggered a large increase in the binding of cells expressing CaALS3 

to hum an  BECs, the re  was  also an  increase in the n u m b er  of wild type WU284  cells 

binding to the BECs. Visualisat ion of  ad h e re n t  C. dubliniensis cells suggested a higher  

probabi l i ty  of binding of  self-aggregated fungal cells to the hum an  BECs.

3.3.2.6. Detection o/C aAls3p on the cell surface ofC. dubliniensis

Immunodetec t ion  of  CoAls3p pro tein genera ted  by doxycycline- inducible gene 

expression  was  kindly carr ied ou t  by the labora tory  of Dr. S. Filler, UCLA, using flow 

cy tometry  m ethods  in conjunct ion with a polyclonal ant ibody raised against  the  N- 

terminal  domain  of recom binan t  Als3p [Phan e t al., 2007) .  Although t r e a tm e n t  of  the 

selected s t ra in  with DOXso o r  DOXioo enabled detect ion of CoAls3p on the cell surface, 

the a m o u n t  of pro tein detected,  relative to WU284 wild- type w as  very low, and 

barely  detectab le  in compar ison  to C. albicans SC5314 wild-type CoAls3p levels in 

hyphae  [Fig. 3.8).

3.3.3. Restriction endonuclease-m ediated cloning of CaHYRl

The CaHYRl gene w as  amplif ied from SC5314 genomic DNA with BglU and  Sal\ 

cleavage sites s imilar  to the app roach  used for CaALS3, yielding a DNA f ragmen t  of 

approx imate ly  2.8 kb. Purified CaHYRl DNA was  digested and ligated to l inearised 

CdpNIM. From a react ion of inser t  to vector  ratio of 1:1 and  1:3, a total of 7 

t rans fo rm an ts  w ere  retr ieved  af te r  t ransfo rmat ion  of E. coli XLl 0-gold and  g rowth  on
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Figure 3.6. Southern blot analysis showing chromosomal integration of gene 

expression cassettes. (A) £’co/?l-digested DNA probed with a DIG-labelled CdADHl 

probe. The molecular weight ladder used was DIG Molecular Weight Marker 11. Native 

CdADHl locus was visualised as a 3.5 kb band. The lane order is 1. WU284 2. CD36 3. 

SC5314 4. W0284.CdpNIM 5. SC5314.CapNlM 6. WU284.CaALS3. (B) W/nc/lll-digested 

DNA probed with DIG-labelled CdADHl probe. Native CdADHl was observed as a 4.4 

kb band. Loci disrupted by pNlM-derivatives displayed a secondary, larger band (6.9 

kb). Lane order is 1. W0284.CaHYRla 2. WU284.CaHYRlb 3. WU284 4. CD36 5. 

WU284.CdpNIM 6. W0284.CaALS3.
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Figure 3.7. Phenotypic analysis of C. dubliniensis induced to express CaALS3.

(A) Inducible over-expression of CaALS3 in C. dubliniensis WU284 resulted  in a 

dosage d ependen t increase in adhesion to hum an buccal epithelial cells. Data was 

collected from th ree  biological replicates. (B) Visualisation of fungal cells adhering  to 

hum an BECs. Induction of CaALS3 expression in a C. dubliniensis background 

increased adherence of WU284 yeast to hum an epithelial cells. Scale bar  represen ts  

10 |im.
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Figure 3.8. Immunofluorescent detection of CaAls3p on the surface of Candida 

cells. Immunodetection of CaAls3p on the surface of DOXso-treated (A] Candida 

dubliniensis WU284.CaALS3 showing a small increase in CaAlsBp levels relative to 

wild type WU284, signified by a nominal increase in fluorescent intensity (FLl-H). 

Both C. dubliniensis samples show an increase in background fluorescence relative to 

a C. albicans SC5314 aIs3A/aIs3A derivative. (B) CaAlsBp produced by WU284.CaALS3 

was observed to be much lower than native CoAls3p abundance on SC5314 hyphae 

which demonstrated high levels of fluorescent intensity due to abundant binding of 

antibody to CaAls3p.



Lamp agar. Screening of t ransformant plasmids by enzymatic digestion did not result in 

any positive transformants.

While a proof of concept ligation and transformation experiment replacing gel- 

purified GFP in the CdpNlM plasmid readily yielded correct transformants, nei ther 

CaALSS nor CaHYRl plasmids could be retrieved by restriction enzyme-mediated 

cloning in E. coli. As a consequence,  an al ternat ive cloning method was investigated.

3.3.4. PCR fusion-mediated cloning of CaHYRl

The split marker method with CapNIM as the expression system was also used to 

create C. dubliniensis strains expressing CaHYRl. The CapNIM fragment containing the 

cartTA t ransactivator  with oligonucleotide tails complementary to CaHYRl was PCR 

amplified from CapNIM circular plasmid. The gel purified fragment Vv̂ as combined 

with the CaHYRl fusion fragment in a split marker t ransformation of WU284 and 

transformants were  retrieved on nourseothricin agar. A total of six CapNIM.CaHYRl 

C. dubliniensis t ransformants were determined to be correct by PCR screening for the 

CaHYRl gene, the cartTA transactivator, and the recombination junction.

3.3.4.1. Analysis o f  CaHYRl gene expression in WU284 transformed with 

CapNIM.CaHYRl

Analysis of CaHYRl gene expression indicated two of the transformants displayed 

doxyxcycline-inducible gene expression when treated with DOX20 . Under matching 

conditions, both of the identified transformants expressed levels of CaHYRl RNA 

approximately equal [1.0) to that  of the highly expressed ACTl by the comparat ive Ct 

method [data not shown). This level of t ranscript  abundance when treated with 

DOX20 was determined to be sufficient for analysis to continue.

3.3.4.2. Confirmation o f  chromosomal integration o f  CapNIM.CaHYRl

Correct integration of the CapNIM.CaHYRl cassette into the WU284 CdADHl locus 

was confirmed by Southern blot analysis [Fig. 3.6b). High quality chromosomal DNA 

was extracted and digested with BglU in contrast  to the digestion pat tern obtained for 

investigating CapNIM.CaALSS constructs. However, an identical CdADHl probe was 

used to investigate CapNIM.CaHYRl constructs. This digestion pat tern yielded a wild 

type CdADHl locus fragment of 4.4 kb, while an allele containing CapNIM cassettes
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also yielded a 6.9 kb fragment ,  confirming the  correc t  integrat ion of the casse t te  into 

the C. dubliniensis genome.

3.3.4.3. Phenotypic analysis o fW U 284  cells expressing CaHYRl

Current ly  the only experimental  pheno type  associated with CaHYRl funct ional ity  is 

increased survival against  hum an  PMN cells. Thus the  in vitro  survival  of the 

CapNIM.CaHYRl C. dubliniensis  m u tan t  s t ra in  during  coincubation wi th  hum an  

neutrophi ls  was invest igated.  However , resul ts  f rom four  individual neutrophi l  

donors  did not  show any significant reproducib le  difference be tw een  survival of the 

-expressing m u ta n t  strain,  induced with DOXso, and the wild-type pa ren t  

s t ra in  WU284 (data  not  shown).

3.3.5. Constitutive gene expression system using pENO.NAT

As both C. dubliniensis and  C. albicans pNlM doxycycline- inducible expression sys tems  

a re  targe ted  to integrate  into the ADHl  locus, an al ternat ive integrat ion locus was  

invest igated.  The CdRPSl [CdRPl0/Cd36_02890)  locus was  chosen as it has 

previously been used successfully in o the r  Candida gene express ion s tudies  (Stokes et  

ai,  2007) .  A fusion PCR method  was  used to c reate  a s imple const i tut ive expression  

casset te  containing the NAT]  nourseo thr ic in  resis tance marker ,  and CaALS3 u nde r  

the control  of the powerful  CaENOl p r o m o te r  (Fig. 3.4). The casset te  was  designed 

with flanking CdRPSl sequences  for di rected integrat ion into the CdRPSl locus. 

Although the  approximate ly  6.0 kb expression  casset te  w as  assembled successful ly by 

fusion PCR, t ransfo rmat ion  of  C. dubliniensis  WU284 was  unsuccessful  and  no 

t r ans fo rm an t  colonies w e re  obtained.

3.3.6. Non-integrative gene expression system using pADHl

Although a n u m b er  of p rob lems are p resen ted  by using URA3 as a selective m a r k e r  in 

homozygous ura3A/ura3A  null s t ra ins  an approach  using the plasmid pALS3 and  its 

p a re n t  plasmid pADHl was  a t t em pted  to express  CaALS3 ectopical ly in a C. 

dubliniensis  strain.  Transformation  of a ura3A/ura3A  WU284 s t ra in  with pALSS by 

electroporat ion  yielded only four t ran s fo rm an t  colonies. Three  of  these  colonies g rew  

weakly after  patching the t rans fo rm ants  on to  fresh minimal  media  lacking uridine. 

Plasmid isolation from the th ree  colonies, and  PCR screening  for the  p resence  of 

CaALS3 confirmed existence of the plasmid within the C. dubliniensis  t ransformants .



However ,  t h e se  colonies  c o n t in u e d  to g r o w  e x t r e m e l y  p o o r ly  w h e n  t r a n s f e r r e d  to 

f resh min imal  m ed ia  for s ingle colony pur if ica tion.  Af te r  on ly  a co u p le  of  g e n e r a t i o n s  

the  t r a n s f o r m a n t s  failed to g r o w  at  all on  m in im a l  m e d i a  lacking u r id in e  s u g g es t i n g  

rap id  loss o f  th e  pALS3 plasmid.  This is c o n s i s t e n t  w i th  loss of  t h e  p l a sm id  in o t h e r  

Candida  spec ie s  (p e r so n a l  co m m unica t ion ,  Dr. S. Filler, UCLA]. T h e r e fo re ,  no  s t ab le  C. 

dublin iensis  s t r a in s  cont a i n i ng  pl asm id  pALS3 could  be  m a i n t a i n e d  successfully.
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3.4. Discussion

This pa r t  of the s tudy  a t t em pted  to express  the C. albicans  vi rulence associated genes 

CaALS3 and CatiYRl in a relatively non-virulent  Candida background capable  of  

fi lamentat ion (C. dubliniensis), a lbei t a t  a much lower level. Although C. dubliniensis  

m u tan ts  were  recovered, expressing  each of these virulence-associated genes 

individually, complicat ions during pro tein detection and phenotypic  test ing resul ted 

in an ou tcome that  did not  satisfactorily fulfill the  a ims of  the study.

3.4.1. Molecular cloning methods

in part icular,  a varie ty  of prob lems were  p resen ted  by hete ro logous expression  of 

CaALS3 in a C. dubliniensis  background.  Previous studies,  which have successfully 

expressed  the gene and pro tein in o ther  organisms,  have experienced difficulties in 

s tra in  stabi li ty over  t ime (personal  communicat ion,  Dr. S. Filler, UCLA). These 

difficulties appe a r  to be reduced by using a CEN/ARS  type plasmid containing a 

species-specific au tonomous ly  repl icating sequence  and cen tromer ic  [CEN]

sequence  for stable, low copy plasmid repl ication (Liachko & Dunham, 2013; Taxis & 

Knop, 2006) .  Expression of CaALSS in C. g labrata  was achieved by Fu e t  al. using a 

plasmid (pGRB2.2) which contained C. glabrata-specific  CEN/ARS  sequences  (Fu e t  

al., 2013).  Although the non-integrat ive expression plasmid pADHl contains  a C. 

albicans ARS [CARS) sequence  it does  not  contain a CEN sequence  (Bertram et al., 

1996). It is not  clear  w h e th e r  a plasmid containing a C. albicans ARS  may experience 

the  sam e  benefi t  in plasmid stabi li ty during repl icat ion when  t ransfe r red  to a 

different organism.  In addit ion,  conservat ion of  centromeric  sequences  a ppear s  to 

differ great ly  be tw een  C. albicans and S. cerevisiae  (Sanyal e ta l ,  2004).  P a dm anabhan  

e t  al. r epo r ted  that  no conservat ion existed be tw een  C. albicans  and  C. dubliniensis 

CEN sequences  by genomic analysis  and tha t  the loci may be the most  rapidly 

evolving loci in the two species  (Padm anabhan  e t  al., 2008) .  Fur ther  s tudy  would 

improve  deve lo pm en t  of  tools for creating m utan t  s t ra ins  and analysing gene 

expression with relation to functional phenotypes.

This s tudy  has indirect ly highlighted significant difference in gene expression  

be tw e en  C. albicans and  C. dubliniensis. Expression of GFP as pa r t  of the CdpNlM 

express ion cassette,  regulated by the CdADHl p romoter ,  appeared  to be much lower



than that observed in the CapNIiVl expression cassette under the control of the 

CaADHl promoter. In C. albicans, CaAdhlp has been shov^n to catalyse the production 

o f ethanol in anaerobic environments [Bertram  et al., 1996). The protein has shown 

alternative cellular localisation during the dim orphic switch w ith  CoAdhlp on the 

surface of yeast and in the cytosol of hyphae (Hernandez et al., 2004; Urban et al., 

2003). Notably, expression was found to be decreased in C. albicans biofilms 

(Mukherjee e ta l,  2006). Thus the low level of expression from CdADHl may indicate 

an increased tendency for C. dubiiniensis to grow as a m ulticellu lar biofilm . It would 

be inform ative to investigate and compare any differentia l regulation in the 

expression of ADHl in C. albicans and C. dubiiniensis planktonic cells and biofilm - 

associated cells. This study has also underlined the importance of prom oter strength 

in gene expression studies. The CdpNlM expression cassette has previously been used 

to express CaSFLZ in C. dubiiniensis (Spiering et al., 2010). The study found a 

relatively weak phenotype that, in hindsight, may be related to the weaker 

transcription from the CdADHl promoter. This w ork deserves to be revisited to 

assess the level o f protein abundance in relation to the observed phenotype.

3.4.2. ALS3 gene cloning and expression

Genomic integration of expression cassettes, such as pNlM, negates the need for 

optim isation of plasmid stability. The high rate of failure for recovery o f C. 

dubiiniensis transformants expressing CaALS3 suggests that integration o f the gene 

into the C. dubiiniensis genome may have deleterious effects on the fitness of the 

organism. The ab ility  o f CaAlsSp, CaAlslp and CoAlsSp to form amyloid plaques has 

been documented elsewhere [Otoo et al., 2008). Amyloid plaques are formed by the 

aggregation of insoluble protein fibers (Pinney & Hawkins, 2012). Atom ic force 

microscopy studies have supported the hypothesis that this characteristic may 

improve the adhesive ability  of the organism in both self-aggregation and binding to 

host ligands (Alsteens et al., 2009). Although CaAlsSp is naturally expressed on the 

surface o f C. albicans hyphae it is not clear whether the proteins may interact and 

form amyloid plaques w ith in  the cell cytosol before they are translocated across the 

cell membrane and anchored in the cell wall. Historically, there have been no 

suggestions or evidence that CaAls proteins associate w ith  chaperone proteins but it 

is conceivable that chaperone activ ity may hold the nascent protein in a folded state, 

which would prevent the exposure of amyloid form ing sequences before the cell is
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anchored to the cell wall. However, this does not explain the apparent success of 

groups in achieving CaAlsSp expression on the surface of 5. cerevisiae and C. glabrata.

In the case o f S. cerevisiae expressing CaAlsSp, Nobbs et a!., expressed protein 

fragments using a Gateway expression vector (Nobbs et a l, 2010). The resultant 

protein was a fusion of the CoAlsSp N-terminal and tandem repeat domain to a 

haemagglutinin (HA) tag, a C. glabrata  adhesin domain (Epalp), and the anchor 

domain of a S. cerevisiae cell wall protein (Cwp2p). Fluorescent im m unoprecipitation 

w ith  an anti-HA antibody localised the fusion protein to the cell wall. The 

investigators did not report any protein folding differences arising from the 

complexity of the constructed fusion protein. Similarly, immunofluorescent detection 

o f CoAlsSp C. glabrata  strains harbouring the pGRB2.2-Als3 plasmid using an anti- 

Als3 antibody raised against the N-terminal domain o f CoAlsSp localised the protein 

to the cell surface (Fu et al., 2013). However, Miranda et al. have shown that 

differences in translation o f CUG as either serine or leucine play an im portant role in 

the adhesive phenotype mediated by CoAls proteins (Miranda et al., 2013). It is 

im portant to note that both C. albicans and C. dubliniensis belong to the CTG clade and 

predominantly translate CUG as serine. However, C. glabrata  and S. cerevisiae use the 

standard genetic code and thus translate CUG predominantly as leucine (Papon eta i ,  

2013). Miranda et al. have shown that CaALSS possesses two CTG codons in its N- 

term inal domain and consequently may theoretically produce four variant proteins 

depending on predominant CUG translation patterns. This impact of this translation 

characteristic has yet to be experimentally investigated in C. dubliniensis. However, it 

is apparent that CaAlsSp expressed heterologously may suffer from mistranslation, 

leading to protein production and cell surface expression that displays considerable 

identity variation from CaAlsSp naturally expressed on the surface o f C. albicans 

hyphae. It is not clear whether the S. cerevisiae and C. glabrata  heterologous 

expression systems corrected CaALSS CTG codons for translation as serine instead of 

leucine.

Although little  CaAlsSp was detected by antibody binding and flow  cytometry on the 

surface of C. dubliniensis cells constructed as part o f this study, an increase in fungal 

adherence to human BECs was detected. It appears that even the presence o f a very 

small amount of CaAlsSp on the surface o f C. dubliniensis yeast cells enhances
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adhesion to epitheUal cells, support ing the role of CoAlsSp in Candida pathogenesis. 

Importantly CaAlsSp is also a putative invasin [Liu & Filler, 2011]. Further  studies are 

required to investigate whether  the low level of CaAlsSp expression is sufficient for 

internalisation of C. dubliniensis yeast by epithelial cells. Expression of CaALSS in C. 

dubliniensis cells may also impact other  forms of growth such as biofilms. Additional 

phenotypic characteristics will be investigated in future studies and infection models.

3.4.3. HYRl  gene cloning and expression

In the absence of a suitable antibody to detect  cell surface localisation of CoHyrlp in 

C. dubliniensis cells expressing CaHYRl RNA, investigation of fungal survival in 

coculture with human neutrophils  was carried out. Protection against killing by 

human PMNs is posited to be one of the phenotypic characteristics of CaHyrlp 

expression (Luo et al., 2010J. In this case, no significant difference was observed 

between C. dubliniensis wild type WU284 and the mutant  strain expressing CaHYRl 

(data not shown). While it appears that  CaHYRl expression in C. dubliniensis does not 

confer protection against PMN activity it is possible that protein expression on the 

cell surface may be insufficient to contribute to a functional phenotype.  Development 

of a CaHyrlp specific antibody would enable verification of protein localisation to the 

cell surface and estimation of protein abundance.

3.4.4. Future directions

In order to successfully investigate the function of virulence associated C. albicans 

proteins by heterologous expression in C. dubliniensis a number of methodology 

improvements are necessary. As both CoAlsSp and CoHyrlp are highly abundant  

proteins on the surface of C. albicans hyphae it would be beneficial to have similar 

quantities of protein detectable on the C. dubliniensis cell surface. Detection of 

CaHyrlp is currently an obstacle. Development of a specific antibody or tagging the 

protein with a histidine (His) or HA tag would be extremely useful in future studies. 

Finally, there are a number  of assumptions based on similarities between C. albicans 

and C dubliniensis that  require experimental verification and elaboration including 

CUG translation, protein glycosylation, secretion and protein trafficking pathways.
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Chapter 4

Candida dubliniensis hyphal induction, 

adhesion and tissue damage
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4.1. Introduction

4.1.1. Filamentous diversity

Both C. albicans  and  C. dubliniensis  a re  capable  of d imorph ism  and  can adap t  to thei r  

local e nv i ronm en t  by t rans i t ioning  be tw een  ellipsoid yeast  and  elongated filaments. 

In fact, th ree  dis tinct morphological  s ta te s  have been ident ified and  associated with 

this revers ible d imorph ic  switch [Odds, 1985; Saville et al., 2003].  Yeast, 

p seudohyphae  and  t rue  hyphae  can be p roduced  by C. albicans  and C. dubliniensis in 

r e sponse  to var ious e nv ironm enta l  cues  (Biswas e t a i ,  2007) .

Yeast cells a re  sphe ro ida l  in shape  and generally  m easu re  approx imate ly  3.0 -  4.0 |im 

(Merson-Davies  & Odds, 1989] .  These  blas topores  divide pr imari ly  by asexual  

r eproduc t ion (Nielsen & Heitm.an, 2007) .  Budding from a m o th e r  ccll p roduces  a 

daugh te r  cell, which can bud new cells while  still a t tached to the m othe r  cell, or  

s epara te ly af ter  cytokinesis  and cell separa t ion  (Chaffin, 1984) . True  hyphae are  

e longated,  tubu la r  ceils of uni form d iam e te r  along the extending s t ruc tu re  (Merson-  

Davies & Odds, 1989) . They  are  formed w hen  ye ast  cells produce  a polar ised 

ou tg row th  called a ge rm  tube  as a resul t  of  env ironmenta l  stimuli. The germ tube  

cont inues to extend from the tip as the  cell p rogresses  through  the cell cycle (Staebell 

& Soli, 1985], A hyphal  cu l tu re  can develop  into an intricate  hyphal  mycelium and 

form a mult icel lular  biofilm (Kumamoto,  2002;  Nobile & Mitchell, 2006) . 

Pseudohyphae  display s imilar  physical p roper t ie s  to both yeast  and t rue  hyphal  cells. 

In certa in  condit ions, ye ast  m o th e r  cells bud a cell with the appearance  of  a ge rm 

tube. However ,  as pseudohyphal  f i laments  develop,  constr ic t ions appe a r  a t  the 

septae,  creat ing a f ilament  with non-uniform d iam e te r  (Merson-Davies & Odds, 

1989) . Both C. albicans  and C. dubliniensis  may form pseudohyphae  with varying 

degrees  of  superficial s imilari ty to e i ther  yeast  or  t rue  hyphal cells.

In reality, C. albicans  and  C. dubliniensis  often form cell cul tures  compri sed  of a 

mix ture  of  these morphological  forms and thus  identification of each cell type can be 

problematic .  In mixed culture,  visual different ia tion of p seudohyphae  and t rue  

hyphae  can be difficult due  to the ir  s imilar  appearances  in m any  growth 

env ironm en ts  (Sudbe ry  etal., 2004) .  In 1989,  Merson-Davies  and Odds descr ibed the 

morphological index (Ml) m ethod  to identify and quanti fy both pseudo-  and t rue
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hyphae [Merson-Davies  & Odds, 1989).  This requi red making m ea su rem e n ts  of the 

length of the germ tube, the d iam e te r  of the septa! junct ion, and the maximum 

d iam ete r  of  the extending filament. While this is a rel iable method,  it is not  

par ticular ly  feasible to manual ly  analyse large panels of s t ra ins  over  mult iple t ime 

points  due to the t ime required  for making m easu rem en ts .  A s imilar  way of 

differentiating hyphae is by measur ing  the m in imum width of the filament  (Sudbery 

eta l., 2004] .  Candida albicans t rue  hyphae  have been shown to possess  a d iam ete r  of 

approximate ly 2.0 ^m w hen  grown  on a varie ty of c om m on  g rowth  media.  In 

contrast,  pseudohyphae  display a min imum  d iam e te r  of  approx imate ly  2.8 |am 

(Sevilla & Odds, 1986] . However , making m ea s u rem e n ts  may  be subject ive and also 

depend  on the equipment .  Thus identification and differentia tion often requi res  

validation.

A n u m b er  of cell cycle differences be tw een  the var ious morphological  forms have 

been  identified and have been useful in different ia ting be tw een  yeast,  p seudohyphae  

and t rue  hyphae [Berman,  2006;  Sudbery, 2011] , Key findings include pa t t e rns  of 

sep tu m  formation,  nuclear  division and cell cycle progression.  The  p r im ary  sep tu m  in 

yeast  and pseudohypha l  cells forms be tw een  the  m o th e r  and  daugh te r  cell junct ion 

(Soil e t a l, 1978] . In t rue  hyphae the p r im ary  sep tu m  forms within the ge rm tube  

(Sudbery, 2001] , Nuclear division in both yeast  and p seudohyphae  takes  place across 

the junct ion of the m o the r  and daugh te r  cell before the d a ugh te r  nuclei migrate  into 

each cell. However , the first nuclear  division in t rue  hyphae has been show n  to occur  

within the ge rm tube, after migrat ion of the nucleus into the  filament. The nuclei 

migrate  back th rough the germ tube  or  to the  apical c o m p a r tm e n t  as the cell cycle 

progresses  (Finley & Berman,  2005; W arenda  & Konopka,  2002] .  This knowledge 

provides  an unambiguous  validation method  for visual different ia tion of  t rue  hyphae 

and pseudohyphae.  Nuclear  mater ia l  can be readi ly s ta ined with DAPI, excited by 

ul traviolet  light, and  detected u nde r  a blur filter at  approx imate ly  460 nm (Hazan e t 

al., 2002;  Kapuscinski,  1995) . While this w ork  has been deve loped and elaborated  in 

C. albicans, based on cell cycle s tudies  in S. cerevisiae, few ext rapolat ions have been 

experimental ly  confirmed in C. dubliniensis. Due to the reduced tendency of C. 

dubliniensis to form t rue  hyphae,  and  the increased likelihood of pseudohyphal  

g rowth unde r  conventional f i lament-inducing condit ions, it is necessary  to extend cell 

cycle progress ion  s tudies  to C. dubliniensis.



The var ious C. albicans morphologies  have been connected to different s tages  of 

infection. Yeast ceils have been associated with systemic candidiasis and hyphae  are  

comm only  linked to host  cell adhesion  and  invasion (Thompson  et  al ,  2011) .  

However ,  the role of p s e udohyphae  in hos t  colonisation and  oppor tunis t ic  infection 

has  ye t  to be elucidated. Thus, it is clearly im por tan t  to unde rs t a nd  the p roper t ie s  of 

each cell type to unde rs t a nd  their  dis t inct roles in infection.

4.1.2. Candida hyphal induction

The differential virulence of  C. albicans  and C. dubliniensis is often a t t r ibu ted  to the 

lower  tendency  of C. dubliniensis to form t rue  hyphae (Stokes e t a l ,  2007;  Vilela e t a l ,  

2002) .  A n u m b er  of s tudies  have d e m o n s t ra t ed  the  reduced  capacity of C. dubliniensis 

to f ilament  on convent ional  hyphal- inducing  media commonly  used for induct ion of C. 

albicans hyphae. Gilfillan et  al. invest igated the ability of two C. albicans  and  four  C. 

dubliniensis s t ra ins  to f ilament  on t r e a tm e n t  with e i ther  serum, GlcNAc or  with a 

combined pH and t e m p e ra t u re  shift  (Gilfillan e t  al., 1998] .  Compared to the C. 

albicans strains,  the C. dubliniensis s t ra ins  displayed a delayed response  in induct ion 

of ge rm  tubes.  Candida dubliniensis f i lamentat ion u n d e r  the condi t ions tes ted  

repor ted ly  achieved high levels (> 80% )  over  time. Critically, no dist inction was  

apparen t ly  made  be tw e en  p seudohyphae  and t rue  hyphae. Stokes etal .  improved on 

this w o rk  by analysing the  hyphal induct ion pa t t e rns  of four  C. albicans  s t ra ins  and 11 

C. dubliniensis s t ra ins  (Stokes e t  al., 2007) .  The s tudy  invest igated f i lamentat ion in 

nine different hypha l- induc ing  media.  All of the C. albicans  s t ra ins  formed grea te r  

that  50 % ge rm tubes  u nde r  all the condi t ions tes ted.  How ever  much lower levels of 

f i lamentat ion were  observed for the C. dubliniensis isolates. Less than  30 %  (n = 11) of 

the s t ra ins  displayed over  50 % f i lamentat ion in all bu t  one  of  the hyphal- inducing 

media.  The nu t r ien t  poo r  medium, w a t e r  and  se rum  (WS), composed  of  10 % (v/v)  

serum, suppo r ted  high levels of C. dubliniensis f i lamentat ion af ter  6 h incubat ion, 

indicating the impor tance  of nu t r ien t  l imitation for formation of  C. dubliniensis 

hyphae. O’Connor et  al. later  de te rm ined  that  addit ion of peptone,  glucose, or  a 

combina t ion of both to WS media,  a t t e nua te d  the hyphal  inducing effect of the  WS 

m edium  (O'Connor e t  al., 2010) .  The g roup  also e laborated  on the impor tance  of 

precu l tu r ing condit ions, showing that  growing C. dubliniensis i solates initially in a 

nutr ient- l imited m ed ium  such as Lee’s m ed ium  cont r ibuted to the efficiency of hyphal
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formation wiien cells w e re  t ransfe rred to hyphal- inducing media.  In summary ,  

m ethods  for successful induct ion of C. albicans hyphae  do not  necessar ily lead to 

efficient C. dubliniensis  hyphal  formation.  However , the reverse  may be t rue  i.e. 

methods  for inducing C. dubliniensis hyphae a ppe a r  to be sufficient for effective 

induct ion of  C. albicans hyphae.  In this way, specific environmenta l  or  experimental  

hyphal  induct ion condit ions natural ly  t rigger different  ra tes  of hyphal  formation, and 

p resumably  hyphal  gene expression, in C. albicans and C. dubliniensis.

4.1.3. Infection models

A plethora  of infection models  are  available for Candida research. Each model  

possesses  its share  of benefi ts  and  limitations. Infection models  based on the 

relatively s imple organi sms Caenorhabditis elegans ( roundw orm ) ,  Danio rerio 

[zebrafish).  Galleria mellonella  [honeycomb moth) . Drosophila m elanogaster  [fruitfly), 

Bom byx m ori (si lkworm), are  useful for prel iminary  investigations (Alarco e t a i, 

2004;  Chao e t al., 2010;  Fuchs e t a l, 2010;  Matsumoto  e t a l, 2013;  Pukki la-Worley e t 

a i, 2009) .  However , they  do not  accurately mimic the infection process  of Candida in 

a mam mal ian host. Mammalian host  site-specific infection models  have been 

developed to s imulate  systemic candidiasis,  vaginal candidiasis,  oral mucocu taneous  

infections, and  orogast rointest inal  carr iage and  invasion (Arendrup  e t al., 2002;  

Naglik e t al., 2008a;  Szabo & MacCallum, 2011) . Host factors play a significant role in 

these models  and experimental  var ia tion be tw een  s tudies  may drastically influence 

the outcomes  and conclusions gene ra ted  (Netea eta l., 2008;  Wacht le r  e t  o/., 2012) .

In vivo, Candida cells are  most  closely associated with the adhesion and invasion of 

epithelial  mucosoal  t issue that  lines the orogastro in tes t inal  t ract  (Mukherjee e t al., 

2005;  Zhu & Filler, 2010) .  For tha t  reason,  a n u m b er  of  immortal i sed  epithelial  cell 

lines have been used historically to investigate  the ability of C. albicans yeast  and 

hyphae to a dhe re  to, invade, and cause cellular damage  of epithelial  cells. The cervical 

adenocarc inoma (HeLa), colorectal adenocarcinoma (Caco-2), pharyngeal  squam ous  

cell carcinoma (FaDu), and buccal squam ous  cell ca rcinoma (TR146) cell lines are 

commonly  used for Candida infection s tudies  (Dalle e t al., 2010;  Park e t al., 2009) .  

The buccal epithelial  cell line TR146, in part icular,  has been deve loped to c reate  the 

recons t i tuted hum an  epi thel ium (RHE) model (Schaller e ta l., 2006) .  The RHE model  

is a three-dimensional ,  dif ferent ia ted t issue m ounted  on a scaffold in o rde r  to be t te r



simulate a host tissue and the Candida invasion process. In this model C. albicans 

hyphae have been shown to readily invade both TR146 and RHE, C. dubliniensis, in 

contrast, has been shown to display only localised invasion and lim ited tissue damage 

(O'Connor et at., 2010). The cell line growth medium, which usually contains serum, 

appears to play a significant role in this phenotype as C. albicans filaments efficiently 

in cell culture media such as DMEM and RPMI, and concurrently expresses hyphal- 

specific genes and proteins under these conditions (Wachtler ef a/., 2012]. However, 

C. dubliniensis, w ith  its reduced tendency to form hyphae, does not filament to the 

same degree in cell culture media and, unsurprisingly, is usually found predominantly 

as yeast cells in epithelial cell infection models. In this way, analysis of morphology- 

specific or morphogenetically-regulated phenotypic outcomes in infection models is 

complicated and a ttribu ting  damage to species morphology or specific protein 

function is challenging.

Nevertheless, significant data regarding the differentia l virulence o f C. albicans and C. 

dubliniensis has been collected. Stokes et al. investigated the ab ility  o f C. dubliniensis 

and C. albicans, ind iv idually and in concert, to infect and colonise the stomach and 

intestine of mice in an orogastrointestinal model o f infection (Stokes e ta l ,  2007). The 

group found that up until day 6 o f the experiment there was no difference in the 

presence or absence of Candida from mice infected w ith  C. albicans SC5314 or C. 

dubliniensis CD36 individually. However, between day eight and day ten, no CD36 was 

detected. Similar results were also observed for mice coinoculated w ith  both SC5314 

and CD36 in a competition experiment. By day IOC, dubliniensis was not observed at 

all. Investigation of dissemination o f Candida showed SC5314 in the stomach of all the 

mice and showed dissemination to the liver by the end of the experiment. In contrast, 

only 40 % of the mice infected w ith  CD36 s till displayed the fungus in the ir stomach. 

Likewise, 40 % o f the mice inoculated w ith  C. dubliniensis tested positive for 

dissemination to the liver. 0 ’ Connor eta l.  attempted to characterise the morphology 

ofC. dubliniensis ceUs infecting RHE (O'Connor et o/., 2010). By combining preculture 

of Candida in Lee's medium w ith  a pH and temperature shift, the study showed that C. 

dubliniensis WU284 pseudohyphal and hyphal cells possessed the capacity to cause 

localised invasion, and a significant increase in tissue damage after 24 h. In both 

cases, the magnitude of invasion and cell damage was much lower in magnitude than 

the phenotype displayed by C. albicans hyphae. This supports the findings of Spiering
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e t al. descr ibing damage  of RHE infected with C. albicans or  C. dubliniensis over  12 h, 

showing  significantly lower levels of  t issue damage  caused by C. dubliniensis CD36 

compared  to C. albicans SC5314  (Spier ing et  a/., 2010) .

4.1.4. Strain variation

The first C. dubliniensis  s tra in  to be sequenced  was CD36 and the findings, including a 

comparat ive s tudy be tw een  the C. albicans and C. dubliniensis genome,  highlighted 

differences be tw een  the two species (Jackson e t a l, 2009) .  Although CD36 is 

considered a good represen ta t ive  of the species, the s t ra in  WU284 has been used 

historically as the " lab-st rain”. It is relatively easily manipula ted and a ura3A /ura3A  

m u ta n t  WU284 s t ra in  is available (Staib e t al., 2001) .  Both C. dubliniensis s t ra ins  have 

been used in terchangeably in infection models  and are  superficially qui te  similar. 

However , s tra in  variat ion in C. dubliniensis has been suggested to play a significant 

role in virulence. A n u m b er  of C. dubliniensis  s t ra ins  isolated by Asm undsdo t t i r  e t al. 

from systemic infections have show n  relatively high levels of  virulence in a systemic 

murine  model  of  infection (Asmundsdo t t i r  e t al., 2009).  The s tudy  p resen ted  data 

from th ree  C. albicans s t ra ins  and  nine C. dubliniensis strains,  from ei ther  Genotype 1 

or  Genotype 2, that  had been originally isolated from b loodst ream infections. As a 

resul t  of the study, it was  concluded that  intraspecies  variation, r a the r  than 

interspecies  differences, had a m ore  significant impact  on differential virulence.  It 

was acknowledged  tha t  isolation of C. dubliniensis from systemic infections may 

impact  the perceived virulence of C. dubliniensis. Systemic isolates may be enriched 

for virulence p romoting  p roper t ie s  leading to an inaccurate  represen ta t ion  of  the 

species  as a whole. This cu r ren t  s tudy  investigated the propens i ty  a n u m b e r  of C. 

dubliniensis s t ra ins  f rom the Icelandic s train varia tion s tudy,  in conjunct ion with a 

panel  of C. dubliniensis  s t ra ins  f rom alternat ive sources  and  genotypes.  The ability to 

these C. dubliniensis  s t ra ins  to form f ilaments  was  investigated and  any correlat ion 

be tw een  f i lamentat ion rates, adhesion,  or  invasion of host  epithelial  t issue was 

explored.

4.1.5. Aims of this part of the study

The reduced  efficiency of C. dubliniensis f i lamentat ion relative to C. albicans  under  

many  growth  condit ions has been  shown previously (Moran e t al., 2007;  O'Connor et 

al., 2010;  Stokes e t al., 2007) .  While C. dubliniensis  has  also been show n  to be



general ly  less virulen t  than C. albicans, Asm undsdo t t i r  etal.,  recently  r epor ted  two C. 

dubliniensis s trains , listed he re  as IIE30 and HE38a, tha t  displayed s imilar virulence 

to a C. albicans  s t ra in  (IS-7) in a m ur ine  model of systemic infection [Asmundsdo t t i r  

et a l,  2009] ,  This par t  of the c u r ren t  s tudy  a t t e m p te d  to invest igate  w h e th e r  

increased vi rulence in C. dubliniensis s t ra ins  corre lated with an increased tendency  to 

form hyphae  u n d e r  known hyphal- inducing condit ions.
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4.2. Specific materials and methods

4.2.1. Hyphal induction on solid media

4.2.lA . Growth and m ain tenance conditions

Candida isolates used for this s tudy  are  listed in Table 2.1. Strains w e r e  initially 

grown on YEPD at 37 °C for 48 h. Single colonies  w e re  then inoculated on a range of 

solid hyphal  inducing media and incubated at  30 °C or  37 °C. Spider agar, SLD agar, 

YNBS agar  and  YPS agar  w ere  all used to invest igate  the ability, or t endency  of  C. 

dubliniensis s t ra ins  [n = 19) to form f ilaments in response  to commonly  used hyphal  

inducers.

4.2.1.2. Visualisation o fh yp h a e

Colonies w ere  examined visually in a n u m b e r  of  ways. A Flash & Go - Automatic  

Colony Counter  (lUL, Barcelona, Spain) was used to obtain micrographs  of ent i re  agar 

plates. Colony fringe morpho logy  was visualised with a Nikon TMS-F inverted 

microscope (Nikon) and micrographs w e re  taken with a Nikon Coolpix 4500  camera 

(Nikon). T ransve rse  slices of agar were  visual ised by chilling inoculated agar  plates  at 

4 °C and slicing t r ansverse  sections. These sect ions w e re  then m ounted  on 

microscope slides and  fixed in place u nde r  a cover  slip. Sections w e re  visual ised using 

a Nikon TMS-F inverted microscope  (Nikon).

4.2.2. Hyphal induction in liquid media

4.2.2.1. Staining and m orphological verification

Prior to staining, cells w e re  washed  in IX PBS to reduce auto-f luorescence caused by 

g rowth  medium  componen ts .  Candida cells w e re  routinely s ta ined  with calcofluor 

white  (CFW) to highlight the chi tinous s t ruc tu re  of  fungal e lements .  Approximately 2 

(ig/ml of CFW was  used to highlight the chitin-rich cell walls of  fungi. Cell nuclei were 

s ta ined using DAPl. Approximately 1.5 | ig /ml  DAPI was used to s tain nuclear  

material.  Stained cells w e re  visual ised by f luorescence microscopy  u n d e r  UV light 

using a Nikon Eclipse E600 epif luorescence microscope  equ ipped  with a high power  

m ercu ry  lamp (Nikon).



Due to the wide spectrum of hyphai phenotypes in C. dubliniensis, and C. albicans, 

identification o f true hyphae and distinction from pseudohyphae was determined by 

the location o f active nuclear division. Pseudohyphai growth was indicated by nuclear 

division across the mother-daughter junction between mother yeast cell and 

daughter germ tube. True hyphae were identified by m igration of the nucleus into the 

germ tube and nuclear division occurring w ith in  the germ tube itself.

4.2.22. Induction o f hyphae fo llow ing preculture in YEPD broth

Induction o f hyphae by preculture in YEPD broth and subsequent induction in YEPD 

and 10 % (v /v ) PCS (YPDS) was performed as described in Chapter 2. In general this 

method was used for hyphai induction in C. albicans and weak hyphai induction in C. 

dubliniensis strains.

Hyphai induction w ith  YEPD preculture and induction in water w ith  10 % (v /v ) PCS 

(WS] was used to trigger strong induction of C. dubliniensis and C. albicans hyphae, as 

described previously (O'Connor etal., 2010).

4.2.2.3. Tissue culture medium [COMEM) as a hyphai inducer

Standard growth and maintenance o f human tissue monolayers was carried out using 

CDMEM as the maintenance medium. This growth medium contains PCS, which is 

known to be a strong inducer o f hyphae. The degree of hypha formation during 

Candida growth in CDMEM was visualised by growing Candida cells in itia lly  in YEPD 

broth overnight at 30 °C, 200 r.p.m. After 16 h the cells were centrifuged, washed in 

IX  PBS, and resuspended in CDMEM, or 10 % (v /v ) CDMEM for increased hyphai 

growth, to a final density of 1 x 10^ cells/m l. Cells in CDMEM or 10 % (v /v ) CDMEM 

were incubated at 37 °C and cell morphology was visualised at various timepoints.

4.2.3. Candida dubliniensis strain growth rates

Yeast growth rates were measured to assess any significant differences in fitness of 

yeast grown in nutrient-rich YEPD medium. Cells were pregrown on YEPD agar for 48 

h. Single colonies were inoculated in YEPD broth and grown at 37 °C, 200 r.p.m. 

overnight. A fter 16 h cells were washed in IX  PBS and inoculated at a final density of 

2 X 10^ cells/m l in prewarmed YEPD broth in 24 well plates. Broths were incubated at 

30 °C, 37 °C, or 42 °C, in a Genios plate reader (Tecan UK Ltd., Reading, UK), w ith
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shaking. Ceil density  was m easu red  at 540 nm periodical ly and g rowth  curves w e re  

plot ted from experiment s  pe rfo rmed  in duplicate.

4.2.4. Adhesion to TR146 human buccal epithelial m onolayers

4.2A.1. Quantification o f  adhesive colony forming units

Adhesion of  fungal cells to hum an  epithelial  TR146 monolaye rs  was  unde r ta ken  

according to the method descr ibed  by Rotrosen e t  al. (Rotrosen e t  al., 1985) .  Briefly, 

TR146 cells were  cul tured in 75 cm^ Corning Cell-bind flasks (Sigma-Aldrich) a t  37 °C 

in a 5 % (v/v]  CO2 static incubator.  Dulbecco’s Modified Eagle Medium (DMEM) w as  

supp lem en ted  with 10 %  (v/v]  PCS and 1 %  (v/v)  penici l l in-s t reptomycin to form 

comple te  DMEM (CDMEM). The g rowth  m edium  CDMEM was  used for cell line 

g rowth  and maintenance.  Monolayers  w e re  allowed to reach approx imate ly  80 % 

confluency and t rea ted with Trypsin-EDTA to detach the monolayer  f rom the flask 

surface. Detached cells were  washed  in DMEM and r esuspended  in CDMEM. An 

al iquot  of suspended  cells w ere  s tained with t rypan blue to aid cell count ing  with an 

improved Neubaue r  haemocytom eter .  Approximately 1 x 10^ cells /ml  w e r e  s eeded in 

6 well plates  and  incubated until 90 % confluency was at ta ined.

Candida s t ra ins  from 48 h old YEPD agar  plates were  g rown  overn ight  in YEPD broth  

at  37 °C, 200 r.p.m. Candida cul tures  were  pelleted by centr ifugation at 12000  x g, 3 

min, washed  in IX PBS, and  resuspended  in 1 ml PBS. Cells w e re  sui tably di luted and 

cell density  was  coun ted  with an improved  Neubauer  haemocytometer .

Confluent  TR146 mono laye rs  were  washed  with fresh CDMEM and the m ed ium  was  

removed.  A suspens ion of  100 Candida cells in 2 ml CDMEM or 10 % (v /v )  CDMEM 

was  t ransfe rred  to TR146 monolaye r  wells in t riplicate and  incubated at  37 °C, 5 % 

(v/v)  CO2 for 1 h. The same  n u m b er  of  cells, in a 100 |il volume, was  added  to YEPD 

agar  plates in triplicate and incubated at 37 °C for 24 h. After 1 h co incubat ion of 

Candida cells with TR146 monolayers ,  the  medium was  removed,  the monolayers  

w e re  gently washed  with 10 ml 1 x PBS in 2 ml aliquots,  with rota t ion of  the  plate to 

remove any  non a d h e re n t  fungal cells. Each monolaye r  was  overlaid with 2 ml molten 

YEPD cooled to 37 °C. Monolayer  plates  with YEPD overlay w e re  incubated  at 37 °C 

overnight . After approximate ly  24 h, cfu for each well w e re  counted, averaged  and



e x p r e s s e d  as a p e r c e n t a g e  of  the  av e r a g e  cell c o u n t  from th e  cont ro l  YEPD agar  

plates.

4-.2A.2. D irec t  v isua lisa tion  o f  a d h e r e n t  cells

T h e  m o r p h o l o g y  of  a d h e r e n t  cel ls  w a s  in ve st ig at ed  by  in ocu la t ing  T R 1 4 6  epi the l ia l  

cell  m o n o l a y e r s  g r o w n  on g lass  cov e r s l ip s  in 6  w e l l  p la te s  w i t h  C an d ida  cel ls  s imi lar  

to the  m e t h o d  d esc r ib ed  in Sect ion  4.2.4.1.  H o w e v e r ,  in s t ea d  o f  o v e r l a y i n g  th e  IX  

PB S -w a sh e d  infected  m o n o l a y e r s  w i t h  YEPD, the  m o n o l a y e r - c o a t e d  c o v e r s l ip s  w e r e  

f ixed in 4  % ( v / v ]  p ara for m al d eh yd e ,  s ta i ne d w i t h  CFW, an d  m o u n t e d  on m i c r o s c o p e  

s l id es  for direct  v i sual i sat ion  u n d e r  a UV m i c r o s c o p e  filter.

4.2.5. Morphology-associated tissue damage

The ef fect  o f  C andida  cel l s on  T R 1 4 6  h u m a n  epi t he l ia l  cell  m o n o l a y e r s  w a s  

inv es t iga ted  by  m e a s u r i n g  the  r e le a se  o f  cel lular  lactate  d e h y d r o g e n a s e  (LDH) from  

d a m a g e d  epi the l ia l  cel ls  us in g  th e  CytoTox 9 6  N o n - R a d io a c t iv e  Cytotoxic i ty  A ss ay  

(P rom ega) .  Human epi the l ial  T R 1 4 6  m o n o l a y e r s  w e r e  g r o w n  and m a in ta in e d  as  

out l ine d in Sect ion  4.2.4.1.  Prior to c o in c u b a t io n  w i t h  C an d ida  cells,  T R 1 4 6  

m o n o l a y e r s  g r o w n  in 9 6  wel l  p la te s  w e r e  w a s h e d  w i t h  e i t h e r  CDMEM or  10  % ( v / v )  

CDMEM. C andida  cel ls w e r e  init ial ly g r o w n  in YEPD broth  o v e r n i g h t  and r e s u s p e n d e d  

in e i the r  CDMEM or 10  % ( v / v )  CDMEM as d e s c r i b e d  in Sec t ion  4.2.2.3.  M o n o la y ers  

w e r e  inocu lat ed  with  1 0 0  |al o f  C an d ida  cel ls  at  a d e n s i t y  o f  1 x 10^ c e l l s / m l .  Infected  

m o n o l a y e r s  w e r e  incuba ted  at 3 7  °C, 5 % ( v / v )  CO2 for 4  h. T h e  CytoTox 9 6  Non-  

Radioact ive  Cytotoxic ity  A ssay  (P r o m e g a )  w a s  carr ied  ou t  a c c o r d in g  to 

manufac turer 's  ins truct ions .  This  w a s  p e r f o r m e d  by  cent r i fug in g  the  infected  

m o n o l a y e r s  af ter 4 h incub at ion  and transferr ing  5 0  |al o f  the  s u p e r n a t a n t  to a s ter i le  

9 6  w e l l  plate.  Substrate  mix w a s  a d d e d  to the  s u p e r n a t a n t  an d in cu b ated  in the  dark  

at r o o m  t e m p e r a t u r e  for 3 0  min.  Th e  e n z y m a t i c  reac t io n  w a s  hal t ed  by  a d d i n g  the  

su p p l i e d  s top  so lu t io n  to each  wel l .  A b s o r b a n c e  w a s  m e a s u r e d  at 4 8 0  n m  u s in g  a 

Genios p late  reader  (Tecan UK Ltd., Reading,  UK). A b s o r b a n c e  data w e r e  c o rrect ed  

for v o l u m e  and b a ckg roun d a b so r b a n c e .  Resul ts  w e r e  e x p r e s s e d  as  % cy to to xi c i ty  

ge n e r a t e d  by  the  m a n u fa c tu r e r ’s r e c o m m e n d e d  ca lculat ion ,  b a s e d  on c o rrect ed  

a b s o r b a n c e  v a lu e s  ( (Effector  -  Ef fector S p o n t a n e o u s  -  T arge t  S p o n t a n e o u s )  /  (Targe t  

Maxi mum  -  T arge t  S p o n ta n e o u s ) ) .
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4.3. Results

4.3.1. Hyphal induction on solid media

Candida dubliniensis s t ra ins  a re  known to show variat ion in thei r  ability to p roduce  

hyphae.  The ability and  propens i ty  of  a panel  of 19 C. dubliniensis  s t ra ins  to produce  

f i lamentous colonies on defined solid media  was invest igated (Table 4.1). This panel 

included s t ra ins  known to show enhanced  virulence in a murine  model , and  s t ra ins  

known to produce  f ilaments  with varying degrees  of  efficiency. When g rown on the 

s tandard ,  nu t r i en t  rich medium  YEPD, at 30° C, 7 / 1 9  s t ra ins  p roduced  f i lamentous 

colonies  after  five days of  g rowth  (Fig. 4.1). While growth  of Candida on YEPD 

predom inan t ly  yields yeast  colonies, e laborat ion of  f ilaments  may be influenced by 

pH variat ion and nu t r i en t  availability over  ex tended  per iods of  t ime (> 5 days),  within 

unbuffered YEPD medium. Growth on nutr ient-r ich YPS agar  yielded only four s t ra ins  

displaying g rowth  as f i lamentous colonies. Of these  four  f i lamentous strains,  th ree  

w e r e  also f i lamentous on YEPD. Growth on SLD agar  genera ted  f i lamentous g rowth  in 

7 / 1 9  s t ra ins  investigated,  a lthough the f i lamentous pheno type  was  weak  in th ree  of 

the s t ra ins  observed.  The positive effect of nu t r ien t  l imitation on the initiation of 

f ilamentat ion in C. dubliniensis s t ra ins  is w eaker  in media  containing ei ther  glucose as 

a carbon source,  or am m on ium  su lpha te  as a ni t rogen  source.  This is consis tent  with 

the  findings of 0 ’ Connor  e t al. which docum en ted  a t tenuat ion of  C. dubliniensis 

f ilamentat ion in media  supp le m en te d  with glucose and  pe p tone  (O'Connor e t al., 

2010) .  Growth on Spider agar displayed the highest  abundance  of f i lamentous 

colonies, with 17 s t ra ins  producing hyphal fringing a round  the colony borders .  Only 

two C. dubliniensis strains,  CD36 and HE222, failed to produce f i lamentous colonies 

u n d e r  these  conditions.  Although Spider  medium contains  peptone,  glucose and yeast  

extract  in low concentrat ions,  its ability to t rigger f ilamentat ion in C. dubliniensis is 

clearly powerful . Visualisation of colony morpho logy  by microscopy confirmed the 

observa t ions  of C. dubliniensis colonies grown on Spider  agar. The f i lamentous fringe 

a ppeared  m ore  p ronounced  w hen  colonies were  g row n  on Spider  medium at 30 °C 

relative to 37 °C. While WU284 e m bedded  in YPS aga r  displayed a high p roport ion  of 

f i lamentous cells a long the colony radius, HE30 displayed a pheno type  of fewer 

hyphal cells overall,  wi th  an abundance  of yeast  cells decora t ing extend ing  filaments. 

In summary ,  t r ansverse  sect ions of  colonies e m b e d d e d  in YPS agar  revealed a
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Figure 4.1. Colony fringe microscopy of C. dubliniensis on solid hyphal inducing 

media. Visualisation of C. dubliniensis colony fringing displayed intraspecies variation 

in the morphological response to YEPD and Spider growth medium. Micrographs 

were obtained after 5 days of incubation at 30 °C and 37 °C.



Table 4.1. Induction of C. dubliniensis hyphae and strain variation on solid 

growth media.

YEPO YPS SLD Splde

W 0284 _ . - +

CBS8S00
- - - +

LPl
- + - -A

CD36 _ _ , .

HE30 - - . ++

HE38a
- - ■ h ++

HE57
- - + ++

HE124 + + - 7+

HE163
- - + +

HE176
- - - ++

HE183 - - - -/+

HE194 + + -/+ +

HE199 ++ ++ -A ++

HE222 _ _

HE237a + . - +

HE237b + - - +

HE247 - - . ++

HE281 + - + ++

HE283 + . + ++

Candida dubliniensis strains were incubated on different growth media at 30 °C for 

five days. Hyphal growth was inspected visually and scored as; - smooth, non- 

filamentous colonies, -/+  partly filamentous colonies, + filamentous colonies, ++ 

highly filamentous colonies.



complex ne tw ork  of yeast  and hyphal  cells th roughout  the f i lamentous colony, with 

morphological dis t r ibut ion varying depend ing on s t ra in  (data  not  shown).

4.3.2. Cell morphology verification

Identification of C. dubliniensis  t rue  hyphae by any m ethod  o the r  than  est imat ion 

according to the morphological  index has not  been descr ibed previously.  Although 

f ilamentous forms were  observed on solid hyphal- inducing agar, dist inct ion be tw een  

pseudohyphae  and t rue  hyphae  is problematic.  Hyphal virulence has historically been 

associated with C. albicans t rue  hyphae. In order  to identify, and dist inguish be tw een  

C. dubliniensis pseudo-  and t rue-  hyphae,  var ious morphological  forms, g row n  in 

liquid media, were  s ta ined with DAPI. This nuclear  s ta ining m ethod  was used to 

correlate  ap p a re n t  morphology with known nuclear  division pat t erns .  Staining of C. 

dubliniensis HE199 mixed morphology cultures  identified not  only yeast  budding,  

with nuclear  division occurr ing across the m o the r -daugh te r  cell junction,  t rue  

hyphae,  but  also pseudohyphae,  in which nuclear  division was  visual ised at  the 

junct ion of the mother  cell and  elongat ing germ tube (Fig. 4.2). True  hyphae  w e re  

readily observed in C. albicans  SC5314 hyphal cultures,  with nuclear  division 

occurr ing within the ge rm  tube. Visual identification of t rue  hyphae  unde r  

magnification usually relies on recogni tion of a uniform d iam e te r  a long the length of 

the filament, and can be subjective. Nuclear s taining prov ided  validation and 

improved reliable dist inct ion be tw een  pseudohyphae  and t rue  hyphae.  For the  first 

time, this s tudy  descr ibes and  verifies the pat t ern  of nuclear  division in C. dubliniensis  

f i lamentous cells.

4.3.3. Hyphal induction in liquid media

Candida dubliniensis cells g rown initially in YEPD bro th overn ight  and inoculated in 

serum-contain ing bro th displayed s train-specific levels of  deve lopm en t  of t rue  

hyphae after  2 h incubation in YPDS. Quantification of t rue  hyphae  by count ing 100 

cells for each s tra in  yielded percentages ranging from 0 % to approximate ly  40 %, 

when  hyphae were  induced in YPDS (Fig. 4.3). As expected,  initiation of C. dubliniensis  

hyphae was much s t ronger  w hen  WS was used as the induct ion medium. The lowest  

percentage of C. dubliniensis t rue  hyphae observed using WS was  approximate ly  20 

%, displayed by CAN6, while  the highest percentage was  obse rved  in HE281 with 

approximate ly 95 % true hyphae.  In each C. dubliniensis s t ra in  investigated,  induct ion
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of  h y p h a e  w a s  w e a k e r  t h a n  the  r e s p o n s e  d i sp layed  by C. albicans  SC5314.  Var ia t ion  

w i th in  th is  r a n g e  d i sp lay ed  by th e  o t h e r  C. dubliniensis  s t r a in s  r e v ea l ed  a d ive rs e  

r e s p o n s e  to hy p h a l  in duc t ion  w i th  WS. Al thou gh  hy pha l  induc t ion  w a s  u n i fo rm ly  

s t r o n g e r  in WS m e d i u m  th a n  YPDS, no un ifying p a t t e r n  b e t w e e n  s t r a i n s  could  be  

d e t e r m in e d .  An e x a m p l e  of  this  is th e  c o n t r a s t i n g  p h e n o t y p e s  of  HE124  a n d  CAN6. 

Hyphal  induc t ion of  CAN6 in YPDS w a s  s t r o n g e r  t h a n  HE124. H ow ever ,  hypha l  

in d u c t io n  o f  CAN6 in WS w a s  m u ch  w e a k e r  t h a n  HE124.

4.3.3.1. M orphological reversion in liquid m edia

i n d u c t io n  of  C. dubliniensis  t r u e  h y p h a e  an d  m a i n t e n a n c e  of  p o p u la t io n  m o r p h o l o g y  

o v e r  t i m e  w a s  inves t igat ed .  N u t r i e n t  levels a n d  ex t ra ce l lu lar  s ignals  in a n  ac tively 

g r o w i n g  cu l tu re  a r e  d y n a m i c  a n d  th is  is re f lec ted  by th e  a b u n d a n c e  o f  specif ic cell 

m o r p h o lo g ie s  w i th in  an y  given po pu la t ion .  Closer  inves t iga t ion of  n ine  

r e p r e s e n t a t i v e  C. dubliniensis  s t ra ins ,  ch o s e n  d u e  to the  r a n g e  of f i l am en ta t io n  ability,  

an d  C. albicans  SC5314, o n ce  aga in  s h o w e d  var ia t io n  in the  s t r e n g t h  of  hypha l  

in d u c t io n  b e t w e e n  s t ra ins .  How eve r ,  all o f  t h e  s t r a ins ,  ex c ep t  one,  d i sp l a y ed  a s im i l ar  

p a t t e r n  o f  hy pha l  p e r c e n t a g e s  inc re as ing  o v e r  t im e  unt il  3 h a f te r  in d u c t io n  in WS 

(Fig. 4.4).  After  th is  point ,  t h e  hy phal  p e r c e n t a g e  d e c r e a s e d  an d  t e n d e d  to  d e c r e a s e  

o v e r  t i m e  (> 3 h) as  th e  ra t io of  y e a s t  to h y p h a e  in each  cu l tu re  in c r e a s e d  ( d a ta  not  

s h o w n ) .  O th e r  t h a n  HE57,  this  p a t t e r n  w a s  c o m m o n  to th e  C. dubliniensis  s t r a i n s  and 

the  C. albicans  r e f e r e n c e  s t rain .

4.3.3.2. Hyphal induction in tissue culture m edium  [CDMEM)

G ro w th  an d  m a i n t e n a n c e  of  T R 1 4 6  epi thel ia l  cell m o n o l a y e r s  is c o m m o n l y  p e r f o r m e d  

u s ing  CDMEM as  a g r o w t h  m ed iu m .  A l thou gh  CDMEM d o e s  co n ta in  s e r u m ,  it is a 

re la t ive ly  n u t r i en t - r i c h  m ed iu m .  N u t r i e n t  l imi ta t ion  has  b e e n  s h o w n  to be  i m p o r t a n t  

for  C. dubliniensis  hy pha l  induct ion.  G r o w th  of  C. dubliniensis  s t r a in s  in CDMEM at  37 

°C u n d e r  a t m o s p h e r i c  ox ygen s h o w e d  low levels of  hypha l  in it ia t ion  a f t e r  1 h (Fig. 

4.5).  T h e s e  levels w e r e  s im i l a r  to t h a t  o b s e r v e d  d u r i n g  a g r o w t h  m e d i u m  shi f t  f rom 

YEPD to  YPDS. Candida albicans  SC5314 read i ly  fo r m e d  f i l am en ts  u n d e r  these  

co n d i t i o n s  a f t e r  1 h. As th e  d o m i n a n t  m o r p h o l o g y  w i th in  t h e  C. dubliniensis  

p o p u l a t i o n s  w e r e  y e a s t  cells, w i th  a smal l  a m o u n t  of  hy phae ,  this  w a s  d e s i g n a t e d  as  a 

m e d i u m  for p r e p a r i n g  " y e a s t - p r i m e d ” C. dubliniensis  cells, in o r d e r  to i m p r o v e  the  

p r o p o r t i o n  of  hypha l  cells in C. dubliniensis  c u l t u r e s  for in vitro  infec t ion model s ,  the



Figure 4.2. Verification of cell morphology by visualization of nuclear division and segregation patterns. Staining of PBS- 

washied cells using 1.5 îg DAPI was performed in order to highlight the nuclear elements of dividing and elongating cells. Distinct 

patterns of nuclear division corresponded to distinct morphological states. (A) Strain HE199 displayed true hyphae and yeast 

budding. (B) WU284 yeast cells. (C) HE199 pseudohypha, with nuclear division taking place across the mother-daughter junction. 

(D) SC5314 growth as yeast and true hyphae, distinguished by nuclear division within the germ tube. Scale bar represents 3 ^m.



Figure 4.3. Induction of C. dubliniensis true hyphae in liquid media. Intraspecies variation in C. 

dubliniensis morphological response to weak (YPDS) or strong (WS) hyphal inducing media after 2 h. True 

hyphae were expressed as a percentage after counting at least one hundred fungal cells in each experimental 

sample. Data was collected from at least three biological replicates. For comparison with C. albicans, SC5314 

was included as a reference.
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Figure 4.4. Induction and reversion of C. dubliniensis hyphae in WS medium. Strong induction of 

dubliniensis hyphae peaked at 3 h after hyphal induction with WS medium. Reversion of hyphae to yeast began 

occur after 3 h. SC5314 was included as a C. albicans reference strain. 100 cells were counted and proportion 

true hyphae was expressed as a percentage. Data represent the mean of three biological replicates.
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Figure 4.5. Induction of C. dubliniensis and C. albicans hyphae in tissue culture medium (CDMEM). Induction 

of C. dubliniensis and C. albicans hyphae with CDMEM was poor after 1 h, with significant morphological reversion 

after 4 h in both C. dubliniensis cultures. Hyphal initiation was more effective using relatively nutrient limited 10 % 

CDMEM. Candida albicans SC5314 readily produced hyphae in both growth media. Scale bar represents 10 |im.



theme of nutrient  starvation was extrapolated and 10 % [v/v)  CDMEM was 

investigated as a C. dubliniensis hyphal inducing medium. Analogous to WS, 10 % 

(v/v)  CDMEM provided relatively minimal nutrients  for Candida growth in addition 

to serum to trigger hyphal induction. After 1 h growth in 10 % (v/v)  CDMEM, instead 

of CDMEM, all the C. dubliniensis s trains investigated displayed germ tube growth. 

After 4 h growth the proport ion of C. dubliniensis hyphae in 10 % (v/v) CDMEM was 

much higher than observed in CDMEM, reaching approximately 60 %. However, 

hyphal proport ions did not reach the same magnitude triggered by growth in WS. For 

infection model assays, hyphal induction with 10 % (v/v)  CDMEM as the growth 

medium was used to prepare "hyphal-primed" Candida cells.

4.3.4. Strain variation and growth rates

As the C. dubliniensis Icelandic (HE-j isolates are relatively uncharacterised it was 

necessary to measure their growth rates under s tandard growth conditions to 

investigate any fitness defects or variations. Growth in YEPD broth at 30 °C displayed 

doubling times ranging between 105.2 and 127.8 min (Fig. 4.6). Analysis of the 

doubling times by 1-way ANOVA showed no significant difference (P > 0.05) between 

the isolates investigated. Similarly, growth in YEPD at 37 °C showed no statistical 

difference (P = 0.07) between growth rates by 1-way ANOVA. However, visualisation 

of the optical density data indicates a divergent pat tern for HE199. This is likely 

reflective of measurement method limitations due to the increased tendency of 

HE199 to form germ tubes and self-aggregate even under normally non-inducing 

conditions. Unfortunately automated measurement methods are unreliable for 

measuring cell density of mixed morphology cultures. Other than HE199, the other  

isolates investigated displayed similar growth curves indicating similar fitness under 

the conditions tested.

4.3.5. Yeast and hyphal adherence to TR146 human buccal epithelial 

monolayers

Adherence of "yeast-primed” (weak filamentation) and "hyphal-primed" (enhanced 

filamentation) Candida cells to TR146 epithelial cell monolayers was investigated by 

the method of Rotrosen et al. (Rotrosen et al., 1985). As cellular adhesion is 

considered to be a relatively rapid process the assay was performed after 1 h 

coincubation of Candida and TR146 cells. The ability of C. dubliniensis cells to adhere
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to epithelial  cell mono laye rs  was  not  influenced by morphology.  Both yeast  and 

hyphal cells a ppe a re d  to a d h e re  equally well to TR146 monolayers  (Fig. 4.7). In 

contrast,  w h e n  C. albicans  cells w e re  incubated with TR146 monolayers  in CDMEM, 

the n u m b e r  of  a d h e re n t  cells w as  much higher  than  obse rved  when  the assay was  

pe r fo rm ed  in 10 % (v /v)  CDMEM. This may  be due to a lack of assay sensi tivi ty 

regard ing self-aggregat ing hyphal  cells due  to cfu being the uni t of  m e a s u re m e n t  in 

this  case. The C. dubliniensis  s t ra in  HE199 may have been affected, as it forms hyphae  

readi ly  in bo th  condi t ions used  in the assay. While cellular morphology did not  

a p p e a r  to resu l t  in any  difference of each C. dubliniensis  s tra in  to adhere  to TR146 

monolayers ,  the  varia tion in adhesive ability be tw een  s t ra ins  was substant ia l.  The 

adhe rence  values  ranged be tw e en  approximate ly  50 % and 85 %. It is pe rhaps  

no tew or thy  tha t  C. dubliniensis  s t ra ins  which displayed a higher  propens i ty  for 

forming hyphae  [CBS8500 and  HE30) also showed  natural ly  higher  adhesion  values 

than less f i l amentous s t ra ins  such as CD36 and LPl . The significance of this finding 

would  be s u ppo r te d  by analysis  of a much larger  group of both C. albicans and C. 

dubliniensis  s trains . In this way,  intra-species  varia tion seem s  to play an impor tan t  

role in the differential  ability of  C. dubliniensis  s t ra ins  to adapt ,  and a dhe re  to the 

epithelial  cell monolayer .

4.3.6. M orphology-associated tissue damage

The t issue damage  inflicted by Candida morphologies  on the TR146 monolayer  was 

quant if ied by m easur ing  the  release of  lactate dehydrogenase  from damaged 

epithelial  cells. The data  w e r e  sum m ar i sed  as % cytotoxicity for in terrogat ion (Fig. 

4.8). The t issue damage  inflicted was uniformly lower  for "yeas t-pr imed” cells 

com pared  to "hyphal -p r imed” cells after  4 h coincubation with TR146 monolayers .  

With the except ion of HE199, the t issue damage  caused by C. dubliniensis  "yeast- 

p r im e d ” cells did not  exceed 6 %. Although the damage  t r iggered by "hyphal -pr imed” 

C. dubliniensis  cells increased for each strain,  the cellular damage  did not  exceed 8 % 

after  4 h coincubation.  In contrast ,  C. albicans SC5314 "yeas t-pr imed” cells inflicted 

less than  3 % damage,  while  "hyphal-pr imed" cells t r iggered substant ia l  damage,  

leading to approx imate ly  30 % cytotocity after  4 h. It is therefore  clear tha t  there  is 

vastly differing potential  for t issue damage  be tw een  C. albicans yeast  and  hyphal 

morphologies .
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Figure 4.6. Candida dubliniensis and C. albicans strain growth rates. (A) Doubling 

time (mins) of C. albicans and C. dubliniensis strains in YEPD broth at 30 °C showed 

little difference in doubling times. (B) Growth in YEPD broth at 37 °C highlighted 

abnormal growth of HE199, reflecting the increased tendency of HE199 to filament. 

Data was collected from two biological replicates.
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Figure 4.7. Adherence of C. dubliniensis, and C. albicans yeast and hyphae to 

TR146 human epithelial monolayers. Candida dubliniensis strains were incubated 

with TR146 epithelial monolayers for 1 h. Percentage adherence was measured as 

adherent cfu relative to the initial inoculum. Yeast cultures were incubated in 

CDMEM, while hyphal cultures were incubated in 10 % (v/v) CDMEM. Data represent 

the mean of three biological replicates.
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Figure 4.8. Candida dubliniensis and C. albicans morphology-associated tissue 

damage. Damage of TR146 epithelial monolayers, indicated by release of lactate 

dehydrogenase, as a result of coincubation with either C. dubliniensis or C. albicans for 

4 h, showed a morphology-dependent phenotype. Growth in CDMEM resulted in 

predominantly yeast C. dubliniensis cultures while growth in 10 % (v/v) CDMEM 

produced cultures enriched for hyphal cells after 4 h. Data presented are the average 

of three biological replicates.



4.3.6.1. Visualisation o f adherence and TR146 epithelial cell damage 

Epithelial monolayers grown on glass slides and infected with "yeast-primed” 

Candida in CDMEM were washed in IX PBS stained with CFW to elucidate the 

morphology of adherent  cells. After 1 h of coincubation at  37 °C, 5 % (v/v) CO2, C. 

dubliniensis (WU284 and HE30] appeared to adhere to epithelial monolayers when 

more than one cell clustered together (Fig. 4.9]. Adherent C. dubliniensis cells were 

observed in cell clusters suggesting that the species requires the activity of multiple 

cells in a localised area to gain a foothold during cellular adhesion. Adherent cell 

clusters were also observed for C. albicans SC5314, although individual cells 

producing germ tubes were also detected after non-adherent  cells were  washed from 

the monolayer. This phenotypic pat tern was similar after 3 h. After 18 h, TR146 

cellular damage was visible as areas devoid of stained cells and, as a result of the 

cytotoxic effect of the invading fungal cells, parts of the damaged monolayer were 

washed away with non-adherent fungal cells. However, remaining patches of 

monolayer and adherent  fungal cells clearly demonstrated the morphology of 

adherent  cells. Candida dubliniensis cells were observed exclusively as yeast cells 

after 18 h and relatively little damage was inflicted to the TR146 monolayer. Candida 

albicans SC5314 adherent  cells wore present predominantly in the hyphal form and 

the cytotoxic damage inflicted to the TR146 monolayer was extensive. In this way, 

adherence of C. dubliniensis cells to TR146 epithelial cell monolayers appears to be 

dependent  on local cell density rather than morphology, while C. albicans adherence 

may be influenced by both cell density and morphology.

77



4.4. Discussion

4.4.1. Induction of C. dubliniensis hyphae on solid media

The ability to produce  hyphae  is commonly  invest igated using a var ie ty  of hyphal 

inducing media.  The dimorphic  switch is a highly complex mechanism with a high 

degree  of redundancy,  r espond ing to many different environmenta l  signals. It has  

been show n  previously tha t  C. dubliniensis  r e sponds  s t rongly to nutr ien t  abundance  

and  is m ore  likely to form f ilaments  u nde r  s ta rvat ion  condit ions [O'Connor e t a l, 

2010) .  Although C. albicans also forms hyphae  u n d e r  s tarvat ion condi t ions it is 

capable  of efficient f i lamentat ion in nu tr ien t-r ich g rowth  media such as YEPD 

s upp lem en ted  with serum. When C. dubliniensis  s t ra ins  w e re  grown on solid hyphal-  

inducing media it was  observed  that  induct ion of f i lamentat ion was m ore  efficient on 

Spider  aga r  r a the r  than  SLD. Spider  agar  is hypothesi sed  to regulate d imorph ism  

th rough  the mitogen act ivated protein kinase (MAPK] pa th w ay  [Liu e t al., 1994). 

Almost  all of the C. dubliniensis  s t ra ins  formed hyphae  when  grown on Spider  agar. 

This may indicate a high degree  of MAPK p a thw a y  sensi tivi ty in C. dubliniensis  tha t  

has  ye t  to be explored. Growth of C. dubliniensis  on solid hypha-inducing aga r  failed to 

identify a single s tra in  tha t  was capable  of s t r ong  f i lamentous g rowth on all of the 

condi t ions tested.  Both HE194 and HE199 produced  varying degrees  of f ilamentat ion 

on the media  tested.  Fur the r  s tudy using systemic and  orogas trointes t ina l  infection 

models  is requi red to ascer ta in  w h e th e r  these  two  C. dubliniensis s t ra ins  display 

atypical virulence.  The C. dubliniensis s t ra ins  [HE30 and HE38a) identified by 

A sm undsdo t t i r  e t al. as being relatively virulen t  in a murine  model  of systemic 

infection displayed slightly higher  levels of f i lamentat ion on the solid media  

invest igated compared  to C. dubliniensis reference s t ra ins  WU284 and CD36, 

suggest ing a correlat ion be tw een  hypha formation and  virulence.

4.4.2. Morphological identification and differentiation of hyphae

Different iat ion of t rue  hyphae, pseudohyphae,  and yeast  has historically been  based 

on gross  morphology [Merson-Davies  & Odds, 1989) . The morpho logy  index is a 

powerful  tool in making this distinction, bu t  unfortunately,  when  working  with large 

populat ions,  or mult iple  samples  over  a t ime-course, this methodology is limited. 

In te rp re ta t ion  of morphology may be subjective as a wide range of f i lamentous 

pheno ty pes  can be observed.  Therefore  it was  im por tan t  to confirm morphological
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Figure 4.9. Direct visualisation of Candida morphology and damage of TR146 

human epithelial monolayers. Candida cells were coincubated with TR146 

monolayers grown on glass slides. Fungal cells were washed with PBS, fixed, and 

stained with calcofluor white to visualise chitin-rich fungal cell walls. Some 

background staining of TR146 epithelia was observed. Cells were coincubated in 

CDMEM at 37 °C under 5 % (v/v) CO2. Adherent SC5314 displayed efficient hyphal 

induction after 1 h and maintained the hyphal morphology over 18 h. Damage of the 

monolayer was apparent as sections had been damaged and dislodged during 

washing of non-adherent cells. Adherent C. dubliniensis cells did not efficiently form 

hyphae after 1 h, and displayed a mixture of morphologies after 3 h. Adherent C. 

dubliniensis cells after 18 h coincubation with TR146 monolayers were 

predominantly in the yeast morphology. Tissue damage of TR146 monolayer infected 

with C. dubliniensis was not as extensive as observed with C. albicans. Scale bar 

represents 20 ^m.



designations by a complementary method. Although patterns o f nuclear replication 

and segregation have been investigated in C. albicans, this area o f study has not been 

explored in C. dubliniensis [Sudbery et a i,  2004). This study provides the firs t 

experimental evidence o f sim ilar nuclear segregation patterns in filamentous C. 

dubliniensis. Correlation o f nuclear division patterns w ith  observed morphologies 

provided validation o f d ifferentiation o f C. dubliniensis pseudo- and true hyphae in 

liquid culture as part of the current study. The use o f DAPI for staining nuclear 

material may also prove useful in the future for investigating filamentous growth in 

other non- C. albicans Candida (NCAC) species. For example, C. tropicalis has also been 

shown to be capable o f producing true hyphae, albeit at an even lower rate than C. 

dubliniensis [F itzpatrick et a l,  2010; Jayatilake et al., 2008], In order to better 

understand filamentation and its role in Candida virulence, it would be advantageous 

to investigate filamentation in NCAC in a systematic, non-subjective manner, utilis ing 

knowledge of nuclear segregation patterns for differentiation of filamentous 

morphologies.

4.4.3. Induction of C. dubliniensis hyphae in liquid media

Hyphal induction in liquid YPDS and WS media displayed a wide range of 

filamentation levels for C. dubliniensis. It is unclear whether this represents natural 

variation, or whether the strains investigated as part of the current study may be 

enriched for the ab ility  to form filaments due to the ir isolation from systemic 

infections or superficial sites in the human host rather than environmental sources. A 

larger systematic study w ith  isolates from different sources may elucidate fu rther on 

any link between strain source and filamentation. The same may be true for C. 

albicans. This part o f the study investigated filamentation o f the most well studied C. 

albicans strain SC5314 for comparison o f C. dubliniensis filamentation rates. However, 

for a more discrim inatory investigation o f Candida filamentation as a whole, 

additional C. albicans strains from various sources would need to be analysed to 

assess the natural range of filamentation. Currently, this w ork has yet to be 

approached in a large-scale systematic manner. Im portantly, hyphal induction in 

liquid media allowed improved assessment of the efficiency of formation o f true 

hyphae. Notably HE30 and HE38a displayed levels of filamentation higher than both 

WU284 and CD36, which are commonly used as C. dubliniensis reference strains. In 

summary, the C. dubliniensis strains designated as being "v iru len t” displayed higher
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t h an  n o rm a l  levels of  hyphae ,  ind ica t ing a po ss ib le  l ink b e t w e e n  C. dubliniensis  

h y p h a e  an d  vi ru lence.

4.4.4. Morphology and fungal adherence to human epithelial cells

T he  abi l i ty of C. dubliniensis  s t r a i n s  to a d h e r e  to epi thel ia l  cells has  b e e n  inves t iga ted  

p re v io us ly  an d  has  b e e n  found  to be  highly  v a r ia b le  d e p e n d i n g  on s t r a i n s  a n d  g r o w t h  

c o n d i t ions  [Biasoli e ta l . ,  201 0;  Gilfillan eta!., 199 8) .  One fac to r  in c o m m o n  w i th  t h e s e  

s tu d i e s  is t h a t  t h e  C. dubliniensis  cells w e r e  in th e  y e a s t  fo rm  a n d  the  a d h e r e n t  

p r o p e r t i e s  o f  C. dubliniensis  h y p h a e  h av e  n o t  b e e n  ex am in ed .  By in cuba t ing  C. 

dubliniensis  in e i t h e r  CDMEM o r  10 %  (v /v )  CDMEM it w a s  poss ib le  to o b ta in  C. 

dubliniensis  p o p u la t i o n s  w h ich  c o n ta in e d  e i t h e r  low o r  h igh p r o p o r t i o n s  of  hyphae ,  

re spect ively .  G ro w th  in n u t r i en t - r i c h  CDMEM yie lded  C. dubliniensis  cu l t u re s  w i th  

min im a l  levels of  hyphae ,  whi le  i n cuba t ion  in 10 %  ( v / v ]  CDMEM t r ig g e re d  s t r o n g e r  

hy pha l  in duc t ion  an d  r e su l t ed  in c u l tu re s  e n r ic h e d  for h y phae .  T he  i m p a c t  of  the  

m o r p h o l o g y  o f  C. dubliniensis  on  a d h e r e n c e  to  epi thel ia l  cells w a s  a s se ssed .  No 

d e t e c t a b l e  d i f f e rence  in a d h e r e n c e  to T R 1 4 6  epi thel ia l  cells w a s  o b s e r v e d  b e t w e e n  C. 

dubliniensis  cu l tu re s  en r ic h ed  for e i t h e r  y e a s t  o r  h yphae .  in s u p p o r t  of  p rev io u s  

s tudi es ,  in t ra -s pec ie s  va r ia t io n  in a d h e r e n c e  p layed  a m o r e  i m p o r t a n t  ro le  t h an  

m o r p h o l o g y  in th e  initial s t ages  of  a d h e r e n c e  [1 h). It is po s s ib le  t h a t  m o rp h o l o g y  

m a y  play  a m o r e  s igni f icant  ro le  a t  la t er  s t ages  of  co lo n i sa t ion  an d  infection.  Al though 

u p r e g u la t io n  o f  ad h e s io n - a s s o c i a t e d  g en e s  has  b ee n  s h o w n  to be  r a p id  in C. albicans  

a n d  C. dubliniensis  cells u n d e r g o in g  the  t r an s i t i o n  to h yphae ,  li tt le has  been  

ex p e r im e n ta l l y  ver if ied  r e g a r d i n g  th e  d i s t r i b u t io n  an d  a b u n d a n c e  o f  C. dubliniensis 

p u ta t iv e  a d h e s iv e  pro te i ns ,  such  as Cc/Hwplp,  on  t h e  cell su r face  (K adosh  & Johnson,  

200 5) .

4.4.5. Fungal morphology and tissue damage

Analys is  of  d a m a g e  t r i g g e re d  by y e a s t  a n d  hy pha l  C. dubliniensis  cells s h o w e d  t h a t  

LDH re le as e  f rom epi thel ia l  cells, as an  ind ica to r  of  t i s su e  d am ag e ,  w a s  g r e a t e r  in C. 

dubliniensis  hyp ha l  cells c o m p a r e d  to y e a s t  cells. How ever ,  t h e  levels of  d a m a g e  

o b s e r v e d  for C. dubliniensis  hy phal  cells w e r e  m u c h  lo w e r  t h a n  o b s e r v e d  for C. 

albicans  hyphae .  How ever ,  it is i m p o r t a n t  to n o t e  t h a t  u n d e r  t h e  g r o w t h  co n d i t io n s  

inves t igat ed ,  C. dubliniensis  hy ph al  f o r m a t io n  w a s  still n o t  eq u i v a l e n t  to C. albicans  

hy pha l  fo rm a t ion .  T h e r e  a r e  a n u m b e r  of  m e c h a n i s m s  p o s i t ed  to be  r e s p o n s i b l e  for



hypha-associated cell damage. Active pene tra t ion  and  endocytos is  have been shovi'n 

to contr ibute  to invasion of host  cells by C. albicans  (Dalle e t  a l ,  2010).  While prote ins  

such as CaAlsSp facilitate up take  of  C. albicans  by a hos t  cadher in -dependen t  

mechanism during the early s tages  of infection, active extension of e longat ing hyphae  

into cells through physical force has been d e m o n s t r a t e d  to play a dom inan t  role 

within 3 h of infection (Phan e t  al., 2007;  Wacht le r  e t  al., 2012) .  Active pene tra t ion  of 

hyphae  into host cells is poorly unde rs tood  and  is likely a resul t  of a n u m b e r  of 

contribut ing factors including thigmotropism,  hyphal  extension kinetics and  the 

elaborat ion of Candida p roteases  to w^eaken the  hos t  cell m e m b r a n e  (Mayer  e t  al., 

2013;  Wacht ler  et al., 2011) . These a re  all a reas  of s tudy  tha t  have ye t  to be 

invest igated in C. dubliniensis. Considering the clear  difference in efficiency of 

e laborat ion of hypha formation be tw een  the two Candida species, it is likely that  

addit ional  differences exist be tw een  C. albicans and  C. dubliniensis  hyphae, such as 

elongat ion kinetics and t ropism.  Regardless,  fu r ther  analysis  is required  to define the 

t ranscr iptomic and protein expression  profile of  C. dubliniensis  yeast  and hyphal cells 

under  the conditions investigated.  It is highly probab le  that  the lack of hyphal  

virulence-associated proteins,  such as CaAls3p and CoHyrlp,  f rom the C. dubliniensis 

protein reper toire  contr ibutes  s t rongly to the relat ive lack of  hyphal  pathogenici ty.  In 

addition, C. dubliniensis lacks, some  secreted aspartyl  p ro teases  {SAP5, SAP6] and 

possesses  a t runcated form of  HW Pl  tha t  encodes  a hyphal adhesin in C. albicans  

(Jackson etal., 2009; Moran e t  al., 2012) .  It is not  known w h e t h e r  CdHWPl encodes a 

functional protein. Little is known about  the composi t ion of the  C. dubliniensis  cell 

wall in e i ther  morphology,  and  is therefore  an obvious  a rea  of focus for future  study. 

Nevertheless, this par t  of the  cu r ren t  s tudy  has  s h o w n  tha t  w hen  C. dubliniensis  

hyphae were  induced to form hyphae,  at  a higher  ra te  than  previously invest igated,  

there  was an increase in t issue damage.  However ,  this  a p p a re n t  increase was  much 

lower than  that  observed for C. albicans cells induced  to undergo  the  t ransi t ion  from 

yeast  to hyphae. It is wor th  not ing that  the "virulent" C. dubliniensis  s t ra ins  HE30 and  

HE38a did not  display an increase in t issue dam age  relative to s imilarly t rea ted  

WU284 or  CD36, suggest ing th a t  the previously obse rved  "virulence” was  specific to 

the experimental condit ions of  the murine  systemic model , and  may not  be relevant  

to the epithelial t issue interface. Use of o the r  infection models  or  cell types may 

highlight virulent  phenotypes not  observed  as p a r t  of  this s tudy.
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4.4.6. Future directions

In summary ,  a wide range of f i lamentat ion was  observed  for C. dubliniensis s t ra ins  

unde r  in vitro  f ilamentat ion condit ions. Increased propens i ty  for fi lamentat ion 

a ppe a re d  to correlate  with r epor ted  s t ra in  virulence.  Adhesion to epithelial  

monolayers  m ir ro red  this observation, with "virulent" C. dubliniensis s t ra ins  

exhibi ting increased levels of adherence  relative to commonly  used reference strains.  

However,  this adhe rence  was  not  d e p e n d e n t  on morphology  u nde r  the condit ions 

invest igated,  suggest ing a role for a morphology- independen t  mechanism dur ing the 

early s tages  of C. dubliniensis  a t t a chm e n t  to epithelial  cells. Morphology did play a 

m in or  role in the causat ion of t issue damage,  as C. dubliniensis s t ra ins  displayed an 

increase in damage  w hen  cells w e re  induced to f ilament  a t  a relatively high rate. 

However ,  the resu l tan t  increase in damage  was  much lower  than  observed  for C. 

albicans SC5314 and even the "virulent” C. dubliniensis  HE30 and HE38a did not  

resul t  in s imilar levels of damage  when  induced to form hyphae. In the case of C. 

dubliniensis  hyphae it appears  tha t  the lack of hypha-assoc iated virulence genes 

contr ibu tes  s t rongly to the relative lack of  hyphal  virulence.  Fur ther  analysis of  the 

mechan isms  by which C. dubliniensis hyphae cause t issue damage  will de te rmine  

w h e th e r  the damage  observed  as pa r t  of  this s tudy  was  due  to mechanical extension 

of  hyphae  into host  cells or  prote in-mediated.



Chapter 5

Improved Candida dubliniensis hyphal induction 

and maintenance



5.1. Introduction

5.1.1. Candida hyphal induction signals

5.1.1.1. Serum

The routine diagnostic test  for C. albicans is pe rfo rmed  by inoculating Candida cells 

into bovine se rum  and  incubating the cul tures  for two to th ree  hours  a t  37 °C 

(Mackenzie, 1962) . Cells displaying f ilaments  after  this t ime per iod are routinely 

identified as C. albicans. However ,  most  C. dubliniensis  s t ra ins  will also filament  with 

varying efficiency u nde r  these condi tions and thus, many C. dubliniensis  s t ra ins  were  

originally, and cont inue to be, misident if ied as C. albicans (Sullivan et o l ,  1995). 

Although diagnost ic  and  typing m ethods  have significantly improved  since this ge rm 

tube  tes t was first establ ished,  the  mechanisms  responsib le  for Candida hyphal 

formation are still not  completely unders tood  (McManus & Coleman, 2013) .  In 

part icular,  the complexi ty and  var ia tion of hum an  and animal  sera  p re s e n t  a 

challenge (Stat land etal., 1976) . While certain s tudies  have s ta ted  tha t  glycoproteins , 

specifically muramyl  dipep t ides  s imilar to bacterial  peptidoglycan, a re  the hyphal-  

inducing signal p resen t  in sera,  it is clear  that  this may not  be the only effector 

molecule (Pi ispanen & Hogan, 2008) .  Glycoproteins  are  a large family of molecules 

compri sed  of ol igosaccharide molecules  covalently bonded  to polypept ide  chains. 

Within glycoproteins there  is a high level of potent ial  varia tion in ol igosaccharide 

composit ion.  Glucose, mannose ,  galactose, fucose, and  m any  o the r  ca rbohydra te  

moieties  are  able to bond to pept ide  groups (Dell & Morris, 2001) .  The m a n n e r  in 

which the covalent  bond forms varies  with both n- and o-glycosylation possible 

(Ruddock & Molinari, 2006) .  The rat ios  of s e rum  c om ponen t s  com monly  vary 

be tw een  batches making it a difficult task to assign direct hyphal- inducing effects to 

var ious components  of s e rum  (Stat land e t  a l,  1976). For this reason it is highly 

desirable  to replace s e rum  with defined molecules  or  com pounds  which will perform 

a s imilar role in the reliable and reproducible  induct ion of Candida hyphae.

Serum is curren t ly  thought  to activate hyphal induct ion pa thw ays  by act ivat ing both 

RASl  and the adenylyl  cyclase gene CYRl i ndependent ly  (Wang & Xu, 2008) .  R a s l p  

itself, reinforces CYRl activity by binding to a conserved N-terminal RAS-association 

domain,  while  muramyl  dipept ide- like molecules bind to a leucine-rich repea t



sequence  domain (Fang & Wang, 2006;  Wang & Xu, 2008) .  Increased CYRl activity 

resul ts  in an increase in cAMP synthesis,  which in tu rn  s t imula tes  hyphal associated 

gene expression through activat ion of EFGl [Leberer  e t  al., 2001;  Rocha e t  a l,  2001) . 

Activation of RASl  appears  to be key in the d imorph ic  switch in C. albicans  as it 

regulates  both the cAMP and MAPK major  signal t ransduc t ion  pathways,  thus 

indicating why serum is such a po ten t  inducer  of  hyphal  growth.

5.1.1.2. N-acetylglucosamine

N-acetylglucosamine [GlcNAc) is a glycoprotein tha t  has been identified as a defined 

hyphal inducer. It is a highly a b u n d a n t  molecule  tha t  is p r e s e n t  in hum an  serum, 

bacterial cells and fungi.

Both Gram-positive and Gram-negat ive bacter ia  p roduce  pept idoglycan as an integral 

par t  of their cell wall. Pept idoglycan is composed  of  a l t ernat ing  subuni ts  of GlcNAc 

and /V-acetylmuramic acid (Lovering ef a/., 2012) .  Pept idoglycan is regularly shed  into 

the extracel lular environment  [Nigro et al., 2008).  In this way, it can act as a signaling 

molecule between  bacteria or  o the r  organ isms  (Kuss etal., 2011) .  Candida albicans  is 

commonly found as a commensal  on mucosal  surfaces  in the gastrointest inal  or  

urogeni tal  t racts and may e n c o u n te r  extracel lular pept idoglycan a t  these  sites 

(Bougnoux et al., 2006). In complex interspecies  biofilms it is hypothesi sed  that  

peptidoglycan released by bac te r ia  may induce C albicans  to form hyphae, leading to 

invasion of host  t issues (Wang & Xu, 200.8).

GlcNAc is also an integral p a r t  of  fungal cell walls. The inner  cell wal ls of  Candida are 

composed of a layer of chitin b o u n d  to glucan by p-1,3- and p-1,6- glycosidic l inkages 

(Munro e t  ai,  2001).  This se rves  as a base layer  anchoring  m a n n a n  fibrils and GPl- 

anchored proteins. Fungal chit in i tself is a po lymer  based  on mult iple units of GlcNAc. 

While o ther  parts of the cell wall  a re  qui te  stable, chitin is rapidly synthesi sed  and 

turned  over  as the cell r e sponds  to its g rowth  e n v i ronm en t  (Munro e t  al., 1998) . 

Degradat ion of chitin provides  a n o th e r  source  of  GlcNAc in the extracel lular  

environment .  Sensing of GlcNAc has been  found to t rigger  two main signal 

t ransduct ion responses.  The t r a n s p o r t e r  N g t lp  internal ises  GlcNAc and the cAMP 

cascade is activated in a s imi lar  fashion to s e rum  induct ion (Alvarez & Konopka, 

2007). In addition, genes for GlcNAc catabol ism a re  induced,  providing the bui lding
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blocks for chitin synthesis  (Gunasekera e t a l, 2010;  Kumar e t al., 2000) .  Surprisingly, 

genes historically associated with galactose metabol ism w e re  found to also be 

upregulated on exposure  to GlcNAc (Kamthan e t al., 2013) .  However ,  Martchenko e t 

al. have shown that  the regulon originally responsible  for regulation of the Leloir 

galactose metabol ism pa th w ay  has been subve rted in C. albicans and is no longer 

responsible  for galactose metabol ism [Martchenko e ta i ,  2007) .  Interest ingly Candida 

GALl, GAL7 and GALIO possess  a binding sequence  for C p h l p  in their  p r o m o te r  

regions and  may play an impor tan t  role in the dimorphic  switch. A C. albicans GALIO 

null m u tan t  has been found to display increased f ilamentat ion [Singh e t al., 2007) .  

While GlcNAc has been  shown to efficiently induce f ilamentat ion in C. albicans, there  

are  relatively few publ ications descr ibing the response  of  C. dubliniensis  to GlcNAc.

5.1.1.3. Quorum sensing and  cell density

Cell density  has been  shown to play an im por ta n t  role in microbial  cell 

communicat ion [Boyer  & Wisniewski-Dye, 2009) . While it is known  that  C. albicans 

and C. dubliniensis unde rgo cell-signaling interact ions, the impor tance  of cell density  

in a growing and morphologically developing populat ion has not  been explored fully 

[Hogan e t al., 2004;  Mart ins  e t al., 2007) .  Large varia t ions exist  be tw een  the cell 

inocula used in infection model  methods.  While these varia t ions in cell densi ty  may 

be necessary depending  on the infection model,  it is not  c lear  w h a t  effect the 

inoculum density  may have on the dimorph ic  character is t ics  of  the  organisms  being 

inoculated. Candida s t ra ins  investigated in the mur ine systemic model  are  commonly  

inoculated with approximate ly  2 x 10^ cel ls/ml  [Asmundsdo t t i r  e t al., 2009;  

Sundst rom e t al., 2002a).  The initial inoculum is much higher  in the mur ine 

orogastrointest inal  model  in which 2 x 10^ fungal cells are  introduced orally 

[Clemons e ta i ,  2006) .  In vitro models,  such as the th ree  dimensiona l  RHE model , use 

approximately  2 x 10^ cells [Naglik e t al., 2008b) .  Similarly, the basic in vitro  6-well 

plate assay for Candida hyphal formation commonly  uses 2 x 10^ cel ls /ml as an initial 

inoculum (Stokes e t al., 2007) .  Under  m any  of these infection model  condi t ions C. 

dubliniensis is found to f ilament  poorly relative to C. albicans and  this is f requently  

viewed as the reason  for lower invasion and  virulence levels displayed by C. 

dubliniensis [Moran e t al., 2012;  Stokes e t al., 2007) . However , cell-cell interact ions 

are  not fully unders tood  and thus the impact  of inoculum variat ions on the C. 

dubliniensis d imorphic  switch has not  been defined.



Cyclic adenosine monophosphate (cAMP] is an im portant signal transduction 

molecule. It is derived from ATP and thus serves as an indicator o f free energy in cells 

(Chen et al, 2011). It has been found to play a prom inent role in the in itia tion o f C. 

albicans hyphal formation as a core component o f the RASl signalling pathway 

(Hogan & Sundstrom, 2009]. Generation of cAMP by the adenylate cyclase C yrlp  in 

turn leads to activation of protein kinase A (PKA) and transcription o f hyphal specific 

genes through EFGl activity (Rocha et a l, 2001). Both C y rlp  and cAMP have been 

found to function in a feedback loop on RASl activity, indicating interaction between 

free energy levels and maintenance o f hyphal induction (Piispanen et al., 2013). 

Addition of exogenous cAMP to C. albicans cells has been used to improve in itia tion of 

hyphal formation, while mutants w ith  hyperactive CYRl have also been shown to 

exhibit hyperfilamentous phenotypes (Lindsay et al., 2012; Moran et al., 2007). 

Candida dubliniensis, however, does not appear to share this cAMP-sensitive 

phenotype. Addition of 10 mM cAMP to exponential phase C. dubliniensis WU284 cells 

in medium containing proline had no apparent effect, indicating significant 

divergence between the hyphal in itia tion mechanisms of C. albicans and C. 

dubliniensis w\[h relation to free energy levels (Moran etal., 2007).

Farnesol and farenesoic acid are w idely recognised as autoregulatory quorum 

sensing molecules. Farnesol has been shown to coordinate cell behavior in complex 

populations by inhibiting the yeast to hypha transition (Albuquerque & Casadevall, 

2012; Weber et al., 2010). In complex structures such as biofilms this is im portant for 

adaptive development and m aturation of the biofilm  (Deveau & Hogan, 2011; Ganguly 

et al., 2011). Although this organic molecule has been studied in C. albicans there is 

little  understanding of its function in C. dubliniensis. Henriques et al. have 

demonstrated that relatively low  levels o f farnesol are sufficient to inh ib it the 

formation of C. dubliniensis hyphae under hyphal inducing conditions w ithout 

impacting the growth rate of the yeast (Henriques et al., 2007). The mechanism by 

which farnesol acts on C. albicans is not fu lly  defined but it  is thought to act through 

inhib ition of CYRl (Deveau et al., 2010). In this way, the maintenance of hyphal 

morphology is repressed leadi ng to reversion o f hyphal cells to yeast cells.
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While it is a p p a re n t  tha t  farnesol efficiently r ep resses  the formation of  hyphae  in C. 

dubliniensis, less is known abou t  tyrosol. Tyrosol  is also a q u o r u m  sensing  molecule  

[De Sordi & Muhlschlegel,  2009) .  However ,  it appear s  to have an opposi t e  effect to 

that  of farnesol. In C. albicans, tyrosol  has been show n  to aid initiation of  hyphal 

formation and  reduce  the length of the  lag phase in growing cells [Chen e t a!., 2004) .  

This induct ion effect can be negated by farnesol  indicating a dynamic balance 

b e tw een  posit ive and negative autoregulat ion  by QS molecules.  Current ly,  the effect 

of  tyrosol on initiation of C. dubliniensis hyphae  has not  been invest igated and thus 

r ep resen ts  ano the r  gap in the unde rs t and ing  of the dynamics of  C. dubliniensis 

d imorphism.

5.1.1.4. N utrien t sensing

Nutrient  abundance ,  and ni t rogen availability in part icular,  is known  to have an effect 

on Candida d imorphism.  Nutr ient  rich YEPD cul tures  commonly  g row in the yeast  

phase  unless supplied with an addi tional hyphal induct ion signal such as e levated 

tem pera tu re ,  or  acidic pH. In C. albicans, the am m on ium  permease ,  Mep2p, is known 

to sense extracel lular ni t rogen levels (Biswas & Morschhauser ,  2005) .  In cases of 

ni t rogen limitation, hyphae  are  induced th rough activat ion o f RASl by the C-terminal  

domain of Mep2p. in this way, ni t rogen limitation a ppears  to impact  hyphal induct ion 

through  both the MAPK and PKA major  morphological  pathways.

Candida dubliniensis especially shows a s t rong  response  to ni trogen, as 

supp lementa t ion  of  WS hyphal inducing medium  with 2 % (w /v )  pep tone  has 

previously been de m ons t ra ted  to reduce  C. dubliniensis hypha  formation (O'Connor e t 

a l, 2010) .  0 ’ Connor  e t al. have show n  tha t  addit ion of  BSA as  a whole protein 

analogue, or  ni t rogen supp lem en ta t ion  with 100 mM a m m on ium  su lpha te  resul ted in 

a reduct ion in C. dubliniensis hyphal  formation while  having no dele ter ious  effect on C. 

albicans hyphal formation.  Clearly, there  is a difference in e i ther  the  environmenta l  

sensing  mechanisms  or  nu t r ien t  availability response  be tw een  C. albicans and  C. 

dubliniensis.

Bast idas eta l. have s hown that  T o r lp ,  a highly conserved  eukaryot ic  kinase, regulates  

express ion of a n u m b e r  of  genes including NRGl (Bastidas  e t al., 2009) .  Among its 

mult iple functions, T o r l p  appears  to in te rp re t  nu t r i en t  levels and  repress  s ta rvat ion



responses  (Bastidas e t ah, 2009;  Sullivan & Moran, 2011) .  Thus TORI activity 

contr ibutes  to repression  of s tarva t ion-rela ted  hyphal induct ion. Addition of 

rapamycin to C. dubliniensis  cells, blocking TORI activity, resul ts in the relief of 

repression of hyphal induction (Sullivan & Moran, 2011) .  The dispar i ty  be tw een  

dimorphic  switching of C. albicans  and C. dubliniensis, u n d e r  nu t r i en t  rich and 

nutr ien t  limited conditions,  likely plays an im por ta n t  role in the difference in 

virulence and commensal ism be tw een  the two species.

5.1.1.5. Carbon dioxide

Carbon dioxide is central  to a n u m b e r  of pheno types  displayed by C. albicans. It is 

involved in the white  to opaque  switch in m at ing -com pe ten t  cells (Huang e t a l, 

2009). More important ly,  for this study,  e levated CO2 levels induce hypha  formation 

in Candida species (Hall e t al., 2010;  Klengel e t al., 2005) .  This hypha-inducing signal 

is omnipresent  in the environment .  Recently it has  gained at t en t ion  as addit ional 

morphologies linked to high-C02 condi tions have been  discovered and  descr ibed  in C. 

albicans. "Fingers” and " tentacles” join hyphae  on the list of  potent ia l  virulent  

morphologies as they are  observed unde r  e levated CO2 condi t ions (Daniels e t al., 

2012) . This is a str iking find consider ing  CO2 sa tu ra t ion  is e s t imated  to be 5 % (v/v)  

and 20 % (v/v)  in t issues  and  the gastrointest inal  t r ac t  respectively (Daniels e t al., 

2012). CO2 is understood  to activate hyphal induct ion th rough  the interact ion of 

carbonate  ions with C yr lp  (Hall e t a l ,  2010) .  Consequently,  hyphal  development ,  as a 

resul t of CO2 sensing, is med ia ted  by the cAMP/PKA pathway.

While C. dubliniensis rout inely experiences  high CO2 condi t ions in the hos t  and 

infection models, little is know n  abou t  the specific adapt ive  response  to CO2 (Moran 

e ta l., 2007). Assumptions are inferred from C. albicans  data  but, as  with o the r  hypha 

inducing signals, many of these  have yet  to be expe rimenta l ly  tested.

5.1.1.6. Carbon source

The s tandard  growth m ed ium  for Candida is nu tr ien t-r ich YEPD. This medium  

contains 2 % (w/v)  glucose as the carbon  source.  Lee's m ed ium  also contains  glucose 

as the carbon source, a lthough Lee’s medium  only contains  1.25 % (w /v )  glucose. Ene 

et al. have demons tra ted the iimpact that  g rowth on al t ernat ive  carbon  sources  can 

have on not only the C. albicains cell wall bu t  also on virulence and  host  responses
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after  g rowth on 2 % [w /v )  lactate (Ene et a l,  2013].  Similar to C. albicans, C. 

dubliniensis cells are  commonly main tained  on glucose-rich media pr ior  to many 

kinds of experiments .  Previously Gilfillan e t  al. had invest igated Candida adherence  

a t t r ibu tes  after g rowth  on ei ther  glucose or  galactose, f inding no difference in 

adherence  to BECs be tw een  C. albicans and C. dubliniensis after  g rowth  on galactose 

(Gilfillan e t a l ,  1998] . This s tudy  used 500 mM galactose and  assayed the  adherence  

of yeast  cells specifically. Work since then  has show n  t ha t  m ic rosupplementa t ion  of  C. 

dubliniensis cells with low levels of galactose can reduce  expression  of  NRGl. 

Al though galactose can se rve as a carbon  source,  supp lem en ta t ion  with low levels of 

the monosaccharide  a p p e a r  to activate a s ta rvat ion response  [Citiulo etal.,  2009] .  As 

already mentioned ,  metabol ism of  galactose in Candida is poorly u n de rs tood  as the 

genes associated with its metabol ism in o ther  yeast  such as S. cerevisiae a p p e a r  to be 

respons ible  for a l ternat ive funct ions (Martchenko et al., 2007] .  Galactose- induced 

genes GALl, GAL7 and GALIO seem to play a role in the  d imorph ic  switch in 

associat ion with Cphlp .  Current ly this is poorly unde rs tood  in both C. dubliniensis  

and  C. albicans  and  is an area tha t  requires  fur ther  s tudy  with respec t  to the 

dimorphic  switch.

5.1.2. Hyphal commitment and reversion

The dom in an t  t rend  observed  during C. dubliniensis hyphal  induct ion is the t rans ien t  

induct ion of short - te rm hyphae, followed by reversion and proli ferat ion of yeas t  form 

cells. The com m itm en t  phe nom e non  has  been descr ibed in C. albicans  as the w indow  

of oppor tun i ty  in which a hyphal cell e i ther  commits  to the f i lamentous form or  

rever ts  to blastospore g rowth  [Chaffin & Wheeler,  1981;  Mitchell & Soli, 1979]. 

Similarly, this appears  to be the case with C. dubliniensis, as even hyphal cells 

efficiently induced by WS t re a tm e n t  begin to rever t  to yeast  form approx imate ly  3 h 

after  induction. Due to this phenom enon  it is difficult to in ter rogate  experimental  

data  such as microar ray  t ransc r ip tom e  data  (O'Connor etal.,  2010] .  Cells t rea ted  with 

hyphal inducing media a ppe a r  to be in a s ta te  of  flux and, while  t ra n sc r ip tom e  data  

gives a snapsho t  of the cell a t  a par t icular  time, this is pa r t  of  a dynamic 

deve lopmenta l  p rogram that  ul t imately rever ts  to yeast  growth.  For this reason,  in 

o rd e r  to s tudy  C. dubliniensis  hyphae, it is highly desirable  to bypass  the reversion of 

C. dubliniensis hyphae  to yeast  in o rd e r  to achieve stable, commit ted  C. dubliniensis



hyphae .  In this w a y  it is po ss ib le  to ac h ie v e  d a t a  for a b s o l u t e  m o r p h o l o g i e s  as  

o p p o s e d  to cells in a f luc tuat ing s t a t e  o f  c h a n g e  betw^een o n e  fo rm  a n d  an o th e r .

5.1.3. Aims of this part of the study

This p a r t  of the  s t u d y  a t t e m p t e d  to ident i fy  a n d  in v es t ig a te  th e  fac tor s  in f luencing the  

forma t ion,  m a i n t e n a n c e  a n d  r ev e r s io n  of  C. dublin iens is  h y p h ae .  This  w a s  d o n e  in 

o r d e r  to obta in  s table,  co m m i t t e d  C. dub lin iensis  h y p h a e  for  ana lys is  o f  th e  ro le  of 

ma jo r  morph o log ica l  r egu la to r s  d u r i n g  th e  f i l a m e n to u s  t rans i t ion .



5.2. Specific materials and methods

5.2.1. Development of an improved method for C. dubliniensis hyphal initiation 

and maintenance

5.2.1.1. N u tr ie n t a b u n d a n ce

Cells w e r e  p r e p a r e d  by g r o w t h  on YEPD a g a r  a t  37  °C for 4 8  h. A s ingle colony  w a s  

i sola ted  an d  inocu la t ed  in e i t h e r  YEPD b r o t h  o r  Lee's  pH 4.5 b r o t h  a n d  g r o w n  a t  30  °C 

w i th  s h a k in g  for 18 h. Af ter  18 h, cells w e r e  w a s h e d  wi th  IX PBS a n d  in o cu la ted  in 

hy pha l  i nd uc t ion  m e d i u m  a t  a d en s i t y  of  1 x 10^ ce l ls /ml ,  u n les s  o t h e r w i s e  s ta ted .

Hyphal  f o r m a t io n  in C. dublin iensis, an d  C. albicans, w a s  t r i g g e r e d  a n d  m a i n t a i n e d  

us ing  a m e d i u m  d e v e lo p e d  f rom t h a t  u sed  for in duc t ion  o f  C. a lb icans  h y p h a e  by 

(He i lm ann  e ta ! .,  2011 ) .  T h e  n u t r i e n t  m e d iu m ,  h e r e  r e f e r r e d  to as  DUBLIN m e d iu m ,  

w a s  p r e p a r e d  as  a lOX s tock  so lu t ion c o m p o s e d  of 0.7 %  ( w / v )  Yeast  n i t ro g en  base,  

w i t h o u t  a m i n o  acids  o r  a m m o n i u m  su l fa te  [YNB -a .a.  - (NH 4) 2S0 4 ), a n d  75 mM MOPS 

buffered  to pH 7.4. N i t rogen w a s  a d d e d  di rec t ly  to th e  so lu t ion by ad d i t i o n  o f  5 mM 

GlcNAc. Unless  o t h e r w i s e  s t a t ed ,  GlcNAc r e p r e s e n t e d  t h e  sole n i t ro g en  s o u r c e  in 

DUBLIN m ed iu m .  Hyphal  in duc t ion  s o lu t io ns  w e r e  p r e p a r e d  f r om  th e  bu ff er ed  s tock  

so lu t ion as r equi red .

Yeast  N i t rogen Base lacking a m i n o  acids  b u t  co n ta in in g  a m m o n i u m  s u l p h a t e  (YNB -  

a.a.) w a s  u sed  in p lace  of  YNB (-a.a .  - (NH4) 2S0 4 ), to a s s a y  th e  i m p o r t a n c e  o f  n i t ro g en  

availabi l i ty an d  l imi ta t ion  d u r i n g  C. dub lin iensis  h y p h a l  fo rma t ion.  Varying 

c o n c e n t r a t i o n s  [O.IX, 0.5X, IX, 2X) of  DUBLIN m e d i u m  w e r e  t e s t e d  b o th  for  hy ph al  

in i t ia t ion a n d  hy ph al  m a i n t e n a n c e  o v e r  e x t e n d e d  t im e  per iods .  C andida a lb icans  and 

C. dub lin iensis  cu l tu re s  w e r e  a s s e s s e d  m ic ro scop ic al ly  a f te r  6 h an d  18 h for the  

p r e s e n c e  a n d  p r o p o r t i o n  of  y e a s t  a n d  hyphae .  WS m e d i u m  w a s  u s ed  as  a r e fe re n ce  

for c o m p a r i s o n  of  s h o r t - t e r m  hy ph al  in i t ia t ion  efficiency.
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52.1.2. Oxygen and carbon dioxide

Oxygenated conditions were generated by growing cultures under atmospheric 

oxygen in either static or orbital incubators.

Carbon dioxide-enriched conditions were prepared by growing cultures statically in a 

CO2 incubator under 5 % (v /v ) CO2 or in a ro tary incubator, w ith in  an anaerobic gas 

ja r containing a CO2 gas pack generating between 5 % - 8 % (v /v ) CO2 .

5.2.1.3. Quorum and environmental sensing

The influence of in itia l cell density on the efficiency o f hyphal formation was assayed 

by varying the inoculation density o f cells being transferred to hyphal inducing 

media. DUBLIN medium [IX ] was inoculated w ith  cells to a final density o f 2 x 10^, 2 x 

10^ 2 X 10^ or 2 X 10^ cells/m l and grown for 18 h

The contribution of cAMP to C. dubliniensis hyphal formation was assessed by 

addition of exogenous cAMP (500 nmoles/ 1000 nmoles/ 2000 nmoles) to IX  

DUBLIN medium (+ (N ll4)2SO.|).

Tyrosol was investigated as a potential hyphal inducer in C. albicans and C. 

dubliniensis. Tyrosol was added to hyphal inducing media in 20 [.iM increments up to a 

final concentration of 100 |.iM,

5.2.1.4. Carbon source availability

In order to assess the effects of carbon source availability on hyphal formation, 

various carbon sources were added to IX  DUBLIN medium in the form of simple 

carbohydrates. Glucose, sucrose, or galactose was added to hyphal induction medium 

to a final concentration of 0.1 % (w /v ) or 0.5 % (w /v ]. Cultures were grown for 18 h 

and assessed microscopically.

5.2.2. Optimal growth, hyphal induction and morphology maintenance

The WS- and DUBLIN-induction methods were combined to explore the long-term 

efficacy o f a solution designed to specifically target short-term  hyphal in itia tion and 

long-term hyphal maintenance. In order to achieve this, Candida cells were incubated 

in IX  DUBLIN medium, w ith 0.1 % (w /v ) galactose, and fu rther supplemented w ith
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10 % (v/v)  FCS. Cultures were incubated under 5 % (v/v] CO2 for 18 h. Culture 

morphology was assessed microscopically.

The ability of this DUBLIN/FCS medium to induce and maintain C. dubliniensis hyphae 

on agar plates was investigated. Agar plates containing DUBLIN medium, 

supplemented with 0.1 % (w/v) galactose and 10 % (v/v) FCS, and 2 % (w/v) 

bactoagar were prepared.  PBS-washed cells from overnight Candida cultures grown 

in Lee's pH 4.5 at 30 °C were transferred to DUBLIN/FCS agar and incubated at 37 °C 

under 5 % (v/v)  CO2 for 3 days.

Due to the complexity and redundancy of interacting hyphal inducers in C. albicans it 

was necessary to not only isolate hyphal induction signals for C. dubliniensis, but also 

combine them in a number of ways in order to assess the contribution of each inducer 

to both hyphal formation and maintenance.

5.2.3. Analysis of morphogenetic regulator expression

5.2.3.1. Yeast morphology

Yeast cells were grown under s tandard YEPD growth conditions. Briefly, yeast cells 

were taken from a 48 h YEPD plate and grown aerobically with shaking in glucose- 

rich YEPD broth for 18 h at 37 °C.

5.2.3.2. Hyphal morphology

WS induction was chosen to be the historical reference condition as microarray data 

for C. dubliniensis cells induced to form hyphae under  this condition are available 

(O'Connor et al, 2010). Cells were prepared as described in Chapter 4. Briefly, cells 

from a 30 °C YEPD preculture were washed in IX PBS, inoculated in WS (1 x 10'’ 

cells/ml) preheated to 37 °C and grown aerobically with shaking for 18 h at 37 °C.

DUBLIN/FCS induction was used as an alternative, improved method for inducing 

stable, committed C. dubliniensis true hyphae. To this end, the growth and induction 

conditions matched those already discussed for DUBLIN/FCS induction. Briefly, cells 

were pregrown in Lee's medium pH 4.5 at 30 °C, harvested, washed in IX PBS and 

inoculated in preheated DUBLIN induction medium supplemented with 0.1 % (w/v)

94



galactose and 10 % (v/v) FCS. Cultures were grown statically at 37 °C under 5 % 

(v/v) CO2 for 18 h.

52.3.3. Experimental timepoints

In order to collect data over an extended time period, cells from yeast or hyphal 

cultures were harvested, washed in IX PBS, and snap frozen in liquid nitrogen at 0, 1, 

3, 6, 18 h time points. Cells from ei ther the YEPD or Lee’s pH 4.5 overnight 

precultures represented the To timepoint. Cells frozen in liquid nitrogen were stored 

at -80 °C for subsequent  breaking and RNA extraction.

5.2.3.4. Cell disruption and RNA extraction

Cells w'ere disrupted by mechanical breakage using a Biospec Mini Bead Beater-24. 

Cells were subjected to three rounds of disruption at 3000 r.p.m. for 1 m.in each. 

Broken cells were chilled on ice between each successive breaking round. Otherwise, 

RNA was extracted in the same way as described in Chapter 2. RNA was eluted from 

the RNeasy iVlini Kit column and nucleic acid concentration was measured prior  to 

storage at -20 °C.

5.2.3.5. Generation ofcDNA

A total of 1 ng of RNA, in each case, was used to generate cDNA according to the 

method outlined in Chapter 2. However, in this case, the improved Superscript 

Reverse Transcriptase 111 (Invitrogen] kit was used. Quality of cDNA was assessed by 

PCR using primers EFBIFI and EFBIRI to test for the presence of contaminating 

gDNA.

5.2.3.6. Primer design fo r  qRT-PCR

A small selection of genes encoding major regulators known to play a role in the 

control of morphogenesis was chosen to represent  the regulatory pathways 

responsible for the phenotypes observed, using different morphological induction 

media. Three major morphological-associated genes [EFGl, CPHl and NRGl) were 

chosen to present  a view of both positive and negative regulation of the dimorphic 

switch. Primers for qRT-PCR were designed using PrimerS 

[h t tp : / /bio info .u t .ee /primer3/ ). Primer pairs were chosen for potential ability to 

bind both C. albicans and C. dubliniensis DNA. Due to the sensitivity of qRT-PCR a
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cutoff of a single prim er nucleotide mismatch was established. Amplification 

efficiency of prim er pairs was tested as outlined in Chapter 2. Similar amplification 

efficiency to ACTl amplification was confirmed in each case. Primers used in this 

study are listed in Table 2.2.

S.2.3.7. Analysis o f gene expression

Gene expression was analysed using an Applied Biosystems 7500 Fast Real-Time PCR 

System in conjunction with Fast SYBR Green Master iVlix. In a 15 |il final volume, 7.5 |il 

Fast SYBR Green was added to 0.75 jil of each forward and reverse primer, and 0.5 |il 

cDNA generated from extracted RNA. PCR cycling conditions used w ere 95 °C for 30s, 

and 40 cycles of 95 °C for 15 s, 60 °C for 15 s, 72 °C for 30 s. Fluorescence data was 

collected during the amplification step. Both threshold and mean Ct values were 

automatically calculated by the SDS v2.0.x software (Applied Biosystems]. In each 

reaction, ACTl was used as the internal endogenous control. Data w ere converted 

from .CSV files and exported as .xlsx files for analysis. Comparative threshold values 

w ere averaged over three replicate wells. Change in gene expression was visualised 

as the fold change in transcrip t abundance over time by calculating the 2**̂ !̂ value 

and plotting this against the timepoints assayed [Schmittgen & Livak, 2008]. Data 

from To correspond to gene expression levels from YEPD- or Lee’s- precultured cells. 

Thus, all subsequent fold changes in expression at later time points are relative to the 

s tate of the cells from the initial inoculum. ACTl is routinely used as an endogenous 

control so gene expression relative to ACTl was also calculated to give perspective of 

relative transcrip t abundance within cells.



5.3. Results

5.3.1. The impact of nutrients on C. dubliniensis hyphal induction

The im portance o f  su itable preculture cond it ions for the es tab lish m en t and  

m aintenance o f  C. dubliniensis  hyphae w a s  te s ted  by  initially grow in g  cells in either  

nutrient-rich YEPD or nutrien t-poor Lee's m ed iu m  (Fig. 5.1). Candida dubliniensis  

cells grow n  in YEPD and inoculated  in WS sh o w ed  lo w  levels  o f  filam entation after 18  

h o f  grow th. B lastospores w e r e  the p red om in ant m orph otyp e  under th ese  grow th  

conditions. In contrast, C. dubliniensis  cells, particularly W U 284, grow n initially in 

Lee's m edium  and then  inoculated  in WS sh o w ed  slightly h igher levels  of  

filam entation  than their  YEPD-grown counterparts after 18 h. Under matching  

conditions, C. albicans  cells readily form ed hyphae in both cases  and the dom inant  

m orph ology  after 18 h w a s  hyphal grow th  w ith  on ly  a small percentage  o f  y ea st  

present. Quantification of y ea s t  and hyphal ratios w a s  difficult after 18 h grow th  and  

for this reason qualitative a s se s sm e n ts  w e r e  m ade after analysing  at least  5 

m icroscopic  fields o f  v iew .

Using DUBLIN m ediu m  (+(NH 4] 2S0 4 ], as the hyphal inducing m edium  instead of WS, 

displayed sim ilar results, w ith  y ea st  being  d om inant in C. dubliniensis  cultures  

p regrow n  in YEPD. Candida dubliniensis  cells grow n  in Lee's m edium  sh o w ed  a small  

d ecrease  in the num ber o f  b lastospores  p resen t after 18 h grow th  in DUBLIN m edium  

(-t-(NH4) 2S0 4 ), and a corresp on din g  increase in hyphal ex ten sion  and proliferation.  

Candida a lbicans  cells grow n  in e ither YEPD or Lee's m edium  and inoculated  in 

DUBLIN m edium  (-i-[NH4) 2S0 4 ] d isp layed high levels  o f  hyphal grow th  in either case,  

confirm ing the im portance o f  nutrient levels  for the form ation o f  C. dubliniensis  

hyphae specifically.

To further investigate  the im portance o f  nutrient availability during active hyphal 

induction, cells w e re  p regrow n  in Lee's m edium  and inoculated  in O.IX, 0.5X, IX, 2X 

( v /v )  DUBLIN m edium , lacking am m oniu m  su lphate  and am ino acids (Fig. 5.2). W hen  

cultured in 5 % [v /v ]  CO2 grow th  for 6 h and 18  h, it is clear that the O.IX nutrient  

formulation, represen tin g  a n itrogen and carbon-lim ited  grow th  m edium , a llow ed  

efficient conversion  o f  C. dubliniensis  y ea st  to hyphae. W hen nutrient levels  w ere  

increased  in 2X ( v /v )  m ed iu m  formulation, it b ecam e apparent that, com pared  to 6 h
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growth, after 18 h the number  of blastospores present  in the final culture steadily 

increased. This may represent  impaired maintenance of hyphae, resulting in an 

increase in reversion to yeast and subsequent  yeast proliferation. Candida albicans 

SC5314 cells do not appear to revert to blastospore growth under  matching 

conditions.

5.3.2. Oxygen and carbon dioxide

The impact of carbon dioxide on the initiation and maintenance of C. dubliniensis 

hyphae was tested by incubating cells in WS or DUBLIN medium under either  static 

aerobic or  5 % (v/v) CO2 growth conditions (Fig. 5.3). Candida dubliniensis cells 

displayed more filamentous cells after 18 h when incubated under 5 % {v/v)  CO2 , 

regardless of the nature of the inducing growth medium, suggesting a role in hyphal 

morphology maintenance.  Candida albicans also displayed an increase in the 

proportion of hyphae present  in the final culture grown under 5 % [v/v) CO2 after 18 

h growth. Candida albicans cells induced in DUBLIN medium under 5 % (v/v) CO2 

proliferated almost entirely as a hyphal network.

5.3.3. The role of quorum and environm ental sensing

This study showed that initial inoculation density plays an important  role in the 

maintenance of C. dubliniensis filamentous growth. When the initial inoculating 

density was varied from 1 x 10^ cells/ml to 1 x 10^ cells/ml, it was clear that with 

higher inoculation densities, C. dubliniensis cells displayed increased yeast  growth 

over time (Fig. 5.4). Both WU284 and CD36 showed a high proportion of hyphae in 

the final culture when inoculated at an initial density of 1 x 10^ cells/ml. This hyphal 

proportion decreases when the initial inoculum is increased by a factor of 10, 

resulting in a more significant yeast presence with each increase.

Addition of exogenous cAMP was tested in conjunction with DUBLIN medium 

(+(NH4 ) 2 S0 4 ) to investigate if this resulted in improved induction of C. dubliniensis 

hyphae (Fig. 5.5). Under the conditions tested, addition of 500 nmoles or 1000 

nmoles cAMP, showed little difference in hyphal proportion in the final culture after 

18 h. After addition of 2000 nmoles cAMP there was a small increase in the 

proport ion of C. dubliniensis hyphae present.  Although the proportion of C. albicans 

hyphae was much higher under these conditions, there appeared to be a
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CD36CD36

Figure 5.1. The impact o f nutrients in preculture growth media on C. dubliniensis and C. albicans h)^hal induction. (A)

Candida albicans and C. dubliniensis cells grown initially in nutrient-poor Lee's medium produce more hyphae than cells precultured in 

YEPD. Micrographs taken after 18 h growth in [A) WS or (B) DUBLIN medium (+(NH4)2S04). Scale bar represents 20 ^m.



O.IX 0.5X IX 2X

Figure 5.2. The impact of nutrient abundance during induction of C. dubliniensis 

and C. albicans hyphae. (A) W0284 and (B) SC5314 hyphae were induced in O.IX, 

0.5X, IX, or 2X DUBLIN medium for 18 h. The proportions of yeast and hyphae were 

inspected visually. Micrographs were taken after 6 h (1) -  (4), [9) -  (12] and 18 h (5) 

-  (8), (13) -  (16). Scale bar represents 10 nm.
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Figure 5.3. Oxygen and carbon dioxide during C. dubliniensis and C. albicans 

hyphal induction. Candida albicans and C. dubliniensis were induced to form hyphae 

in WS or DUBLIN medium under atmospheric oxygen or 5 % (v/v) CO2. (A) The 

combination of WS and atmospheric oxygen resulted in poor hyphal maintenance in 

CD36 after 18 h. In contrast, the combination of DUBLIN medium and CO2 enabled 

good maintenance of CD36 hyphae. (B) SC5314 did not require the combination of 

DUBLIN medium and CO2 to efficiently form hyphae, although small numbers of yeast 

were present in WS-induced SC5314 cultures grown under atmospheric oxygen 

indicating a small degree of morphological reversion after 18 h. Scale bar represents 

20 |im.
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F igure 5.4. The role of inoculation density during the C dubliniensis filamentous 

transition. The initial density of C. dubliniensis cells being inoculated into DUBLIN 

hyphal inducing medium was varied to assess the impact of quorum sensing on the 

dimorphic switch. [A), (B] 1 x 10^ (C), (D) 1 x 10"̂  (E), (F) 1 x 10^ or (G), (H) 1 x 10^ 

cells/m l were inoculated into DUBLIN medium and incubated for 18 h. Both WU284 

amd CD36 exhibited the same response producing higher proportions of hyphae in 

cultures that were inoculated at a low cell density, and a greater proportion of yeast 

in cultures inoculated at a higher cell density. Scale bar represents 10 nm.



SC5314 WU284

Figure 5.5. Cyclic AMP as a hyphal inducing signal in C. dubliniensis and C. 

albicans. Candida albicans and C. dubliniensis stationary phase cells were supplied 

with exogenous cAMP; (A), (F] untreated, (B), (G) 500 nmoles, (C], (H) 1000 nmoles, 

(D), (I) 2000 nmoles. Additionally the cells were incubated in DUBLIN medium 

(+(NH4)2S0 4 ) at 37 °C under 5 % (v/v) CO2 for 72 h. Scale bar represents 20 |am.



corresponding decrease in the num ber  of yeast  p r e se n t  in the final cul ture  w hen  

t rea ted with 2000 nmoles  cAMP.

Tyrosoi  is hypothesised to have a hyphal  inducing effect. However,  adding exogenous 

tyrosol  to C. dubliniensis hyphae induced with DUBLIN m edium  (+(NH4) 2S0 4 ), 

supplemented  with 0.1 % (w/v)  galactose, and incubated u nde r  5 % (v/v)  CO2, 

appeared  to show no difference to the un treated control.  Up to 100 |.iM tyrosol  was 

added  in 20 (iM increments  with no apparen t  difference in hyphal  formation or 

maintenance  under  the condit ions tested.  This was  t rue  for both WU284 and  CD36 

(data  not  shown).

5.3.4. Carbon source and availability

Addition of glucose as a carbon source to DUBLIN m ed ium  resul ted in a dram ati c  

increase in biomass yield (Fig. 5.6). However,  this was  due, in part ,  to an increase in 

the proport ion of C. dubliniensis yeast  p resen t  in the  final cul ture  for media  

supplemented  with ei ther  0.1 % (w /v )  or  0.5 % (w /v )  glucose. This increase in 

blastospores  was not  observed with C. albicans cells, as final cu l tures  w ere  

predominant ly  hyphal.

Supplementat ion of IX DUBLIN medium with ei ther  0.1 %  (w /v )  or  0.5 % (w /v )  

sucrose enabled higher  biomass yields. While glucose supp lem en ta t ion  resul ted in an 

increase in the proport ion of yeast,  sucrose supp lementa t ion  gave rise to a significant 

proport ion of hyphae p resen t  in the final culture. However ,  m any  of these 

filamentous forms displayed the hal lmarks of p seudohyphal  g rowth  such as non-  

uniform extension along the length of short  f i lamentous chains.

DUBLIN medium showed both improved biomass yield and h igher  levels of hyphae  

when supplemented  with 0.1 % (w /v )  galactose. Addition of  0.5 % (w /v )  galactose 

appeared  to yield higher  num bers  of  yeast  indicating a delicate balance be tw e en  C. 

dubliniensis hyphal induct ion and nut r ient  r equ i rem en ts  with r egards  to carbon 

source.
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5.3.5. Serum and /V-acetylglucosamine induction of C. dubliniensis hyphae

By co m b i n i n g  m a n y  induc t ion  s ignals  a n d  co n d i t ions  it is pos s ib le  to  t r igge r  an d  

m a i n t a i n  morpho log ica l ly  p u r e  c o m m u n i t i e s  of  C. dublin iensis  h y p h a e  o v e r  e x t e n d e d  

t i m e  per iods .  P r ec u l tu r in g  C. dub lin iensis  in Lee's m e d i u m  pH 4.5 a t  30  °C ae ro b ica l ly  

ov ern ig h t ,  i no cula t ing  a t  a d e n s i t y  of  1 x 10^ ce l l s /m l  in IX DUBLIN m e d i u m  

p r e w a r m e d  to 37 °C a n d  incu b a t in g  u n d e r  5 %  ( v /v )  CO2 a t  37  °C y i e lded  >95  %  

hypha l  cu l tu re s  a f te r  18 h. Th is  hy p h a l  p r o p o r t i o n  w a s  f u r th e r  i m p r o v e d  by 

s u p p l e m e n t i n g  th e  hyphal  i n d u c t io n  m e d i u m  w i th  10 %  ( v /v ]  FCS (Fig. 5.7).  This  

ad d i t i o n  gr eat ly  i n c re a s ed  th e  b i o m a s s  yield.  This m e t h o d  w a s  s h o w n  to be  val id for 

re l iable  lo n g - te rm  hypha l  in d u c t io n  of  t h e  C. a lb icans  r e f e r e n c e  s t r a in  SC5314.

5.3.6. Analysis of morphogenetic regulator response to growth and induction 

conditions

5.3.6.1. N ega tive  reg u la to r  o f  g lucose-con tro lled  g en e s  (N R G l)

E va lua t ion  of  NRGl levels in C. a lb icans  a n d  C. dublin iensis  y e a s t  an d  h y p h a e  s h o w  

rapid ,  t r a n s i e n t  d e c r e a s e s  in NRGl  ex p r e s s io n  for all co n d i t io n s  t e s t e d  (Fig. 5.8a).  

Both C. a lb icans  a n d  C. dublin iensis  y e a s t  c u l tu re s  s h o w e d  r e d u c t io n s  in ex p re s s io n  

a f te r  j u s t  1 h. T he  m a g n i t u d e  of  d o w n r e g u l a t i o n  o f  NRGl  ex p r e s s io n  w a s  s im i l a r  for 

b o th  C. dublin iensis  s t r a i n s  u n d e r  each g r o w t h  condi t ion .  Ho we ver ,  th e  m a g n i t u d e  of 

d o w n r e g u l a t i o n  of  NRGl  in DUBLIN-induced SC5314 h y p h a e  w a s  m u ch  l a rg e r  than  

WS- in d u ced  hyphae .  In all cases ,  d o w n r e g u l a t i o n  of  NRGl  w a s  t r an s i en t ,  a n d  s lowly 

r e c o v e r e d  o v e r  th e  c o u r s e  of 18 h.

5.3.6.2. Candida p seu d o h yp h a l  reg u la to r  (CPHl)

E x pre s s io n  of  CPHl in C. dublin iensis  an d  C. albicans  YEPD-grown y e a s t  cells exhibi ted  

ro u g h ly  c o m p a r a b l e  e x p r e s s io n  prof i les  o v e r  18 h (Fig. 5.8b).  T he  p a t t e r n  of  CPHl 

e x p r e s s i o n  in SC5314, W U 2 8 4  a n d  HE30 y e a s t  r e v e a l ed  s l ight  d o w n r e g u l a t i o n  of 

CPHl  a f t e r  1 h, fo l lowed by in c reas in g  levels of  CPHl t r a n s c r i p t  o v e r  t ime.

T he  p a t t e r n  of  CPHl e x p r e s s io n  w a s  s im i l a r  for SC531 4  an d  HE30 h yphae ,  re g a rd l e s s  

of  t h e  in duc t ion  m e d i u m  used.  Hyphal  in duc t ion  in e i t h e r  WS or  DUBLIN m e d i u m  

r e s u l t e d  in an  in c re a s e  in CPHl levels a f t e r  ju s t  1 h a n d  m a i n t e n a n c e  o f  ex p res s io n  

levels o v e r  the  co u r s e  of  18 h. In con t r a s t ,  W U 2 8 4  h y p h a e  in d u ced  in WS di sp lay ed
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Figure 5.6. The importance of carbon source and abundance during C. 

dubliniensis and C. albicans hyphal initiation and maintenance. Candida albicans 

and C. dubliniensis were incubated in DUBLIN medium supplemented with 0.1 % 

(w/v) or 0.5 % (w/v) carbon source. The carbon sources investigated were (A) 

glucose, (B] sucrose, and (C) galactose. Supplementation of the hyphal inducing 

medium with glucose resulted in a significant proportion of yeast cells in C. 

dubliniensis cultures after 18 h. Addition of sucrose yielded fewer yeast cells in the 

hyphal cultures, although many of these hyphae bore the physical characteristics of 

pseudohyphae. Overall, supplementation with galactose improved C. dubliniensis 

hyphal maintenance after 18 h. However, C. dubliniensis hyphal induction and 

maintenance was dependent on carbon source concentration, as higher 

concentrations resulted in larger proportions of yeast by visual assessment. Scale 

bars represent 10 nm
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Figure 5.7. Improved C. dubliniensis hyphal induction and maintenance.

Induction of C. dubliniensis and C. albicans hyphae and  m orphological m ain tenance 

over 18 h w as achieved using DUBLIN m edium  supp lem en ted  w ith  0.1 % (w /v ) 

galactose, un d er 5 % (v /v ) CO2 a t 37 °C, in com bination  w ith  p recu ltu re  in Lee's pH 

4.5 m edium  under atm ospheric  oxygen a t 30 °C. Biom ass w as increased  by addition  

of 10 % (v /v ) FCS in the final hyphal induction  m edium . Scale bar rep re sen ts  20 nm.
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Figure 5.8. Temporal analysis of morphogenetic regulator expression during the dimorphic 

transition. Candida albicans and C. dubliniensis were induced to form yeast (YEPD medium) or hypliae (WS 

or DUBLIN medium). Gene expression analysis (qRT-PCR) assaying expression of NRGl, CPHl, and EFGl was 

carried out on cells grown for 0 , 1, 3,6, and 18 h. Data is presented as fold change values relative to 0 h

i.e. gene expression levels in the cell inoculum.



increased levels of CPHl a t  Ti but  levels d ro p p e d  b e tw e e n  Ti and  T 3, befo re  

increasing again until Tie. Similarly, WU284 hyphae  induced  in DUBLIN m e d iu m  

increased after 1 h and subsequen t ly  displayed relat ively dec re a sed  levels a t  T 3 . 

However , CPHl levels cont inued to decrease  cons is ten t ly  unt il  Tis.

5.3.6.3. Enhanced f i lam entous  grow th  regulator (EFGl)

Analysis of EFGl expression  in C. albicans and C. dubUniensis  cu l tu res  g r o w n  in YEPD 

medium showed  an initial 2-fold decrease in e xpres s ion  levels re la t ive to the 

s ta t iona ry  phase  inoculum cells [Fig. 5.8c]. Be tween Ti an d  Tis, a f te r  inoculat ion  in 

fresh g rowth medium, there  was  less than a 2-fold dev ia t ion  from this express io n  

level.

Expression o f EFGl in hyphal cells var ied depend ing  on the  hyphal  induct ion  m e th o d  

used. Hyphal SC5314 cells, induced by WS displayed a d e c re a s e  in EFGl exp ress io n  

after  1 h. Levels of EFGl w e r e  mainta ined  until Te, a t  which  point,  EFGl t r a n s c r ip t  

levels increased dramatical ly.  Hyphal C. dubUniensis  cells induced in WS m ed ium  

showed  a s light varia tion of this pat tern.  The most  s imi lar  w a s  W U 284  hyphal  cells in 

which EFGl expression  decreased  after 1 h, was  m ain ta ined  until  Te, and  increased  

thereaf ter .  In con tras t  to C. albicans SC5314, the final level of  EFGl e xp res s ion  in 

Wi)284 hyphae  induced by WS was  positive, relative to the  initial inoculum. Induct ion 

of HE30 hyphae  with WS also revealed a dec rease  in EFGl expre ss ion  a f te r  1 h. 

However  EFGl t ranscr ipt  levels cont inued to dec rease  unt il  T 3 , af te r  which EFGl 

levels increased substant ially.

Induct ion of hyphae  with DUBLIN medium  highl ighted di ffe rences  in the regu la to ry  

response  to varia tion of induction signals. Hyphal SC5314 cells induced wi th  DUBLIN 

medium displayed a larger  decrease  in EFGl expre ss ion  levels a t  Ti c o m p a r e d  to 

induct ion with WS. However , af ter  3 h EFGl levels w e r e  s im i la r  to SC5314 y e a s t  cells 

grown in YEPD, and EFGl expression levels increased  the rea f t e r ,  s imilar  to YEPD- 

grown cells. HE30 hyphae induced in DUBLIN m ed ium  s h o w e d  a s imilar  p a t t e r n  to 

SC5314 DUBLIN-induced hyphae, with downregu la t ion  of  EFGl expre ss ion  p e a k ing  a t  

Ti before decreasing in magnitude.  However , WU284 h y p h a e  induced in DUBLIN- 

medium displayed an overall reduct ion in expression  of  EFGl ove r  the course  of  18 h.
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5.4. Discussion

5.4.1. Development of an improved method for initiation and m aintenance of C. 

dubliniensis  hyphae

This study has achieved, for the first time, efficient induction and effective 

maintenance of C. dubliniensis true hyphae over extended time periods (18 h]. Until 

this point, experimental data for C. dubliniensis hyphae have been plagued by the 

significant presence of yeast and pseudohyphal  cells within the population analysed 

(O'Connor et a l, 2010). While it has been shown previously that initiation and 

maintenance of C. albicans true hyphae can be achieved relatively simply, with only a 

few hyphal induction signals, it was necessary to combine many induction signals and 

conditions in order to achieve a similar outcome for the less filamentous C. 

dubliniensis (Stokes et al., 2007). Each hyphal induction signal contributes in varying 

degrees to the C. dubliniensis hyphal state, presumably by activating various genes 

and pathways responsible for the morphogenic switch. While the data presented here 

are predominantly qualitative, due to the investigative nature and requirements of 

developing a reliable method for hyphal induction, the distinct contributions of each 

inducing signal may potentially be dissected quantitatively in the future. Regardless, 

it is clear that  each inducing signal contributes to varying degrees to the filamentous 

state of C, dubliniensis, and perhaps C. albicans.

5.4.1.1. Nutrient limitation

Induction of C. dubliniensis true hyphae has been shown previously to be inhibited by 

nutrient abundance in both the preculture conditions and also in the hyphal inducing 

medium (O'Connor et al., 2010). Preculture of C. dubliniensis, and C. albicans, in the 

nutrient-limited, defined Lee’s medium increased short-term (up to 4 h) hyphal 

induction in YPDS relative to cells precultured in YEPD. The current  s tudy at tempted 

to confirm this phenotype after extended time periods (18 h) using WS as the hyphal 

inducing medium. Conversion of hyphae to yeast over 18 h was substantial in WS. 

However C. dubliniensis cells grown initially in YEPD appeared to display higher levels 

of yeast cells than those precultured in Lee's medium. Investigation of the phenotype, 

with improved hyphal maintenance in DUBLIN medium, revealed similar results. 

Cells grown initially in Lee’s pH4.5, and induced to form hyphae in DUBLIN medium,



displayed g rea ter  num bers  of C. dubliniensis hyphal cells in comparison  to cells 

p recul tu red in YEPD. This suppor ted  the importance  of  nu t r i en t  l imitation in 

p recul tu res  in not  only hyphal initiation, but  also s u b s eq u e n t  hyphal main tenance  in 

Candida populat ions.  It is not  clear  w he the r  the increased levels of hyphae  observed  

af te r  18 h was a resul t of the combinat ion of grea te r  ra tes  of initial hyphal induct ion 

in nu t r i en t  limited media with s tandard  rates  of revers ion from hyphae  to yeast , or  

w h e th e r  the precul ture  condi tions had some uncharac ter ised epigenetic  effect on the 

hyphal  reversion rate of C. dubliniensis hyphae to yeast . These quali ta tive 

investigations did not  identify any significant difference in C. albicans  hyphal 

induct ion as a resul t  of precu l tu re  methods. This w as  due  mainly to the high 

efficiency of hyphal initiation of C. albicans, resul ting in few yeast  cells observable  in 

e i the r  condit ion tested. Variation of nutr ient  availability in the DUBLIN induct ion 

medium  revealed that  increasing both carbon and  ni t rogen  availability in C. 

dubliniensis cul tures  correlated with an increase in the n u m b e r  of blas tospores  in the 

cul ture  be tween  6 h and 18 h. Candida albicans cells f i lamented equally well 

regardless  of nutr ien t  levels unde r  the condit ions invest igated.  0 ’ Connor  et al. have 

previously documented the role of nut r ients  in the regulation of  the morphogenic  

regulators  UME6 and NRGl wi th respect  to C. dubliniensis d imorph ism  (O'Connor et  

al., 2010) . The cur ren t  s tudy  suggests  that  the s tarvat ion response  a ppear s  to play an 

im por ta n t  role not  only in the initiation of C. dubliniensis t rue  hyphae  influenced by 

UME6 and NRGl regulation but  also in the main tenance  of hyphal extension over  

time. It is not  clear w h e th e r  the different  sensitivity displayed by C. albicans and C. 

dubliniensis to nu tr i en t  availability is a resul t of varia tion of envi ronm enta l  sensing 

th rough  recep tors  such as lVlep2p or  To r lp ,  or difference in d o w n s t r e a m  signal ing 

pa thways.  The deve lopmen t  of a hyphal induction medium  for long-term induct ion of 

C. dubliniensis hyphae has created the oppor tun i ty  to fur ther  investigate  this dispar i ty  

in the future. This discrepancy likely points to evolut ionary differences as a resul t  of 

the local niche or  environmental  condit ions experienced by the two Candida species.

5.4.12. Carbon dioxide and hyphae

This s tudy has confirmed that  CO2 plays a role not  only in the initial induct ion of 

hyphae,  but  more  important ly  in the maintenance  of the hyphal state. Carbon dioxide 

is a key factor not  only in many infection models but  also in the host  gas trointest inal  

and urogeni tal  tracts.  Therefore  it is no tewor thy that  CO2 is such a po ten t  signal for
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t riggering and  main tain ing the yeast  to hyphai switch in both C. albicans and C. 

dubliniensis. The role of  CO2 in mediat ing hyphai  deve lopm en t  in C. albicans has been 

character ised,  and activat ion of the Ras/cAMP pa thw ay  by CO2 and carbonate  ions 

has been documented .  While this pa thway  has been explored in C. albicans, little has 

been confirmed regarding CO2 activat ion of the Ras/cAMP pa th w ay  in C. dubliniensis 

and  its potent ia l  similari ties to its more  f i lamentous relative C. albicans. This s tudy 

has  shown tha t  CO2 initiates and maintains  g rowth  of  C. dubliniensis t rue  hyphae 

although the mechanism governing this pheno type  has ye t  to be confirmed.  It is not  

clear w h e th e r  an e nv i ronm en t  constant ly  enr iched with CO2 sup p o r t s  hyphae 

through susta ined  s t imulat ion of the Ras/cAMP pa th w ay  alone, or  w h e th e r  it 

act ivates  m ore  than  one pa th w ay  to mainta in C. dubliniensis hyphai growth.  The 

discovery of  addi tional f i lamentous pheno types  such as  " tentacles” and  "fingers” in C. 

albicans u n d e r  sa tu ra te d  CO2 condi tions suggests  tha t  carbon dioxide may play a role 

in addi tional signal ing pa thways  that  w e  a re  not  a w a re  of yet (Daniels e t a l, 2012) .  

W he the r  C. dubliniensis has the potent ia l to develop these addi tional f i lamentous 

morphologies  has  yet to be investigated.

5.4.1.3. Quorum and environm enta l sensing

Quorum sensing molecules  such as farnesol  from Candida, or  hom oser in e  lactones 

(HSL] p roduced by bacteria  have been show n  to inhibi t the yeast  to hyphai switch. 

Antagonism of the  Ras/cAMP pa thway  by these  q u o rum  sensing molecules  triggers 

im por ta n t  behavioural  and phenotypic  modifications in s ingle-species  cul tures  and 

mixed-species  biofilms [Langford e t a l, 2009;  Mear  e t al., 2013) .  Both product ion and 

sensing of biological signal ing molecules  is influenced by Candida cell density  

(Hornby & Nickerson, 2004) . This s tudy  has show n  that, in single species  cultures, 

cell densi ty  influences the deve lopm ent  and  main tenance  of morphologically pure  

hyphai cultures.  High initial cell densit ies  r educed the long-term product ion of hyphai  

cells, p r esum ably  due to antagonis tic  molecules  such as  farnesol being p roduced  in 

high concentrat ions,  causing reversion of hyphae  to yeast  cells. At t empts  to offset this 

inhibition by supplying exogenous tyrosol  did not  have any  significant effect a t  the 

concen tra t ions  used. Little is known abou t  the  effect of  tyrosol  on C. dubliniensis and 

it is possible tha t  higher  concent rat ions may be requi red to abolish the inhibitive 

effect of farnesol  on the ye ast  to hyphai switch.  Exogenous supp lem en ta t ion  of 

s ta t iona ry  phase  cells with cAMP, in o rder  to s t imula te  molecules dow n s t re a m  of the



Ras/cAMP pathway,  similarly displayed no effect on the initiation and main tenance  of 

C. dubliniensis  t rue  hyphae. Exponential phase C. dubliniensis  cells previously 

displayed no increase in f ilamentat ion when t rea ted  with cAMP [Moran e ta l ,  2007] ,  

It appe a r s  that  cAMP supplementa t ion alone does not  r e p re s e n t  an effective signal for 

inducing C. dubliniensis cells to form filaments. It is no t  clear  which mechan ism  is 

responsib le  for the reduced  initiation and main tenance  of  C. dubliniensis  hyphae  at  

higher  initial cell densities.  However, regardless of the mechanism,  the high degree  of 

var ia t ion in inocula, as shown by this study, is likely to have a significant impact  on 

experimental  ou tcomes and  conclusions of infection model  s tudies  investigating the 

d imorphic  shift in both C. dubliniensis and C. albicans.

5.4.1.4. Carbon source and availability as a hyphal inducing signal 

Supplementat ion  of DUBLIN medium with a carbon source  in o rd e r  to increase 

b iomass  after  18 h growth  yielded surpr is ing results.  Glucose supp lem en ta t ion  

resu l ted in high levels of C. dubliniensis yeast  cells in the  final culture,  as seen  to a 

lesser  degree in C. albicans  hyphal cul tures  grown for 18 h. Addition of sucrose 

weakly suppor ted main tenance  of C. dubliniensis f i lamentat ion af ter  18 h. A s t ronger  

f i lamentous pheno type  in C. dubliniensis was observed w hen  galactose was  added. 

Although carbon sources  in growth  media are  usually suppl ied at 2 %  (w/v) ,  

m ic rosupplementat ion with low levels of sugars  has been  show n  to reduce  NRGl 

levels in C. dubliniensis cells (Citiulo e ta l., 2009). The interplay be tw een  hexose sugar  

sens ing and signaling as it relates to f ilamentat ion in C. albicans  is ex tremely  complex 

and  has been recently reviewed (Horak, 2013). Extrapolat ion of s imilari ties indicate 

that  low levels of galactose may suppor t  f i lamentation in a n u m b e r  of ways  including 

activat ion of Ngtlp,  Hgt4p, and Cphlp,  leading to both init iat ion and m ain tenance  of 

hyphae.  However, functional s imilarit ies be tween  or thologous genes in C. dubliniensis  

requ i res  verification. Construct ion of a l ibrary of C. dubliniensis  m u tan ts  would  be a 

useful  tool for investigat ing the impact  of galactose on C. dubliniensis  morphology.  

Fu r the r  elucidation of  these  sensing mechanisms may help define risk factors  in 

pat i en ts  that  may be suscept ible  to C. albicans and C. dubliniensis  infections.

5.4.1.5. Serum and N-acetylglucosamine induction o f  hyphae

Serum is a highly complex medium and composit ional varia t ion be tw een  batches is 

common.  Formation of hyphae in the relatively less f i lamentous C. dubliniensis is
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s e n s i t iv e  to s e r u m  batcFi c o m p o s i t i o n a l  var iat ions .  For this reason,  a m o n g  others ,  it 

w a s  highly d es i rab le  to fo r m u la te  a s e r u m - f r e e  m e d i u m  for in duc t ion  o f  C. 

dubliniensis.  D e v e l o p m e n t  o f  a s e r u m - f r e e  m e d ia  for C. dubl in iens is  hyphal  induc t io n  

w a s  great ly  in f lu enced by the  p repa rat io n  o f  a d e f i n e d  m e d i u m  for s t abl e  lon g- te rm  

indu ct ion  o f  C. a lb ic a n s  hy pha e ,  w h i c h  w a s  b a s e d  o n  th e  m o n o s a c c h a r i d e  GlcNAc  

found in s e r u m  [H e i lm ann  e t a l ,  2 0 1 1 ] ,  A l t ho ug h GlcNAc w a s  h is tor ical ly  c o n s i d e r e d  

to b e  un su i t ab le  for hypha l  ind uc t ion  o f  C. dub l in iens i s  s trains ,  this s t u d y  has  s h o w n  

that  the  m o l e c u l e  in stead  plays  a major  role in the  m a i n t e n a n c e  o f  h y p h a e  in d u ced  by  

al t ernat ive  ini t ia tion s ig na ls  (Gilfillan e t  al., 1 9 9 8 ;  S to k e s  e t  a i ,  2 0 0 7 ) .  This  s u p p o r t s  

the  h y p o t h e s i s  that  co m pl ex ,  s e r u m -r ic h  m e d i a  m a y  ac t ivat e  hyphal  induc t ion  

th roug h mult i p le  m o r p h o g e n e t i c  regu la t ion  p a t h w a y s ,  w h i l e  i so late d  GlcNAc  

s t i m u la te s  hy pha l  induc t ion  and m a i n t e n a n c e  in a m o r e  spec i f ic  manne r .  Init iation of  

C. a lb icans  h y p h a e  by  GlcNAc is h y p o t h e s i s e d  to pr imari ly  act th rou gh  N g t l p  

s t im u la t io n  o f  E f g l p  and s u b s e q u e n t  e la b o r a t io n  o f  hyphal  sp ec i f ic  g e n e s  [Alvarez  & 

Konopka, 2 0 0 7 ) .  If th e  s a m e  s ig na l in g  p a t h w a y  is true  for C. dubl iniens is ,  this  s u g g e s t s  

that C d E fg lp  m a y  not  play a d o m i n a n t  role in ini t iat ion o f  C. dubl in iens is  t rue  hy pha e ,  

but  m a y  co n tr ib u te  to m a i n t e n a n c e  o f  h y p h a e  u n d e r  s t r o n g  induc t io n  condi t ions .  

Remarkably ,  g a l a c t o s e  m e t a b o l i s m  is a l s o  act iv at ed  b y  GlcNAc, and the  GAL o p e r o n  

has  be e n  s h o w n  to int eract  w i t h  the  m o r p h o g e n e t i c  regu la tor  C p h l p  [M artc he nk o e t  

al., 2 0 0 7 ) .  H o w e v e r  this  interac t ion  is not  w e l l  u n d e r s t o o d  and th e  interac t ion  o f  the  

GAL o p e r o n  fun ct ional i ty  w i t h  Can did a  f i l am ent at io n  has y e t  to be  fully def ined.  

Unfortunately ,  g r o w t h  o f  Ca nd id a  cel ls  in nu tr ient - l i mite d  DUBLIN m e d i u m  (- 

(NH 4) 2S0 4 ) c o n ta in in g  GlcNAc, e v e n  w h e n  s u p p l e m e n t e d  w ith  galac tose ,  re su l t ed  in 

lo w  g r o w t h  rates  and l o w  b i o m a s s  af ter 1 8  h. S u p p l e m e n t a t i o n  o f  the  DUBLIN 

m e d i u m  [ - (N H 4) 2S0 4 , 0.1 % ( w / v )  g a la c to s e )  w i t h  10  % ( v / v )  PCS resul t ed  in a m u c h  

hi ghe r  b i o m a s s  by  v isual  e s t i m a t i o n  and m e a s u r e m e n t  o f  dry  w e i g h t  (data not  

s h o w n ) .  Al th ou gh the  m o r p h o lo g ic a l  puri ty  w a s  a p p r o x i m a t e l y  9 5  % hyphal  after  18  

h w i t h o u t  a dd i t io n  o f  PCS, s u b s e q u e n t  a d d i t io n  o f  PCS i m p r o v e d  this  p e r c e n t a g e  e v e n  

further,  l ike ly due  to the  c o m b i n e d  ef fects  o f  addi t io nal  hypha l  ini t iat ion and  

m a i n t e n a n c e  s ignals .  S eru m  has  a l so  b e e n  s h o w n  to bind farnesol  eff iciently,  

pot ent ia l ly  am e l io r a t in g  the  inhi bi t ory  e f fect  o f  the  q u o r u m  s e n s i n g  m o le c u le  on  the  

y e a s t  to hyphal  s w i t c h  in both  C. a lb ic a n s  a n d  C. dubl in iens is  [Mose l  e t a l . ,  2 0 0 5 ) .  In 

this  way,  th e r e  are mul t ip l e  pot ent ia l  m e c h a n i s m s  u n d e r ly in g  s e r u m - m e d i a t e d  

induc t io n  o f  Can did a  hy pha e .  Further  d i s s e c t i o n  o f  t h e s e  m e c h a n i s m s  is requir ed  to
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t ru ly  u n d e r s t a n d  the  role o f  s e r u m  d u r in g  in vi tro  a n d  in vivo Candida  infec t ions .  This 

p a r t  of  t h e  s tu d y  su cc ee d e d  in ident i fying co n d i t ions  u n d e r  w h ich  C. dubliniensis,  an d  

C. albicans  could be  induced  to form t ru e  h y p h a e  a n d  m a in t a in  th is  m o r p h o l o g y  for 

e x t e n d e d  t ime  p e r io d s  [>18 h) w i t h o u t  s igni f icant  r e v e r s i o n  to th e  y e a s t  form,  

o p e n i n g  up poss ib il i t ies  for the  fu tu re  ana lys is  of  Candida  f i l am en ta t i o n  a n d  its ro le  in 

v i ru lence .

5.4.2. Regulation of Candida filamentous dimorphism

Ini t ia t ion  and  m a i n t e n a n c e  of h y p h ae  is the  o u t c o m e  o f  c o m p lex  in t e r a c t io n s  b e t w e e n  

posi t ive  an d  negat ive  m o r p h o g e n e t i c  regula to rs .  T h e  e x p r e s s i o n  p a t t e r n s  of  the  

m a j o r  m o r p h o g e n e t i c  re g u la to r s  NRGl, EFGl a n d  CPHl,  o v e r  18 h w e r e  ana lyse d.  

Resu l t s  for WS -in du ced W U 2 8 4  h y p h a e  s u p p o r t  p r e v io u s ly  d e s c r ib e d  m i c r o a r r a y  

d a t a  (O 'Con no r  e t  a/., 201 0] .  All Candida cells g r o w n  in YEPD r e m a i n e d  in th e  y e a s t  

fo rm  for the  d u ra t i o n  of  the  ex pe r i m en t .  Whi le  C. albicans  SC5314  cells g r o w n  in 

e i t h e r  WS or  DUEUTN m e d i u m  w e r e  o b s e r v e d  p r e d o m i n a n t l y  as  h y p h a l  cells, C. 

dubliniensis  cells g r o w n  in WS m e d i u m  d i sp lay ed  t r a n s i e n t  hy p h a l  g r o w th ,  w i th  

r e v e r s io n  visibly o cc u r r in g  b e t w e e n  3 h and 6 h. Only  w h e n  in c u b a t e d  in DUBLIN 

m e d i u m  w e r e  C. dubliniensis  W l )2 84  and HK30 cells c a p ab le  of  m a in t a in in g  the  

hy p h a l  m o rp h o lo g y  o v e r  18 h. 'Fhus, the  c u r r e n t  s t u d y  w a s  ab le  to a n a ly s e  b o th  y e a s t  

an d  hypha l  c o m m i t t e d  m orp ho log ie s ,  in ad d i t i o n  to  c u l t u r e s  r e v e r t i n g  b e t w e e n  each 

m o rp ho logy .  Inves t igat ion  of  the  un d er ly in g  r e g u la t o r y  p a t t e r n s  invo lved in hyp ha l  

m a i n t e n a n c e  an d  y e a s t  r eve rs ion  en a b le d  e l a b o r a t i o n  o f  a p o ten t i a l  r e g u la to r y  prof i le  

for C. dubliniensis,  an d  C. albicans,  d im o rp h i s m .  Th e d a t a  o b t a i n e d  as p a r t  o f  th is  s t u d y  

r e p r e s e n t e d  a s ingle biological  repl icate,  an d  t h e r e f o r e  it is n e c e s s a r y  to e i t h e r  

p e r f o r m  addi t iona l  rep l ica te  ex pe r i m en ts ,  or  use  t h e  d a t a  o b t a i n e d  h e r e  as  a pi lot  

s t u d y  for fu r th e r  t r a n s c r ip to m ic  ex pe r i m en ts .

5.4.2.1. NRGl

T he  DNA-binding pro te in ,  N rg lp ,  r e p r e s s e s  Candida  f i l am en ta t io n  in c o n c e r t  w i th  

T u p l p  (M ura d  etal . ,  2001 ) .  Null m u t a n t s  have b e e n  o b s e r v e d  to d i sp lay  f i l am e n to u s  

p h e n o t y p e s  u n d e r  n o n - induc ing  con di t ion s  (B ra u n  e t  a l ,  2 0 01) .  Survival  of  mice  

infected  wi th  C. albicans  yeas t,  in w hi ch  NRGl  e x r p r e s s i o n  has  b e e n  o v e r e x p r e s s e d ,  

has  b e e n  s h o w n  to be  h i gher  in a m u r i n e  m o d e l  of  d i s s e m i n a t e d  cand idias is .
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highlighting the importance  of NRGl expression, and  the f i lamentous switch in the 

pathogenes is  of C. albicans (Saville e t a l ,  2003).

Relief of AZ/^GJ-mediated t ranscr ipt ional  repression  is known to be im por ta n t  for 

e laborat ion of hyphae  in both C. albicans  and C. dubliniensis  (Moran e t  al, 2007) .  It is 

current ly  unknow n w h e th e r  the magni tude  of downregula t ion  of NRGl activity 

resul ts in comparab le  phenotypic  out comes  be tw een  C. dubliniensis  and C. albicans. 

However , this s tudy  suggests  tha t  the relat ionship be tw een  morphology  and the 

magni tude  of NRGl downregula t ion var ied according to Candida species. While 

downregu la t ion of NRGl in WS was  larger  for both C. dubliniensis WU284 and HE30, 

relative to tha t  m easu red  for C. albicans SC5314 at  early t ime points, it was  clear tha t  

SC5314 cul tures  were  more  f i lamentous in appearance .  At later  t ime points,  

cor responding  to G. dubliniensis revers ion of  hyphae  to yeast , there  was  little 

observable  difference be tw een  G. dubliniensis and C. albicans NRGl expression levels. 

This reinforces the dynamic  na tu re  of posit ive and  negative regulat ion of the 

dimorphic  switch in G. dubliniensis and  G. albicans. The increased efficiency of DUBLIN 

medium, for initiation and maintenance  of Gandida hyphae, was  indicated by the 

consis tent ly lower levels of NRGl expression  in both Gandida species  over  the course 

of  18 h.

S.4.2.2. GPHl

As pa rt  of the MARK pathway,  GPHl influences f ilamentation,  mat ing and metabol ism 

(Huang et al., 2008) .  Its role as a major  morphogenet i c  regu lator  was  confirmed as a 

null m u tan t  displayed both reduced  f ilamentat ion and  virulence (Liu e t  al., 1994). 

Invading Gandida cells lacking GPHl illicit an abnorm a l  host  cytokine response,  

indicating the  impor tance  of  the  gene for normal  fungal cell wall prote ins  and 

secre ted  p roducts  (Korting et  a/., 2003) .

Levels o f  GPHl expression displayed divergent  resul ts  in WU284 and HE30 according 

to the hyphal induct ion method  used, indicating previously undescr ibed  intraspecies  

varia tion in the regulation of morphology.  Expression o f  GPHl in HE30 dem ons t ra ted  

similari ty to SC5314 response  to hyphal inducing media,  with little variance in 

expression levels be tw een  WS-treated and DUBLIN-treated cells. However , t ranscr ip t  

levels showed  divergence be tw een  WS- and  DUBLIN- t r ea te d  WU284 cells after  3 h.



In contrast to the stable decrease in CPHl in DUBLIN-treated cells, CPHl transcript 

levels in WS-treated cells increased after 3 h. This difference in CPHl regulation is 

perhaps an indicator of the mechanisms governing reversion of C. dubliniensis hyphae 

to yeast over time as HE30 was consistently found to filament slightly more readily 

than WU284. The similarity of HE30 CPHl expression during filamentation to C. 

albicans SC5314 may correlate filamentation rates with the relatively high virulence 

of the C. dubliniensis HE30 strain.

5A.2.3. EFGl

In C. albicans, EFGl was initially identified as a major morphogenetic regulator  as a 

null mutant  displayed reduced filamentation and virulence (Stoldt et al, 1997). 

Further  study has discovered that it experiences rapid negative autoregulat ion 

[Tebarth et al., 2003). Overexpression of the gene also has the ability to repress 

formation of true hyphae. In S. cerevisiae, Efglp acts as both an activator and 

repressor. Doedt et al. showed that Efglp activity is modulated by its APSES partner  

Efhlp to regulate the dimorphic switch in C. albicans (Doedt eta!., 2004). This has yet 

to be proven to also be the case in C. dubliniensis.

It is likely that EFGl expression plays a significant role in the balance between hyphai 

maintenance and reversion in C. albicans and C. dubliniensis. Expression of EFGl in 

SC5314 was downregulated from transcript levels in the initial inoculum, consistent 

with its role as a repressor of transcription. In both WS- and DUBLIN-treated hyphae, 

EFGl was downregulated relative to YEPD-treated yeast cells presumably allowing 

transcription of hyphai specific genes. However, the magnitude of this 

downregulat ion was reduced over time, before returning to relatively neutral levels 

after 18 h in all media tested. The EFGl expression profile generated by C. dubliniensis 

WU284 and HE30 hyphae displayed downregulat ion of EFGl after 1 h in both hyphal- 

inducing media. Hyphai HE30 cells grown in DUBLIN medium experienced a large 

decrease in EFGl t ranscript levels after only 1 h. This was apparently transitory as 

EFGl levels increased rapidly after 3 h, stabilising thereafter.  Similarly, HE30 hyphae 

induced by growth in WS experienced strong downregulat ion after 1 h. However, this 

downregulat ion was maintained for 3 h, after which, t ranscript  levels of EFGl swiftly 

increased, showing upregulation after 18 h relative to EFGl expression in the initial 

inoculum. Hyphai cells of WU284 grown in WS medium initially experienced a small
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decrease in EFGl expression, followed by a m arked  increase after  6 h. Hyphal WU284 

induced in DUBLIN medium displayed downregu la t ion  o f EFGl over  the course of  18 

h with some minor  fluctuat ions th roughout .  Fu r the r  t ransc r ip tom e  studies,  utilising 

the  improved C. dubliniensis hyphal  induct ion method,  would  help define the impact  

of  the observed  regulatory pa t t e rns  on the w ide r  t ranscr ip tome,  and proteome.  

Reversion of C. dubliniensis  hyphae  in WS is, in summary ,  associated with large 

varia t ions in EFGl expression be tw een  3 h and  6 h after  hyphal  induction,  while  

hyphal  main tenance  apparen t ly  coincides  with relatively s table  levels of EFGl in 

Candida cells during  the  same  t ime period.

5.4.3. Future directions

For the first t ime this s tudy  has  enabled the  analysis  of stable, commit ted C. 

dubliniensis  hyphae  over  extended t ime per iods by developing a growth  medium for 

efficient and  effective induct ion and m ain tenance  of  C. dubliniensis hyphae.  This has 

enabled intra- and interspecies  analysis  of  m orphogene t i c  regulat ion markers ,  

revealing possible divergence in regulation pa t t e rns  be tw een  C. dubliniensis and  C. 

albicans, and  also be tw een  two different  s t ra ins  of C. dubliniensis. The descr ibed 

findings implicate mult iple morphological regulatory  m echan isms  contr ibut ing to the 

differential virulence observed be tw een  these  two Candida species. Detailed analysis 

of  dow ns t re a m  hypha-specif ic genes and fu r the r  t ranscr ip tomic  analyses of  C. 

dubliniensis hyphae induced using this improved method  will contr ibute  to 

unde rs t and ing  o f Candida f ilamentat ion and  the  role it plays in virulence.



Chapter 6

Comparative proteomic analysis of Candida dubliniensis 

and Candida albicans dimorphic cell wall proteins



6.1. Introduction

6.1.1. Cell wall composition

The Candida cell wall  is mult i funct ional  and  serves  as  the  interface b e tw e en  the 

fungus and  the  host.  It p rovides  a rigid cellular s t ruc tu re ,  p ro tec t ion from physical 

and  anti fungal s t re sses ,  and  houses  adhesins ,  a l lowing for cellular recogni t ion of and  

a t t a c h m e n t  to specific subs t ra te s  (Luo e t  a l ,  2013) .  Two dist inct  layers  p ro tec t  the 

cell m em brane .  The inner  wall consis ts  of  a po lysacchar ide ne tw ork  of  chit in and (3- 

1,3-glucan while the  ou te r  layer is compr ised  of  (3-1,6-glucan and  decora ted  

m an n o p ro t e in s  (Fig. 6.1) (Gow e t a l ,  2012) .

A chi tinous, rigid ske le ton  forms the  basis of  the  inner  cell wall (Kapteyn etal.,  2000).  

Although the total  d ry  weight  of  chit in in cells is approx im ate ly  20 t imes lower  than  

of  (B-l,3-glucan, the po lym er  c om pose d  of  GlcNAc subuni t s  plays an im p o r ta n t  role 

(Klis e t  al., 2001) .  Elevated levels of chitin a p p e a r  to con tr ibu te  to C. albicans  

r es is tance  to t r e a tm e n t  with the  echinocand in  caspofungin (Walker  e t  al., 2013) .  

Interestingly,  levels of  chitin have been s h o w n  to vary  du r in g  the d imorph ic  switch 

(Munro eta l . ,  1998) .  Candida albicans  hyphae  have been repor ted  to conta in  up to 5 

t imes  the a m o u n t  of  chitin in thei r  cell walls c o m p a red  to yeast  cells.

The o u te r  wall is a nc ho re d  to the  inner  wall by covalent  a t t a c h m e n t  of p- l ,6 -g lucan  to 

P- l ,3-glucan in the inner  wall (Free,  2013) .  While p - l ,3 -g lucan  forms a relatively rigid 

layer a t t ached  to chitin th rough  covalent  a t t a c h m e n t  and  p ro te in  crossl inking,  |3-1,6- 

glucan acts  as a flexible l inker  to glycophosphat idyl inosi tol  (GPl) ou te r  wall  proteins.  

Grea te r  degrees  of f reedom may  improve  p r o te in - subs t r a te  in teract ions and  reduce 

the possibi li ty  of  s ter ic  hindrance.  GFl-anchored  p ro te ins  a re  covalent ly  bound  to (3- 

1,6-glucan and tend to be highly decora ted  wi th  m a n n o s e  chains  (Hall & Gow, 2013) . 

These  pos t- t rans la t iona l  modif icat ions have been  s h o w n  to al ter  recogni t ion of cell 

wall glycopro te ins  by the  hos t  im m u n e  response.

While  C. albicans  and  C. dubliniensis  a re  highly rela ted  on a genet ic  level, t h e re  is a 

lack of  knowledge  regard in g  the  C. dubliniensis  cell wall  u l t r as t ructu re .  Inferences are 

m ade  from S. cerevisiae  and  C. albicans  data,  bu t  little experimenta l  da ta  exists for C. 

dubliniensis  cell wall s t ru c tu re  and  p ro te in  localisation, it has been previously
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Figure 6.1. The C. albicans cell w all. Schematic diagram of the multiple layers of the 

C. albicans cell wall, with mannosylated cell wall proteins forming the first point of 

interaction betw een the fungal cell and the  environm ent. The location of 

m annosylated GPI-anchored proteins has been highlighted for clarity. Adapted from 

Gow et a l, 2012.



documented that C. dubliniensis yeast grown at 25 °C and 37 °C maintain a constant 

cell surface hydrophobicity associated with the appearance of its outer  fibrillar layer 

(]abra-Rizk et o/,, 1999). in contrast, C. albicans grown at 37 °C displayed an increase 

in fibrillar length and density relative to growth at 25 °C. Hazen et al. later 

determined that much of this hydrophobicity phenotype,  and associated substrate 

binding, was due to the expression pat tern of a single cell wall-associated protein, 

Cc/Cshlp and its C. albicans homolog CaCshlp (Hazen, 2004).  However, this work was 

conducted in yeast cells and little is known about the cellular s tructure or cell wall 

proteins of C. dubliniensis hyphae compared to C. albicans hyphae.

6.1.2. Glycophosphatidylinositol-anchored cell wall proteins

It is widely accepted that GPl-anchored cell wall proteins are not  only the most 

abundant  group of Candida cell wall proteins but are most closely associated with 

virulence. Signal sequences at ei ther terminus of the synthesised peptide are 

responsible for trafficking and processing of the peptide (Mayor & Riezman, 2004). 

The N-terminal signal sequence directs the peptide to the endoplasmic reticulum 

(Richard & Flaine, 2007). Cleavage of the carboxy-terminal peptide sequence allows 

at tachment of a preformed GPI-anchor. It is not fully understood which signal is 

responsible for protein retention at the plasma membrane side of the cell wall, as 

opposed to transfer  of proteins through the inner wall and subsequent  covalent 

binding to GPl-attachment sites on (3-1,6-glucan. Although the peptide sequence 

flanking the GPI-anchor is thought to play a role in this distinction, there is not  yet 

sufficient evidence for this (Boisrame etal., 2011).

In addition to cellular carbohydrate components, many C. albicans GPl-anchored cell 

wall proteins are recognised as immunogenic pathogen-associated molecular 

pat terns (PAMPs) (Fradin et al., 2000; Mora-Montes et al., 2011). In particular, 

hyphal-associated GPI-proteins such as CaAlsSp, CoHyrlp, and CoHwplp are 

associated with virulence, and represent  attractive vaccine targets (Edwards, 2012). 

These proteins display modular domains commonly observed in many cell wall GPI- 

proteins, with a carboxy-terminal GPI-anchor, a highly repetitive, glycosylated linker 

mid-region and a functional N-terminal domain (Klis etal., 2009). As the first line of 

contact with host cells (other than secreted factors), cell wall GPI-proteins have been 

found to play important roles in adhesion, invasion and colonisation of host tissues.
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In o rder  to unde rs t and  how these  virulence-associated prote ins  con tr ibute  to disease, 

it is crucial to investigate  and  unde rs t a nd  pro tein localisation on the cell surface of 

both C. albicans and  C. dubliniensis, yeast  and  hyphae.

6.1.3. Protein detection in C. albicans and C. dubliniensis

Although compara t ive  genomics  have highlighted the genet ic  differences be tw een  C. 

albicans and  C. dubliniensis little experimental  data  exists regard ing C. dubliniensis 

proteins.  While the  existence of  C. dubliniensis  p ro teins  such as ch lamydospore-  

specific proteins,  Cc/Csplp and  CrfCsp2p, the hydrophobici ty-associated protein,  

Cc/Cshlp, and  the mult idrug  t r anspor te r ,  Cc/Cdr2p, have been confirmed,  m any  more  

inferences f rom genomic and t ransc r ip tomic  da ta  requi re  invest igat ion (Hazen, 2004;  

Moran e t a l, 1998;  Palige e t al., 2013) .  With regards  to C. dubliniensis  GPI-anchored 

cell wall proteins,  Hoyer e t al. have show n  that  C. dubliniensis cell wall protein 

extracts  react  to "Anti-Als” an t ibodies  raised against  the N-terminus of CoAlsSp, 

indicating the  presence  of CdA\s pro tein on the surface of C. dubliniensis  cells [Hoyer 

e ta l.,  2001).  Comparat ive genomics analysis  has  show n  that  a l though C. dubliniensis 

is missing ALS3 from its genome,  o the r  ALS  members ,  encoding prote ins  with 

similari ty to their  C. albicans  coun te rpar t s ,  are  p re se n t  and this family of  prote ins  

likely media tes  cell adhesion and subs t ra te  binding.

6.1.4. In silica protein prediction

Due to the lack of experimenta l  evidence regard ing  the composi t ion of  the C. 

dubliniensis p ro teom e  it is necessary  to make  some predict ions abou t  the  GPI- 

anchored  cell wall p ro teom e  as a reference.  ORF t rans lat ions based on the s equenced 

C. dubliniensis s t ra in  CD36 and  C. albicans  s t ra in  SC5314 are  both available th rough 

CGD and these  resources  are  commonly  used for in silico analysis [Inglis eta l., 2012) . 

Known proper t ie s  of GPI-anchored pro teins  such as signal sequences,  GPI-at tachment  

sites, isoelectric point  and a lack of  t r a n s m e m b ra n e  helices allow filtering of  pept ide 

sequences  using computat ional  tools for in silico analysis (de Groot & Brandt,  2012) .

6.1.5. Mass spectrom etric detection of protein

Existing C. dubliniensis p ro te in  detect ion s tudies  have p redom inan t ly  used 

immunodetec t ion  and GFP-fusion s t ra ins  to identify pro tein localisation [Ragni e ta l., 

2011) .  Difficulties in producing and  obtaining C. dubliniensis-speciiic  ant ibodies  may



delay progress ion  of protein detection studies. Mutant  s t ra ins  c rea ted  by fusing 

fluorescent  repor te r s  to genes for protein tracking and de tect ion is a commonly  used 

method.  However , detection occurs  in an experimental ly  m uta ted  s t ra in  and  the 

method  may produce  artifacts. In o rd e r  to avoid experimental  art ifacts in m utan t  

der ivatives  it is preferable  to analyse wild-type s t ra ins  to detect  natural  protein 

localisation. One of the ways to achieve this is to use mass  spec t rom e t ry  to investigate 

var ious cellular f ractions (de Groot  e t  a l, 2004). Many mass spe c t rom e t ry  detect ion 

m ethods  exist for identification and quantification of proteins . Both quadropo le  t ime- 

of-flight [Q-TOF) and Fourier t rans form mass spec t rom e t ry  [FTMS) have recent ly 

been  used successful ly to analyse the wall pro teome and secre to m e  of C. albicans  

g rown  under  var ious envi ronmenta l  condit ions (Heilmann e t  al., 2011;  Sorgo e t  al., 

2010 ).

Q-TOF-based pept ide identification is based on the p remise  of pept ide  f ragment  mass  

f ingerprinting (Shevchenko etal.,  2000).  Whole protein mixtures  are  digested with a 

specific protease,  such as trypsin,  and  the resul tan t  pept ides  are  s epara ted  by 

chromatography,  and  analysed in a mass  spect romete r .  This yields both mass  (MS) 

data  and  fragmented pept ide mass  (MS/MS) data. The resu l tan t  data  are  compared  to 

potential  mass  data  calculated by sof tware  such as MASCOT (Matrix Science). In silico 

calculat ions are  gene ra ted  from a user-suppl ied da tabase  of  pep t ide sequences,  and 

incorporates  many criteria such as protease digestion pa t t e rn s  and protein 

modif ications such as glycosylation. Comparison of experimental  MS and MS/MS data  

with potent ia l mass  data  yields most  likely matches.  This m ethod  can be used with 

complex protein mixtures  and does not  require  any  special pep t ide labeling. 

However , this m ethod  is best  used for pept ide identification only. Highly abu n d a n t  

peptides,  such as those found in repeti tive GPl-proteins  are  s ampled  preferent ia l ly  

and thus has the potent ia l  to skew any a t tempt  to quant ify prote in  abundance .

FTMS uses labelling of pept ides  with stable isotopes to obtain accura te  MS and 

MS/MS data  (Scigelova e t  al, 2011).  Replacement  of the  comm on  ni trogen stable 

isotope in pro teins  with the stable  '̂’N ni trogen isotope by metabolic  label ing allows 

g rowth  of  microbial  cul tures with incorporated into the p ro te om e  (Heilmann et  

al., 2011).  The difference be tw een  and ' ’̂N labeled pept ides  is de tec ted by a 

defined mass shift. The increased resolut ion and sensi tivi ty of FTMS enables  accurate
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identification of  paired '^N and isotope peaks,  a l lowing relative quant if ication of 

pept ides  Although FTMS, paired with '•'■N labeling, is much m ore  sensi t ive

than label-free methods,  metabolic  labeling requires  g rowth  over  ex tended  t ime 

per iods (18 h) to e nsure  efficient incorporat ion of '-'’N ni trogen into all proteins .

6.1.6. Aims of this part of the study

The dimorphic  shift in C. albicans and C. dubliniensis  is a dynamic event.  Hei lmann e t 

al. succeeded in obtaining both ye ast  and pure  hyphal cu l tures  with C. albicans  and 

p resen ted  data  for the associated p ro teom es  [Heilmann e t al., 2011) .  Using hyphal  

induct ion and main tenance  m ethods  deve loped and descr ibed in Chapter  5, it was 

possible to obtain and analyse C. dubliniensis pro teomic  data  associated  with the 

d imorphic  shift. By using improved hyphal induct ion m ethods  it is possible to assess  

the  accuracy and  success of in silico predict ions,  obtain a morphology-specific C. 

dubliniensis GPI-anchored cell wall pro teom e,  and make  some useful compar isons  

with this pro teome.  In this way a comparat ive  analysis  of intra- and  inte rspec ies  cell 

wall p ro te om es  can be performed,  enabling an a s se s sm e n t  of the con tr ibu t ion of  the 

presence,  and relative quanti ty,  of specific GPI-anchored cell wall p ro te ins  to the 

differential virulence of C. albicans and C. dubliniensis.



6.2. Specific materials and methods

6.2.1. Growtli and morphology induction conditions

The s t ra ins  chosen for analysis of cell wall GPI-anchored p ro te in  r eper to i re  w e re  the 

C. dubliniensis  s t ra ins  WU284 and HE30. The C. dubliniensis  s t ra in  WU284 is 

commonly used as a laboratory s tra in  (Morschhauser  e t a l, 1999) .  in addit ion,  the 

genomic sequence  for WU284 has been obtained and a prel iminary  assembly  is 

available. The CD36 hybrid chrom osome com posed  of  c h rom osom e  5 and 

ch rom osom e  R descr ibed by Jackson et al. is no t  p r e s e n t  in WU284  (personal  

communicat ion,  Dr. Brenda McManus). In contrast,  HE30 displayed a slightly higher  

tendency  to produce t rue  hyphae u n d e r  inducing condi t ions and has  been found to be 

a relatively virulent  C. dubliniensis s train in a m ur ine  model of systemic infection 

(Asmundsdot t i r  et al., 2009],  Similar to WU284,  HE30 has  been  sequenced  and a 

prel iminary assembly is available. SC5314 was  chosen  as the C. albicans  reference 

strain. This has commonly been used as a C. albicans  refe rence  s t ra in  and a GPI- 

anchored  cell wal l-associated p ro teom e  has been ob ta ined  experimental ly  (Gillum et 

al., 1984;  Hei lmann e ta l., 2011).

Pure cul tures  of C. albicans and C. dubliniensis  yeast  cells w e re  p repa re d  by 

inoculating a single yeast  colony from a 48 h aga r  plate into YEPD broth,  and 

incubating the cul ture overnight  a t  37 °C, 200 r.p.m. After 16 h the  cells w ere  

centr ifuged, washed in IX PBS and inoculated in f resh YEPD bro th to a final density  of 

1 x 1 0 ^  cells/ml.  These cul tures  were  incubated aerobical ly  a t  37 °C, 200 r.p.m., for 18 

h. Final cul ture morphology was  confirmed by microscopic  visualisation

Cultures comprised purely of C. albicans and  C. dubliniensis hyphal  cells were  

p repa red  by inoculating a single yeast  colony from a 48  h aga r  plate into Lee's pH 4.5 

broth and incubating the culture overnight  a t  30 °C, 200 r.p.m. After 16 h the cells 

w ere  centrifuged, washed  in IX PBS and inoculated at a final dens i ty  of  1 x 10^ 

cel ls /ml  in DUBLIN medium, supplemented with 0.1 %  (w /v )  galactose and 10 % 

(v/v)  PCS, p rew a rm e d  to 37 °C in a 5 % (v/v)  CO2 incubator .  Broths  w e r e  divided into 

small-scale batches in petri  dishes  to avoid m ic roenv i ronm en t  pockets  influencing 

formation of hyphae. Broths were  incubated stat ically a t  37 °C u n d e r  5 % (v /v)  CO2 

for 18 h. Morphology was  assessed by microscopic visual isation.
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In each case, a refe rence cul ture containing s tanda rd  ni t rogen was gene ra ted  for 

each s t ra in  u nde r  each morphological condit ion.  Due to the l imitat ions of hyphal 

formation of  C. dubliniensis with  a single defined ni t rogen source over  long t ime 

periods,  it was  necessary  to gene ra te  a mixed morphology cul ture to act  as  the 

isotope-label led refe rence culture.  Microscopically, this culture  was  de te rm ine d  to 

contain approx imate ly  50 % ye ast  cells and  50 % hyphal cells by visual biomass 

est imation.  The C. albicans refe rence cul ture used  for this s tudy  w as  kindly 

suppl ied by Clemens Heilmann, University of Am ste rdam  (Heilmann e t  a l ,  2011) .  

Candida s t ra ins  w ere  initially g rown  on YEPD agar  for 48  h at  37 °C.

A mixed morphology,  single ni trogen source C. dubliniensis  cul ture  was  p rep a re d  by 

inoculating a single WU284 colony into Lee's pH 4.5 bro th  [p repa red  with 

a m m on ium  su lpha te  in place of  a m m on ium  sulpha te )  and incubat ing the  cul ture 

overnight  a t  30 °C with shaking. After 16 h the cells w e re  centr ifuged, w ashed  in IX 

PBS and inoculated to a final dens i ty  of  1 x 10^ cel ls/ml  in p r e w a rm e d  growth  

medium  (0.5 g/L  ’^N a m m on ium  sulphate,  0.07 % ( w /v )  YNB - a a  - (N H 4 ) 2 S0 4 , 0.1 % 

(w /v )  galactose).  This cul ture w as  also divided into small-scale batches in petri  

dishes  and incubated statically a t  37 °C unde r  5 % (v/v)  CO2 for 18 h.

An aliquot  from each cul ture was  examined  microscopically to assess  morphology. 

Cul tures were  centrifuged, cells w e r e  washed  th ree  t imes in IX PBS, snap frozen in 

liquid ni t rogen and s to red at -80 °C.

6.2.2. Effective cell disruption and isolation of cellular protein fractions

Yeast and hyphal  cell suspens ions  w e re  centr ifuged at 3,500 x ^  for 7 min, washed  

th ree  t imes in cold IX PBS, and  r esuspended  in IX PBS. Suspensions (1.5 ml) w ere  

divided evenly into 2 ml sc rew capped  Eppendorf  tubes and  centr ifuged at  16, 000 x g  

for 3 min. The s u p e rn a t an t  was  r em oved  and pellets w e re  r e suspended  in 400 |al Tris- 

HCl, pH 7.5, and  5 îl p ro tease  inhibi tor  cocktail (Sigma-Aldrich). This mix tu re  was 

t ransfe r red  to fresh 2 ml screw-cap  microfuge tubes containing 200 mg glass beads 

(425 - 600 |.im, Sigma). An addit ional  400 (il Tris-HCl buffer was  added  to the 

suspensions.  Tubes were  t rans fe r red  to a bead b ea te r  (Fastprep FP120) and cells



were broken with interspersed chilling steps on ice. Cell disintegration efficiency was 

monitored by direct visualisation under a light microscope.

Cold 1 M NaCl was used to rinse and pool the lysed contents of each tube into a 50 ml 

conical Falcon tube. The contents of the Falcon tube were allowed to settle and the 

supernatant  was transferred to a fresh 50 ml tube. The remaining glass beads and 

lysed material were washed three times with fresh 1 M NaCl by shaking. The 

resultant supernatant  was also transferred to collect as much of the lysed material as 

possible. The lysate was centrifuged at 3,500 for 7 min, the supernatant ,  which 

represents  the intracellular protein fraction, was poured into a clean, sterile 50 ml 

Falcon tube, and stored at -80 °C.

The remaining pellet was reuspended and washed with cold 1 M NaCl a total of six 

times. The pellet was then washed three times with cold ul trapure water. The 

supernatant  was discarded and the pellet was allowed to equilibrate at room 

temperature.  After 10 min equilibration, 20 ml SDS-extraction buffer with pMe was 

used to resuspend the pellet completely. The suspension was incubated at 37 °C, 200 

r.p.m. for 30 min. After 30 min the suspension was centrifuged at 3,500 xg  for 7 min 

and the supernatant  was discarded. The pellet was resuspended using 20 ml of fresh 

SDS extraction buffer. The suspension was incubated at 37 °C, 200 r.p.m. overnight. 

After 12 h the supernatant  was discarded, 15 ml SDS-extraction buffer was added and 

the resuspended mixture was boiled for 10 min. The tubes were allowed to cool at 

room temperature,  centrifuged at 3,500 for 10 min, and the supernatant ,  which 

represented the SDS-extractable fraction, was stored at -80 °C.

The remaining pellet was boiled in SDS-extraction buffer a total of 5 times. The 

remaining SDS was removed from the pellet by washing with ul trapure water  for a 

total of 6 washes. The resultant cell wall fraction was resuspended in 500 |al of 

ultrapure water  and aliquoted into Lo-Bind Eppendorfs (Sigma-Aldrich). The tubes 

were centrifuged at 16, 000 xg  for 3 min and the supernatant  was removed.  The cell 

wall pellets were frozen in liquid nitrogen and freeze-dried (Freezone Triad Freeze 

Dry System, TCBE, Trinity Biomedical Sciences Institute) overnight for ~12 h. The 

freeze-dried walls were stored at -80 °C.
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6.2.3. Sample preparation for mass spectrometry

T he  pi lot  s t u d y  e x p e r i m e n t s  d e s c r ib e d  as fol lows w e r e  p e r f o r m e d  in t h e  l a b o r a t o r y  of  

P r o f  F. Klis, Un iver s i ty  of  A m s t e r d a m ,  w i th  t h e  in va luab le  a s s i s t a n ce  of  C. He i lm ann  

a n d  L. de  Koning. S u b s e q u e n t  biological  r ep l i c a te s  w e r e  k indly  p r e p a r e d  for m a s s  

s p e c t r o m e t r y  a n d  p ro c e s s e d  by H. Dekker  a n d  L. de  Koning,  w i th  a s s i s t a n c e  f rom 

P r o f  F. Klis.

6.2.4. Preparation of peptides

6.2.4.1. Disulphide bond reduction and alkylation

F ree ze - d r i ed  cell wall  pe l le ts  w e r e  t r e a t e d  w i th  100 |al r e d u c in g  s o lu t io n  [10 mM 

DTT, 100  mM NH4HCO3) an d  in c u b a t e d  a t  55  °C for  1 h to b r e a k  th e  d i s u l p h id e  b o n d s  

in t h e  cell wall  pro te i n s .  T he  so lu t io n  w a s  a l low ed  to  cool  a t  r o o m  t e m p e r a t u r e ,  

cent r i fuged ,  a n d  th e  s u p e r n a t a n t  w a s  r e m o v e d .  Alkyl g r o u p s  w e r e  a d d e d  to the  

cys te ine  r e s id u e s  to p r e v e n t  r e fo r m a t i o n  of  d i s u lp h id e  b o n d s  by a d d i n g  100  (il 

a lkyla t ing  so lu t io n  (65 mM lAA, 100 mM NH4HCO3) to  th e  pel l e t  a n d  in c u b a t in g  a t  

r o o m  t e m p e r a t u r e  for 45 min in th e  dark .  T he  so lu t io n  w a s  ce n t r i fu g ed  a n d  the  

s u p e r n a t a n t  w a s  re m o v e d .  T h e  a lkyla t ing r eac t io n  w a s  hal t ed  by  a d d i n g  100 n* 

q u e n c h in g  so lu t io n  [55 mM DTT, 10 0 mM NH4HCO3] to t h e  pel le t  a n d  in cu b a t in g  it a t  

r o o m  t e m p e r a t u r e  for 5 min.  T h e  so lu t ion  w a s  ce n tr i fuged  an d  th e  s u p e r n a t a n t  w a s  

r e m o v ed .  Residual  DTT an d  lAA w e r e  r e m o v e d  by  w a s h i n g  th e  pel l e t  five t im e s  in 50 

mM NH4HCO3.

6.2.4.Z. Tryptic digestion o f cell wall proteins

En zym a t i c  d iges t ion  of  r ed u ced ,  pa r t i a l ly  u n fo lded  cell wall  GPI p ro t e in s ,  to c r ea t e  

t ry p t i c  p e p t i d e  p a s s p o r t s ,  w a s  ach ie v ed  us ing t ry p s in  e n z y m e  a t  a ra t io  of  50:1 [mg 

p ro t e i n  to m g  enzym e) .  Each cell wall  pe l le t  w a s  c o m p le t e ly  r e s u s p e n d e d  in 160 |.d of  

50  mM NH4HCO3.  T rys in  w a s  a d d e d  to the  s u s p e n s i o n  a n d  in c u b a t e d  o v e r n ig h t  a t  37  

°C wi th  shaking.  Af ter  16 h th e  s u s p e n s i o n  w a s  cent r i fuged ,  a n d  th e  s u p e r n a t a n t  

co n ta in in g  th e  d iges ted  p e p t id e s  w a s  t r a n s f e r r e d  to a Lo-Bind E p p e n d o r f  t u b e  an d  

s t o r e d  a t  -80 °C. The  cell wall  pe l le t  w a s  also  s t o r e d  a t  -80 °C.



62.4.3. Peptide processing

Processing of the superna tant ,  containing tiie pept ides ,  was  necessary  to desal t  and 

concentra te  the pept ides  for subsequen t  HPLC and  mass  spect rom etry .  This was  

achieved using an Omix ZipTip column C18 (Varian, Palo Alto, California, USA). A 100 

|,il ZipTip was activated by pipet ting and d ispens ing 100 |il 60 % (v/v)  ACN th ree  

times. The column was equi librated by pipet t ing and  di spens ing 100 |il 0.1 % (v/v)  

TFA th ree  times. 100 jil of the pept ide solut ion w as  d raw n  into the column and 

pipetted and dispensed in the sample Eppendorf  tube  four  t imes to en su re  effective 

binding of peptide to the column. The column was  then  washed  th ree  t imes with 0.1 

% (v/v)  TFA. Column-bound peptides  w e re  eluted by pipet t ing a solut ion of 20 (il 60 

% (v/v)  ACN, 0.1 % (v/v)  TFA and t rans fe r red  to Lo-Bind tube. Concentrat ion of 

pept ides  was est imated by the A205 m ethod  relat ing abso rbance  to pept ide  

quanti fication [Scopes, 1974).

6.2.5. Quadropole Time of Flight mass spectrom etry

6.2.5.1. Run conditions

Q-TOF run condit ions mirrored those used in prev ious  s tudies  ( f ie i lmann e t al., 

2011) .  Briefly, pept ides  were  injected onto an Ult imate 2000nano-HPLC System (LC 

Packings, Amsterdam, The Netherlands)  fitted with a PepMaplOO C18 reversed  phase 

column (Dionex, Sunnyvale, CA, USA). The elution flow rate  was 0.3 |,il/min over  a 

l inear gradient  of increasing concentrat ion of acetoni t r i le  and eluted pept ides  were  

directly ionised in a Q-TOF [Micromass, W hytt enshaw e,  UK).

6.2.5.2. Data analysis

Masslynx Proteinlynx Software was used to process  the  resu l tan t  spectra.  Peak list 

data in the form of .pkl files were  submi t ted  to a l icensed vers ion of MASCOT (Matrix 

Science, UK) and referenced against  both C albicans  and C. dubliniensis  p ro te om e  

da tabases  (CGD). Two miscleavages and a 0.6 Da th re sho ld  for pept ides  and MS/MS 

w ere  allowed for MASCOT analysis. Pept ides  and  p ro te ins  w e r e  ident if ied by a system 

of probabi listic MASCOT scoring with p < 0.05 def ined as stat ist ically significant.
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6.2.6. Fourier Transform mass spectrom etry

62.6.1. Run conditions

Fourier Transform Mass Spectrometry (FTMS) conditions were identical to those 

used previously (Heilmann et a!., 2011). Briefly, the equipment configuration 

consisted of an ApexQ Fourier t ransform ion cyclotron resonance mass spectrometer  

(Bruker Daltonik, Bremen, Germany) with a 7 T magnet and a Combisource™ coupled 

to an Ultimate 3000 HPLC system (Dionex, Sunnyvale, CA, USA), with a PepMap 100 

C18 precolumn and a PepMap 100 C18 analytical column (Dionex, Sunnyvale, CA, 

USA). A flow rate of 3 (.d/min over a linear gradient  (0.1 % (v/v) form.ic acid/  100 % 

(v/v)  H2 O to 0.1 % (v/v) formic acid/  40 % (v/v) ACN/ 60 % (v/v)  H2 O) generated a 

chromatogram of ESI-FT-MS spectra.

6.2.6.2. Data analysis

Data processing was carried out with the Data Analysis 3.4 software program (Bruker 

Daltonik, Bremen, Germany). Each analysis generated a list of calculated monisotopic 

masses and these lists were exported as a MASCOT generic file (.mgf). The .mgf files 

were imported in the CoolToolBox Software (SILS, University of Amsterdam) and 

peptide ion chromatograms were generated.  Mass and retention time were also 

calculated from the data. This allowed calculation of isotope abundance over the ion 

chromatogram. Ion masses were at tributed to peptide identifications by matching the 

isotopic masses within 1.5 p.p.m. from the LC-FT-MS data with the mass of tryptic 

peptides generated from in silico digestion of the C. albicans and C. dubliniensis 

proteome databases. and ■̂‘’N peptides were distinguished by a reliable difference 

in retention time, with the peptides eluting just before the peptides due to 

their larger mass. This enabled the CoolToolBox software to identify tryptic

peptide pairs and the ratio of their isotopic abundance.

6.2.7. In silico protein prediction tools

A number of tools were used to predict potential GPl-anchored cell wall proteins in C. 

dubliniensis. A C. dubliniensis proteome database was generated using the ORF 

translation of the CD36 genome from CGD. This proteome database, and its C. albicans 

counterpart,  generated from SC5314 ORF translation, was scanned for GPl



modif ication sites using the Fungal Big-PI tool (E isenhaber  et  ai ,  2004).  Signal 

pep t ide cleavage sites were  detected using SignalP (Nielsen e t a l ,  1997) .  Predict ion of 

t r a n s m e m b ra n e  helices was hand led by TMHMM (Krogh e t  al., 2001).  The ou tpu t  of 

these  tools were  combined with ProFASTA pipel ine tool to filter the combined 

da tase ts  (de Groot & Brandt, 2012) .  The ProFASTA ou tpu t  for each da tabase  was 

ana lysed  for classic GPI anchored cell wall motifs by amino acid dis t r ibu t ion patterns .  

Candida albicans ou tput  was com pared  to experimental ly  proven da ta  to s u ppo r t  

val idation of the prediction method  [Heilmann et  al., 2011) .
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6.3. Results

6.3.1. In silico protein prediction

Both C. albicans and C. dubliniensis proteome databases were analysed in the same 

way to predict potential cell wall GPl-anchored proteins for comparison. A C. albicans 

database obtained from SC5314 data contained 6201 non-redundant protein entries. 

Proteins w ith  an isoelectric point [PI) of > 5.0 were filtered out, leaving 2053 

proteins. Of these, 111 proteins were predicted to have GPl anchors. Scanning for a 

signal sequence and the presence o f transmembrane helices reduced the final count 

to 34 potential cell wall GPl-anchored proteins. This represents just 0.6 % of the 

calculated total protein repertoire o f C. albicans. Candida dubliniensis possesses a 

proteome of sim ilar size. A total o f 5847 protein entries comprised the C. dubliniensis 

proteome database. Only 1207 proteins were calculated to have a PI < 5.0. Of those 

1207 proteins, 77 proteins were predicted to possess a GPI-anchor attachment point 

using Fungal BigPI. Filtering w ith  SignalP and TMHMM revealed a final count o f 31 

potential cell wall GPl-anchored proteins for C. dubliniensis. This represents 0.5 % of 

the total C. dubliniensis protein repertoire.

All but one C. dubliniensis protein, encoded by Cd36_65010 (best hit; CoALS4), 

possessed C. albicans orthologues (i.e. proteins which evolved from a common 

ancestral gene). However, only 14 proteins were matched for both C. dubliniensis and 

C. albicans potential GPI- protein datasets. The reason for this is unclear although 

further sequence analysis may identify discrepancies in the GPI-anchor sequences, or 

signal sequences recognised by the in silico  algorithms.

ProFASTA analysis o f amino acid d is tribu tion of the predicted GPl-anchored proteins 

commonly showed serine/threonine-rich mid-regions. Predicted GPl-proteins also 

displayed enrichment o f hydrophobic amino acid side chains (GAVLIPFMWC) at each 

end of the protein.

6.3.2. Morphological induction and maintenance

While long-term (18 h) C. dubliniensis and C. albicans hyphae were successfully 

generated using DUBLIN medium supplemented w ith  galactose, and grown under 5 

% (v /v ) CO2, the resultant biomass was relatively low, reflecting the lack o f nutrients.



Addition of FCS to the cul ture  medium at a final concen t ra t ion  of 10 %  (v/v)  

considerably increased the biomass  genera ted  and w as  d e e m e d  to be necessary  for 

generat ion of sufficient cell wall material  for analysis by mass  spect rometry .  These 

cul tures  rep resen ted  the query  cultures.

The reference C. dubliniensis cul ture  contained ’■‘’N labeled a m m on ium  sulfate 

[(NH4)2S04) as the sole ni trogen source.  This culture con ta ined  a mixture  of  yeast  and 

hyphal  forms. The ratio of yeast  to hyphal  forms w as  roughly 1:1. This provided a 

good mix of yeast-specific, hyphal-specific and m orpho type  indepe nde n t  prote ins  for 

subsequen t  FTMS identification and relative quantification.

6.3.3. Protein identification by Q-TOF mass spectrom etry

Analysis of the C. dubliniensis WU284 query  cu l tu res  by Q-TOF genera ted  a 

distinctive GPI-anchored cell wall protein profile [Table 6.1). A total of  18 prote ins  

we re  detected with five of those being yeast-specific and  4 hypha-specific proteins.  

The nine morphotype  in dependen t  proteins  that  were  de tec ted  are  p redom inan t ly  

associated with cell wall stability. The yeast-specific profile identified two adhesin 

proteins  (C<iAls2p, CdAls4p), an aspartyl  pro tease  (CdSap9p), a pH-responsive 

protein (6’c/F’hr2p),  and (7iiRhd3p, a protein associated wi th  i ron-rich env ironm en ts  

and virulence. WU284 hyphae w ere  found to specifically express  a superoxide  

d ismutase  (CdSodSp], putat ive adhesins  (CdHwplp,  Cc/Flo9p) and a prote in  of 

unknown function but  with similari ty to H w p lp  (Cc/Rbtlp). The m orpho type  

independen t  proteins identified included Cc/Ecm33p, CcfCrhllp,  Cc/Cht2p, Cc/Utr2p, 

Cc/Rbt5p, CdPga4p, Cc/Pirlp, Cc/Mp65p, and Cc/Ssrlp. These  p ro te ins  w e re  found in 

both yeast  and hyphal cells.

A total of 17 GPI- anchored  cell wall proteins  were  de tec ted  by Q-TOF analysis  of 

HE30 cells. Similar to WU284, HE30 yeast  cells specifically displayed the  adhesins  

Cc/Als2p and CcfAls4p. The aspartyl  protease,  CdSap9p, and  pH-responsive,  Cc/Phr2p, 

w e re  identified on HE30 yeast  cells alone. Hyphal HE30 cells displayed CdSodSp 

superoxide dismutase,  the pH-responsive protein, CdPbr lp ,  and  the putat ive adhesin,  

Cc/Flo9p, were  also detected in filamentous HE30 cell samples .  The m orpho type  

in dependen t  profile genera ted  matched that  seen in WU284  cells with one 

divergence.  Interestingly, Cc/Rhd3p was  identified on both yeast  and  hyphal  cells.
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C. albicans SC5314 cells p resen ted  a panel  of 19 de tec ted  GPI-anchored cell wall 

proteins.  SC5314 YEPD-grown ye ast  cells specifically displayed adhesins  (CaAlslp, 

CaAls4p), an aspartyl  p ro tease  (CoSap9p), pH-respons ive  pro tein (CoPhr2p)  and 

i ron-associated p ro te in  (CaRhd3p],  s imilar to WU284. However ,  CoUtr2p and 

CaMp65p w e re  designa ted  as being yeast  morphology-specif ic.  CoPgalOp was  also 

detected in the yeast  form, however  this shares  a t rypt ic  pept ide  identification 

sequence  with CoRbtSp leading to ident ity uncertainty.  The hyphal-specific SC5314 

profile identified four  proteins  consis ting of adhesins  (CaAls3p, CaAlsSp), superoxide  

d i smutase  (CoSodSp) and  a protein associated with pro tect ion aga ins t  hos t  defences 

(CoHyrlp).

Analysis by Q-TOF has identified a core, sha red  GPI-anchored cell wall pro tein profile 

for C. albicans and  C. dubliniensis. In both species, yeast-specif ic prote ins  include 

Phr2p,  Als4p and  Sap9p while  SodSp is expressed specifically on hyphae.  

Unsurprisingly,  the sha red  core set  of proteins  contains  cell-stability rela ted proteins  

Cht2p, Pi r lp ,  Ecm33p,  RbtSp, Pga4p, C r h l l p ,  and Ss r lp .  Other  p ro teins  detected vary 

in expression  according  to m orphotype  and may be significant  factors in differing 

virulence of  the respec t ive species  and strains.

Q-TOF ident ications w e re  based on detection of t rypt ic  pept ide  sequences.  Certain 

t rypt ic  sequences,  such as those found in prote ins  possessing CFEM domains  (RbtSp, 

PgalOp] not  only p roduce  dom inan t  peaks w hen  analysed by Q-TOF, leading to 

preferent ia l  de tect ion of these  proteins,  bu t  also make  d i sce rnm en t  be tw een  CFEM 

prote ins  difficult w i thou t  addit ional identifying pept ides.

6.3.4. Relative quantification of proteins by FTMS

6.3A.1. Interspecies protein  variation

While Q-TOF analysis  a llows identification of  pept ides  and  proteins , FTMS analysis 

provided bo th  ident if icat ion and a method  of relative quant if ication based  on the 

different isotope mass  rat ios of ni trogen to ni trogen. As this ratio is 

d e p e n d e n t  on the  p resence  of proteins  in both the s ingle -morphology query  

cul tures  and  the dual morpho logy  reference culture,  p ro teins  absen t  from the



Table 6.1. Identification of GPI-proteins by Q-TOF mass spectrometry.

>tein Name C. dubllnlensis ORF C. albicans ORF W 028 4 HE30 SC5314 Protein Function*

Phr2 Cd36_00220 o rfl9 .6 0 8 1 Y Y Y Transglycosylase

Als4 Cd36_64610 o rfl9 .4 5 5 5 Y Y Y Adhesin

Als2 Cd36_64800 o rfl9 .1 9 0 7 Y Y - Adhesin

Utr2 Cd36_81610 o rfl9 .1 6 7 1 Y/H Y/H Y Transglycosylase

Rhd3 Cd36_43810 o rfl9 .5 3 0 5 Y Y/H Y U nknow n, Iron-associated

PgalO Cd36_40510 o rfl9 .5 6 7 4 - - Y Iron acquis ition

M p65 Cd36_24090 o rfl9 .1 7 7 9 Y/H Y/H Y Transglycosylase

Sap9 Cd36_83850 o rfl9 .6 9 2 8 Y Y Y Protease

A ls l Cd36_64210 o rfl9 .5 4 7 1 - - Y Adhesin

Cht2 Cd36_53830 o rfl9 .3 8 9 5 Y/H Y/H Y/H Chitinase

P Irl Cd36_23050 o r fl9 .2 2 0 Y/H Y/H Y/H U nknow n, w all in te g rity

Ecm33 Cd36_02990 o rfl9 .3 0 1 0 .1 Y/H Y/H Y/H W all in te g rity

RbtS Cd36_40190 o rfl9 .5 6 3 6 Y/H Y/H Y/H Iron b ind ing

Pga4 Cd36_54990 o r f19.4035 Y/H Y/H Y/H Transglycosylase

C rh ll Cd36_42770 o r fl9 .1 0 2 2 1 Y/H Y/H Y/H Transglycosylase

Ssrl Cd36_70800 o rfl9 .7 0 3 0 Y/H Y/H Y/H W all in te g rity

Als3 - o r fl9 .1 8 1 6 - - H Adhesin, Iron-b ind ing

H y rl - o r fl9 .4 9 7 5 - - H N eutroph il resistance

SodS Cd36_15620 o rfl9 .9 6 0 7 H H H Superoxide dism utase

Flo9 Cd36_80540 orf5404.1 H H - P utative adhesin

H w p l Cd36_43360 o rfl9 .1 3 2 1 H - - Adhesin

R b tl Cd36_43400 o rfl9 .1 3 2 7 H H - U nknow n, s im ila r to  H w p l

Als5 Cd36_64210 o rfl9 .5 7 3 6 - - H Adhesin

Proteins were identified as being present in yeast culture only (Y], hyphal culture only (H), or morphology 

independent (Y/H). 

® Function inferred from C. albicans putative functions.



query  culture re turned a ratio value of 0. For the sai<e of  simplicity, for interspecies  

comparison,  the ratio values for individual morphologies  w e r e  sum m ed ,  and pro tein  

abundances  were  expressed as a percentage of the "morphological  sum" [Table 6.2). 

Consequently,  the relative abundance  of the de tec ted  GPI-anchored protein 

abundance  on the cell walls of each morphotype  and  species w e re  de te rm ined  (Fig. 

6 .2 ].

WU284 YEPD-grown yeast  displayed 15 GPI-anchored cell wall p ro teins  upon 

analysis by FTMS. The p redom inan t  protein detected w as  Cc/Phr2p, r ep resen t in g  67.5 

% of the GPI-anchored protein p resen t  on the cell wall. The second most  a bunda n t  

GPI-protein on the yeast  cell surface was Cc/Pirl p, followed by Cc/Rhd3p, CdUtr2p, and 

Cc/Ecm33p. These five proteins  represen t  approximate ly  90 % of the GPI-protein 

presence. The remaining 10 % consis ted of small a m o u n t s  of Cf/Cht2p, Cr/Ssrlp, 

Cc/Crhllp, Cc/Pga4p, CdA\s2p, CdAls4p, CiiMp65p, CdPhr lp ,  CdSodSp,  and  CdSsa2p in 

descending order  of abundance.

Using this methodology, WU284 commit ted hyphae displayed only 13 GPI-anchored 

proteins.  CdChtZp and Cc/Phrlp represen ted 35.6 %  and  17.7 % respectively of the 

GPI-proteins present .  The superoxide dismutase  CdSodSp  s how ed  an abundance  of 

16 %. Cc/Crhl lp and Cc/Pga4p accounted for 10.3 % and  5.6 %  respectively.  The final 

15 % consisted of Cc/Ecm33p, C(/Mp65p, Cc/Rbt5p, Cc/Sap9p, CdSsa2p,  CdRhdSp, 

CdA\s2p, and CcfAls4p.

Yeast cells from the relatively more virulent  C. dubliniensis s t ra in  HE30 produced  16 

detectable GPI-anchored cell wall proteins  u nde r  the  condi t ions tes ted.  The mos t  

a bunda n t  protein, s imilar to WU284 yeast,  was  found to be CofPhr2p with 37.9 % 

share  of the GPI-protein abundance.  Also s imilar to WU284,  the second most  

a bundan t  protein was Cc/Pirl. However, Cc/Pirl r ep re sen te d  16.8 % of  the HE30 ye ast  

cell wall compared to approximately  8 % on WU284 ye ast  cells with relat ion to GPI- 

anchored proteins.  Cc/Alslp consti tuted 10.9 % of the  GPI-protein reper toire .  The 

remaining 35 % was  comprised  of Cc/Rhd3p, CdUtr2p, Cc/Ecm33p, CdCht2p, CdSsrlp, 

Cdk\s2p,  CdPga4p, Cc/Crhllp,  CcyMp65p, Cc/Als4p, C dPhr lp ,  CcfSod5p, and  CdSsa2p.
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HE30 hyphae  from 18 h cul tures  displayed 15 GPl-anchored cell wall proteins.  The 

single mos t  a b u n d a n t  GPi-protein found was CdFlo9p, r epresen t ing  over  75 % of  the 

detec table  GPl- protein.  Remarkably,  CdFlo9p was  not  detec ted at all on the surface of 

C. dubliniensis WU284 hyphae by FTMS, in con tras t  to the less sensi t ive Q-TOF. The 

second most  a b u n d a n t  pro tein on the surface of  HE30 hyphae was  the  chitinase, 

CdChtZp. Similar to WU284 hyphae, CdSodSp  accounted  for the third m os t  a b u n d a n t  

pro tein with a 4.8 % share  of the HE30 hyphal GPI-protein reper toire .  The remain ing 

p ro te ins  in descend ing  o rder  of  abundance  w e re  CdPhr lp ,  C d C rh l lp ,  Cc/Utr2p, 

CcfSap9p, CdSsrlp, CdPgaAp, Cc/RhdSp, Cc/Mp65p, Cc/Ssa2p, Cc/Pga25p, Cc/Als2p, 

Cc/Als4p.

SC5314 yeast  from 18 h YEPD cul tures  displayed 18 different GPl-anchored proteins.  

As observed with both C. dubliniensis  strains,  C. albicans  SC5314 yeast  cells p resen ted  

CoPhr2p as the most  abu n d a n t  protein u nde r  these  g rowth  condit ions,  with 42.3 % of 

the sha re  of  detected GPl-proteins. This was  followed by CoUtr2p, with 

approximate ly  20 % abundance.  The third most  a b u n d a n t  GPl- pro tein was 

CaEcm33p,  r ep resen t ing  8.3 % of  the available GPl-anchored cell wall protein.  The 

remain ing  30 % w e re  found to consis t  of CoPir lp,  CoCht2p, CoMp65p, C o C rh l lp ,  

CoPga4p, CaSsrlp,  CoAls4p, CaRhd3p, CaRbtSp, CoAls2p, CoPhr lp ,  CoSsa2p, CoSod4p, 

CaRbtlp ,  and CoAls3p.

SC5314 hyphae  from 18 h cul tures  were  observed  to display 16 GPl-anchored cell 

wall proteins . The dom in an t  GPl- protein on the surface of  these  cells w as  CoHyrlp,  

covering 72 %  of the space allocated to GPl-anchored proteins.  CoAls3p was  the  

second most  a b u n d a n t  p rotein  represen t ing  10.9 %  of the GPl- protein on the  hyphal  

cell surface. CaSodSp is p resen t  in s imilar p roport ions  to CoAlsSp. The r e m a in d e r  of  

the  GPl-anchored hyphal  cell surface consis ts  of CoPhr lp ,  C a C rh l lp ,  CaPga4p, 

CoRbtSp, CoSsrlp, CaEcm33p,  CaCht2p, CaRbtlp,  CoPir lp , CaRhd3p, CaSod4p, 

CoAls2p, and CoAls4p in descending o rd e r  of abundance .

6.3.42. Intraspecies protein variation

As both WU284 and  HE30 analyses  use the same  refe rence culture, the resu l tan t  

da ta  can be directly related to each other . For intraspecies  compar ison  of C. 

dubliniensis  s t ra ins  it was  valid to directly compare  rat ios (Table 6.3]. Thus  it
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Figure 6.2. Interspecies GPI-protein variation and GPI-protein abundance. Data 

obtained from FTMS analysis of C. albicans and C. dubliniensis GPI-anchored cell wall 

proteomes enabled construction of a GPI-protein profile for yeast and hyphal 

morphologies. Abundance of specific GPI-proteins, as part of the detected GPI- 

repertoire, is shown here. For clarity, only the three most abundant GPI-proteins in 

each case have been labelled.



Table 6.2. Interspecies comparison of GPI-protein abundance by FTMS on C. albicans 

and C. dubliniensis cell walls.
Protein Name 

Cht2 

Als4 

RbtS 

Crh11 

SodS 

Ssa2 

Rhd3 

Als2 

Pga4 

Phrl 

Mp65 

Ecnri33 

Sap9 

Ssr1 

Rbtl 

Flo9 

Pga2S 

Utr2 

Pirl 

Phr2 

Alsl 

Als3 

Sod4 

Hyri

SCS314 Hvphae

0.17

0.00

0.51

1.84

10.20

0.03

0.00

1.47

2.36

0.30

0.41

0.06

0.03

10.81

0.02

71.78

SC5314 Yeast

4.84

1.48

0.49

4.02

0.10

1.22

0.17

3.69

0.S8

4.35

8.24

3.10

0.03

19.68

6.63

41.30

0.01

0.05

W0284 Hyphae

35.60

0.17

1.80

10.31

15.99

1.42

1.30

0.49

5.75

17.72

3.24

4.52

1.69

WQ284 Yeast

2.10

0.88

1.30

0.03

0.00

7.14

0.89

1.20

0.09

0.62

2.25

1.94

5.89

8.16

67.50

HE30 Hyphae

7.21

0.03

2.70

4.78

0.18

0.49

0.04

1.06

3.13

0.49

1.52

1.50

75.02

0.08

1.76

HE30 Yeast

3.44

0.52

1.72

0.05

0.01

10.02

2.53

2.18

0.14

1.08

4.03

2.98

5.81

16.76

37.86

10.87

% protein abundance determined by sum score distribution 
- Protein not detected in query culture.



was observed that Cc/Cht2p relative abundance did not vary significantly between 

yeast cells from WU284 and HE30. There was relatively more CdChtIp  in HE30 

hyphae compared to WU284 hyphae, indicating higher levels of cell wall remodeling 

in HE30 hyphae. In each case there was more Cc/Cht2p present  in hyphae of either 

species compared to yeast cells. By the same comparisons, there was almost three 

times the amount of Cc/Als4p on the surface of WU284 yeast cells relative to HE30 

yeast cells. While the levels of CdCrhllp  were stable between HE30 yeast and 

hyphae, there was half the amount of Cc/Crhllp present  on the surface of WU284 

hyphae compared to WU284 yeast. Yeast from both WU284 and HE30 displayed low 

levels of Cc/SodSp. Abundance of Cc/Sod5 on the surface of hyphae was much higher 

than yeast cells of both strains, with HE30 hyphae displaying double the amount of 

Cc/Sod5p relative to WU284 hyphae. Levels of CdA\s2p on the surface of yeast 

highlighted intraspecies differences that may influence virulence, as HE30 yeast 

possessed double the amount of Cc/Als2p on their cell surface compared to WU284 

yeast. While HE30 hyphae and yeast both expressed CdUtrZp on the surface of their 

cells, with nearly 4.S times the amount on hyphae as on yeast, the protein aws absent  

from the surface of WU284 hyphae. However WU284 yeast displayed almost twice 

the amount of CcyiJtr2p on their surface relative to HE30 yeast. Similarly WU284 yeast 

displayed almost 3 times the amount of CdPhr2p on their surface relative to HE30 

yeast.

6.3.5. Gene expression analysis of a hypha-associated GPl-protein

Due to the unexpected abundance of Cc/Flo9p on the surface of C. dubliniensis HE30 

hyphal cells, qRT-PCR was used to analyse expression of FL09 encoding the GPl- 

anchored cell wall protein in both C. dubliniensis and C. albicans. Using the improved 

method for C. dubliniensis hyphal induction, developed and described in Chapter 5, 

RNA was isolated from cells induced to grow exclusively as yeast or hyphae, with 

conditions matching those used for GPI-anchored cell wall proteome analysis. 

Expression of FL09 in both C. albicans and C. dubliniensis was assessed to both 

support  proteome findings, and examine the temporal gene expression pat tern of this 

hypha-associated protein.

Analysis of CdFL09 gene expression in HE30 hyphal cells yielded results reflecting the 

proteome findings [Fig. 6.3). In HE30 hyphae, CdFL09 was found to be highly
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upregula ted over  the course of 18 h w hen  induced with DUBLIN medium 

s upp lem en ted  with galactose and FCS. While HE30 hyphal  cells induced with WS 

displayed upregula t ion of  CdFL09 be tw een  3 h and 6 h, this t r e nd  did not  continue.  

After 18 h g rowth  in WS, the increase in gene expression had been  reduced  to levels 

a lmos t  matching those of the initial inoculation cul ture  (To), appa ren t ly  mir ror ing the 

t rend  of  morphological  revers ion of hyphae  to yeast . YEPD-grown yeast  cells showed 

little change in expression of CdFL09 over  the  course of 6 h. Between  6 h and 18 h, 

however ,  expression levels decreased  by over  100-fold relative to To.

As with the proteomic data, the pa t t e rn  of gene expression  of  CdFL09 in WU284 

hyphal  cells deviated from that  observed  with HE30 hyphal  cells. While hyphal 

induct ion with WS followed a s imilar  pa t t e rn  to HE30 WS-induced hyphae,  with gene 

induct ion peaking at  6 h and reducing thereaf ter ,  induct ion with DUBLIN medium 

resu l ted in a reduct ion in CdFL09 expression  by 200-fold after  only 1 h. This decrease 

in gene expression reduced  in magni tude  over  the course of 18 h, with the final 

m e a s u r e m e n t  yielding a 36-fold reduct ion in gene expression  at Tis. The pa t te rn  of 

CdFL09 expression  in WU284 yeast  was  found to be quite stable, with little deviat ion 

from To levels, over  the course of 18 h.

Interest ingly,  C. albicans SC5314 hyphae displayed ye t  ano the r  pa t t e rn  in expression 

of FL09 [CaFL09). DUBLlN-induced SC5314 hyphae  initially showed  a 9-fold 

r educt ion  in expression levels. This t r end  reversed, resul ting in a 9-fold increase in 

gene  expression  after 6 h, rising to a 11-fold increase after  18 h. WS-induced SC5314 

hyphae  showed  a s imilar decrease in gene expression  after  1 h. Gene expression 

s ubsequen t ly  increased after  1 h. However ,  the rate  of increase w as  much s lower than  

tha t  observed  with DUBLlN-induced hyphae.  Even after 18 h, expression  levels did 

not  equal those observed  in the initial cell inoculum (To). YEPD-grown yeast  cells 

followed the gene expression pa t t e rn  displayed by WS-induced cells.

130



150

100

WU284 50
-100

-150

-200

-250

T18

HE30

500

400

300

200

100

-100

-200

SC5314

-118.

-10

wo

-O UB IIN

Figure 6.3. Analysis of C. dubliniensis and C. albicans hypha-associated FL09 

gene expression. Expression of FL09, encoding a GPl-anchored cell wall protein, was 

measured by qRT-PCR from C. dubliniensis and C. albicans cultures grown under 

different morphology-inducing conditions over the course of 18 h. Data is presented 

as fold change values relative to 0 h i.e. gene expression levels in the cell

inoculum.



6.4. Discussion

Due to the close evolutionary relationship between C. albicans and C. dubliniensis, and 

the significant similarities shared by the two species at  a genetic level, many 

hypotheses have been made regarding the differences observed in both Candida 

filamentation and virulence (Stokes etal., 2007). However, many of these hypotheses 

have not been experimentally verified at a protein level. As the first point of contact  

between fungal cells and host tissues, many GPI-anchored cell wall proteins have 

been identified as important virulence factors. Therefore identification, relative 

quantification and comparison of C, albicans and C. dubliniensis GPi-linked cell wall 

proteins was carried out. This study has enabled the generat ion and comparison of a 

GPI-cell wall anchored proteome for C. dubliniensis, and C. albicans, under  matching 

conditions, in which cell morphology is induced and maintained over extended time 

periods (18 h],

6.4.1. Comparison of in silico and in vitro  GPI-protein identification

Prediction of GPI-anchored proteins from pro teome databases composed of 

t ranslated open reading frame entries from the respective genomic databases 

resulted in a similar number of predictions for both C. albicans and C. dubliniensis, 

reflecting the high genomic similarity between the species. These predictions 

represented 0. 5 % and 0.6 % of the C. dubliniensis and C. albicans total potential 

proteome respectively. While in silico analyses may identify GPI-anchored cell wall 

protein motifs such as a GPl- cleavage sequence or signal sequence targeting a 

protein to the fungal cell wall, the ability to assign proteins to various morphological 

forms currently requires experimental verification. Although more than 30 GPl- 

proteins were predicted for both C. albicans and C. dubliniensis, only a subset  of these 

proteins were likely to be expressed in the morphologies,  and growth  conditions, 

analysed. Thus, it was unsurprising to find, by Q-TOF analyses of C. dubliniensis 

WU284 cultures, 18 distinct proteins were detected, with half of those identified as 

morphology-specific. Similarly, Q-TOF analysis of HE30 cultures yielded 17 distinct 

protein identifications, seven of which were dependent  on cell morphology.  Similar 

results for C. albicans, with over half of the proteins detected identified as 

morphology specific, highlighted the importance of experimental  verification of in 

silico predictions. Correlation between protein predictions and experimental
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verification was  poor, higinlighting the Hmitations of in silico predictions. 

Identification of morphology-specif ic  pro teins  has played an im por tan t  role in 

u nde rs t and ing  the pa thogenesis  of C. albicans. Identification and a ssignment  of C. 

dubliniensis  pro teins  to specific morphologies  has the potent ia l  to reveal impor tan t  

information abou t  the difference in pa thogenesis  be tw een  C. dubliniensis and C. 

albicans.

6.4.2. Identification of GPl-proteins by Q-TOF

6.4.2.1. M orphology-independent protein  expression

Protein detect ion by Q-TOF ident ified a core set  of seven pro teins  [Cht2p, Pir l ,  

Ecm33p,  RbtSp, Pga4p, C r h l l p ,  S s r lp )  in both C. dubliniensis  and C. albicans tha t  

we re  expressed  independent ly  of morphology.  The majority  of  these  proteins  are 

associated with cell wall remodel ing  and integrity and  may play a role in Candida 

virulence. The chi tinase Cht2p is responsible  for remodel ing of the chi tinous cell wall 

and thus plays an im por ta n t  role in the  response  of  the fungal cell to changing 

env ironm en ts  [McCreath e ta l ,  1995) .  Notably CHT2 has  been found to be negatively 

regulated by the cAMP signal ing pa th w ay  in C. albicans, indicating a potent ial  

mechanism of communica t ion be tw een  both C. albicans and C. dubliniensis  hyphal  

induct ion and cell wall remodel ing  (Harcus e t a l, 2004) .  A he te rozygous CaPIRl 

mutant,  cons truc ted  by Mart inez e t a l . , showed  cell wall defects  and, a l though little is 

known regarding a mechanism of action, P i r l p  is thought  to play a role in cell wall 

stabi li ty (Martinez e t  al., 2004) .  Gene t ranscr ip t ion  is induced by m any  different  

environmenta l  s timuli including hypoxia and  low pH, al though conversely,  s tudies  

have show n  expression  to be dec reased  during the switch from yeast  to hyphal  

g rowth  (Sorgo e t al., 2010) .  Both cell wall stabili ty and f ilamentat ion a ppe a r  to be 

influenced by Ecm33p (Martinez-Lopez e t  al., 2004) .  Null m u tan ts  of ECM33 in C. 

albicans d isplayed cell wall defects and  a re  non-f i lamentous u n d e r  hypha-inducing 

condit ions. The t ransglycosylases , Pga4p and  C r h l l p ,  likely play an im por tan t  role in 

cell wall adap ta t ion  through ca rbohydra te  metabol ism,  providing bui lding blocks for 

wall remodel ing  (Alberti-Segui e t al., 2004;  De Groot  e t al., 2003).  Both prote ins  a re  

induced in low oxygen g rowth  env ironments .  The role of S s r lp  in Candida cells is still 

undefined, a l though levels of (3-1,3-glucan in a null m u ta n t  were  increased in w ha t  

has  been descr ibed as a "com pensa to ry  m echan ism ”, suggest ing a role in cell wall



in tegr i ty  and s tabi l i ty  (Garcera  e t  a l ,  2005) .  Whi le  t h e s e  s ev e n  co re  m o r p h o lo g y -  

i n d e p e n d e n t  p ro te in s  w e r e  p r e s e n t  in y ea s t  a n d  h y p h a e  of  b o th  C. alb icans  an d  C. 

dubliniensis, t h r e e  p ro t e in s  w e r e  ex p r e s s e d  only  in C. albicans  y e a s t  t h a t  s h o w e d  

m o r p h o l o g y - i n d e p e n d e n t  ex p r e s s io n  in C. dubliniensis. T h e  t ra nsg lycosy la se s ,  M p 6 5 p  

a n d  Utr2p w e r e  ex p r es sed  in y e a s t  an d  h y p h ae  of  b o th  C. dubliniensis  W U 2 8 4  a n d  

HE30 (Pardini  e t  al., 2006;  Sandini  e t  al., 2011) .  In add i t ion ,  R h d Sp  w a s  fo u n d  on  th e  

sur fa ce  of HE30 y ea s t  an d  hyphae .  The  p ro te in  in C. albicans  is usua l ly  r e p r e s s e d  

d u r i n g  the  y ea s t  to h y pha  sw i tch  b u t  is as soc ia ted  wi th  v i ru len ce  as  th e  C. albicans  

null  m u t a n t  d isplayed r e d u ced  v i ru lence  in a RUE m o d e l  of  infect ion (de  B oer  e t  al., 

2010 ) .  The p r e s e n c e  of Rhd Sp  on th e  su rface  o f  h y p h a e  m a y  c o n t r i b u t e  to th e  

re la t ive ly  high vi ru l ence  of  C. dubliniensis  HE30.

6.4.2.2. M orphology-dependent protein  expression

Generat ion of a m o r p h o l o g y - d e p e n d e n t  GPl- cell wall  p r o t e o m e  for  C. a lbicans  an d  C. 

dubliniensis by  Q-TOF co nf i r m ed  a n u m b e r  of h y p o t h e s e s  a b o u t  t h e  inf luencing 

fac tors  behind  the  d ifferent ial  v i ru len c e  C. albicans  a n d  C. dubliniensis. Di f ferences  in 

the  yeas t-speci f ic  p r o t e o m e s  of  C. albicans  an d  C. dubliniensis  i nc luded  d e t e c t io n  of  

P g a lO p  and A l s l p  on the  su rf ace  of C. albicans  y e a s t  cells b u t  n o t  C. dubliniensis  y e a s t  

cells. Additionally,  Als2p w a s  d e t e c t e d  on C. dubliniensis  y e a s t  b u t  n o t  C. albicans  

yeast .  Although Alsl  p an d  Als2p a r e  b o th  m e m b e r s  o f  t h e  ALS family o f  ad h e s in s ,  t h ey  

a r e  k n o w n  to b ind  di f ferent  s u b s t r a t e s  an d  a p p e a r  to  c o n t r i b u t e  to Candida  v i ru lence  

to d i fferent  d eg r ees  (Green e t  al., 20 05 ;  S h e p p a r d  e t  al., 2 004) .  T h e  p r e s e n c e  of 

P ga lO p  on the  surface  of C. albicans  y e a s t  cells also  r e in fo rc e s  t h e  i n c r e a s e d  v i ru lence  

of  C. albicans, as  the  p ro t e in  is a s so c ia te d  wi th  i ron uti l i sat ion,  r e s u l t i n g  in a f i tness  

increas e  in hos t  t i s sues  (W e i s s m a n  & Korni tzer,  2 0 0 4 ) .  T he  hypha- spec i f i c  p r o t e o m e  

a lso ident ified di fferential  e x p r e s s io n  of  a n u m b e r  o f  p r o t e i n s  k n o w n  to inf luence  

Candida  vi rulence.  The ab s e n c e  of  ALS3 and HYRl f rom th e  C. dubliniensis  g e n o m e  

a n d  the  impac t  of  thes e  p u ta t iv e  v i ru len ce  fac tors  o n  Candida  p a t h o g e n e s i s  h a s  b ee n  

d iscussed  in C h ap te r  3. T h e s e  p r o t e i n s  w e r e  d e t e c t e d  on th e  s u r f a c e  of C. albicans  

hyph ae ,  in addi t ion  to Sod5p  an d  AlsSp. Th e p r e s e n c e  of  AlsSp m a y  be  an  indicat ion 

of  the  functional  r e d u n d a n c y  c o m m o n l y  see n  in C. albicans  o r  it m a y  be  e x p r e s s e d  as 

a subst ra te -speci f ic  adhes in .  The  s u p e r o x id e  d i s m u t a s e  SodSp  has  b e e n  s h o w n  to 

p ro t ec t  C. albicans  aga in s t  ox idat ive  s t r e s s  and is s t ro n g ly  e x p r e s s e d  in C. albicans  

h y p h ae  [F ro h n e r  e t a l ,  2009) .  A l though C. dubliniensis  h y p h a e  did n o t  e x p r e s s  AlsSp,
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SodSp was  de tec ted  unde r  the condi t ions tested,  dem ons t ra t in g  potent ia l  to react  to 

general  env ironm enta l  s t re sses  such as reactive oxygen species, bu t  lacking the 

potent ia l  to bind s trongly to host-specific substra tes .  As Als3p and Hyr l  const i tute  a 

significant proport ion  of  the C. albicans hyphal cell surface, the lack of these pro teins  

f rom the surface of  C. dubliniensis hyphae  presen ts  an oppor tun i ty  for a l ternat ive 

prote ins  to occupy the corresponding  space on the hyphal  cell surface. Analysis of  C. 

dubliniensis hyphae  by Q-TOF ident ified Flo9p on the surface of both WU284 and 

HE30 hyphal  cells.

6.4.3. Methodology sensitivity and variation

Relative quanti fication by FTMS de tect ion of GPI-cell wall anchored  prote ins  fur ther  

increased our  unders tand in g  of  the yeast  and hyphal cell wall p ro teom es  of C. 

dubliniensis  and  C. albicans. While a morphology-specif ic  proteome,  with relative 

quanti fication of proteins,  is available for C. albicans  g rown unde r  a varie ty of 

condit ions, the condi tions used for the cu r ren t  s tudy  allowed comparable  induct ion 

and main tenance  of C. dubliniensis t rue  hyphae after 18 h [Heilmann e t al., 2011) .  This 

enabled  improved compar isons  of  Candida morphology-specif ic  pro tein expression.  

Although both Q-TOF and FTMS analysis identified pro teins  based on detect ion of 

t rypt ic  peptides,  FTMS is a more  sensi t ive measurem ent .  Coupled with quanti f icat ion 

by com par ing ’'^N and rat ios  as pa r t  of  the FTMS detection,  there  w ere  a small 

n u m b e r  of  differences in prote ins  de tec ted  by the two methods.  Specifically, Q-TOF 

detected PgalOp and AlsSp in C. albicans hyphae,  and H w p l p  in WU2B4 hyphae.  

These prote ins  w e re  not  de tec ted  by FTMS, p resum ably  due to the low levels of 

pro tein expression, or  in the case of H w p lp ,  l imitations in detection of  valid t rypt ic  

peptides.  In addit ion, FTMS detected four prote ins  not  observed  by Q-TOF. Low levels 

of  Sod4p, Pga25p and Ssa2p w e r e  detected by FTMS. Although P h r l p  was  not  

detected by Q-TOF, significant a m o u n t s  of the pro tein w e re  de tec ted  in hyphal 

samples  analysed by FTMS.

6.4.4. Intra- and inter-species cell wall GPI-protein variation

Analysis of cells by FTMS revealed both interspecies  and  intraspecies  varia tion in 

levels of protein expression.  Significant differences in pro tein quan t i ty  a t  the  cell 

surface of e i ther  yeast  or  hyphal cells likely has a large impact  on the different  levels 

of  virulence associated with each of  the s t ra ins  examined. While five t imes the



amount of ChtZp was detected on the surface of C. albicans SC5314 yeast cells 

compared to SC5314 hyphae, a different trend was observed for C. dubliniensis cells. 

Hyphal cells from both C. dubliniensis strains presented more Cht2p than on the 

surface of yeast, indicating a higher level, or increased potential for, cell wall 

remodeling in C. dubliniensis hyphae. Whether this is a species-specific adaptat ion to 

environmental sensing is unclear. It is perhaps important  to note that CHT2 

experiences negative regulation in C. albicans as a result of cAMP signaling. It has yet 

to be investigated whether  this apparent  regulation mechanism is intact in C. 

dubliniensis. Expression of C r h l l p  at the Candida cell surface presented a number of 

different trends. Hyphal cells of SC5314 displayed approximately three times the 

amount of Crhl Ip  on the cell surface of hyphal cells as yeast cells. Conversely WU284 

hyphae displayed half the amount of C r h l l p  on the surface of hyphae compared to 

yeast cells. Cells from ei ther  yeast or hyphal cultures of HE30 did not display any 

change in the levels of Crhl  Ip  present  on the cell surface. Presumably Crhl Ip  confers 

a fitness advantage to the fungal cell in specific environmental conditions. The wide- 

ranging differences in regulation of C r h l l p  in the samples investigated may indicate 

evolution of strain-specific adaptat ion of regulatory mechanisms that are not yet 

understood. It is possible that this is as a result of adaptation of each strain to specific 

niches. While Rhd3p is strongly downregulated in both C. dubliniensis and C. albicans 

hyphae, the relative abundance of the protein on the surface of C. dubliniensis yeast 

cells compared to C. albicans yeast cells is striking. This may be an indication of 

species-specific response to iron abundance in the growth medium. Regardless, it is 

not clear what  impact this difference in protein quantity has on the relative virulence 

of C. albicans and C dubliniensis yeast cells. Expression levels of Als2p in C. albicans 

were negligible in both yeast  and hyphal cells. However, in C. dubliniensis yeast Als2p 

is present  in much higher quantities than seen in C. dubliniensis hyphae. It has been 

shown that Als2p is not presen t  on the C. albicans surface under many in vitro growth 

conditions [Hoyer eta/.,  1998b). It has however, been shown to be overexpressed in 

C. albicans biofilms (Nailis etal., 2010). The relatively high levels of Als2p expression 

in C. dubliniensis yeast cells indicate that this adhesin may play a dominant  role in the 

adhesion of cells within C. dubliniensis biofilms, perhaps compensating for the lack of 

ALS3 and corresponding protein. Levels of Pga4p abundance presented divergent 

pat terns of expression between the two Candida species. Hyphal cells of SC5314 

displayed twice the amount of Pga4p as was found on the surface of yeast cells.
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Converse ly ,  the  o p p o s i t e  w a s  t r u e  for b o th  C. dubliniensis  s t ra in s .  T h e  a m o u n t  o f  the  

t r an sg ly co sy ia se  Pga4p  d e t e c t e d  on the  su rf ace  of  C. dublin iensis  hy p h a l  ceils w a s  hal f  

th e  a m o u n t  d e t e c t e d  on th e  su rf ace  of  y e a s t  cells. The e x t e n t  to  w h ic h  P g a4 p  

c o n t r i b u t e s  to hy p h a l -a s so c i a t ed  vi ru len ce  in C. albicans and  t h e  m e c h a n i s m  by w h ich  

its e x p r e s s io n  is re g u la t ed  is n o t  ye t  kno w n .  Ho we ver ,  the  p r o t e i n  c lear ly  ex p e r i e n c e s  

spec ies -spec i f i c  regu la t io n  an d  th u s  m ay  play  a role in t h e  d i f ferent ia l  v i ru lenc e  

d i sp lay ed  by  th e  t w o  Candida  species.

6.4.5. Quantification and relative abundance of GPl-proteins

Visual isa t ion of  G P I- anchore d cell wall  p ro te in  a b u n d a n c e  for each m o r p h o l o g y  

re v ea l e d  d i s t inc t  prof i les  for each s t ra in .  By ex p r es s in g  re la t ive  q u a n t i t a t i o n  v a lu es  

i.e. for  each  p ro t e in  as  a p e r c e n t a g e  of  the  s u m  ^ ^ 3 5  poss ib le  to

gain  an  in s igh t  into the  re la t ive  con t r ib u t io n  of each p r o t e in  to the  G Pl-pro te in  

r e p e r t o i r e  for  each  morpho logy .  Whi le  it is c lear  f rom p rev io u s  w o rk ,  a n d  th e  c u r r e n t  

s tudy,  t h a t  t h e  v i r u len ce -as so c ia ted  p ro t e in s  H y r l p  an d  Als3p w e r e  h ighly a b u n d a n t  

on the  su rf ace  o f  C. a lb icans  hyphae ,  it w a s  no tab le  to find a s ingle  p r o t e in  (Flo9p)  

w i th  s im i l a r  a b u n d a n c e  on th e  cell wall  su rf ace  of C. dublin iensis  HE30 hy phal  cells. 

This p r o t e o m i c  d a t a  w a s  also reflec ted  in qRT-PCR gene  e x p r e s s i o n  analys is .  In C. 

albicans,  CoFlo9p w a s  p re v io us ly  d e t e r m i n e d  to be local ised to th e  p l a s m a  m e m b r a n e  

(B o i s ram e  e t  al., 2 011) .  As p a r t  of  the  c u r r e n t  s tudy,  CoFloQp w a s  a b s e n t  f rom  the  

o u t e r  cell wall  f rac t ion of  e i t h e r  y e a s t  o r  h y p h ae  of C. albicans  s u p p o r t i n g  t h e  t h e o r y  

o f  r e t e n t io n  of CoFlo9p a t  t h e  p la sm a  m e m b r a n e  of  C. a lb icans  cells. Analys is of 

CdFL09  n u c leo t id e  s e q u e n c e  r evea led  d o m a in s  s imi la r  to the  IFF family,  m o s t  c losely 

re la t ed  to C a lF F ll  [Fig. 6.4). Al though  C alF F ll  has  been  found  to e n c o d e  a s e c r e t e d  

p ro t e i n  r e q u i r e d  for cell wall  s t r u c t u r e  a n d  vi ru lence,  it is a p p a r e n t  t h a t  CdFL09  

e n c o d e s  a GPI-cell wa l l -a ssoci a t ed  p ro t e in  t h a t  m ay  e x p r e s s  func t i ona l i ty  s im i l ar  to 

the  v i ru l en c e -a s s o c ia t ed  C o l f f l l p  (Bates  e t  al., 200 7) .  Th e re la t ive ly  h igh v i ru l en c e  of 

th e  C. dublin iensis  HE30 s t ra in ,  c o m p a r e d  to WU284,  in con junc t ion  w i th  t h e  a p p a r e n t  

a b s e n c e  o f  t h e  p r o t e i n  f rom the  surface  of  WU2B4 cells, ind ica t e  t h a t  Cc/Flo9p m ay  

play  an  i m p o r t a n t  ro le  in C. dubliniensis  hypha l  v i ru lence.  W h e t h e r  CcyFlo9p m ay  

c o m p e n s a t e  funct iona l ly  for the  lack of H y r l p  and AlsSp, re f lec t ing a C. dublin iensis  

n iche-speci f ic  a d a p ta t io n ,  will be  t h e  su b jec t  of  fu tu re  invest igat ion.



A
Cd36_80540
orfl9.5404.l|FL09

GTKTDTVIVQVPYTPNPQVTVTTTWTGTYVTASTITGDKTDTVIVDVPETTTSCLTTTNT 4 80 
GTKTDTVIVQVPTTPNPQITVTKTWTESFITASTVTGDKTDTVIVDIPETTTSCLTTTNT 4 80

Cd36_80540 
orfl9.5404.1|FL09

WTGEYITTITTSGWVIIEIPTESVATYVYTDSQVTPTKATATSEVTAVTSATTGNDNTAS 54 0 
WTGDYITTITTSGWIIVEVPTQNWTIVYTDSQSTSGKTTTTPWTAETSATTGNDNTAS 54 0 
***.**********.*«*.**.** ****** * *.*.* *** ************

Cd36_80540
orfl9.5404.l|FL09

ATGATGNNNNNDSTTG-ATGNEKNKSTPSTAGNVNTAATTTTGNGNNDSTTGATGNNNNN 599 
TTDATGKTLTTVTSSNDNTTSTGDDSTTASTGNDNTDSTTTTATVNKN— IDSTTNATDN 598 
. * * * * .  * .  . , * * . . . * * * * . * * * *  . * *  .*

Cd36_80540 
orfl9.5404.1|FL09

DSTTGATGNEKNKSTPSTAGNVNTAATTTTGNGNNDSTTGATGNNNIDSTTGATGNEKNK 659
TSKATTTGNDNTDSKTTASG TDSTTTTGDNNSESTTASTGNDDNDSTTVTTGDDYTT 65 5
* . . * * * . .  * • • •*  * . * * * * * .  * • * **  . ***.. * * * *  .**..

Cd36_80540
orfl9.5404.l|FL09

SPPSTAGNVNTAATTTTGNGNNDSATTTGNVNTDSTTNTGNNNNIDSTTGATGNNNSAST 719
 VTTDNDNTASTIVT-TGNSNTTTLTDATGKDSTTTTDNG-HDESTTVTTGDDD  706

* •  * * * * • *  * * *  . . . *  * * * * *  * *  « • * * *  « * * • • «

Cd36_80540
orfl9.5404.l|FL09

TATTDNVNTASTTGATGKDNNDSATTTGNVNTASTTNTGNNNNNDSTTGATGNNNNDSTT 7 79
TATTKDNNTASTTTKTG— DNDTATTVNHSIESTTVTTGDDN---- TATTGNDDTASTT 759
* * * *  . * * * * * *  * *  • * * . * * *  > • > *  * * . . *  * . * * * . .  * * *

Cd36_80540
orfl9.5404.l|FL09

GATGNNNNNDSTTGATGNTLSTVTTGNDNTASTTGATGNDNSASTASTTDNVNTASATGA 839
DATGNDS-TTATTGNHSIESTPVTTGDDNTATT GNDDTASTVS-TGNDNSASKTGA 813
* * * * .  . * * *  • * * * * * * * * * * *  * * * . . * * *  * * * * . * *  * * *

Cd36_80540 
orfl9.5404.1|FL09

TGKGNNDSATTTGNVNTASTTNTGNNNNIDSTTGATGNNNSASTTATTDNVNIASATGAT 899 
TDTEN— DTTSTGDDDTATTIPTDAPTTGDFVSSTETKYTKSKKTKTHKTKTFETELTKT 871
* * . * . * * . . * * . *  *. • ! * * .  . i i *

Cd36_80540
orf19.5404.1|FL09

GKDNNDSATTTGNVNTASTTNTGNNNIDSTTGAPTTSDFSGSTESQSRETKHTKSKNTET 959 
STSLEASASSSEYPFESTSDQICQCTPVTVTEYIPQSPIPKEVESTTQSTKSFASESSSL 931

Cd36_80540 
orfl9.5404.1|FL09

HKTKLTETSTSLAAISSSLEFPFENTSN LICQCTPVTVTKYIPQSNIPENTESTTQ 1015
EPTVSVSLSKSESTTDITAETSHESTTEQKSETLDQSTSWTPATNQESTTDTSSDNNVE 991 

* *.*:* . * * *  .* .. .
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orfl9.4072|IFF6 0.06508 
Cd36_23280 0.07343 
orfl9.4975|HYRl 0.34448

i d : Cd36 80540

orfl9.5404.1|FL09 0.18137 
Cd36_80540 0.18667

orfl$.53§§|tPPll 6.63967 
Cd36_80550 0.05054 
orfl9.3279|HYR4 0.15782 
Cd36_25840 0.16287 

orfl9.4361|IFF3 0.00691 
orfl9.465|IFF9 0.00478 
Cd36_28830 0.01094 
Cd36_29150 0.01027 
orfl9.2B79|IFF5 0.10381 
Cd36_46030 0.10124 
orfl9.7472|IFF4 0.16143 
Cd36_25710 0.1572 
orfl9.5124|RBR3 0.11623 
Cd36_72940 0.11687 
orfl9.575|HYR3 0.21399 
Cd36_51670 0.21793 
orfl9.570|IFF8 0.1514 
Cd36_50710 0.13387
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Figure 6.4. Conservation of FL09 between C. albicans and C. dubliniensis.

(A) ClustalW alignment of CaFL09 and Cd36_80540 [CdFL09) nucleotide sequences 

showed significant variation in the N-terminal domain, which is likely to be the 

functional domain of the translated protein. (B) ClustalW alignment of Cd36_80540 

show s that is an orthologue of CaFL09 and related to the C. albicans IFF gene family. 

(C) A ProFASTA amino acid distribution plot showed CrfFlo9p possesses a 

serine/threonine-rich mid-region common to GPI-proteins such as CaHyrlp and 

CaAlsSp.



6.4.6. Cell wall GPl-proteins and vaccine developm ent

GPI-anchored cell wall proteins often act as the first point of interface be tween the 

fungal cell and the host. As such it is common for these proteins to be targeted as 

vaccine candidates. Thus it is important to understand the temporal expression 

pat terns of proteins as part  of the Candida dimorphic shift in order to assess their 

potential as vaccine target candidates. Although vaccines targetting Als3p and Sap2p 

have completed Phase I clinical trials there are concerns about  the univalent nature of 

the protection that they offer (Cassone, 2013). The possibility of fungal adaptat ion by 

masking antigens or otherwise evading an immune response is high (Mora-Montes et 

al., 2011). As indicated by the current  study, the lack of ALS3 and HYRl from the C. 

dubliniensis genome may have allowed adaptation of a hypha-specific protein 

[CdFlo9p), which possesses both putative adhesin function and similarity to members  

of the IFF family, to become a C, dubliniensis virulence factor. Although Flo9p is not a 

surface expressed protein in C. albicans SC5314, its C. dubliniensis HE30 counterpart  

has clearly adapted to environmental pressures to express a putative virulence- 

associated GPl-cell wall protein in the absence of Als3p or Hyrlp.  Further  

investigation of Cc/Flo9p function will be conducted by deleting the gene from HE30 

and WU284, and exploring any difference in virulence. This apparent  example of 

evolutionary adaptat ion highlights the potential for C. albicans adaptation to 

univalent vaccines.

6.4.7. Future directions

This study has, for the first time, enabled experimental identification and analysis 

GPI-anchored cell wall proteins expressed on the cell surface of both yeast and hyphal 

cells of C. dubliniensis and C. albicans. This is an area of s tudy that has until now 

suffered from a lack of experimental evidence. Similarly, C. dubliniensis proteomes 

such as the secretome, cytosolic proteome and even the chlamydospore-specific 

proteome, suffer from a distinct absence of experimental support.  Proteomic data is 

now available for the C. albicans secretome, biofilm and cells grown under a variety of 

growth conditions (Ene et al., 2012; Heilmann et al., 2011; Sorgo et al., 2010). 

Although C. albicans and C. dubliniensis share a high degree of similarity at a genomic 

level, this s tudy has shown that  there is significant variation in the regulation of 

proteins associated with the morphogenic shift. Due to the high degree of 

interconnectivity between filamentation signaling pathways with environmental
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sensing, metabolism,  and  even mating, it is p robab le  that  the t ranslat ion and 

trafficking of proteins,  o the r  than  GPl-anchored cell wall proteins,  also experiences  

significant differences be tw een  C. albicans  and  C. dubliniensis. Invest igat ion of  such 

variat ion would likely aid in unde rs t and ing  the w ide r  basis behind  the differential 

virulence be tw een  C. albicans and C. dubliniensis. Notably, the data  p resen ted  here 

also suggest  a high degree  of  intra-species  var ia tion regard ing  p ro teom e expression. 

Therefore  caution should  be used w h e n  ex trapolat ing da ta  based on a single strain.



Chapter 7 

General discussion



General discussion

Despite the close genet ic  and  phylogenet ic  re la t ionship be tw e en  C. albicans  and C. 

dubliniensis, key differences in vi rulence-associated features  resul t  in a significant 

difference in pathogenici ty  be tw een  the two Candida species.  The absence  of 

virulence-associated genes such as ALS3  and HYRl, in combina t ion with its reduced 

capacity to form true  hyphae  relative to C. albicans, have been suggested  as the basis 

for the reduced  vi rulence of C. dubliniensis.

7.1. Molecular cloning m ethods

7.1.1. Species-specific adapta tions and challenges

This s tudy  has docum en ted  the difficulty in creat ing C. dubliniensis  s t ra ins  expressing 

the C. albicans v i rulence-associated genes,  CaALSS and  CaHYRl. The poor  correlat ion 

be tw een  RNA expression and protein abundance  has been  docum en ted  in o ther  fields 

of  s tudy  (Gygi etal., 1999;  Vogel & Marcot te,  2012) .  Translat ion of  RNA into protein is 

a simplified paradigm. The lack of correlat ion be tw een  CaALSS RNA levels, and 

pro tein detected by an t ibody-media ted  immunofluorescence,  may be due to many 

factors  including RNA or  protein modifications,  species-specif ic trafficking and 

secret ion,  or  even pro tein p resen ta t ion  on the  cell surface,  affecting ant ibody binding. 

It is clear that  num erous  p rocesses  may  have influenced elaborat ion and detection of 

p rote in  on the surface of C. dubliniensis  cells. At tachment  of a His or  HA-tag to C. 

albicans v i rulence-associated genes expre ssed  in C. dubliniensis  would  be beneficial 

for invest igat ion of prote in  abundance  and  localisation in the future.  This s tudy  has 

also highlighted differences in s t r eng th  of  t ranscr ip t ion from promoters .  The CaADHl 

p ro m o te r  has been used  as an integral  pa r t  of many  gene express ion  systems (Bailey 

e t  a l,  1996;  Hiller e t  al., 2006;  Park & Morschhauser ,  2005) .  As molecular  m ethods  

develop, and al ternative gene p ro m o te r s  are  chosen  for use in gene expression 

systems,  it is im por ta n t  to verify the  t ranscr ipt iona l  s t r eng th  of species-specific 

p romoters .



7.2. Filamentation o f  C. dubliniensis  and C. albicans

7.2.1. Filamentation and strain variation

The reduced ability of C. dubliniensis to form true hyphae has been shown previously 

[O'Connor et a!., 2010; Stokes et a!., 2007). This curren t  s tudy demonstrated that C. 

dubliniensis s trains display a range in their ability to filament although no single C. 

dubliniensis strain was as efficient as C. albicans SC5314. It is likely that C. albicans 

strains also show a range in tendency to form true hyphae in response to inducing 

signals. In order to successfully determine whether  there is any correlation between 

the source of isolation of s trains and ability to filament, a much larger panel of C. 

dubliniensis and C. albicans s trains from various sources would be required for 

systematic future study. It is intriguing to consider that bloodstream C. dubliniensis 

isolates may be more capable of forming true hyphae compared to oral, 

gastrointestinal, or even environmental isolates.

7.2.2. Morphology and virulence

By inducing C. dubliniensis to form filaments at a higher rate, the contribution of 

morphology to early adhesion and tissue damage caused by fungal cells in contact 

with human epithelial cells was investigated. No statistically significant increase in 

adhesion was found when hyphae were induced. In contrast, tissue damage was 

increased when fungal cells were induced to develop hyphae at higher rates. Whether 

this was a result of active penetrat ion as suggested by Wachtler et al. for C. albicans, 

or due to the production and secretion of proteases is unclear (Martin et al., 2011b; 

Wachtler et al., 2012). In order  to assess the role of cell surface and secreted proteins 

in the causation of host tissue damage by C. dubliniensis and C. albicans hyphae, it 

would be informative to investigate the cell wall proteome and secretome of C. 

dubliniensis and C. albicans hyphae, induced under infection model growth conditions. 

While there have been some studies regarding actin polymerisation in C. albicans 

hyphae and the role that  this may play in the active penetrat ion of host cells, nothing 

is known concerning the amount of force potentially generated by C. dubliniensis 

hyphae (Hall & Muhlschlegel, 2010; Wolyniak & Sundstrom, 2007). Therefore, the 

contribution of active penetration of C. dubliniensis hyphae to invasion of host cells is 

currently unclear. Trea tment of epithelial cells with cytochalasin D and infection with 

C. dubliniensis hyphae, similar to the method used by Wachtler  et al. may help
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de te rmine  tine d om ina n t  invasion mechanism used by C. dubliniensis (Wacht ier  e ta l., 

2012) .  Although efforts were  made  to compare  the adhesion and  t issue damage  

caused by s imilar C. albicans  and C. dubliniensis morphologies ,  the influence of 

biomass on pathogenici ty  should not  be overlooked.  Due to the r equ i r em e n t  for 

nu t r i en t  l imitation in the  induct ion of C. dubliniensis t rue  hyphae,  the g rowth  rate  of 

yeast  and hyphal cul tures  may have played a role in the resul ts  observed.  The kinetic 

re la t ionship be tw een  hyphal extension and yeast  g rowth rates has not  been assessed 

in C. dubliniensis and rep re sen t s  one of the experimental  complexit ies of comparing  

the virulence of  different  cell morphologies .

7.2.3. M orphologically stab le C. dubliniensis hyphae

Although the adhesion and t issue damage  of C. dubliniensis yeast  and hyphae  was 

invest igated,  the p resence  of  minor  cell m orpho types  in each cul ture w as  significant. 

Similar to hyphal  induct ion with YPDS and WS, induct ion of low or  high rat ios  of  yeast  

to hyphae with CDMEM or 10 % (v/v)  CDMEM, resul ted in mixed morpho logy  

cultures.  In contrast ,  C. albicans SC5314 g rown u nde r  each hyphal  inducing condit ion 

developed consis tent ly  higher  levels of hyphae.  In an effort to reduce conflicting 

factors in mixed morphology populat ions in this study, and future  studies,  a growth  

medium  for maximum, s table  induct ion of C. dubliniensis hyphae over  extended  t ime 

per iods was  developed.  Future  in vitro  assays using DUBLIN medium to induce pure 

C. dubliniensis hyphal cul tures  may m ore  accurately assess  the contr ibu t ion of 

morpho logy  and morphology-assoc iated  genes to the pathogenes is  of C. dubliniensis, 

and C. albicans. Development  of  the C. dubliniensis hyphal  inducing medium 

highlighted differences in the  a p p a re n t  regulation of  C. albicans and C. dubliniensis 

hyphae. Reversion of C. albicans hyphae  to yeast  has  been  docum en ted  previously 

(Heilmann e ta l., 2011;  Lindsay eta l., 2012) . The cu r ren t  s tudy  showed  tha t  revers ion 

of  C. dubliniensis hyphal  g rowth  to yeast  was  more  comm on  than  C. albicans 

revers ion.  This observat ion  confirms tha t  not  only does C. dubliniensis exhibit  

reduced  ability to initiate formation of  t rue  hyphae, bu t  the less pathogenic  species  

also shows reduced  ability to maintain hyphal g rowth  and extension com pared  to C. 

albicans. Lu e t al. d e m ons t ra ted  the importance  of rel ief  of NRGl t ranscr ipt ional  

repression  in the two dist inct phases  of hyphal initiation and  main tenance  (Lu e ta l., 

2011) .  Moran e t al. have also shown tha t  differential regulation of  NRGl in C. 

dubliniensis  contr ibutes  to lower rates of fi lamentat ion and virulence (Moran e t al..



2007], As part of the current  study, investigation of the genetic regulatory 

mechanisms of C. albicans and C. dubliniensis cells undergoing the dimorphic 

transition supported the importance of downregulat ion of NRGl for elaboration of C. 

albicans and C. dubliniensis filaments. Improved hyphal initiation and maintenance 

with DUBLIN medium ŵ as more effective than WS-mediated downregulat ion of 

NRGl, removing transcriptional repression of hyphal-specific genes. Analysis of the 

transcript  abundance of major morphogenetic regulators CPHl and EFGl over the 

course of 18 h showed a highly complex pattern of regulation of filamentation with 

differential regulation responses between C. albicans and C. dubliniensis. Development 

of hyphae is a dynamic process with temporal  effects playing an important  role in the 

maintenance of filamentation. The contributions of EFGl and CPHl, as effectors of the 

Ras/cAMP and MAPK pathways respectively, likely combine, fine-tuning hyphal 

initiation and maintenance. The current  s tudy has highlighted interspecies, 

intraspecies and growth-medium specific differences in the genetic regulation of 

initiation and maintenance of filamentation. Transcriptomic analyses, using the 

improved hyphal induction medium, with a wider range of C. albicans and C. 

dubliniensis strains, would help clarify the regulatory mechanisms and signaling 

pathways underlying the dimorphic transition.

7.2.4. A C. dubliniensis virulence-associated cell wall GPI-protein

While there have been many C. albicans proteomic studies conducted, detailing the 

secretome, cell wall proteome, and intracellular proteome, very little of the C. 

dubliniensis hypothetical protein repertoire has been verified experimentally (Ene et 

al,  2012; Heilmann et al, 2011; Kamthan et al., 2012). This current  study has 

identified and quantified the yeast and hyphal GPI-anchored cell wall proteomes for 

C. dubliniensis. Comparison of the C. dubliniensis GPI-proteome with C. albicans 

morphology-associated GPI-proteome has highlighted the abundance of known 

virulence-associated proteins on the surface of C. albicans hyphae. By comparing two 

C. dubliniensis strains with varying ability to produce hyphae, and differing virulence 

in a murine systemic infection model, this s tudy has revealed intraspecies differences 

in protein identity and abundance on yeast and hyphal cells. Of special note was the 

discovery of a highly abundant  protein [C(^Flo9p) on the hyphal surface of the 

relatively virulent C. dubliniensis HE30, with levels comparable to CaHyrlp on 

SC5314 hyphal cells. It is possible that Cc/Flo9p, a putative adhesin with similarity to
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m em bers  of the IFF family, is expressed by some C dubliniensis s t ra ins  in the  absence 

of  ALS3 and HYRl, serving a s imilar  function. The presence  of this prote in  on the 

hyphal  cell surface of  the relatively virulent  HE30 and  absence from WU284  hyphae  

suggests  that  Cc/Flo9p may con tr ibu te  to C. dubliniensis virulence. It is not  yet  known 

w h e th e r  CcfFlo9p is p r e s e n t  on the surface of  other  systemic or  oral C. dubliniensis  

isolates. Future  s tudies  will focus on the funct ional ity and prevalence of CdFlo9p 

th roughou t  the C. dubliniensis  populat ion.

7.3. Filamentation and evolutionary adaptation

7.3.1. Epidemiological source as an indicator o f  fila m en to u s virulence

Strain varia tion a ppear s  to play an impor tan t  role in adhesion to epithelial  cells and 

t issue damage.  It is im por tan t  to note  that  WU284 was  originally isolated from the 

oral cavity of a pa t ient  suffering from AIDS (Morschhauser  e t a l, 1999] ,  in contrast ,  

both HE30 and SC5314 w ere  isolated from systemic candidiasis infections 

(Asmundsdo t t i r  e t  a/., 2009;  Fonzi & Irwin, 1993).  Certainly, when  investigating the 

genet ic  regulatory mechan isms  underlying filamentat ion, C. dubliniensis HE30 and  C. 

albicans SC5314 displayed s imilar  pa t t e rns  of gene expression compared  to WU284. 

Additionally, GPl-protein dis t r ibut ion on the cell surface of HE30 hyphae  displayed 

s imilari ty to SC5314 in the elaborat ion of a dom inan t  protein that  may funct ion as an 

adhesin.  It is intr iguing to cons ider  tha t  "virulent” C. dubliniensis b loodst ream isolates 

a re  more  capable of  causing di ssemina ted infection as a resul t of s imilari ties to C. 

albicans systemic isolates in the regulation of  fi lamentat ion. Fur the r  analysis  of 

addi tional strains,  from a var ie ty  of  sources , will de te rmine  w h e th e r  f i lamentous 

virulence of  systemic C. dubliniensis  i solates is the rule or  the except ion.  It would  be 

beneficial to investigate the morphogenet i c  regulatory pa t t e rns  exhibi ted by C. 

albicans oral  isolates for comparison  with C. dubliniensis oral isolates such as WU284. 

Fur ther  analysis may help identify convergent  or divergent  evolut ionary pa t t e rns  

exhibi ted by C. albicans and C. dubliniensis as a resul t  of  adap tat ion  to specific niches.

7.3.2. The im portance o f  host fa c to rs

Regardless of e laborat ion of Candida vi rulence factors, host  factors and  im m une  

s ta tus  play an ex tremely im por tan t  role in candidiasis.  Microenvironments  within the 

hum an  hos t  vary and  factors such as carbon  source,  oxidative s tress,  pH, CO2



concentration, and general nutrient levels induce different responses in C. albicans 

and C. dubliniensis [Cottier & Muhlschlegel, 2009; Ene et a l, 2012; Grahl et al., 2012). 

The morphological flexibility and redundancy of C. albicans in response to many of 

these signals, readily producing true hyphae capable of invading host tissues, is 

important  for the virulence of the species. The low filamentation efficiency displayed 

by C. dubliniensis in response to the same hypha-inducing signals is clear. This current  

s tudy suggests that C. dubliniensis requires the coordination of many hypha-inducing 

signals in the host microenvironment in order to initiate and maintain hyphae. This 

requirement reflects the relatively rare isolation of C. dubliniensis from systemic 

infections compared to C. albicans.

7.3.3. Evolutionary and pathogenic divergence

The stark contrast between the reported virulence rates of C. albicans and C. 

dubliniensis in conjunction with differential regulation of filamentation and expansion 

or reduction of gene families associated with virulence presents a view of two related 

species which have followed functionally distinct evolutionary pathways. While C. 

albicans has expanded its genetic repertoire with relation to virulence-associated 

genes, the pathogenic species also readily produces hyphae and hypha-specific 

proteins in response to environmental cues commonly found in the human host, 

resulting in an organism highly capable of taking advantage of a suppressed immune 

system, resulting in invasive disease. Although C. dubliniensis is closely related to C. 

albicans, the lack of virulence- and hypha-associated genes such as ALS3 and HYRl, 

coupled with its reduced capacity to produce hyphae in response to physiological 

cues in the human host, has resulted in an organism that is rarely identified as an 

opportunistic pathogen. As a consequence of the combined impact of reduced 

filamentation and lack of virulence genes in C. dubliniensis, the species is more suited 

to growth as a commensal rather  than an opportunist ic pathogen. However, the 

selective pressures that have caused this divergent evolution are not defined and 

some C. dubliniensis strains may yet possess the capability to follow the pathogenic 

path followed by C. albicans.

7.4. Future directions and concluding remarks

Further  development of C. dubliniensis specific molecular tools for heterologous 

expression of C. albicans hypha-regulated virulence genes is required in order  to
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be t t e r  assess  the impor tance  of  hypha-specif ic  genes and pro teins  in the pa thogenesis  

of f i lamentous Candida. Al though gene knockout  s t ra ins  have been c rea ted for C. 

albicans  f i iamentat ion s tudies , relatively few complementary  C. dubliniensis  s t ra ins  

are available. Deletion of the m as te r  morphogene t ic  regulators,  EFGl or CPHl, w/ould 

help de te rmine  the relative impor tance  of each signal ing pa thway  for hyphal 

initiation and maintenance.  Candida dubliniensis  f i iamentat ion s tudies  have thus  far 

suffered from hyphal  revers ion to yeast  over  time, resul ting in analysis  of  mixed 

morphology populat ions. Using DUBLIN medium, future  s tudies  will be able to 

investigate the behavior  and character is t ics  of s table C. dubliniensis  hyphal  cul tures 

over  extended t ime periods. Although C. dubliniensis  t ranscr ip tomic  da ta  are  

available, very little data  exist  confirming the  presence  and  abundance  of  protein 

[O'Connor e t a l, 2010;  Spiering e t al., 2010) .  This cu r ren t  s tudy has  revealed the 

na tu re  of the GPl-proteome for yeast  and hyphal  cell walls. However , a lternat ive 

morphologies  such as chlamydospores ,  opaque  cells and pseudohyphae  may p resen t  

a different  protein reper toire ,  affecting cell behavior  and virulence. As previously 

ment ioned ,  investigat ion of C. dubliniensis int racellular  prote ins  and  the secre tome 

may elaborate  on the relative lack of pathogenes is  of  C. dubliniensis. Finally, 

integration of f i iamentat ion s tudies  and proteomic data with populat ion s t ruc tu re  

data  would improve epidemiological  s tudies of C. albicans and C. dubliniensis, 

fur ther ing our  unde rs t and ing  of  the mechanisms  and selective p ressu res  tha t  have 

enabled  C. albicans to become the most  successful Candida pathogen.
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